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ABSTRACT. 

The opening Chapters summarise the previous work on 

electrical conductivity, density and ultra-violet 

spectroscopy in fused salt systems, and on the melting 

process for ionic substances. 	The aim of the present work 

is defined in relation to this previous knowledge. 

The electrical conductivities and densities of fused 

KNO
3 
- Ba(NO3)2 mixtures were measured. 	The conductivity 

of KNO3  is depressed when Ba(NO3)2  is added, so the divalent 

ions restrict ionic migration. 	Consistently with this 

interpretation, the equivalent volumes of the molten 

mixtures decreased with rising barium concentration, and the 

fraction of the volume actually occupied by the ions also 

decreased. 	These results contrast sharply with correspond-

ing results for ionic crystals, which points to limitations 

in the applicability of the 'quasi-crystalline' model to 

ionic melts. 

The near ultra-violet absorption spectra of the alkali 

metal nitrates, silver, thallous and ammonium nitrates, 

nitric acid and iso-propyl nitrate were measured at 

temperatures up to and beyond their melting-points. 	The 

weak band at 33 kcm-1  is due to an internal transition 

2_ 



3 

(n -4.1r* ) in the nitrate ion; its maximum frequency, E(2), 

depends on the identity of the cation, on the temperature 

and on crystal structure. 	7,(2) is determined largely by 

the first shell of cations around each nitrate ion; for a 

given salt an increase in E(2) corresponds to a decrease in 

the nearest cation - oxygen distance, and vice versa. 

This leads to the important conclusion that the nearest-

neighbour cation - oxygen separation decreases on fusion, 

in spite of the macroscopic increase in volume. 

Similar conclusions were reached about the melting 

process in sodium and potassium nitrites. 

The temperature dependence of the % transmission of a 

thin film of salt at fixed frequency provided a means for 

determining transition temperatures and for studying 

hysteresis in phase transformations. 

* * * * * * * * * * * * 
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CHAPTER I.  

THE PHYSICAL CHEMISTRY OF FUSED SALTS : A BRIEF 

HISTORICAL INTRODUCTION.  

The terms 'fused salt' and 'ionic melt' are used in this 

thesis to mean liquids whose structural units are ions. 

Fused sodium chloride may be taken as a typical example. 

The ionic liquids are thereby differentiated from the 

molecular liquids, which are composed of (uncharged) 

molecules; carbon tetrachloride is a typical member of the 

second group. 

This definition of an ionic melt suffers from the same 
shortcomings as the corresponding definition of an ionic 
solid, in that certain substances defy classification 

because their physical properties are intermediate between 
those of sodium chloride and carbon tetrachloride. 	This 

intermediate category includes the halides of the less 

electropositive metals Be, Al, Sc, Y, Zr, Hf, Nb, Ta, Mo, W, 

U, Hg, In, Ti, Sn, Pb, and Bi. 	The fused halides of these 
metals probaoly consist largely of molecules but contain a 

small proportion of ions; some of the experimental evidence 

for this will be reviewed in subsequent sections, when the 

different experimental techniques are described. 

The first systematic study of fused salts was carried out 
by Michael Faraday, from 1831 onwards. 	Between this date 

and about 1950 a steady interest in the subject was maintained, 

and papers appeared in the literature describing experimental 
work on phase diagrams, density, cryoscopy, electromotive 
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force, refractive index, surface tension, electrical conduct-

ivity, viscosity and specific heats of pure fused salts and 

their mixtures. 	Since 1950 there has been a marked increase 

in activity in the field; new experimental techniques have 

been devised and used, and much effort has been devoted to 

the theoretical aspects of the subject. 	This upsurge of 

interest was stimulated by the appearance of new possibilities 

for the use of fused salts in technology, where the need was 
soon felt for a better understanding of the basic physical 

chemistry of these systems. 	Some of the more recent 

applications are in the field of reactor technology, where 
melts are being used as heat-exchange fluids and in the 
processes of extraction. and purification of radioactive metals. 

Ionic -Lefts are also being used - as electrolytes in batteries 

and fuel cells, where, in some circumstances, they have 
advantages over the more conventional aqueous electrolytes. 

Fused salts are involved in some of the older technologies. 
Glasses, and the slags formed during the chemical reduction of 
some metal ores, contain a complex mixture of polysilicate 

ions as well as some simple ions Mn4-  and SiO3 
	They are 

not typical ionic liquids according to the above definition, 
and the changes which take place in them often involve the 

breaking or formation of covalent Si - 0 bonds, followed by 

changes in the proportions of the ions and polymers in the 

mixture. 	Attainment of the equilibrium distribution is often 

very slow, and equilibrium may never be reached during an 

actual smelting process. 	For these reasons the study Of 

slags and glasses is regarded as a special branch of chemical 

technology. 

The preparation of electropositive metals by electrolysis 

of melts was first carried out (on an experimental scale) by 

Sir Humphrey Davy, and is now used for the commercial 

14- 
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production of some metals, notably aluminium. 

The increase in activity in the field of fused salt 

chemistry since 1950 has occurred partly by intensified use 

of the older experimental techniques mentioned above and 
partly by the introduction of new techniques. 	These 'new' 

techniques have nearly all been used for many years for the 

study of conventional liquids; some modifications have been 

necessary before they could be used to study fused salts, 

owing to the corrosive nature of the latter and the high 

temperatures involved. 	Some of the techniques introduced 

recently are daman, infra-red and ultra-violet spectroscopy, 

X-ray and neutron diffraction, measurement of thermal 

conductivity, transport numbers, diffusion coefficients (by 

tracer techniques), vapour pressure, compressibility, gas 
solubility, heats of mixing and heats of reaction in fused 

salt media. 

The experimental work carried out by the author involved 

measurement of electrical conductivities, densities and 

ultra-violet spectra of fused salt systems, the salts 

examined being alkali-metal nitrates, barium, ammonium, silver 

and thallous nitrates and sodium and potassium nitrites. 

The next chapter describes some of the evidence for supposing 

that these melts are ionic in nature. 	In subsequent chapters 

a summary is given of the experimental techniques developed by 

previous workers, and the results obtained, in the fields of 

conductivity measurement, density measurement and ultra-violet 

spectroscopy of ionic melts. 



CHAPTER 2.  

EVIDENCE FOR THE IONIC NATURE OF FUSED 

METALLIC NITRATTS AND NITRITES. 

There is considerable support for the hypothesis that the 
fused salts studied in the author's experimental work (listed 

in the last paragraph of Chapter 1) are made up of ions. 	Some 

of the main contributions are now described, under the headings 

of the physical techniques employed. 

2.1. 	X-ray diffraction.  

X-ray diffraction experiments have been carried out on 

fused sodium nitrate (Refs.l and 2),potassium nitrate (Ref.2) 

and sodium nitrite (Ref.1), just above their respective 

melting-points. 	The experimental observations were converted 

into radial distribution curves, with the nitrogen atom as 

centre. 

For the two nitrates, the first maximum in the distribution 
curve appeared at r = 1.2 0.1A, and must correspond to the 

N-0 distance. 	This is in good agreement with the value 

r(N-0) = 1.218 ± 0.008A obtained by Sass et al (Ref.3) from 

their study of crystalline sodium nitrate at room temperature, 

The equality of these bond-lengths strongly suggests that the 

nitrate ion is present in the melt as well as in the crystal. 

The areas under the first peak in the radial distribution 

curves of the melts showed that the coordination number of 
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oxygen around nitrogen was three in the nitrates (Refs.1 and 

2) and two in sodium nitrite (Ref.l). 	There was no evidence 

for supposing that one N-0 distance in each nitrate group was 

longer than the other two (as it would be if covalent molecules 

M0.NO2 were present). 

2.2. 	Raman spectroscopy.  

The Raman spectrum of 23.4N nitric acid consists of eight 

lines, at 3386, 1680, 1538, 1301, 926, 675, 607 and 480 cm-1  

(Ref.4). 	when the acid is diluted with water, the intensit- 
ies of these lines diminish progressively and they are 

replaced by three lines at 1390, 1050 and 720 cm 1. 	All 

eleven lines can be observed in the spectrum of a solution 

of intermediate concentration (15N; Ref.5). 	The Raman 

spectra of dilute aqueous solutions of metallic nitrates also 

consist of the three lines at 1390, 1050 and 720 cm-1. 	It 

is clear that these frequencies are characteristic of the 

(hydrated) nitrate ion, while the eight lines in the spectrum 

of the concentrated acid are due to the undissociated 

molecule H0.NO2' 

This evidence shows that the Raman spectrum of the nitrate 

ion is profoundly change'd if covalent bond formation occurs 

between one of its oxygen atoms and another atom or group. 

The point is confirmed by the work of Woodward et al, who 

have recorded the Raman spectrum of the covalent molecule 
H3C.Hg.0NO2  in benzene solution (Ref.6). 	The Raman technique 
therefore enables us to find whether the fused metallic 

nitrates contain only metal ions and nitrate ions or whether 

there is any formation of covalent moleculesM0.NO2. 

Janz and James (Ref.?) have recorded the Raman spectra of 



the nitrates of the alkali metals in the solid and fused 

states. 	The spectra of the solid salts contained only the 
three lines characteristic of the nitrate ion; for caesium 
nitrate the frequencies were 1346, 1050 and 715 cm-1. 	The 

frequencies were higher for the salts of the smaller cations, 
the corresponding values for lithium nitrate being 1391, 1086 

and 728 cm-1. 	In potassium nitrate the line at ,,1350 cm-1 

was split into a doublet. 

On fusion of the salts, the lines underwent small shifts 

(up to 20 cm-1), and for lithium nitrate the line at ,)1390 

cm-1 was resolved into two peaks. 	For all the melts, a 
new line appeared at ^1650 cm-1. 	This was assigned as the 

first overtone (2412) of the mode A2 , in which the vibration 
is perpendicular to the plane of the nitrate ion (see Ref.8). 
Excitation of this mode in the Raman spectrum of an isolated 
nitrate ion is forbidden by selection rules, but the transition 
is allowed in the infra-red spectrum and the frequency of the 
vibration is therefore known (Ref.9). 	The presence of the 

line at 1650 cm 1 in the Raman spectrum of the fused nitrates 
must be attributed to an increase in the perturbation of the 

anions by the cations on melting. 

The line at 1390 cm-1 represents two asymmetric, in-plane 
vibrations (E'), which are degenerate in the free nitrate 

ion (Ref.7). 	The splitting of this line on fusion of lithium 
nitrate can be ascribed to the abrupt loss of symmetry in the 
electrostatic field exerted by the cations on the anions. 
This interpretation is supported by the observation that the 
line is also split in the room-temperature Raman spectrum 
of crystalline potassium nitrate, in which symmetry at the 

site of each nitrate ion, Cs, is already low. 	(The remain- 

ing alkali-nitrate crystals all have three-fold symmetry at 

the nitrate ion sites). 
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Thus, although the Raman spectra of the alkali-metal nitrates. 

change on fusion, the changes can be related to the correspond-

ing reduction in the symmetry of the electrostatic field 

exerted by the cations on each nitrate ion. 	The lines at 1050 
and 720 cm-1 undergo only small shifts, and no new lines appear 
which require the postulation of covalsntly-bonded molecules 
LO.NO2. 

In fused silver nitrate the Raman spectruai has lines at 
1596, 1035 and 733 cm-1, and a doublet at (1272, 1407) cm-1, 
The separation between the peaks of the doublet was even greater 
for this melt than for lithium nitrate melt (135 cm 1 as against 
90 cm 1), which suggests that the anion-cation interaction in 

fused silver nitrate is more marked than in any of the fused 

alkali-metal nitrates. 

2.3. 	Ultra-violet spectroscopy.  

In the ultra-violet absorption spectra of covalent nitrates 

such as concentrated nitric acid (H0.NO2) or alkyl nitrates 
(RO.NO2), the lowest-energy absorption occurs as a shoulder at 
38 - 39,000 cm 1  on the low-frequency edge of a much stronger 
absorption band. Spectra of conc. nitric acid and of iso-propyl 

nitrate are illustrated on pages 219 and 2282-, respectively. 

11.en nitric acid is diluted with water, the lowest-energy 

absorption band moves progressively from 38 - 39,000 to 
53,000 cm 1 (see page 219 ), and the spectrum of the dilute 
acid is identical with that of a dilute aqueous solution of 

an alkali-metal nitrate. 	It seems reasonable to conclude 

that the shoulder at 38 - 39,000 cm 1  is characteristic of the 
covalently-bonded nitrate group, while the peak at 33,000 cill71  

is characteristic of the (hydrated) nitrate ion. 
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Crystalline alkali-metal and ammonium nitrates have absorp-

tion spectra which are very similar in appearance to those of 

dilute aqueous solutions of nitric acid or metallic nitrates. 
The lowest-energy peak occurs at 32 - 34,000 cm 1

, the 
frequency depending on the size of the cation. 	On fusion of 
the salts, the maximum of the peak is displaced to higher 
frequency by not more than 350 cm-1, but the general features 
of the spectrum remain unchanged (see, for example, pages 232-
and 2G9). 

2' 
Nevertheless, the variations in the position of the 33,000 cm-1 

band shOw that there is some interaction between the nitrate 

ions and the cations, and that this undergoes some abrupt change 

on fusion. 	The nature of this change is discussed more fully 
in Chapter (8. 

The ultra-violet absorption spectra of silver and thallous 
nitrates at room temperature resemble those of the alkali- 
metal nitrates rather than those of the covalent nitrates. 
However, the behaviour of the weak band on heating and fusion 

of these two salts indicates that the anion-cation interactions 

in the melts are of a different nature to those of the alkali-

nitrate melts (see page 350). 

Aqueous solutions of alkali-metal nitrites have a prominent 
absorption band at 28,000 cm 1 (Ref.10). 	The same band is 
observed in the spectra of crystalline sodium and potassium 

nitrites (see pages 2i3 and 2q9), and undergoes only a small 

displacement when the salts are fused (280 cm 1 for sodium 
nitrite, 70 cm-1 for potassium nitrite). 

These observations lead to the conclusion that crystalline 

and fused alkali-metal and ammonium nitrates consist of cations 

and nitrate ions rather than of covalent molecules MO.NO 
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The work of Vassian and Eberhardt (Ref.11) has shown that 
the band is displaced to 31,200 cm 1  if covalent bond formation 
occurs between a metal ion and the nitrogen atom of the nitrite 
ion to Give a molecule M.11-02. 	This evidence strongly suggests 
that no such bond formation takes place when sodium and pot-
assium nitries are fused. 

Since the spectra of alkyl nitrites, R.ONO, also have a band 

at 28,000 cm 1, (Ref.12), the possiblity of the formation of 

molecules M.ONO in alkali-nitrite melts cannot be excluded on 

the evidence of ultra-violet spectroscopy alone. 

2.4. 	Self-diffusion coefficients.  

Van Artsdalen et al (Ref.13) used the radioactive isotopes 

N15  and 018  to label the nitrate group in alkali-metal nitrates. 
They then made separate measurements of the rate of diffusion 
of the two radioactive materials through melts of the corres- 

ponding normal salts. 	For a given salt, the two tracers gave 

the same value for the diffusion coefficient. 	This indicates 

that nitrogen and oxygen move together through the melts in a 

common structural unit, and that oxygen cannot be exchanged 

between neighbouring units (since this could lead to an 
enhancement of the diffusion coefficient of oxygen relative to 

that of nitrogen). 

This evidence relates to the stablity of the nitrate ion 

in melts, and has, of course, no bearing on the question of 
association of the ions intomolecules MNO

3* 
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2.5. 	Cryoscopy.  

Measurement of the depression of the freezing-point of a 

salt by a solute (in the concentration range 0 - 2 mole%) can 

yield information about the state of dissociation of the 

solute. 

Suppose that the solute is a salt of formula MaXb, and 

that it is potentially capable of dissociating into cations 

M. and anions X: 

MaXb 

 

a.M + b.X. 

 

If the solute is present in the solution as undisseciated 

molecules MaXb' the freezing-point depression of the solvent is 

(x2.1322)/(Lf ), 

where x2 is the mole fraction of the solute and Lf the molar 

heat of fusion of the solvent. 	If, however, the solute is 

fully dissociated, the depression is 

(a + b).(x2.RT2)/(Lf), 

provided that the sollient does not contain either of the ions 

M or X as a product of its own dissociation; if the solute 

and solvent do have ions in common, only the 'foreign' ions 

of the solute are active in depressing the freezing point. 

For example, when potassium nitrate (KNO3), potassium 

perchlorate (KC1O4) and lead chloride (PbC12) are dissolved 

in silver nitrate, the freezing-point depression corresponds 

to the formation of one, two and three foreign particles, 

respectively, per molecule of added salt (1ef.14). 
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There is ample evidence of this kind to show that alkali-

metal and alkaline-earth halides, sulphates, carbonates, 

perchlorates and dichromates are completely dissociated in 
solution in alkali nitrates (Refs.14,15,16), silver nitrate 

(Ref.14) and thallous nitrate (Ref.17). 	Far fewer results 

are available to demonstrate that the nitrates and nitrites 

are fully dissociated when they are themselves dissolved in 

other melts. 	This is because nitrates and nitrites are 

thermally unstable above 45000, and only relatively few salts 
have sufficiently low melting-points to be usable as solvents 
below this temperature. 	However, the existing evidence 

supports the hypothesis that complete dissociation occurs; 

for example, ?oote and Levy have shown that potassium nitrate 

gives a twofold freezing-point depression when dissolved in 

fused sodium chlorate (Ref.18). 

2.6. 	Electrical conductivity.  

The equivalent conductivities of fused alkali-metal 
nitrates and nitrites, at a temperature 1.10 times the melting 

temperature in oK, lie in the range 37 - 60 ohm-1cm2equiv-1 

(see page 34- for a table of results). 	These values are of 

the same order of magnitude as the equivalent conductivities 
of dilute aqueous solutions of alkali halides and nitrates 

(which are about 10J ohm 1cm2equiv-1 at room temperature), 

which indicates that the melts are at least largely ionised. 

There is no doubt that the nitrate melts conduct by ion 

migration (as opposed to electron migration), and that both 

ions contribute to the conductivity; for example, the cation 

transport numbers in pure lithium nitrate, sodium nitrate, 

potassium nitrate and silver nitrate melts have been found to 

be 0.84, 0.71, 0.60 and 0.75 respectively (Refs 19, 20, 21). 
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For silver and thallous nitrates at 1,10Tm, the equivalent 

conductivities are 38 and 26 ohm 1cm2equiv-1  , 	Although these 

values are still high enough to indicate that the melts are 

ionic rather than covalent, they do suggest that the anion--

cation interactions may be more specific than in the alkali 

nitrate melts (particularly in the case of thallous nitrate).  

Structural influences on the electrical conductivities of 

melts are discussed more fully in the next chapter. 

2.7. Summary. 

The evidence provided by all six of the physical techniques 

mentioned in the foregoing sections shows that it is legitimate 

to regard fused alkali-metal nitrates and nitrites as being 

made up of cations M+  and anions NO3-  or NO2- 

In melts of silver and thallous nitrates the anion-cation 

interactions may be more specific than those in the alkali 

metal salts, but these two melts may still be described as 

ionic to a good first approximation. 
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CHAPTER 3  

PREVIOUS 'WORK ON THE ELECTRICAL CONDUCTIVITIES OF IONIC 
MELTS AND SOLIDS.  

The development of experimental techniques for the 
measurement of the conductivities of ionic melts is described 

in the opening sections of the chapter, 	This is followed by 

a brief dicussion of theoretical treatments of the problem. 

of ionic conduction in melts. 	A review is then given of some 

of the results obtained, and the allied subject of conductivity 

in ionic solids is introduced. 	The chapter is concluded with 

a statement of the aim of the author's experimental wo_k on 

electrical conductivity. 

3.1, 	Conductivity cells for ionic melts. 

Two types of cell have been used for the measurement of the 
electrical conductivity of fused salts. 	In the more commonly 

used design, the flow of electricity between the electrodes is 
restricted by a capillary, so that the cell constant is of 

the order 200 cm-1  (Ref s.1 -.L7 2). 	Since ionic melts 

usually have specific conductivities of the order 1 ohm
-1cm-1, 

the resistance of a capillary-type cell filled with melt is 

about 200 ohms; this is sufficiently high to be conveniently 

measurable with a resistance bridge (Ref.3). 

The second type of cell, less often used consists of a 

crucible made from plat*.num or some ether cenduc,ting materfal” 

The crucible is filled with melt, and forms one of the 
electrodes; the second electrode is a metal rod or hemisphere 

which is lowered into the melt to a pre-set position (Ref.:+). 
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Crucible-type cells have cell constants of the order 0.1 cm 1  

(Ref.5), and therefore have resistances of about 0.1 ohm when 

filled with a melt such as sodium chloride. The measurement of 

such a small resistance is not easy, and lead resistances have 

to be taken into account. 	However, suitable apparatus has 

been devised (Ref.5) 	The cell is useful for making 

measurements on poorly-conducting melts (when resistance is 

higher), and for measuring the conductivities of melts which 

contain some solid material in suspension or from which gas 

bubbles are constantly evolved. 	If a capillary cell were 

used in the latter cases, the solid particles or gas bubbles 
could cause large errors by entering the capillary and 

restricting the flow of electricity between the electrodes, 

24 	Polarisation effects 

Whichever kind of cell is used, alternating current must 
be employed in order to miniaise errors due to electrode 

polarisation. 	In the most accurate work, the resistance of 

the cell is measured at a series of frequencies in the range 

500 - 20,000 c/s. 	The measured resistance (R,J ) is plotted 

against the reciprocal of the square root of the frequency 

(6) ), when a straight line is obtained. 	This is extra-

polated, and the resistance corresponding to infinite 

frequency (R0Q) is assumed to be free from error due to 

polarisation (Ref.l). 	The difference between R1,000 c/s and 

depends on the current density at the surface of the 

electrodes; if the current density is low, the correction is 

small. 	In the measurements on potassium nitrate made by 

Kruger and Vveisgerber (Ref.6), 	- R1,000 was as much as 5% 
of Bor.). 	However, Jaeger and Kampa (Ref.4),using a platinum 

crucible cell, applied no correction and yet obtained results 
for potassium nitrate which were almost identical with the 



corrected results of Kruger and Weisgerber. 	In this case the 

large area of the electrodes of the crucible cell caused the 

polarisation error to be negligible. 	Janz and Lorenz (Ref.?) 

measured the conductivities of alkali-metal carbonate melts, 
using a capillary cell; they found that Ro,„ - P -1,000 was  
about 0.2. 

3.3. 	Calibration of conductivity cells.  

The specific conductivity of the melt (0-) is calculated from 

the (corrected) cell conductivity (1/R00) by multiplication 

by the cell constant c. 	The cell constant is found by 

filling the cell with a standard aqueous solution of potassium 

chloride, and measuring its resistance at 25.0°C. 	If R is 

the measured resistance and Crs is the specific conductivity 
of the standard solution, c at 25.0°C is given by 

c 
	Ro  S. 	(3.1) 

Values of Crs for solutions of different concentration are 

given in the literature.(Ref.8) 	The cell constant at higher 

temperatures is calculated from that at 25°C by allowing for 

the thermal expansion of the cell (see page Ir7). 	The 

correction is usually very small for capillary-type cells 
made from glass or silica;, in the work described below it 

was 0.05% per 100°C. 	It may be larger for crucible cells, 

since these are made from metal and have a relatively high 

coefficient of thermal expansion. 

When calibrating a conductivity cell in the way described 

above, it is best to use a standard solution whose specific 
conductance is as close as possible to that of the melt 
examined. 



3.4. 	Treatment of electrode surfaces.  

Cowen and Axon investigated the effect of platinising the 

electrodes of a fused salt conductivity cell. 	They found 

that platinisation had little effect on the results (at 200 -

400°C) (lief .2). 

3.5. 	Theoretical treatment of the conductivity of melts.  

The equivalent conductivity of a melt, A, is calculated 
from the specific conductivityA by the expression 

cr. Ve  , 	(3.2) 

where Ve is the equivalent volume of the melt. 
	For a pure 

salt, 

Ve 	M/(1,  T 	 (3.3) 

}L being the equivalent weight of the salt and 	the density 

of the melt. 	For a mixture, 

<-1  
Ve 	(M..x.)/ip 

i 
(3.4) 

ghereli.and xi  are the equivalent weight and equivalent 

fraction of the i'th component of the mixture. 

The variations of cr and A with temperature are usually 

expressed by the equations 

CT = Cro.exp(-Ea/RT) 
	

(3.5) 

and 
	

Ao.exp(-EA/RT). 
	( 3 . 6 ) 

and E are known as the activation energies for 

30 
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conduction (although comparison of (3.5) and (3.6) with the 
equations given below for the conductivity of solid salts 
indicates that the term 'activation energy' is used rather 
loosely here. 	For the solids, the exponential term in the 
conductivity expression contains the sum of two energies; one 
of these is the energy of activation for ion migration and the 
other is related t.) the energy of formation of a lattice 
defect). 

Ea.  is always greater than Ec,.. ; they are related by the 

expression 

	

Ecr + cX. RT2 
	

(3.7) 

where 0‹. is the coefficient of cubic expansion of the melt. 
(Ref.9) 

Absolute reaction-rate theory has been applied to the 
problem of ion migration in melts (Ref.10), and an expression 
for A, has been derived which, after some simplification 
(Ref.l), reduces to 

= 5.18 x 1018.(D + 2).zdexp(AS*P/R). exp(-411*/RT) 

(3.8) 

where D is the microscopic dielectric constant of the melt, 
thez the valency of the migrating ions, 	distance 

ems. 	 1 
(in Asipsebansenagameidzs) moved by an ion when it migrates from one 
equilibrium position to the next and As* and L1 H* are the 
entropy and enthalpy of activation for the migration process. 
The equation (3.8) gives the conductivity due to migration of 
a single ionic species. 	In practice, both anions and cations 
make significant contributions to the conductivity.of melts. 
(see,for example, Refs.l1 - 14). 



	 Results of earlier investigations.  

The results of conductivity measurements provide important 
evidence on the nature of the structural units in melts. 	It 
has been shown in many cases that Faraday's laws of 
electrolysis apply to molten salts (see, for example, Ref.15 
(silver and thallous halides) and Refs. 16 and 17 (potassium 
chloride)). 	This indicates that the conduction . of electricity 
by these melts occurs by ion migration as opposed to electron 
transfer. 

The value of the equivalent conductivity lar-  gives an 
indication of the degree of ionisation of a melt. 	When the 
equivalent conductivities of different substances are to be 
compared, Cr-  is usually calculated at a temperature 1.10 Tm, 
where Tm is the meltinG-point of the salt in °K. 	For the 
alkali halide melts, cr at 1.10 Tm  is of the order 80 - 200 
ohm-1cm2. equiv71. 	This is of the same order of magnitude 
as the equivalent conductivity of a dilute aqueous solution 
of an alkali halide, which suggests that these melts are 
composed of ions. 

The literature contains several collections of fused-salt 
conductivity data (RPfs.18 - 22). 

Table 3.1. shows some selected values for chloride melts. 
The figures given in the Table have been chosen to show that 
there is no sharp demarcation between highly-conducting and 
poorly-conducting substances. 	The weakly conducting melts 
are supposed to consist mainly of undissociated molecules; 
this has been confirmed by Raman spectroscopy in some cases 
(see, for example, Ref.23, which describes the Raman spectrum 
of zinc chloride). 



TABLE 3.1. 	Equivalent conductivities (A. ) of some 
chloride melts at temperature 1.10 Tm  (°K) (From Janz et al., 
Aef.19). 

Salt -1 	2 	-1 (ohm 	cm. 	equiv. ) 

LiC1 183 
CsC1 86 
BaC12 77 
CaCl2 64 
MgC12  35 
LaC13  29 
InC13 

14.7 
YC13 9.5 
Zr014 0.85 
BeC12 8.8 x 10-2 

HgC12  3 x 10-2 

ZnC12 2 x 10-2 

T1013 
3 x 10-3  

PbC14 2 x 105  
WC16 2 x 10-6 

NbC15 2 x 10-7  

Table 3.2 gives values of U" and A for the nitrate and 
nitrite melts dealt with in the experimental section of this 

thesis. 	It is seen that the conductivities of these melts 
(at 1.10 Tm °K) are lower than those of the fused alkali 
halides (also at 1.10 Tm) by a factor of two or three. 
However, the difference between the two groups is much 
smaller if the results obtained for the nitrates and nitrites 
are extrapolated to above the melting-point of the halides 
(say to 1000°0, and comparison is made at this temperature. 

33 
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These facts are consistent with the hypothesis that the melts 

listed in Table 3.2. are ionic in nature. 

TABLE 3.2. 	Specific and equivalent conductivities of 
nitrate and nitrite melts at 1.10 Tm (°K). 

Salt melting 

point 
(co 

Specific 

conductivity 
(ohm-1cm-1) 

Equivalent 

conductivity 

(ohm 1 cm2 

equiv-1  ) 

NaNO
3 

 308 1.21 (b) 55.05 

KNO
3 

334 0.794(c) 45.02 

RbNO
3 

310 0.550(b) 37.51 

CsNO
3 

409 0.639(b) 45.47 

NH4NO3 169 0.447(b) (a) 

AgNO3  206 0.87 (b) 37.75 

T1NO3 207 0.475(d) 26.4 

NaNO2 281 1.545(d) 59.80 

KNO2 420 1.37 	(di) (a) 

(a) The equivalent volumes of ammonium nitrate and 

potassium nitrite have not been measured. 

(b) International Critical Tables. 

(c) Present work. 

(d) Ref.20. 
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For most pure fused salts, log(0110-) is a straight-line 
function of I/T (°K); this is so for the alkali halides and 
alkaline-earth halides, silver chloride, thallous chloride, 

cadmium chloride and lead bromide (Ref.24), and also for some 

mixtures of alkali halides with one ion in common, e.g. 

NaBr + NaC1, NaBr + KBr, NaI +KI (Hef.25). 

Very slight curvature is observed in the plots of log(0r) 
against I/T for some pure fused salts and mixtures which are 

believed to be fully dissociated, for example NaC1 + CsCl, 

KC1 LiC1, NaC1 + CaCl2 (Refs.26,27). 	For the mixtures, 
the change in slope is most marked in the temperature range 

between the lower of the two melting-points and the eutectic 
point; in every case, the plot becomes steeper as the 
temperature is lowered. 

However, similar plots for lanthanum chloride, zinc 

chloride and beryllium chloride show marked curvature; as 

the melts are heated from their melting-points through a 
temperature interval of 50°C, the slope of the log(3') - 1/T 
plot falls by a factor of 3 for BeC12  and by a factor of 2 
for ZnC12 (see Refs.28,29). 	These changes in slope are 

almost certainly due to constitutional changes which occur 

when the melts are heated (i.e. changes in the,degree of 
polymerisation and degree of ionisation of the simple 
molecules MC12) 

Plots of logA against 1/T have slight curvature even for 
pure alkali halide melts (Ref.30). 	This indicates that the 
enthalpy of activation for ion migration varies with 
temperature; the linearity of plots of logo-  against 1/T for 
some substances mentioned above is probably due to fortuitous 
cancelling of opposing factors. 
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The variation of equivalent conductivity with composition 
has been investigated for a large number of binary fused salt 
systems. 	In only one system (NaNO3  - NaNO2; Ref.31) were 
the conductivity isotherms found to be straight lines; in 
most cases a negative deviation is observed. 	If the maximum 
deviation from linearity is less than 15%, it is usually 
ascribed to non-specific ionic interaction. 	7xamples of 

systems in this category are NaNO3  - KNO3  (Ref.32), NaNO3  - 

AgNO3  (Ref.33) and KCl - CaC12  (Ref.34); many others are 

listed by Bloom (Ref.35). 

In some systems much larger negative deviations are 

recorded. 	The maximum deviation often occurs at a composi-

tion
a, 

 corresponding to the formula ofoompound formed between 
the two components in the solid phase (as indicated by a 
maximum in the freezing-point diagram), and the activation 
energy 7.6,  also has a maximum at this composition. 	These 
larger deviations are ascrioed to specific ionic interactions 
in the mixtures, with formation of complex ions. Systems 
showing this behaviour include KCl - Cd012  (Ref.24), KC1 - 

&ICI2 (Ref.36) and KC1 - MnC12 
(Ref.32). 	In the last 

example, the maximum deviation in the equivalent conductivity 

isotherms was —35o at 850°C. 

3.7. 	Conductivity in ionic solids, and the Wagner effect.  

A brief discussion of this subject must be given here, 
since it has a bearinls on the experimental work presented 

later. 

Consider a sodium chloride crystal in which all the lattice 

sites are occupied. 	Suppose that an equal number of anion 
and cations are removed from their sites and transferred to 
vacant positions on the surface of the crystal. 	This 
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rearrangement must be accompanied by an increase in the 

enthalpy of the system, but the entropy will also increase 

because the vacancies can be positioned anywhere in the 

lattice. 	The introduction of defects of this type into a 

perfect crystal therefore results in a lowering of its free 

energy, which reaches a minimum when the concentration of 

'holes' attains a certain value. 	This equilibrium concen-

tration is given by 

N./j3 exp-(1/z 0/kT), 	(3. 9 ) 

where n/N is the fraction of lattice sites vacant, y is a 
factor (,-,, 100) allowing for the effect of the 'holes' on the 

vibrational entropy of the crystal, Wo  is the energy required 

to form one vacancy of each sign at 0°K and B is a constant 

(.,) 100) which accounts for the fact that the thermal expansion 
of the crystal is accompanied by a reduction in the energy of 

hole formation (Ref.37). 

If an electric field is applied to a crystal containing 

defects of this kind, (Schottky defects), conduction can 

occur by migration of ions into neighbouring vacancies. 	If 

Uo is the energy of activation for this process at 0
oK, it 

can be shown that the specific conductivity cr of the crystal 

is 

cr 	(0;/kT).exp -(34W0 + U0)/kT 
	

(3.10) 

where Cro is a constant for a given substance and W is the 
energy of formation of a pair of Schottky defects at 0°K. 

(Ref.37). 

The expression (3.10) gives the conductivity due to 

migration of one species of ion only. 	In principle, both 
anions and cations can contribute to the flow of current, 

each having its own value of Uo. 	However, transport 



experiments have shown that, in practice, one ion carries 
nearly all the current, which implies that the two values of 

Uo differ by much more than kT. 	For example, only the 

negative ions are mobile in solid BaC12, BaBr2, PbC12, and 

PbBr2' while the positive ions carry all the current in the 

alkali halides below 500°C and in silver and cuprous halides 

(Ref.38). 	In the case of the last two examples, conduction 

occurs by movement of interstitial cations (Frenkel defects). 

Suppose that some cadmium chloride is made to enter solid 

solution in sodium chloride. 	Since the cadmium ions are 

divalent, a cation site must remain vacant for each cadmium 

ion introduced, in order that the overall electrical neutral- 
ity of the lattice nay be maintained. 	The sodium ions can 
migrate into these new vacancies, which therefore cause the 

electrical conductivity of the crystal to increase. 	The 
enhancement is very large if the concentration of cadmium ions 

is high compared with the concentration of Schottky defects 

which were ori4nally present in thermal equilibrium. The 

phenomenon is known as the Wagner effect, after its 

discoverer (Ref.39), and has been observed in several halide 

systems (for example, KC1 + Be+, (Ref.40)). The laagner 

effect has also been observed in a solid nitrate system (KNO3  

+ Ca++  ; Ref. 44). 

3.R. 	Aim of the present work on electrical conductivities 
of melts.  

Attempts have been made to interpret the behaviour of ionic 

melts by regarding them as 'quasi-crystalline'; that is, the 
melt is considered as a crystal containing various defects 

such as bchottky holes, Frenkel defects and paired vacancies 

(Refs.45,46,47). 
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The Wagner effect, described in the previous Section, is a 

characteristic property of ionic crystals; it has been 

observed in many halide systems, and recent work has shown 

that it also takes place in solid nitrates (nef.44). 	In 

order to investigate the extent to which the term 'quasi-
crystalline' could be applied to melts, it was thought 

interesting to carry out Wagner's experiment on an ionic melt 

system, and to find whether the electrical conductivity of a 

melt of formula MiX could be enhanced by addition of one 
of formula M"X2 (where M' and M" are monovalent and divalent 
cations, respectively). 

The salts chosen for the investigation were potassium 

nitrate (as M' X) and barium nitrate (as M"X). 	The freezing-
point diagram for binary mixtures of these melts (see page 

(*(,) shows that no intermediate solid compounds are formed, so 

the situation is not complicated by the possibility of complex 

ion formation. 	Both salts are readily obtainable in a high 

state of purity (see page ell ), and neither is hygroscopic. 

The anions K+  and Ba++  have almost equal ionic radii (1.33 

and 1.35A respectively; Ref.48), so the replacement of one 

by the other in any crystalline structure should take place 

with minimum distortion of the lattice. 

Since the object of the investigation was to find the 

change in the electrical conductivity of potassium nitrate 
brought about by the addition of barium nitrate, the relative 

accuracy of the measurements on different mixtures was of 
more significance than the absolute accuracy of the individual 
results. 	For this reason, the conductivities of the melts 

were all measured in the same cell, using an a.c. bridge 

operating at a single frequency. 	It was considered 
unnecessary to correct the results for polarisation effects 

by measuring conductivities at different frequencies and 
making an extrapolation to infinite frequency. 	This 
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correction would have no effect on the relative accuracy of 
the conductivities of the mixtures, since the polarisation 
effects were the same for all. 

The experimental details of this work ar's described in 
Chapter 9, and the results are given in Chapter a. 
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CHAPTER 4.  

PREVIOUS WORK ON THE DENSITIES OF FUSED SALT SYSTEMS. 

4.1. 	Experimental techniques.  

The most widely used method for the measurement of density 

involves weighing a bob of precious metal which is suspended 

in the melt 	(Refs. 1 and 2). Several practical difficulties 

limit the accuracy of this methoth 

(a). The bob may be buoyed up by gas bubbles formed in 

the melt. 

(b). Some salt may freeze onto the suspension wire at the 

point where it passes through the surface of the melt. 	The 

weight of the bob must be corrected by subtracting the weight 

of this salt. 

(c). The apparent weight of the bob is sensitive to 

convection currents in the melt sample. 	The furnace 

containing the melt must have a very even temperature 

distribution if this source of error is to be avoided. 

(d). Surface tension effects cause a small downward pull 

on the suspension wire. 

(e). The weighing-balance must be protected from warm 

air currents rising from the region of the furnace. 

(f). A correction must be made for the thermal expansion 

of the bob; for a platinum bob at 1000°C, the correction is 



as much as 3%, 	Care must be taken to avoid the use of metals 

which have transitions between room temperature and the temp-
erature of measurement. 

Because of these difficulties, some workers have preferred 

to use a dilatometer, i.e. a Pyrex or silica bulb with a 
graduated capillary emerging from it (Refs. 3 and 4) 	The 

volume of the bulb and the area of :ross-section of the 

capillary are both determined at room temperature. 	The 

dilatometer is filled with melt and placed in a thermostat, 

and the density is found by observing the position of the 

meniscus in the capillary. 	Measurements can be made on the 

same sample over a range of temperatures, which requires that 

the whole of the capillary should be visible to the 

experimenter. 	This is inconvenient because the presence of 

a large observation window in the thermostat makes accurate 
temperature control more difficult. 

A modification of the dilatometric method has recently 

been introduced in which these difficulties are avoided (Ref.5). 
The measuring cell consists of a U-tube whose two limbs are 
capillaries (see diagram on page 12(0). 	The cell is filled 

Ath melt, and a pressure is applied above the liquid in one 
limb until the meniscus is brought to a fiducial mark (which 

is observed through a small window). 	The gas pressure 

required to hold the meniscus in this position is then 

measured with a manometer. 	The density of the melt can be 

calculated from this pressure if the volume of the bulb, the 

cross-sectional area of the capillaries and the mass of the 

melt are known. 

This method has the following advantages over the simple 

(9ilatometric technique 

(a). 	Only the fiducial mark has to be observed. 	The 



thermostat need have only a small window, and heat losses are 
thereby minimised. 

(b). 	The manometric fluid can be chosen to have a density 

of r-'1, whereas salt densities are commonly in the range 2 - 4. 

v,hen a measurement is being made, the vertical height between 

the menisci in the manometer is 2 - 4 times the corresponding 

height in the densitometer. 	The error in the determination 

of the latter is therefore less by a factor of 2 - 4 times 

than the error which would be involved in a direct measurement. 

Since the introduction of the method in 195e, only Pyrex 

lensitometers have been used (at temperatures below 500°C). 

Aetal cells could be used at higher temperatures if some means 
could be devised for observing the positions of the menisci 
(e.g. the use of electrical contacts). 

The manometric method was used to make the density 

measurements on fused mixtures of potassium nitrate and 
barium nitrate which are presented in this thesis. A full 

description of the technique is given on page ac. 

4.2. 	Results obtained by previous workers.  

when the density of a melt is measured over a range of 

temperature, the results are usually summarised by an 

equation of the type 

Pt 	= 	1o. Li + A(t 	to) + B(t - 	(4.1) 

where P t  is the density at t°C, 'o is the density at to°C 
and A and B are constants. 	The first two terms are often 
sufficient if the temperature range covered is less than 
100°C. 
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The equivalent volume of a melt is calculated by dividing 

the equivalent weight by the measured density. 	For a mixture, 
the mean equivalent weight must be used ; it is given by 

7 (4.2) 

where . and xi  are the equivalent weight and equivalent 

fraction of the i'th component of the mixture. 

Theequivalent volume isotherms of binary salt systems 

sometimes provide evidence for the formation of complex ions. 

When no complexes are present, the isotherms are nearly 
straight lines (the maximum deviation from ideality being of 

the order 0.5%). 	The deviation is particularly small if the 

components of the mixture have an ion in common; examples are 

KNO
3 
 NaNO

3' 
and NaNO2 - NaNO3 

(Ref.2). 

If complex ions are formed in the mixture, the equivalent 
volume isotherms are curved; the maximum deviation occurs 
at a composition corresponding to the formula of the complex, 

and may be up to 5I. 	The excess volume is usually positive. 

The diagram on page 329 shows the excess volume plotted 
against composition for several binary melt systems, two of 

which contain complex ions, (IvInCl2  - KC1 and CdI2  - RI). 

4.3. 	Aim of the present research on fused salt densities.  

In suitable cases, the study of equivalent volume isotherms 

can yield information about the structure of binary melt 

mixtures in which no complex ions are formed. 

If in a solid salt of formula 141 X some of the monovalent 

cations NI' are replaced by divalent cations M", an equivalent 
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number of cation vacancies are produced (provided that the 
structure of the anion lattice remains that of the pure salt 
MX). Density measurements have shown that this occurs when 
calcium ions enter solid solution in potassium chloride (Ref.6). 

The properties of melts have sometimes been discussed in 
terms of theories of disordered solids (Refs.7,8,9), and it is 
therefore pertinent to enquire whether the same observation 
would be made if the above experiment were performed with two 
melts. 

Potassium nitrate and barium nitrate are a convenient pair 
of salts on which to carry out an investigation of this kind; 
the cations e and Ba++  have very similar ionic radii (1.33 
and 1.35 A respectively; Ref.10), so simple replacement of 
2n K+ions by n Ba++  ions and n cation vacancies should leave 
the equivalent volume practically unchanged. 

Measurement of the electrical conductivity of fused 
potassium nitrate with small additions of barium nitrate had 
shown that the wagner effect did not occur in this salt system; 
in fact the conductivity of the potassium nitrate was reduced 
slightly when barium nitrate was added. This implies that 
replacement of potassium ions by barium ions in the melt is 
not accompanied by an increase in the number of cation 
vacancies. 	If this is so, the equivalent volume of the 
mixture should not remain constant when barium replaces 
potassium, but should be reduced progressively. 

In order to confirm this interpretation of the conductivity 
results, the densities of fused potassium nitrate - barium 
nitrate mixtures were measured over the composition range 
0 - 50 equivalent % barium nitrate, and the equivalent volume 
isotherms were derived. 



The experimental technique used gave results of very high 
relative precision (see page 22-1), and this allowed accurate 
determination of the equivalent volume changes accompanying 
the composition changes. 

The work is described in Chapter 10, and the results are 
given in Chapter 13 . 

REFERENCES TO CHAPTER 4.  

1. E.R. Van Artsdalen and I.S. Yaffe, J. Phys. Chem.,(1955), 
22, 118; ibid., (1956), 60, 1125. 

2. H. Bloom, I.W. Knaggs, J.J. Molloy and D. Welch, 
Trans. Farad. Soc., (1953), 49, 1458. 

N.K. Boardman,. F.H. Dorman and E. Heymann, J. Phys. Chem., 
(1949), 21, 375. 

4. K. Laybourn and 0.M. Madgin, J. Chem. Soc., (1934), 1. 

5. L.J.B. Husband, J.Sci.Instrum., (1958), 22, 300. 

6. H.Pick and H. Weber, Z. Physik, (1950), 128, 409. 

7. Frenkel, "Kinetic Theory of Liquids", Clarendon Press, 
Oxford (1946) (Second edition). 

8. A.R. Ubbelohde, Quart. Revs. Chem. Soc., (1950), 4, 380. 

9. M. Blander, J. Phys. Chem., (1959), 63, 1262. 

10. L. Pauling, "The Nature of the Chemical Bond", 
Oxford (1940), (Second edition). 



CHAPTP:.? 5.  

THE ULTRA-VIOLET SPECTROSCOPY OF FUSED-SALT SYSTEMS.  

The first part of the Chapter contains an account of the 
developments in technique which have enabled ultra-violet 

spectroscopy to be carried out on fused-salt systems. 	An 

outline is then given of the types of study so far made in 

the field, and of the way in which progress has been made 

from qualitative work to the accurate measurement of molar 

extinction coefficients and frequencies of maximum absorption. 

The Chapter is concluded with a statement 'of the aims of_the.. 

author's experimental study of the absorption spectra of 
nitrates and nitrites in the near ultra-violet region. 

5.1. 	Developments in experimental technique.  

The main practical problems which have to be overcome in 
order to obtain absorption spectra of fused salts are the 
following; 

(a) A suitable container must be found which is transpar-

ent to the radiation used and which is not attacked by the 
melt. -When pure melts are studied, a cell with a path-length 
of a few microns is sometimes required, because of the high 
extinction coefficients encountered. 

(b) The sample must be maintained at a high temperature 
(up to R00°C) while the examination is carried out, using a 
thermostat having entry and exit ports for transmission of the 
light beam. 	The heat generated by the thermostat must not 
be allowed to reach the surrounding structure of the spectro-
photometer. 

6-0 
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(c) 	At temperatures above 500°C, the radiation emitted 
by the sample is sufficiently intense to be detected by the 

photolaultiplier, and could give rise to serious errors in a 

spectrophotometer having the conventional optical arrangement 
(as .illustrated on page 156). 

Solutions have been found to all these problems, and will 

be described in turn. 

5.1.1. 	Choice of material for absorption cells.  

Quartz cells of 1-cm path-length have been used as containers 

for solutions of transition-metal salts in chloride or bromide 

eutectics (Refs.1 and 2), and in sulphate eutectics (Ref.3). 
The concentration of the solution is adjusted until,the 
optical density reaches a suitable value; by this means, 
absorption maxima can be plotted even if the molar extinction 

coefficient of the solute is greater than 10,000 litres/mole. 

cm. 

In order to record the maxima in the absorption spectra 

of pure salts, much shorter path•-•lengths must often be used 

(100(A- less than 3LA). 	Two methods have been devised for 

preparing samples of this thickness; they are both described 

in detail on pages S5-5b. 

Melts containing fluoride ions or lithium ions present 
special difficulties because they etch silica. 	They have 
been studied successfully in cells made from magnesium oxide 

(Ref.4), and have also been examined as drops held on loops 
of platinum wire (Ref.4). 	This 'pendant drop' technique 
has been used to obtain the spectra of very viscous melts 
and glasses (Ref.5). 



Solutions of alkali metals in fused alkali halides attack 

all the materials mentioned above. 	They are being examined 

in cells made from artificial sapphire (A1203); even this is 

etched slowly by such solutions, and the use of a diamond cell 

has been suggested by Sundheim. 

5.1.2. 	Thermostats.  

beveral thermostats have been described which are suitable 

for maintaining fused salt samples at temperatures up to 800°C 

(Refs.1,214,6,7). 	The design used by the author was based on 

that of Rhodes and Ubbelohde (Ref.7). 

Most workers have used a water-jacket to cool the outside 

of the thermostat unit, and so prevent heat from reaching the 

surrounding parts of the spectrophotometer. 

The thermostat must have entry and exit windows to allow 

passage of the ultra-violet beam, and the loss of heat through 
these windows causes temperature gradients to be set up in the 

sample. 	In the present work these gradients were measured 

and steps were taken to minimise them (see page IU3). 	No 

previous worker seems to have paid any attention to this 

factor. 

5.1.3. 	Elimination of black-body radiation.  

The difficulties arising from the emission of black-body 

radiation by a hot sample have been elegantly overcome by 

Gruen and by Sundheim (Ref s.1,2). 	They reversed the normal 

positions of the detector and light-source units, so that 

light from the lamp passed first through the sample, then 

through the chopper and monochromator and finally to the 

detector. 	The radiation emitted by the sample was of much 
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lower frequency than the measuring beam, and was effectively 
filtered out by the monochromator. 

This problem did not arise in the work carried out by the 
author, because samples were not heated above 450°C. 

5.2. 	An outline of previous experimental studies in the 
field of fused salt spectroscopy.  

5.2.1. 	Semi-quantitative work.  

The first measurement of the ultra-violet absorption 

spectrum of a fused salt was made as long ago as 1916 by 
K. Schaefer, who studied pure potassium nitrate (Ref.8). 	He 
plotted the weak absorption band of this melt at 33 kcm-1, 
and noticed that the frequency at the absorption maximum was 
very near to that of a dilute aqueous solution of the salt. 

This was a remarkable achievement at the time, but by modern 
standards the spectra obtained by Schaefer are of poor quality. 

The next report of work on pure melts did not appear until 
1957, when Sakai recorded the spectra of thin films (0.5/A-) 
of rubidium, caesium and ammonium nitrates (Ref.9). 	He found 
that these salts all had an absorption edge in the region 
35 - 40 kcm-1, and showed that, when the samples were heated 
from room temperature through their respective melting-points, 
the band edge moved towards the visible. 	In the case of 

ammonium nitrate the band-edge frequency changed abruptly at 
the transition-point at 125°C and at the melting-point, but 
no such abrupt changes were detected for the other two salts 
either at transitions or on melting. 

The absorption edge referred to by Sakai can now be 
identified as the low-energy edge of the strong absorption 



band whose maximum is at 50 kcm-1  in aqueous solutions of 
nitrates (see page 73). 

In 1958, Sundheim and Greenberg measured the absorption 
spectra of twenty pure fused salts (nitrates, halides, 
potassium dichromate and potassium thiocyanate) at temperatures 
about 20°C above their melting-points. 	They used thicker 
samples than Sakai (0.02 mm to 2 mm), and for every salt they 
recorded only an absorption edge. 	In the case of the nitrates 
this edge can now be identified as the low-energy edge of the 
weak absorption band whose maximum is at 33 kcm 1 (see page 
67 ). 	In some cases measurements were made over a range of 
temperatures, and it was shown that the band-edge moved to 
lower frequency as the melts were heated (lief .10). 

5.2.2. 	Quantitative measurements; development of cells  
with short path-length.  

The work described above must be regarded 'as semi-
quantitative, because the spectra were characterised only by 
arbitrarily-defined band-edge parameters whose value depended 
on sample thickness. Parameters with more precise meaning, 
such as frequencies of absorption maxima and molar extinction 
coefficients, were first measured not for pure melts but for 
dilute solutions of absorbing ions in a transparent fused- 
salt solvent. 	The solute was usually a transition-metal 
salt, and its concentration was adjusted until the optical 
density of the solution reached a value suitable for the 
recording of absorption maxima. 	Ions whose spectra have 
been examined in this way include Mn(2) and Co(2) dissolved 
in chloride and in bromide eutectics (Ref.l1), Co(2) and Ni(2) 
in a sulphate eutectic (Ref.3), and Ni(2), Co(2), Cr(3) and 
U(4) in a fluoride eutectic (Ref.4). 	These ions all have 
absorption in the visible region which can be attributed to 
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electronic transitions between the cl-levels. 	The results 
have been interi:reted in terms of the ligand-field theory, 
and it has often been possible to deduce the type of 
codrdination of the anions around each transition-metal ion; 
for example, Gruen and iiicBeth (Ref.12) showed that Ni(2) has 
tetrahedral cardi4ation of chloride ions when dissolved in 
fused caesium chloride. 

The first accurate measurement of extinction coefficients 
and frequencies of band maxima for anions in fused-salt media 
were made by Smith and Boston (Ref.13), who recorded the 

absorption spectra of NO3 , NO2  and Cr04=  in dilute solution 

in a halide eutectic. 

Corresponding data for pure  fused salts containing these 
anions were more difficult to obtain, because the extinction 

coefficients -art.  too high to permit the absorption maxima to 
be plotted using a cell of path-length about 1 mm. 	Further 
progress awaited the introduction of cell having much shorter 
path lengths (3/A- to 10011,-). 

Two types of cell have been designed to meet this require- 
ment. 	G.P. Smith (Ref.6) used a conventional 2mm. silica 

cell with a precision-ground, solid silica insert of thickness 
slightly less than 2 mm. 	The melt was displaced by the insert 
to form two tnin films between it and the inner walls of the 
cell. 	Different path-lengths were obtained by using inserts 
of slightly different thickness; the shortest attainable 
was 201.4-,. 	Path-lengths were measured to ± 1% by use of a 
micrometer device, or by filling the cell with aqueous 
potassium chromate solution and measuring its optical density 
with the insert in position. 

Using this type of cell, Smith measured the molar extinction 
coefficients of pure alkali nitrate melts at the maximum of 



the weak band at 33 kcm-1, with an absolute precision of ± 5% 
He also recorded the frequencies of the band maxima to ± 20 cm -1 

(but see page 24a). 

The 'silica insert' cell suffers from one serious defect; it 

is very likely to be broken if its contents are frozen and then 

remelted. 	It is therefore unsuitable for measuring the spectra 

of solid and liquid salt films in the region of the melting-

point. 

In order to make measurements of this kind, Rhodes and 

Ubbelohde introduced a different type of cell (Ref.7). 	The 

salt sample was held as a thin film between two silica plates, 
which were mounted in a stainless-steel holder. Films as thin 

as 3p. could be obtained in this way; thicker samples could be 

prepared by using spacers of platinum foil. 	The salt could 	be 

melted and frozen any number of times without risk of breaking 

the plates. 	-.11m thicknesses were estimated by weighing, but 

could not be measured to better than -.1= 10% because of edge 

effects. 	This cell is therefore less good than Smith's for 

the measurement of the extinction coefficients of the melts, 
but it is entirely satisfactory for comparing frequencies of 

absorption maxima for solid and fused salt samples. 	It was 

used by the author for the work described in this thesis; an 

illustration appears on page IGT, and the method of preparing 

samples for spectroscopy is described on page mg-. 

5.3. 	Aim of the present work on ultra-violet spectroscopy  
of salts.  

The work of Rhodes and Ubbelohde has shown that the two 

absorption bands of nitrates in the near ultra-violet have 



variations with temperature which Are related to corresponding 

structural changes. 	Their research was carried out mainly 

with reference to the stronger of these bands, and, because a 
hand operated instrument was used, the number of spectra 

obtained for each salt (r-,10) was the minimum necessary to map 

out the trends. 

The spectrophotometer available for the present work scanned 
and recorded spectra automatically, and this greatly increased 
the ease and speed with which spectra could be obtained. 	A 

detailed and systematic survey of the effect of temperature 

on the spectra of nitrates and nitrites was undertaken, 
particular care being taken to measure the changes in the 

positions of the absorption bands which occured at melting--
points and transition-points. Fifty or more scans were 

carried out on each salt studied. 	It was originally hoped 

that the survey would include measurements of the frequencies 

of the maxima of both bands, but the extinction coefficient in 

the region of the strong band was so high that only its low- 

frequency edge could be recorded. 	Attention was therefore 

focussed on the weaker band of the nitrate and nitrite 

absorption spectra, at 33 kcm 1  and 27 kcm-1  respectively. 

The nature of the electronic transitions causing these 

bands is fairly well understood (see Chapter 6), and some 
knowledge has been gained on the influence of environment on 

the frequencies of the absorption maxima. 	The aim of the 

present research was: 

(i) To add to the understanding of this environmental 

influence by measuring the frequency of the maximum of the weak 

band for nitrates and nitrites and observing the changes in 

this frequency which accompany known structural changes (i.e. 

those due to thermal expansion and to solid-solid transitions) 

S7 
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(ii) To measure the changes in the frequency of maximum 

absorption on fusion of the salts, and to use the previously-

gained knowledge on environmental influence to elucidate the 

nature of the structural changes which occur on melting. 

As a preliminary to the investigation of the spectra of solid 

nitrates and nitrites, some work was carried out to measure 

the polymorphic transition temperatures of the crystalline salts, 

using a simple spectroscopic technique. 	Prior knowledge of 

these temperatures simplified measurement of the abrupt changes 

in absorption frequency associated with the transitions. 

To facilitate discussion of the results of this work, a 

summary of the present knowledge on the absorption of light by 

ionic substances is given in the next chapter. 	Particular 

attention is paid to the previous work (both practical and 

theoretical) on those absorption bands of the nitrates and 

nitrites which were the subject of the author's experimental 

study. 

REFERENCES TO CHAPTER 5. 

1.  D.M. 	Gruen, 	J. 	Inorg. Nucl. Chem., 	(1957), 4. 74. 

2.  B.R. Sundheim and J. Greenberg, 	Revs. Sci. 	Instr., (1956), 

27, 	703. 

3.  K.E. Johnson and T.S. Piper, 	Discuss. Farad. Soc., (1961), 
32, 32, 

4. 	J.P. Young and J.C. White, Anal. Chem., (1959), 31, 1892 



5 
	

J.D. Mackensie, R.S. McDonald and W.K.Murphy, Revs. Sci. 
Instv., (1961), 32, 118. 

6. C.R. Boston and G.P. Smith, J. Phys. Chem., (1958),62,409, 

7. E. Rhodes and A.R. Ubbelohde, Proc. Roy. Soc., (1959), 
A251,156- 

8.  

9.  

10.  

K. Schaefer, 	Z. anorg. u. 

K. Sakai, 	J. Phys. Chem., 

B.R. Sundheim and J. Greenberg, 

allgem. 	Chem., 	(1916), 

(1957), 	61, 	1131. 

97, 

(1958), 
29, 

285. 

439, 
J. Phys. Chem., 

11.  B.R. Sundheim and M. Kukk, Discuss. Farad. Soc., (1961), 
32, 49. 

12.  D.M. Gruen and R.L. McBeth, J. Phys. Chem., (1959), 

63, 393- 

13.  G.P. Smith and C.R. Boston, Ann. N. Y. Acad. ci. , 	(1960), 
79, 930. 



60 

CHAPTER 6.  

THE ABSORPTION OF LIGHT BY IONIC SUBSTANCES (WITH PARTICULAR 

REFERENCE TO NITRATES AND NITRITES).  

6.1. 	Introduction. 

Electronic transitions accompanying light absorption in 

ionic media can be divided into two groups: 

(i) 'Charge transfer' processes, in which an electron is 

transferred from one ion to an orbital centred on another ion 

(or group of ions). 

(ii) 'Internal' transitions, in which an electron is 

excited from an occupied orbital to an empty orbital on the 

same ion. 

The two types of transition represent extremes of possible 

behaviour; cases met with in practice often approximate to 

one or to .tho_other, but sometimes have intermediate proper- 

ties. 	Characteristic examples of the two main types of 

transition are given in the following sections. 

6.2. 	Charge-transfer spectra,  

Most of the features of charge-transfer absorption can be 

illustrated by reference to the spectra of the alkali halides: 

In the vapour phase, these halides have particularly simple 

absorption spectra. 	In the frequency range between 50 kcm-1 
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and the visible, sodium chloride vapour has a single absorption 
maximum and sodium bromide and iodide have two maxima (Ref.l). 

The frequency of the lowest-energy peak decreases in the order 

NaCi, NaBr, NaI, and the intervals between the pairs of peaks 

in the spectra of the bromide and the iodide are equal to the 

differences in energy between the 2P3/2  and 2P1/2  states of 

the respective halogen atoms. 	At higher frequencies further 

peaks are observed, at intervals corresponding to the separa-

tions between the lowest unoccupied energy levels in the sodium 
atom. 	If the alkali halide vapour is irradiated with light 

of frequency greater than that of the second absorption maximum, 
the atomic spectra of the alkali and halogen atoms are observed 

in emission. 

The above evidence indicates that the absorption of light 

by a single alkali halide molecule causes the transfer of an 

electron from the halide ion to the metal ion: 

hV )  Na Cl. 

The lowest-frequency peak in the absorption spectrum 

corresponds to the production of atoms in their ground state, 

and the other peaks involve production of excited atoms. 
The fluorescence spectrum is emitted when these atoms return 

to their ground states (Ref.2) 

The energy (hV) of the photon corresponding to the lowest-

energy peak in the absorption spectrum is given by 

h') 
	

E - I + 	(6.1) 

where E is the electron affinity of the halogen atom, I is the 

ionisation energy of the alkali atom and L is the difference 

between the dissociation energies of the ion-pair and the 

atom-pair. (Ref.3). 
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The absorption spectra of crystalline alkali halides are 

similar to those of the vapours, except that the maxima occur 

at higher frequencies (Ref.4); for example, the lowest-energy 

peak in the spectrum of sodium bromide vapour is at 36.4 kcm
-1, 

while that for the crystalline salt is at 52.6 kcm-1. 	Broad 

bands are again observed at room temperature, and the extinc-

tion coefficients at the band maxima are of the order 103 - 104  

litres/mole.cm. (Ref.5).. 	Excitation is supposed to correspond 

to transfer of an electron from the halide ion to the shell of 
cations immediately surrounding it in the crystal. 	The 

frequency of the first absorption peak is again given by an 

expression of the type (6.1): A is now the difference in 

energy between a normal crystal and one in which atoms are 

substituted for a pair of adjacent ions; it is approximately 

equal to the energy of the Coulomb interaction of these 

adjacent ions with each other and with the remainder of the 
crystal (although detailed calculations have shown that the 
interaction energy between the atoms and the remainder of the 

crystal is not negligible; Refs.6,7). 

For a series of alkali halides containing the same cation, 
the frequency of the lowest-energy absorption peak decreases 
in the sequence MF, MC1, MBr, MI, corresponding to the progress-

ive decrease in the electron affinity E of the halogen atom. 

However, the frequency varies irregularly in the series'NaI, 

KI, RbI, CsI, as Table 6.1. shows. 

This irregularity must be ascribed to changes in the value 

of the interaction parameter A 
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TABLE 6.1. 	Energy of the first ultra-violet 
absorption peak for alkali iodides, at 20°K. 
(Ref.5). 

Salt Frequency of 

first peak 
(kcm 1) 

NaI 45.0 

KI 47.0 

RbI 46.1 

CsI 46.8 

Changes in the positions of the aosorption maxima which 
occur when a given alkali halide is heated are also due to 

changes in Q. 	This interaction term is smaller for an ion-

pair in the vapour than for the same ion-pair in a crystal, 

and this explains why the peaks in the spectra of the vapours 

are at lower frequencies than those for the corresponding 

crystals (Ref.3). 	For the melts, 0 would be expected to 

have intermediate values; this has been shown to be true 

for lithium iodide, which is the only alkali halide melt for 
which the frequency of the first absorption maximum has been 

measured (Ref.8). 

All ionic crystals are capable of showing charge-transfer 
absorption at sufficiently high frequency, although other 

processes can contribute to the spectrum. 	These are 

discussed in the next section. 
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6.3. 	Absorption due to 'internal' transitions, 

The transitions between d-levels in the penultimate electr-
onic shell of cations such as Ni++  and Co++  are examples of 
internal transitions which can occur in ionic media. 	They 
give rise to weak absorption in the visible and near ultra-

violet region (molar extinction coefficients up to 500 litres/ 
mole. cm). 	The energies of the d-orbitals (and therefore 
the frequencies of absorption) are influenced by the electro-

static field set up by the medium surrounding the absorbing 

ion, and it is sometimes possible to deduce from the spectrum 
the positions of the atoms or ions forming the first coordin- 
ation shell around each transition-metal cation. 	Some 
examples are referred to on page 64. 

In a medium containing polyatomic ions, another type of 
internal transition can occur. 	Consider the formation of a 
cation such as (NO

3
)—  from its constituent atoms, which can 

be visualised in the following way. 	The atomic orbitals of 
the outermost quantum shells of the atoms are combined to form 
molecular orbitals of Cr-  and 77 symmetry, some of which are 

bonding, some non-bonding and some anti-bonding. 	The avail-
able electrons are then placed in the molecular orbitals, 

those of lowest energy being filled first. 	The order of 

filling is: 

(i) Cr-bonding (cr) 

(ii) Tr-bonding (7r) 

(iii) non-bonding ( n ) 

(iv) Tr-antibonding (iro) 
(v) cr:-antibonding (0,0) 

The cr and 7r bonding orbitals are always equal in number 

to the or* and r* antibonding orbitals, so if a stable ion is 
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to be formed some of the latter must remain unoccupied when all 

the electrons have been allocated. 	It is therefore possible 
for an electronic transition to occur between the filled 

orbitals and these empty antibonding orbitals. 	Since the 77* 
orbitals usually have lower energy than the Cr* ones, and the 

most weakly-bound electrons in the ion are usually in non-

bonding orbitals, the transition of lowest energy involves 

excitation from n to TT* (n --4.Tv* transition). 	11-o-* 

and cr-4a- * transitions can also occur, at progressively higher 

energies (Ref.9). 	If the energy of any of these processes 

is smaller than that for 'charge transfer' absorption, the 
spectrum will shoil additional bands on the low-frequency side 

of the charge-transfer bands. 

There is evidence that the lowest-energy absorption bands 

of nitrates and nitrites are due to internal transitions of 

the kind described here. 	This evidence is presented in 
sections 6.5 and 6.6. 

Absorption bands due to internal transitions have been 

observed in the spectra of many organic molecules (in the 

vapour phase, or dissolved in hydrocarbon solvents). 	It is 

found that the molar extinction coefficient is 10 - 100 litres 

/mole. cm  for a forbidden n-477* transition, 100 - 1,000 for 

an allowed n---)N *  transition and about 10,000 for an allowed 
7c->n* transition. (Ref.lO). 	The low intensity OE < 20) of 
the bands in the nitrate and nitrite spectra at 33 and 27 kcm 1 

respectively therefore supports their assignment to 'internal' 

transitions. 

6.4. 	Possibility of transitions having characteristics  

intermediate between 'charge-transfer' and 'internal'.  

For an absorption band due to an internal transition in a 
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poly-atomic anion, the frequency of the maximum may be ' 

influenced by the neighbouring cations. 	These cations may 
affect the energies of the orbitals corresponding to the 
ground state and the excited state. 	The excited-state orbital 
is usually antibonding, and is situated at the periphery of the 

ion; it may therefore overlap with the cations. 	If the 

lowest unoccupied orbitals of the latter can combine with this 

anion orbital to produce an orbital having lower energy than 

either, this new orbital will receive the electron on excita-

tion and the band will thereby acquire some charge-transfer 

character. 	This amplifies the statement made on page Cc,: 

the distinction between 'charge-transfer' and 'internal' 

transitions in a condensed medium is not a sharp one, and some 

absorption bands may have intermediate properties. 

The formal definition of a charge-transfer process given on 
page 61 is also oversimplified. 	In an ion-pair molecule such 
as Neel-  in the vapour phase, the wave-function 1/ of the 

ground state contains contributions both from the fully-ionised 

structure and from the structure in which a covalent bond is 
formed between the two atoms. 	The total wave-function may 
be written 

a• CI6Na+Cl- 	+ 	13' 4)Na-C1 ' 

where a > b in the ground state. 	If the molecule now absorbs 
light in the charge-transfer band, the wave-function of the 
excited state, 111 , is given by 

a! . 	 - • Na+  Cl 	b'. +NaC1 ' 

where b' > a'. 

It is a conclusion of wave-mechanical theory that light 
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absorption cannot occur unless b and a' are non-zero, i.e. the 

ground state must contain a contribution from the covalent 

structure and the excited state must have a partial ionic 
character (Ref.11). 	The formal definition of a charge-
transfer process given at the beginning of this chapter there-
fore represents a limit which can never be achieved in practice. 

6.5. 	Previous knowledge on the absorption spectra of nitrates  

in the region 50 - 20 kcm 1. 

Solid and fused metallic nitrates, and aqueous solutions 

containing nitrate ions, have a weak absorption band in the 
near ultra-violet with a maximum in the range 30 - 34 kern 1. 
The frequency of the maximum depends on temperature, the 
identity of the cation and, in the case of solids, on the 
crystal structure. 	For pure alkali nitrate melts, the molar 

extinction coefficient at the maximum of this band increases 

with the polarising power of the cation, and lies in the range 

5 - 20 litres/mole cm. (Ref.12). 

The weak band is overlapped on its high-frequency side by 
a stronger band which has a steeply rising edge at 39 - 41 

- 1  kcm-1 and which reaches a maximum at 50 kcm in aqueous 
solution (E -- 10,000 litres/mole cm; Ref.13). 

The two bands are now discussed in detail. Particular 

attention is devoted to the weak band, because it formed the 
main subject of the author's experimental work in this field. 

6.5.1. 	The weak band at 33 kcm-1. 

Experiments with single crystals of sodium nitrate and 



potassium nitrate have shown that absorption in the region 

of the weak band occurs most strongly when the electric vector 

of the light is in the plane of the nitrate ion (Refs.14,15). 

When nitrate crystals are cooled, the weak band is resolved 

into a series of peaks. 	These have been recorded at 20°K by 
Rodloff and by Schaumann (Refs.16,17), and in greater detail 

at 4oK by Sayre (Ref.15). 	Sayre studied single crystals of 
sodium and potassium nitrates, and recorded lines between 28 
and 31 kcm 1. 	The lines were sharp in the lower part of this 
frequency range, but became diffuse above 30.3 kcm-1, which 
therefore represents a pre-dissociation limit. 	This frequency 
corresponds roughly to the energy required for the process 

NO3  ---* NO2 	+ 0 (3P). 

The intensity of the lines increased with frequency. 	Sayre 
was able to analyse the spectrum in terms of two vibrational 

frequencies of 700 and 260 cm 1, which he identified with the 
two asymmetric, in-plane vibrations of the excited ion. 	The 

spectrum arose by excitation from the lowest vibrational level 

of the ground-state ion to higher vibrational levels of the 

electronically excited ion; the observed lines corresponded 

to transitions '0 --> 1, 0 	2, 	 0 --->5, in terms of the 
vibration of frequency 700 cm-1. 	The 0-40 line, (the band 
origin), was not recorded, and this may be taken as evidence 

for the assignment of the band to a 'forbidden' electronic 

transition. The maximum of the weak band corresponds to 
changes of vibrational quantum number in the range 0 -410 to 
0-412 (referring to the 700 cm-1  vibration). 

From the results of his analysis, Sayre showed that the 

excited ion is equilateral and planar in its vibrational 
ground state. 	The stretching force-constants for the N-0 



bonds are reduced to about 80(io of the ground-state values, and 

the 	bond-length is 1.7A in the equilibrium configuration 

(compared with 1.22A for the ground-state ion; rief.18). 

Application of the Franck-Condon principle shows that the 

excited ion is formed in a 'compressed' state over the entire 

frequency range in which absorption has been observed, i.e. 

transitions at 4oK always occur from the v = 0 level of the 

ground state to the repulsive side of the potential energy 

surface of the excited state. 

Calculation of the energies of the molecular orbitals in 

the nitrate ion show that the bonding and non-bonding (or 

weakly anti-bonding) orbitals in the second quantum shell are 

all filled in the ground state, the remaining empty orbitals 

in this shell being anti-bonding (CT* and 7r*). 	The relative 

energies of the highest occupied and lowest unoccupied levels, 

and diagrams of the molecular orbitals corresponding to them, 

are shown in Figure 6.1. 

Opinions differ as to the exact nature of the electronic 

transition responsible for the weak band. 	Three possibilities 

have been suggested: 

(i) A1  '-f›. A1" 	(n-->Tc*) 	(Refs.10,12,19,20) 

(ii) Al'--4 E' 	(Ref.15) 

(iii) A11 	A2' 	(n -->G*) 	(Ref.20) 

The three transitions are marked on the energy-level 

diagram. 	Although the others cannot be eliminated conclusive- 

ly, the first possibility seems the most likely, for the 

following reasons: 
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(a) The origin of the band is absent, which suggests that 

the transition is forbidden by selection rules. 	This 

eliminates (ii), which is an 'allowed' transition 
(although Sayre, in defence of mechanism (ii), suggests 

that the absence of the band origin is due to the large 
disparity between the N-0 bond lengths of the ground 

and excited states. 	This causes the transition 

probability for the 0-)0 transition to be very small, 

by the Franck-Condon principle). 

(b) Wave-mechanical calculations suggest that the Tv* 

orbital in the diagram has a lower energy than the CF* 
orbital. 	The n -÷n* transition energy should therefore 
be less than the n--->-Gr* energy, so the former should 
correspond to the lowest-frequency band in the 
absorption spectrum. 

Assuming that the n-47T* assignment is correct, the 

transition can be described qualitatively in the following 

terms: 	the electron is excited from a non-bonding (or 

weakly anti-bonding) orbital centred on oxygen to an anti- 
bonding molecular 7C orbital. 	This antibonding orbital is 
relatively diffuse, and although the transition involves 
displacement of charge from the oxygen atoms towards the 

nitrogen atom (Ref.12) an overall expansion of the ion is 
involved. 

Smith has measured the frequency of the absorption maximum 
of the weak band for pure alkali nitrate melts (Ref.12), and 

for mixtures of alkali nitrate melts with nitrates containing 

polyvalent cations (Ref.21). 	He was able to show that, for 
nitrate melts containing cations of rare-gas electronic 

configuration, the frequency E(2) of the maximum is given 

(at 365°C) by 
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E(2) = 3.81 	0.34 >7(X,.zi/ri) 
i 

(6.2) 

where Xi, z. and ri  are the electrical equivalent fraction, 
the valency and the radius (in A) of the i'th cation species, 
The equation gives E(2) in electron-volts. 	This relationship 

Al  is valid provided z./r.a_  does not exceed 3 A for any cation 
species. 	If z/r exceeds this value (as it does for Mg++  and 
Y+++), the band maximum occurs at a lower frequency than that 
calculated from the equation. 

Smith points out that the neighbours of a nitrate ion can 

influence the value of E(2) in two ways: 

(i) 	In a fused nitrate, the cations can assume positions 

around the nitrate ions which tend to stabilise the non- 
bonding electrons on the oxygen atoms. 	In this way the 
energy of these non-bonding electrons is lowered relative to 

their energy in a free nitrate ion. 	When optical excitation 

occurs, the non-bonding oxygen electrons are displaced, but 
the cations do not move during the time of the transition. 

Since their positions at this stage are not the most suitable 
ones for stabilisation of the excited ion, the stabilisation 
energy is reduced when the transition occurs and E(2) 

increases by a corresponding amount (relative to its value 

for an isolated nitrate ion). 	Since the stabilising 
influence is greatest when the electrostatic field set up by 

the cations is greatest, this effect contributes to the 

movement of the band maximum to higher frequencies which 

occurs when the cationic charge/radius ratio is increased. 

This mechanism is analagous to the stabilisation of non-

bonding electrons in organic molecules by hydrogen bonding, 
which gives rise to the well-known 'blue shift' of n—>1-1- * 
bands when the solvent is changed in the sequence hydrocarbon, 



alcohol, water (iief 10). 

Smith has used the following expression for the frequency 

Vmax of the maximum of the weak band in a nitrate melt: 

00 

hVmax 	h o 	e'f (I tilex12  - 	Wgr1 2).V dv. 

In the equation, Vo  is a constant, e is the electronic 

charge, Ilex and ygr 
 are the wave-functions of the excited 

and ground-state ion respectively and v is the volume. 	V is 

the potential at the site of a nitrate ion due to the surround-

ing cations, and it can be replaced by a multipole expansion. 

If the assignment of the weak band as 	Al" is correct, 

the symmetry of the transition is such that the first two 

terms of this multipole expansion of V have no effect on the 

transition energy; 	the first significant term is the 

quadrupole term (Ref.21) 	This term can be attributed almost 

entirely to the first shell of cations surrounding the 
nitrate ion, the contribution from more distant ions being 

relatively slight. 

(ii) 	The 71* orbital which receives the electron upon 

excitation is diffuse, and may overlap with the nearest- 

neighbour cations. 	In the case of alkali or alkaline-earth 

cations this overlap would be expected to be repulsive; it 

would raise the energy of the excited nitrate ion, and so 
increase the transition energy relative to its value for a 

free nitrate ion. 	The effect would be greatest for cations 

with the highest surface-potential z/r. 

6.5.2. 	The strong band at 50 kcm-1. 

Since the experimental work carried out by the author did 
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not include measurements of the maximum of this band, the 
account given here will be very brief. 

The band has been ascribed to a 7F-17* transition (Refs.20, 

22). 	This assignment is supported by observations on the 

effect of solvent polarity on the frequency of the maximum 

(Ref.13). 	Some earlier workers had assumed that the band is 

due to charge transfer (Ref.23, and others quoted in Ref.13). 

Rhodes and Ubbelbhde measured the frequency of the maximum 

of this strong band, Emax(I),  for pure lithium, sodium and 

potassium nitrates, over temperature ranges which included 

the melting-points. 	For the solids, E1  (I)fell linearly 

with rising temperature for individual crystalline phases. 
It changed abruptly at transition-points, and increased 

abruptly when the salts were fused (Ref.8). 

The results were interpreted in terms of a model for the 

excitation process in which the excited electron was assumed 

to be confined in a spherical potential well of radius ro. 
The boundary of the well was formed by the cations surround-

ing the nitrate ion, so the radius 1.0  is approximately equal 

to the anion-cation distance minus the cation radius. 

If the excited electron is assumed to move in a potential 

which is zero inside the cavity but infinite outside it, 

application of Schrddinger's equation gives the following 

expression for the transition energy: 

E
max

(I) 	Eo 	h2/8mro2 
	

( 6 .3 ) 

where Eo is the energy required to remove an electron from an 

isolated nitrate ion in vacuo, h is Planck's constant and m 
is the mass of an electron. 
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Differentiating the above expression, 

dEmax/dT 
	

(h2/4=03). (dro/dT) 
	

(6.4) 

If dEmax/dT is measured for the crystalline nitrates, 

dro/dT can be calculated by use of equation (6.4), assuming 

that ro is equal to the anion-cation distance minus the 

cation radius. 	Rhodes and Ubbelohde carried out this cal-

culation for lithium, sodium and potassium nitrates, and 

showed that 1/ro.dro/dT for each salt was approximately equal 

to the coefficient of linear expansion of the crystal. 

The abrupt increase in Em  _(I) which was recorded at the 
melting-point of each of these salts was ascribed to a 
reduction in ro' i.e. the cation-anion distance decreased 

abruptly on fusion. 

6.6. 	Previous knowledge on the absorption spectra of 

nitrites in the range 50 - 20 kcm 1.  

Crystalline and fused sodium and potassium nitrites, and 

aqueous solutions containing nitrite ions, have an absorption 

band in the near ultra-violet with a maximum at 27 - 28 kcm 1 

at room temperature ( 6 = 23 litres/mole.cm  in aqueous 

solution; Ref.9). 

There is a shoulder on the high frequency side of this 

weak band; it would have a maximum at about 33.5 kcm 1 

(6,-8 in aqueous solution; Ref.9). 

The weak band and its shoulder are separated by a region 
of relatively low absorption from a stronger band which has 

a steeply-rising edge at 	kcm-1 and reaches a maximum at 

kcm-1 (6 . 6,000 in aqueous solution; Ref.9). 



76, 

- 1 6.6.1. 	The weak band at 27 kcm . 

Experiments with single crystals of sodium nitrite have 

shown that, in the region of this band, absorption occurs most 
strongly if the electric vector of the light is perpendicular 
to the plane of the nitrite ion (Refs.24,25). 

Sidman (Ref.25) has recorded the absorption spectra of 
single crystals of NaNO

2 
 and NaN1502  at 4oK. He found that 

- 1 the band at 27 kcm was resolved into a series of lines at 
this temperature, and was able to analyse the spectrum in 

terms of two vibrational frequencies (632 and 1018 cm-1). 
These were shown to correspond respectively to the bending 

and symmetric stretching modes of the electronically excited 
ion. 	The lowest-frequency line in the spectrum (25,977 cm-1) 

was identified as the band origin (i.e. the line arising from 
transition between the vibrational ground states of the two 
electronic levels). 	The transition is therefore 'allowed' 
by selection rules. 	At 4°K, the maximum of the weak band 
corresponds to excitation from the lowest vibrational level 

of the lower electronic state to higher vibrational levels of 
the upper state. 

In the normal nitrite ion, the N-0 bond-length is 1.23A 
and the ONO angle is 116°G. 	Sidman, from his analysis of 
the ultra-violet and infra-red spectra of sodium nitrite, has 

shown that the bond-length in the excited ion (in its equili-

brium configuration) is "not very different "from that in the 

ground state, but the ONO angle differs from the ground-state 
value by 9°. 	The sign of this difference could not be 
established unambiguously, but the angle was probably greater 
in the excited ion. 	Application of the Franck-Condon 
principle shows that, when absorption occurs from the v = 0 

level of the ground-state ion, the excited ion is produced in 
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a 'flexed' condition over the entire frequency range in which 

absorption is observed (Refs.25,26). 

Figure 6.2. shows a diagram of the highest occupied and 

lowest unoccupied energy levels in the nitrite ions, and 
illustrates the molecular orbitals associated with each level, 
711  is a bonding 7i-orbital, T- 2' n02, and nol  are \ non- 
bonding orbitals centred on oxygen and nN is a non-bonding 
71 -orbital centred on nitrogen. 	71-3 is the lowest unoccupied 
orbital, and is anti-bonding in character. 

The band at 27 kcm-1  is associated with the transition 
nN -47r3  (

1A1 	1B2), i.e. it involves excitation of an 

electron from the nitrogen 'lone pair' to a molecular anti-

bonding 7F-orbital. 

Several pieces of empirical evidence support this hypothesis 
that the nitrogen lone pair electrons are concerned in the 

transition giving rise to the 27 kcm-1 band: 

(i) The band is present in the spectra of all solutions 
containing nitrite ions, nitrous acid (EI.ONO) or alkyl 
nitrites (R.ONO) (Refs.24,27), but is absent from the spectra 

of nitro-paraffins (R.  NO2) and nitryl chloride (Cl.NO2) 

(Ref.24). 	The nitrogen 'lone pair' is present in the first 

group of molecules, but all the nitrogen electrons are con-
tained in bonding orbitals in the second group. 

(ii) If an aqueous solution of cadmium perchlorate is 

added to one of potassium nitrite, the absorption band at 

27 kcm-1 decreases in intensity and is replaced by another 

band at 31.2 kcm-1. 	The new band is ascribed to the complex 

ion (CdNO2)4-' in which the nitrogen lone pair is involved in 

a donor bond (Ref.28). 
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(iii) 	The band at 27 kcm-1  is reported to t absent in 

crystalline silver nitrite (Ref.24). 	The Ag--N distance in 
the crystal is shorter than would be expected for a purely 

ionic compound (Ref.29), which suggests that the electrons are 

contained in a covalent bond between these two atoms, 

The weak shoulder at 33.5 kcm-1  in nitrite spectra is 
ascribed to excitation of an electron from a non-bonding 

orbital on oxygen (n01) to the anti-bonding ir-orbital /Ti 
(Ref.25). 

6.6.2. 	The strong band at 47.4 kern 1.  

The strong band at 47.4 kcrn 1  is assigned by Sidman to 
transition from the oxygen 7T-orbital 772  to the molecular 

antibonding orbital 7r
3 
(1A1 --H)-1B1). 	Earlier workers 

(notably Friedman, Ref.23) have regarded this as a charge-
transfer band, but there are two pieces of evidence against 

this view: 

(i) The frequency at the maximum of the band in dilute 

aqueous solution (28,20 	cffi-1) 	 is very close to that in 

crystalline sodium and potassium nitrites (t..1.101-Ptlietir 
-1 	, 0,  wla 	y, 	,  

(ii) The band is polarised in the plane of the nitrite 

ion (Ref.24). 	If it were due to charge transfer absorption, 

the plane of polarisation would be perpendicular to the plane 

of the ion (Ref.9). 

The knowledge summarised in this Chapter is used as a 

basis for the interpretation of the author's spectroscopic 

results, which are described in Chapter 14. 



c3o 

REFERENCES TO CHAPTER 6.  

1. Franck, Kuhn and Rollefson, Z. Physik, (1927), 43, 155. 

2. Kondratjew, Z. Physik, (1938), 39, 191. 

3. L.E. Orgel, Quart. Revs. Chem. Soc., (1954), 8, 422. 

4. R.F. Barrow and A.D. Caunt, Proc. Roy. Soc., (1953), 

A219, 120. 

5. Vv. Martienssen, J. Phys. Chem. Solids, (1957), 2, 257. 

6. Klemm, Z. Physik, (1933), 82, 529. 

7. von Hippel, Z. Physik, (1936), 101, 680. 

8. E. Rhodes and A.R. Ubbelohde, Proc. Roy. Soc., (1959), 
A251, 156. 

9. S.F. Mason, Quart. Revs. Chem. Soc., (1961), 15, 287. 

10. H. McConnell, J. Chem. Phys., (1952), 20, 700. 

11. J.N. Murrell, Quart. Revs. Chem. Soc., (1961), 15, 191. 

12. G.P. Smith and C.R. Boston, J. Chem. Phys., (1961), 
34, 1396. 

13. D. Ivleyerstein and A. Treinin, Trans. Farad. Soc., (1961), 
57, 2104. 

14. K.S. Krishnan and A.C. Dasgupta, Nature, (19304, 126, 12. 

15. E.V. Sayre, J. Chem. Phys., (1959), 31, 73. 



SI 
16. G. Rodloff, Z. Physik, (1934), 91, 511. 

17. H. Schaumann, Z. Physik, (1932), 76, 106. 

18. R.L. Sass, R. Vidale and J. Donohue, Acta Cryst., 
(1957), 10, 567. 

19. S.P. McGlynn and M. Kasha, J. Chem. Phys., (1956), 

24, 481. 

20. K.L. McEwen, J. Chem. Phys., (1961), 34, 547. 

21. G.P. Smith and C.R. Boston, Discuss. Farad. Soc., 

(1961), 32, 14. 

22. J.A. Friend and L.E. Lyons, J. Chem. Soc., (1959),1572. 

23. H.L. Friedman, J. Chem. Phys., (1953), 21, 319. 

24. W.G. Trawick and W.H. Eberhardt, J. Chem. Phys., (1954), 
22, 1492. 

25. J.W. Sidman, J. Amer. Chem. Soc., (1957), 79, 2669. 

26. J.4. Sidman, J. Amer. Chem. Soc., (1957), 76, 2675. 

27. H.E. Ungnade and R.A. Smiley, J. Org. Chem., (1956), 
21, 993. 

28. E.G. Vassian and W.H. Eberhardt, J. Phys. Chem., 

(1958), 62, 84. 

29. Strukturbericht, IV, 41 and 153. 



CHAPTER 7. 

PREVIOUS STUDIES ON THE MELTING PROCESS IN IONIC CRYSTALS. 

A brief but critical summary is given here of the methods 
used by earlier workers to investigate the structures of 
ionic melts and to derive information about the changes which 
accompany fusion of an ionic crystal. 

7.1. 	Diffraction techniques. 

Levy et al.(Ref 1) have carried out X-ray and neutron 
diffraction experiments on fused alkali halides, and have 
expressed their results in the form of radial distribution 
curves referred to either the metal nucleus or the halogen 
nucleus as origin. 	The following general conclusions can 
be drawn: 

a) Each cation has only anions as nearest neighbours, 
and vice versa, as in the crystal. 	For a given substance, 
the most probable distance between each cation and its near-
est-neighbour anions (corresponding to the first maximum in 
the radial distribution curve) is shorter in the melt than 
in the crystal by about 0.1 - 0.2 A. 	This distance in the 
melt is therefore intermediate between the values for the 
crystal and for the ion-pair in the vapour phase (Ref 2). 

b) The average coordination number of anions around 
cations (or vice versa) is smaller in the melts than in the 
corresponding crystals. 	Values in the range 3.5 to 5.6 
were recorded for the alkali halides, compared with 6 for 
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the rock-salt structure and 8 for the room-temperature 
caesium chloride structure. 	However, calculations made 	by 
Furukawa suggest that the value 5.6 (which refers to lithium 
halides) is subject to large experimental errors and should 
be nearer to 4 (Ref 3). 	This reduction in coordination 
number accounts for the volume increase which is frequently 
observed when an ionic crystal is fused (see also Section 
7,3), and is consistent with the result stated in paragraph 
a) above. 	In crystal transitions which involve a change in 
coordination number (such as the b.c.c. to f.c.c. change in 
caesium chloride) the shorter anion-cation distance is 
always associated with the smaller coordination number (the 
reduction being 0.09 A in the case cited (Ref 13, pp 519 
and 523)). 

c) The most probable distance between a given anion and 
the anions forming the second coordination shell around it 
is larger in the melts than in the corresponding crystals. 

d) No peaks appeared in the distribution curves at 
values of r greater than about 5A. 	This means that, 
considering a cation as centre, ordering is discernible in 
the first shell of anions and in the next shell of cations 
but beyond this the distribution of neighbours relative to 
the reference ion is completely random. 

The reduction in the most probable nearest-neighbour 
anion-cation distance on fusion can be understood in general 
terms. 	The Coulomb forces acting on a given ion due to 
interaction with its neighbours balance out in an alkali 
halide crystal because of the symmetry of the arrangement. 
This symmetry is lost when the crystal is fused, causing it 
to approach more closely to some of its neighbours than to 
others (Ref 2). 



Diffraction Diffraction experiments have also been carried out on 
fused sodium nitrate (Refs 4,5), potassium nitrate (Ref 5), 
sodium nitrite (Ref 4) and on the fused carbonates and 
sulphates of lithium, sodium and potassium (Ref 6). 	The 

diffraction spectra were converted to radial distribution 
curves having the hetero-atom (X) of the anion as origin. 
Again, the curves showed no peaks at r-values greater than 
about 5A, showing that the ordered region around a given 
anion is limited to a sphere of this radius. 

The first peak in each distribution curve corresponded 
to the X-0 distance in the anion, which could be derived 
with an accuracy of about ± 0.1A. 	Within these limits, the 
values_obtained were the same as the X-0 distance in the 
crystalline salts. 	The areas under the peaks gave the 
coordination number of 0 around X, and these agreed (within 
± 15%) with the values expected for the formulae NO3-, NO2 , 
CO
3
' and SO4=  

The second peak in the distribution curves corresponded 
to contact between the cations and the oxygen atoms of the 
oxy-anion. This peak was prominent and well- resolved for 
the melts of NaNO3, Na2SO4' K2SO4' Na2CO3 and K2CO3' show- 
ing that the cation-oxygen contact distance is a very 
common one in these melts. 

At larger values of r the radial distribution curves 
showed one or sometimes two further peaks, but these were 
very broad and poorly resolved, and could not be assigned 
unambiguously to any particular atom-pairs. This is a 
consequence of the lack of definite structure in the liquid 
at these distances, and is not due merely to the failure of 

experimenters to record reflections over a sufficiently 
large range of values of sine/A. (Ref 6). 
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Attempts have been made to find the relative populations 
of the situations in which the cation is in contact with one, 
two or three oxygen atoms in these melts containing oxy- 
anions (Refs 4,6). 	However, the information provided by 
the diffraction experiments is much too scanty for any firm 
conclusions to be drawn from this evidence alone. 	There 
would be more object in examining a melt such as caesium 
iodate, in which the diffraction pattern would be dominated 
by the heavy atoms. 	It should then be possible to pick 
out the peaks corresponding to the distances Cs..I, I..I and 
Cs..Cs. 

7.2. 	Changes in electrical conductivity on melting. 

For alkali-metal halides, nitrates and nitrites, the 
specific electrical conductivity increases on fusion by a 
factor of the order 103  to 104  (Ref 7). 	This clearly 
demonstrates the greater freedom of movement of ions in the 
melts; in the crystals only those ions which are adjacent 
to a Schottky defect are capable of movement when an electric 
field is applied, but in the melts all ions are mobile 
(considering a time-average over a period of 10-6 second). 

In some salts, notably the silver and cuprous halides, 
the conductivity increases on fusion by only 20 to 30 times 
(Refs 7,8). 	This is attributed to the high degree of 
disorder of the cations in the solid; for example, in the 
high -temperature modification of AgI only three-quarters 
of the available (equivalent) cation sites are occupied, 
and the cation lattice can be regarded as already 'liquid' 
below the melting point. Fusion of the crystal corresponds 

to positional disordering of the anion lattice. 	The 
conductivity of silver nitrate increases by 500 on fusion, 



suggesting that some cation disordering is also present in 
this salt below its melting-point (Ref 8). 

The activation energy for electrical conductivity in 
alkali halides, nitrates and nitrites falls from about 30 
to about 3 kcal/mole on fusion (Ref 7). 	This suggests that 
counter movement of ions towards the two electrodes occurs 
by a cooperative mechanism in the melts, whereas in the 
crystals an ion moving into a vacant site has to displace 
its neighbours against the relatively high restoring forces 
of the rigid lattice. 

The ratio of the activation energy for viscous flow to 
that for electrical conductivity, Ert  /E or  , provides some 
insight into the structural difference between 'low-melting' 
and 'high-melting' salts. 	The ratio is in the range 3.1 
to 7.6 for fused alkali halides but is much nearer to unity 
(0.7 to 1.4) for low-melting salts such as alkali-metal 
nitrates, nitrites, dichromates and thiocyanates (Ref 7). 
This implies that conductivity and viscous flow require 
similar movement of the ions in the low-melting salts but 
that different mechanisms are involved for these two 
processes in the halides. 

7.3. 	Volume changes on fusion. 

The molar volumes of the alkali halides increase on fusion 
by amounts varying from 29% (LiF) to 10.5% (CsCl). 	For 
nitrates of univalent cations the corresponding change is 
sometimes (but not always) smaller. 	Table 7.1 gives some 
values for the two groups of compounds. 



TABLE 7.1, Volume changes on fusion for some halides 

and nitrates. 

Salt 100. dITf/Vs 
_. 

Salt 

. 
100.LVf/Vs 

LiF 29.4 (a) 

LiBr 24.3 (a) LINO
3 

21.4 (b) 

NaC1 25.0 (a) 

NaBr 22.4 (a) NaNO
3 

10.7 (b) 

KBr 16.6 (a) KNO
3 

3.3 (b) 

RbBr 13.5 (a) RbNO
3 

-0.2 (b) 

CsC1 10.5 (a) 

CsBr* 9.9* (a) CsNO
3 

12.1 (b)  

AgBr 8.2 (a) AgNO
3 

0.7 (c)  

* Extrapolated, using the values for CsCl, 

RbCl and RbBr. 

(a) Ref 9. 

(b) Ref 10. 

(c) Ref 11. 

The low values of oVf/Vs  obtained for some of the 

nitrates can be interpreted in the following way. 	In 
the crystals the nitrate ions are constrained to occupy 
certain sites, with the three-fold axes along fixed 
directions, and the cations are restricted to their 



lattice points. When the salt is fused these constraints 
no longer apply, and it may be possible for the ions to 
arrange themselves so that the density of packing is higher 
in some micro-regions than it is in the crystal. 	(Since 
these relatively dense regions will have irregular shapes, 
spaces will appear between them as they are packed together 
in the liquid and this prevent3the overall density of the 
melt from actually exceeding that of the crystal). 	This 
type of volume economy can apply only to salts containing 
non-spherical ions, and so could be the cause of the diff-
erences in the values of 'Wf/Vs for nitrates and halides. 

If this picture is correct, the proportion of the total 
volume of a melt which is actually occupied by the ions 
should be greater for a melt containing non-spherical ions 
than for one containing only spherical ions. 	In Table 
7.2 some data have been collected to test this hypothesis. 
The volume of the nitrate ion was calculated on the 
assumption that it rotates freely about its three-fold axis, 
taking the N-0 bond length as 1.2A (Ref 12) and the contact 
radius of the oxygen atom as 1.4A (Refs 3 and 13). 	The 
volume obtained was 36.0 A3 or 21.7 ml/mole. 	The alter-
native assumption that the nitrate ion is free to rotate 
about 211y axis would not be justified; Furukawa has shown 
that if the nitrate ion in sodium nitrate melt effectively 
occupied a spherical cavity of radius 2.6A, the molar 
volume of the salt just above the melting-point would be 
at least 37% higher than the actual value (Ref 3). 	The 
volumes of the spherical alkali-metal and halide ions were 
calculated from the crystal radii given by Pauling (Ref 13). 
The halide ion whose volume is nearest to that of the 
nitrate ion was found to be Br (31.1 A3, or 18.7 ml/mole), 
so the alkali bromides have been selected for comparison 
with the nitrates in order to minimise any effect due to 



differences in anion-cation size-ratio. 	(The volumes of 
Cl and I are 15,0 and 25.3 ml/mole, respectively). 

TABLE 7.2.  Volume of the ions (V0) expressed as a % of 
the total volume, for solid and liquid bromides and 
nitrates. 

VL for caesium bromide was calculated from densities 
reported by van Artsdalen et al.(Ref 14). 	All other molar 
volumes were taken from Refs 9 and 10. 

Cation 

100. 

bromide 

(Vo/Vs) 

nitrate 

100. 

 bromide 

(Vo/VL) 

nitrate 

Li+  70.2 70.0 56.5 57.6 

Na+  58.0 59.4 47.3 53.6 

K+  51.3 52.8 44.0 51.2 

RV'.  49.3 49.9 43.7 50.1 

Cs+ 49.0 53.9 44.5 48.0 

Table 7.2 shows that, for salts of Li+, Na+, IC-1-  and Rb+  
in the solid state, the volume of the ions as a fraction 
of the total volume is the same for the bromide of a given 
cation as for the nitrate, within about 1%. 	However, for 
the corresponding melts (Vo/VL) is higher for the nitrates 
than for the bromides, the difference being greatest 

(6 - 7%) for the salts of sodium, potassium and rubidium. 

Reference to Table 7.1 shows that these three cations are 

just the ones whose nitrates have small volume changes on 

fusion compared with the bromides. f/Vs for lithium 

nitrate is only 3% less than that for lithium bromide, and 
the difference between the (Vo/VL) values for the two salts 
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is correspondingly small (1.1%). 	These results provide 

striking confirmation for the hypothesis put forward above. 

The caesium salts provide an exception which proves the 
rule. 	(Vo  /Vs  ) for solid caesium nitrate is 5% higher than 
that for solid caesium bromide. 	In the melts the differ- 

ence is only 3.5% (in the same sense). 	The conclusion is 
that ion association is less important in the melting of 

caesium nitrate than in the other alkali nitrates (because 

a packing arrangement more economical than that in the 

bromide has apparently already been achieved in crystalline 

caesium nitrate). 	This is confirmed by two other observ- 

ations: 
a) The volume increase on fusion for caesium nitrate 

is greater than that of either the chloride or the bromide 

(Cs+  being the only cation for which this is so). 

b) The melting-point of caesium nitrate is markedly 

higher than those of the other alkali-metal nitrates. 

Table 7.3 shows that the same is not true for any of the 
caesium halides, so the effect cannot be ascribed to the 
normal dependence of lattice energy on anion-cation radius 

ratio. 	These exceptional properties of caesium nitrate 

do not seem to have been correlated before. 

TABLE 7.3.  Melting-points of the alkali-metal chlorides, 
bromides, 

Cl-  

iodides and nitrates (Refs 7,14). 

Br- 	I- 	NO
3
— 

Li+  613 549 465 257 

Na+  801 745 659 308 

K+  776 735 723 334 

Rb+  722 692 647 312 

Cs+  645 636 630 410 



Several groups of workers (Refs 10,15) have calculated 
values for(Vo  /Vs  ) for nitrates on the assumption that the 
nitrate ion can be regarded as an oblate spheroid with 
semi-axes 0.95A and 1.88A (the corresponding volume being 
18.5 A3). 	These dimensions are undoubtedly too small; the 
values used by the author (semi-axes 1.4 and 2.6 A, volume 
36.0 A3) are consistent with the cation-oxygen distances 
found in nitrate melts by X-ray diffraction (Refs 4,5), and 
with the radius of the oxide ion 0' (1.4A) given by Pauling 
(Ref 13). 	The smaller figures quoted above were obtained 
by calculating the N...N distance between neighbouring 
nitrate ions in the calcite-type lattices of lithium nitrate 
and sodium nitrate (parallel and perpendicular to the three-
fold axis), plotting these against cation radius r and extra- 
polating to r = 0. 	This seems a dubious procedure; its 
invalidity can be demonstrated by using it to find the radii 
of Cl and Br from the Cl...C1 and Br...Br distances in the 
chlorides and bromides of lithium and sodium. 	The values 

obtained are again too low, namely r(C1) = 1.51A (cf. 
Pauling's 1.81A), and r(Br-) = 1.66A (cf. 1.95A). 

7.4. 	Heat and entropy changes on fusion. 

The molar heats of fusion of alkali halide crystals fall 
within the range 5 - 8 kcal/mole, and those of lower-melting 
salts such as alkali nitrates and thiocyanates are between 
2 and 4 kcal/mole (Refs 16,17). 	F$rland (Ref 18) has 
calculated that the energy required to interchange an anion 
and a cation in the sodium chloride crystal is about 200 

kcal/mole. Comparison of these energies provides strong 
support for the conclusion from the diffraction experiments 
(Section 7.1) that the anions in ionic melts have only 
cations as nearest neighbours and vice versa. 
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The difference of some 2 to 4 kcal/mole between the heats 
of fusion of alkali halides and those of low-melting nitrates 
and thiocyanates can be attributed to the more economical 
packing of ions in the melts of the latter group, i.e. to 
the same effect which is responsible for the relatively 
small volume increase on fusion of these salts. 	This 
statement is not strictly rigorous because it implies that 
the energy associated with the different degrees of freedom 
in the melt (such as positions of the ions, vibration about 
these positions and ionic rotation) can be treated as 
independent and additive, and that the heat of fusion can 
be written as a sum of separate terms: 

211.1f Hpositional AHrotation 

Hvibration 
	Hassociation(7.1) 

An analagous expression for the entropy of fusion is obtained 
by dividing each term in this equation by the melting temp-
erature in °K: 

ASf = ASpositional "rotation 4- 

Svibration 	'aSassociation (7°2)  

(see Ref 17). 	This partition of the enthalpy and entropy of 
fusion into independent terms is permissible in a dilute gas 
but is not a good approximation in a condensed ionic medium 
in which the energy levels associated with one set of degrees 
of freedom are strongly dependent on the energies present in 
the other sets, e.g. the energies of the vibrational states 
(referring to lattice vibrations as well as to internal 
vibrations of a polyatomic ion) are strongly dependent on the 
positions of the ions. 



Entropies of fusion for alkali halides, nitrates and thio-
cyanates fall in the range 4 to 10 e.u./mole, and no system-
atic difference exists between the values for the 'high- 
melting' and those for the 'low-melting' groups. 	The low 
melting-points of the second group are approximately 
compensated by low heats of fusion, so the ratio AHf/Tf  is 
roughly the same throughout; for example, ASf  for potassium 
thiocyanate (m.p. 175°C) is 7.6 e.u./mole, and that for 
potassium chloride (m.p. 776°C) is 6.2 e.u./mole (Ref 17). 
In the author's opinion, this fact has not yet been 
adequately explained. 	Plester et al. (Ref 17) suggested 
that the formation of association complexes in the melt makes 
a significant contribution to ASf  for potassium thiocyanate 
but not for potassium chloride. 	However, the formation of 
these complexes must be an exothermic process, so LSassoc. 
in equation 7.2 would be negative and would tend to make 
2Sf  less for the thiocyanate than for the chloride. 
However, the discussion of entropy of fusion of ionic cry-
stals in terms of specific processes such as rotation, 
association, positional randomisation and vibration is not 
likely to be very profitable because of the interdependence 
of the sets of energy levels associated with these processes. 

7.5.  Spectroscopic methods. 

  

These are extremely important because, in contrast to 
the thermodynamic methods mentioned above, they frequently 
give direct information about the immediate environment  
experienced by a single ion. 

Mention has already been made of the application of Raman 
and ultra-violet spectroscopy to the study of the melting 
process (Chapter 2, Sections 2 and 3). 	Infra-red spectro-
scopy has also been used; Hexter (Ref 19) measured the 
absorption spectrum of a single crystal of sodium nitrate 



from 2500 to 4500 cm-1, and recorded some bands which he 
assigned as combinations between the frequencies of the 
librational movements of the nitrate ions and the first 
overtone (2 V3) of the degenerate stretching mode of the 
ion. These combination bands disappeared on fusion of the 
sample, and Hexter concluded that the librations do not 
occur in the melt (i.e. the melt offers no resistance to 
rotation of a nitrate ion about its three-fold axis). 
This work forms an interesting complement to that of Kracek 
(Ref 20), who noted that X-ray reflections due to sodium 
nitrate crystal planes containing only oxygen atoms were 
present at room temperature but absent between 275°C and 
the melting-point (308°C). 	This was interpreted as due to 
randomisation of the nitrate ions with regard to rotation 
about their three-fold axes; Hexter's results show that 
this randomisation is not free rotation but something more 
restricted, e.g. the ion may assume one of several equiv-
alent orientational positions but remains in one such 
position for a time which is long compared with the period 
of the librational mode. 
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CHAPTER 8  

EXPERIMENTAL TECHNIQUES - GENERAL.  

The materials, techniques and apparatus described in this 
Chapter were common to all parts of the experimental work. 

8.1. 	Materials. 

The following list gives the sources and purities of the 
materials used. 

Potassium nitrate: Judactan Analytical Reagent, containing 
less than 0.0005% chloride and less than 0.002% heavy metals 
(Pb). 

Sodium nitrate: Judactan Analytical Reagent, containing less 
than 0.003% anionic and less than 0.002% cationic impurities. 

Rubidium nitrate: Johnson, Matthey & Co., 99.9% pure. The 
salt was recrystallised once from distilled water before 
shock-drying (see Section 8.2.1). 

Caesium nitrate: Judex Laboratory Reagent, 99.8% pure. The 
substance was recrystallised once from distilled water before 

shock-drying. 

Silver nitrate: Hopkia & Williams Ltd., Analytical Reagent, 
not less than 99.9% pure. The maximum limits of impurities 
were: (sulphate + chloride), 0.006%; alkali metals, 0.05%; 
heavy metals (Pb), 0.0005%. 

Thallous nitrate: British Drug Houses, Ltd., not less than 
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99.8% pure. 	The salt was recrystallised once from distilled 
water. 

Ammonium nitrate: Hopkin & Williams Ltd., Analytical Reagent, 
containing not less than 99.0% NH4NO3. The maximum limits of 
the impurities were: (chloride + sulphate + phosphate + 
silicate), 0.02%; nitrite, 0.0005%; (Fe + Pb), 0.0003%. 

Sodium nitrite: British Drug Houses Ltd., Analytical Reagent, 
containing not less than 98.0% NaNO2. 	The nitrate ion content 
was not known, but the maximum limits of the other impurities 
were: (chloride + sulphate), 0.02%; (Fe + Pb + K), 0.01%. 
A sample of this salt was further purified by zone-refining 
(see Section 8.2.2). 

Potassium nitrite: Riedel - De Haen A.G., Hanover, Analytical 
Reagent. The sodium ion and nitrite ion contents were not 
known, but the upper limits of the other impurities were: 
(chloride + sulphate), 0.02%; (Pb + Fe + Ca), 0.01%. 	A 
sample of this material was zone-refined (see section 8.2.2). 

Nitric acid: this material was prepared by distillation of a 
mixture of Judactan A.R, potassium nitrate (70 grm) and A.R. 
conc. sulphuric acid (50 ml) in an all-glass apparatus. 	A 

guard-tube containing silica gel prevented the contamination 
of the distillate by atmospheric moisture. A sample of 10 ml 
of nitric acid was collected, after rejection of the first 
5 ml of distillate. A stream of dry oxygen was bubbled 
through the acid before it was used, to reduce the concentrat-
ion of dissolved oxides of nitrogen; the yellow colour was 
almost completely discharged by this means. No precipitate 
was formed when a drop of the acid was added to a dilute 
aqueous solution of barium nitrate, which showed that the 
amount of sulphuric acid present was negligible. (less than 
10-4 moles per litre). 



Mixtures corresponding to the compositions HNO3.H20 and 

HNO3.3H20 were prepared by weighing, using small, glass bottles 
fitted with ground glass stoppers. 	A solution of concentratio] 
0.24N was prepared by diluting the pure acid (1.508 grm.) to 
100 ml. with distilled water, in a standard flask. 

:Iso-propyl nitrate: a sample of 99% purity was kindly supplied 
by the Chief Superintendent, E.R.D.E., Waltham Abbey, and was 
not further purified before use. 	This substance was chosen as 
an example of a covalent nitrate. 	It is less easily detonated 
than methyl and ethyl nitrates, and was therefore used in 
preference to these. 	It is a sweet-smelling, colourless, 

mobile liquid, boiling at 102°C. 

8.2. 	Purification techniques.  

1.2.1. 	Shock drying (Ref.1.) 

All the crystalline nitrates listed above were dried by this 

technique before use. 	A sample (ri 20 grms.) of the salt to 
be dried wasground to a powder with a pestle and mortar, and 
loaded into a Pyrex tube fitted with a B24,ground-glass cone. 
This was connected to an all-glass gas line0.which was evacuate 
by a rotary oil-pump. A liquid nitrogen trap was situated 
between the sample tube and the oil-pump. No grease was used 
in the ground glass joint; a PTFE sleeve (Loughborough Glass 
Co., Ltd.) served to make the joint air-tight. 	The use of the 
sleeve ensured that the salt was not contaminated with vacuum 

grease during the drying process. 

The sample was pumped for ten minutes at room temperature. 
It was then heated, still under the action of the pump, to a 
temperature below the melting point of the salt but above the 
highest of its transition temperatures. 	Heating was 
carried out by placing the sample tube in a thermostatted melt- 
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bath, described in more detail below (see Section '6.3.) 
Pumping was continued for ten minutes. The tube was then 
removed from the thermostat and immediately plunged into 
liquid nitrogen in a Dewar vessel. 	This caused the sample 
to pass rapidly through its transitions, causing the small, 
crystalline particles to break up still further and permitting 
the release of any entrained water. The sample tube was then 
removed from the liquid nitrogen and allowed to warm up to room 
temperature, when the moisture was removed by the pump. The 
heating and cooling cycle was repeated five times. 

Silver nitrate and thallous nitrate were found to darken 
slowly when kept at temperatures above 160°C. A sample of 
silver nitrate was dried by repeated shock-cooling from room 
temperature, and remained colourless throughout the operation; 
this sample was used in the experimental work. Some drying 
was essential for this salt, as the AnalaR material was moist. 
Thallous nitrate, on the other hand, appeared quite dry after 
recrystallisation from distilled water, and was used in the 
experiments without further purification. 

t.2.2. 	Zone refining.  

The samples of sodium and potassium nitrites which were 
available commercially were not of such high purity as the 
nitrates; apart from moisture, they were thought to contain 
nitrate ions as impurities. Reference to the appropriate phase 
diagrams (Ref.2.) showed that nitrate ions depressed the 
freezing points of both nitrites, but that solid solutions 
were formed. This means that the nitrate ions could not be 
removed by a single recrystallisation, even in principle, and 
that a multiple recrystallisation technique would be required, 
Repeated crystallisation from water would be tedious and also 
inefficient, because both nitrites are very soluble in water 
at room temperature (NaNO2, 85 grm/100 g water at 21°C., 
KNO2 300 grm/100 g water at 20°C.) (Ref..3.). 
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It was thought that zone-refining would be a convenient 

method for the purification of these materials. By this 
technique, multiple recrystallisation can be carried out from 

the melt with no loss of material at each stage. Potassium 
nitrate has been successfully purified in this way (Refs 7,8). 

The object of the method is to produce a small molten zone 

in a solid column of the salt, and to cause this zone to pass 
slowly from one end of the column to the other. 	Impurities 

which depress the freezing point of the substance in the column 

are concentrated in the liquid zone, and are carried to the end 
of the column, where the zone is allowed to freeze. 	If the 

impurity is not soluble in the solid phase of the host substanc 
a single pass is, in principle, sufficient to remove it 

completely; in practice, however, some of the impurity is 

retained by occlusion and it is necessary to pass the zone 

several times (in the same direction). 	If the impurity is 

soluble in the solid but depresses its melting-point, passage 

of the liquid zone effects some purification, and in theory 
complete separation can be achieved only by making an infinite 

number of passes. 	The efficiency of the separation for a 

given number of passes depends on the value of the ratio 

(solubility of the impurity in the liquid phase)  
(solubility of the impurity in the solid phase) • 

If this ratio is large the efficiency is high, and the 
impurity passes in the direction of movement of the zone. 

If the ratio is unity no separation is achieved, and if it is 

less than unity the impurity tends to move against the 

direction of movement of the zone. 	This is a very slow 

process, since a given impurity molecule can move not more 

than one zone-length per pass. (Ref 4) 

A simple zone-refining apparatus was designed and 

constructed. 	It is illustrated in Figure 11.1. 	The Pyrex 

tube containing the sample to be purified was mounted 
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vertically. 	The tube was closed at the bottom, and the open 

top end was fitted with a guard-tube filled with silica gel to.  

prevent access of atmospheric moisture. 	The heater consisted 

of two turns of nichrome spiral fire-element wire, and had a 

resistance of 16 ohms at room temperature. 	It was mounted in 

a carriage which could slide freely up or down the sample tube. 

Three centering-screws on the carriage ensured that the tube 

was heated evenly from all sides. 	The heater was suspended 

from a thin wire, which ran over two pulleys to the chuck of a 
synchronous motor ("Sangamon, model S7, final speed one 

revolution per hour). 	When the motor was energised, the 

heater moved downwards under its own weight. The chuck was 

designed so that the heater passed from top to bottom of the 

column in 24 hours. When it reached the bottom it operated a 

micro-switch which cut off the power to the heater and the motor. 

The heater was then wound back to the top of the column by hand, 
a new zone started, and the cycle of operations repeated as many 

times as desired. 

The fused zone was passed from top to bottom of the column 

because the melts of sodium and potassium nitrites are less 
dense than the corresponding solids, as is commonly the case. 
There was therefore no danger of the containing tube being 
burst when the liquid zone froze at the end of each pass. 	It 

is necessary to pass the zone from the bottom to the top of the 

tube when refining salts for which the melt is denser than the 

solid (as it is, for example, in the case of rubidium nitrate). 

The power supply to the heater was controlled by a "Variac" 

transformer. 	The voltage was adjusted until it was just 

sufficient to maintain a liquid zone; excessive heating was 

avoided, as it could cause decomposition of the melt. 	In the 

case of potassium nitrite (m.p.42gC) the power required was 

25 watts. 	The length of the liquid zone was 1 cm. 

The sample tube was 150 cm. long, and 7 mm. in internal 



diameter. 	The salt was loaded into it as a powder, melted 

in the electric furnace (Figure S.I A) and allowed to re-
freeze, giving a compact column of salt. 

In the purification of sodium nitrite the liquid zone was 
passed down the column ten times. 	A sample taken from the 
middle of the column was found to have a melting-point 0.5°C 
higher than that of the original Analar salt; the melting-

points were 281.0 and 280.5°C, respectively. 

It has not been possible to deduce the minimum impurity 

concentration from this freezing-point difference, because 
the latent heat of fusion of sodium nitrite is not known. 

A rough calculation can be made by assuming that sodium 

nitrite has the same heat of fusion as sodium nitrate 

(3.8 kcal/mole); the value obtained is 0.4 mole % of 

impurity soluble in the liquid salt but not in the solid. 

Seven passes of the molten zone were made in the case of 
potassium nitrite. 	The refined salt melted at 423.4°C, 
compared with 422.7% for the original material. 	The latent 
heat of fusion of potassium nitrite is also unknown; if it 

is assumed to be 3.8 kcal/mole, the minimum concentration 
of the impurity is calculated to be 0.3 mole %. 

S.3 The melt bath. 

During the conductivity and density measurements described 

in Chapters 1 and(0, the experimental cells were immersed in 

a thermostatted bath containing the ternary eutectic KNO3  
(53 weight %):NaNO2(4070):NaNO2(7%), (m.p. 142°C; Ref 5). 
The melt is pale yellow, and is water-clear if Analar salts 
are used. 	It etches Pyrex slowly at temperatures above 
350°C, and if it is kept in a Pyrex beaker for one or two 
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months at this temperature a dense, white precipitate slowly 
forms, and this makes observation difficult. 	The precipitate 
is probably silica. 	However, it is easily removed by 
filtering the melt through glass wool, and if this is done 

regularly the same melt can be used indefinitely. 

The container used for the melt-bath was a Pyrex five litre 

beaker.. 	This had to be replaced about every three months, 

when etching had made it difficult to see the measuring 

apparatus through the observation window. 

The motor-driven stirrer was made from stainless steel. 

The two heaters (H1 and H2) (G.Bray & Co Ltd., Leeds) were 
sheathed in inconel, a nickel alloy which appeared to be 

unattacked after immersion in the melt for two years at 

temperatures between 250°C and 450°C. 	The helical heater H
1  

had a maximum output of 1,500 watts, and was powered from a 
"Variac" transformer. 	The transformer was adjusted until, 
at equilibrium, the temperature of the bath was 20 - 50°  

below the required value. 	The remaining power was supplied 

by the hairpin-shaped heater H2  (maximum output 250 watts), 

which was energised from an electronic control unit. 	The 

controller had the resistance thermometer R (platinum, 36 ohms 

at room temperature) and a set of decade resistance cans 

(IMuirhead & Co Ltd.) in the ratio arms of a Wheatstone's 

bridge circuit. 	The controller supplied 250 watts to the 

heater until the resistance thermometer immersed in the bath 

had almost the same resistance as the decade chain. 	For the 

final stage of the heating process the power supplied to H2  

was proportional to the out-of-balance current in the bridge 

circuit, so that the equilibrium temperature was approached 

slowly and was not overshot. Thisroportional control" 

applied over about the final 2°  of the heating process. With 

this arrangement, the bath temperature could be maintained 

constant to within 0.1°C for periods of the order of one hour, 

and within 21:0.5°C for days. 
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The equilibrium bath temperature could be changed by 

resetting the decade resistance chain, and adjusting the power 
supply to H1  if necessary. 	The decade chain could be set to 
any value from 0 - 111 ohms, in steps of 0.1 ohm. 	This 
increment corresponded to a change in the bath temperature of 
about 0.6°C. 

The temperature controller was made in the electronic 

workshop of the Chemical Engineering Department, Imperial 
College, to the design of Mr. L. Tyley. 

The melt-bath described above can be used between about 150°C 
and 500°C. 	Oxygen is evolved from the melt at temperatures 
above 400°C. 	It has viscosity and surface tension similar to 

those of water; it is odourless, does not evaporate or creep 

and is not inflammable. 	In these respects it is superior to 

the oils conventionally used in thermostats. 	Its only 
disadvantage is that it is an extremely vigorous oxidising 

agent. 	If the melt at 350oC comes into contact with wood, 

rubber or plastic they take fire immediately and burn violently. 

It is therefore necessary to ensure that, if the beaker 
containing the melt is accidentally broken, the melt does not 
run out onto any wooden or plastic surface. 	This is most 
easily done by placing beneath the bath a metal tray capable of 
holding the whole of the melt. 

idetal parts which are to be kept permanently immersed in the 

bath should be made from stainless steel or inconel. 	Brass, 
copper and aluminium are all oxidised slowly, but can be used 

for periods of a few months. 	Ceramics and refractory oxides 
such as alumina are not attacked. 

.4. 	Temperature measurement. 

The temperature of the bath was measured to ± 0.100 with 



a "Pallador" thermocouple (Pt + 1%Rh/Au + 40%Pd), (Johnson, 

Matthey & Co., Ltd.). 	The couple was enclosed in a thin Pyrex 
sheath and immersed in the bath to a depth of at least six 

inches. 	The leads were each soldered to copper wires, and the 
junctions formed were enclosed in Pyrex tubes which were kept 

in ice in a Dewar vessel. 	A little silicone oil was put in 

each tube, to promote thermal contact. 

The F.M.F. of the couple was measured to ± 2 microvolts with 

a "Cambridge' potentiometer (W.G. Pye & Co., Ltd), standardised 

with a Weston cell (Muirhead & Co., Ltd). 

This thermocouple can be used to measure temperatures up to 

1,000°C. 	It has a thermo-E.M.F. about six times that of the 
(Pt / Pt + 13/0-Rh) couple, rising from about 43 microvolts 

per oC at 0oC to 62 microvolts at 450°C. 	This thermo-E.M.F. 
is similar to that of the iron/constanan couple. The Pallador 

couple thus combines the advantages of these two couples, in 

that it has a high thermo-E.M.F. and yet remains accurate and 

reliable at high temperatures because the metals of which it is 

made are not liable to corrosion. 

Since the E.M.F. of the Pallador couple is very sensitive to 

small variations in the composition of the wires, it is 

necessary to calibrate each couple before use, rather than to 
rely on the values of thermal E.M.F. supplied by the makers. 

The couple was to be used to measure temperatures between 275°C 

and 450°C, and it was therefore decided not to use the ice 
point or the steam point as 'fixed points' for calibration, 

because they lie too far outside this range. 	The sulphur 

point was used as one fixed point, and three other calibration 

points were obtained by using a set of NFL-certified mercury-in 
-glass thermometers as secondary standards. 

The E.M.F. of the thermocouple at the sulphur point was 



measured with the apparatus illustrated in Figure 8.3. 	With 

the sulphur refluxing near the top of the tube, the E.M.F. was 

recorded for different positions of the thermocouple tip. 	The 

E.M.F. was found to be constant over a zone of length six inches 

near the middle of the boiling-tube. 	The results are 

summarised in the table: 

Distance of tip from 

top of tube (inches) 

Thermo-E.M.F. 
(millivolts) 

14 24.345 

13 24.345 

12 24.345 

11 24.345 

10 24.345 

9 24.345 

8 24.343 

7 24.330 

6 23.85 

TABLE 8.1,  E.M.F. of thermocouple at the sulphur point. 

The atmospheric pressure was 750.0 mm.. mercury at 21°C, or 

747.5 mm. corrected to 0°C. 

The boiling-point of sulphur in 00 is given by: 

444.6 - 0.09 (760 - p°)•, 

where pc,  is the atmospheric pressure in mms. of mercury at 0°C. 

(Ref.6.) 

Applying this formula, the boiling point at 747.5 mans. is 

443.5°C. 	The corresponding thereto-E.M.F. is 24.345 my. 
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In another experiment, the E.M.F. was found to be 24.390 mv. 
at pc)  = 756.3 mms. 	The boiling-point of sulphur at this 

pressure is 444.2°C. 	This result agrees with the previous one 
to within 0.005 mv., or 0.1°C. 

To obtain the other calibration points, the thermocouple, 

inside its protective Pyrex sheath, was immersed in the melt 

bath, with the mercury-in-glass thermometer suspended beside it. 

The tip of the thermocouple sheath was touching the bulb of the 

thermometer. The bath temperature was maintained at constant 
values by the electronic controller described above. 	When 

thermal equilibrium was reached, the thermometer was read and 

the E.M.F. of the couple recorded. 	The thermometer readings 

were corrected, using the N.P.L. certificate. 	Three sets of . 

readings were taken and these are tabulated below, with the 
figures for the sulphur point. 

Temperature,(°C) E.M.F. 	(mv.) 

208.3 10.249 

259.4 13.166 

338.9 17.900 

444.2 24.390 

Table $.2. 	Thermocouple E.M.F.'s at different temperatures. 

These values were substituted into the equation 

(E-10.249) = A.(t-208.3) + B.(t-208.3)2  + C.(t-208.3)3, 

where E is the E.M.F. of the couple in mv. and t is the 

temperature in °C. 	The constants A, B and C were calculated 

.from the three simultaneous equations obtained. 
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The values were: 

A = 5.5901 x 10-2  

2.468 x 10-5  

C . -3.21 	x 10-8. 

Values of E were then calculated at intervals of 5°  from 

200 to 450°C, and a set of graphs of E against t were drawn. 

Each page covered about 20°, and the plots were practically 

linear over this small range. 	These graphs were used 

throughout the experimental work to obtain temperatures from 
the measured E.M.F.'s, to the nearest tenth of a degree. 
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CHAPTER  9.  

THE MEASUREMENT OF THE ELECTRICAL CONDUCTIVITY OF FUSED 

POTASSIUM NITRATE - BARIUM NITRATE MILTURES.  

1.1. 	Apparatus.  

The conductivity cell is illustrated in Figure . A. 

It was made from Pyrex glass. 	The electrodes were of bright 

platinum; one was a disc 6 mm. in diameter, the other a loop 

of 24-gauge wire. 	Each electrode had a surface area of 

about 0.6 cm2. 	Thick copper leads were welded to the 
platinum beyond the metal-through-glass seals, and these were 

connected to the leads from the conductivity bridge before 

measurements were made. 	The flow of electricity between the 

two electrodes was restricted by a capillary of diameter 1 mm. 
The space above the melt could be evacuated through the tap 

T1, and air or dry nitrogen could be admitted through T2. 

T2 was a greaseless stopcock, having a PTFE diaphragm; its 
use prevented the possibility of tap-grease being blown into 

the melt when the vacuum was released. 

Under operating conditions the disc electrode was about 

1 cm, below the surface of the melt, and the cell had a 

resistance in the range 500 - 1,000 ohms. 

The apparatus could also be used as a cryometer by 
removing the B40 cone and electrodes and replacing them by 

the unit illustrated in part B of the figure. 	It was there- 
fore possible to measure the freezing-point of the melt 

before or after conductivity measurements were carried out. 
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When cryoscopic measurements were being made, the large outer 

tube T was in position, so that there was an air space 
between the measuring cell and the surrounding melt-bath. 

This made it possible to adjust the rate of cooling of the 

central tube to a suitably low value. 	The electrical 
measurements were made without the tube T, i.e. with the 

cell immersed directly in the melt-bath. 

The conductivity bridge used was a direct-reading 

'transformer ratio-arm' bridge (Wayne-Kerr Laboratories, 

.Model B221), operating at a fixed frequency of 1592 cycles 

per second. 	The bridge had controls by means of which the 

capacitance (or inductance) of the cell could be balanced 

out before the conductivity was measured. 	Bridge balance 
was registered by magic eyes. 	The voltage applied across 
the conductivity cell was 0.1 v. 	Since the cell had a 
resistance of the order of 500 ohms when filled with melt, 

the current was N 0.2 ma., and the current density at the 

electrode surfaces was ^f0.3 ma/cm2. 	The makers claimed 

that the bridge was capable of measuring conductances of 

10-1  to 10-8  ohm-1  with an accuracy of 0.2%. 

9.2 	Measurement of the cell constant. 

This constant was found by measuring the conductivity of 
the cell filled with a standard solution of potassium chloride 

in boiled-out distilled water. 	The most concentrated of the 

available standard solutions was chosen, as it had. a specific 

conductivity nearest to those of the fused nitrates. 

Some Analar potassium chloride was dried in an air oven 

at 250°C, and a sample was weighed out and dissolved in 
boiled-out distilled water to give a solution containing 



7.1134 grm salt per 100.000 grm solution. 	Jones and Bradshaw 
(Ref. 1) have made accurate measurements of the specific 

conductances of potassium chloride solutions, and record that 

a solution containing 7.11352 grm per 100.0000 grm solution 

has a specific conductance of 0.111342 ohm-1cm-1 

The conductivity cell and electrodes were cleaned by 

boiling them in nitrating mixture and washing them thoroughly 
with distilled water. 	The cell was placed in the fused-salt 
thermostat at 370°C, and filled to the working capacity with 
potassium nitrate melt. 	The electrode unit was lowered 
into position, and left there for 24 hours to allow the 
electrode surfaces to become aged. 	The melt was poured out, 
and the cell and electrodes washed thoroughly with distilled 
water. 	Cleaning with nitrating mixture and distilled water 
was then repeated. 

The cell was filled to the working level with boiled-out 

distilled water, and placed in a thermostat at at 25.0°C. 
Its conductivity was measured, ;Ind was found to be 0.089fAmho. 
The cell was emptied and dried, filled with the standard 

potassium chloride solution and replaced in the thermostat. 

The conductivity was measured at intervals of five minutes 

until it reached a steady value (302.2 pmho), corresponding 
to the attainment of thermal equilibrium. 	No change could 
be detected in the conductivity when the electrode unit was 
rotated through 180°, or when a further 10 ml of solution 
was added. 	This showed tat the cell-constant aas not 
sensitive to either of these factors. 

The cell-constant was calculated as the ratio 

(Specific conductance of the standard KC1 solution)  

(Measured conductance of the cell filled with this solution) 
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0.111,342 x 106 cm 1 
302.2 

= 	368.4 cm-1, at 25°C. 

The correction for the conductivity of the distilled 
water was considered too small to be significant. 

When the measurements of the fused salt conductivities 
had been completed, the cell constant was remeasured in the 
way described above. 	The value obtained was 369.2 cm 1. 
This differs from the first figure by only 0.2%. 

conductances of the melt:: 

cm-1 at 25°C, corrected 

If it and at are the 
the capillary at 
ct at this temperature is 

The calculation of the specific 
was based on a mean value of 368.8 
to the experimental temperature. 
length and cross-sectional area of 
temperature t°C, the cell constant 

given by: 

10  (1 + 	t) 
ao  (1 +2«t) 

c0.(1 + o<t).(.1 -20,(t) 

co.(1 - 

where c0 is the cell constant at 0°C and o(_ is the coefficient 

of linear expansion of Pyrex. 	The cell constant at t°0 can 
therefore be derived from that at 25°  by multiplication by 
the factor Ll - 04.(t - 25)1 . 

Values of the cell constant at different temperatures 
are listed below; it is seen that the constant changes b: 
only 0.14% between 25°  and 450°C. o' was taken as 

3.27 x 10-6 per degree C. 
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TABLE 9.1. 	Values of the cell constant at different 

temperatures. 

Temperature 

( 	°C 	) 

Cell constant 

( 	cm 1) 

25 368.8 

200 368.6 

300 368.5 

400 368.3 

450 368.3 

9.3. 	Preliminary fused-salt conductivity measurements.  

Before measurements were begun, the cell and electrodes 

were re-cleaned with boiling nitrating mixture, washed with 
distilled water and dried in an air-oven. 	This cleaning 
process was repeated whenever the melt was changed. 

In order to prove the apparatus and perfect the technique 

`before making definitive measurements, some preliminary 

measurements were carried out on pure potassium nitrate melts 

(Runs 1 - 4 and 6 - 8) and on one mixture (Run 5). 	The 

results from this work are tabulated in Appendix B (page 3531). 

Some of the sources of error discovered in the course of 

the preliminary measurements, and the steps taken to eliminate 

them, are described in the following paragraphs. 

a) A steady evolution of small bubbles occurred from 
the melts above 450°C, the rate of evolution increasing with 
rising temperature. 	The bubbles were oxygen, formed in the 
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well-known reaction 

2 NO
3 
	2 NO2 	02' 

If these bubbles entered the glass capillary or settled on 

the surface of the electrodes, the cell-constant was effect-

ively increased and the conductivity measurement could be in 

error by as much as 50;x. 

This error is much larger than that caused by the corresp-

onding changes in the chemical composition of the melt (i.e. 

replacement of NO3  by NO2 ). 	Even in Run 1, in which the 

melt was heated from 450°  to 500°C over a period of three 

hours and then cooled to 335°C, the freezing-point of the 

sample at the end of the run was only 0.35°  lower than at the 

beginning. 	Reference to the phase-diagram of the system 
KNO

3 
- KNO2 (Ref..2) shows that this depression corresponds to 

a nitrite ion concentration of 0.26 mole %. 	The literature 
contains no record of conductivity measurements on KNO3  - KNO2  
mixtures, but Bloom et al (Ref.3) have studied the liquid 
system NaNO

3 
- NaNO2 over the entire composition range. 

They found an almost linear variation of conductivity with 
molar composition. 	The specific conductivities of pure 
potassium nitrate and potassium nitrite melts are both known; 
they are respectively 0.90 and 1.37 ohm 1cm-1 at 420°C (see 
pages 203 and 39-). 	Assuming that the conductivity varies 

linearly with composition in this system also, a simple 

calculation shows that the presence of 0.26 mole % nitrite in 

potassium nitrate should raise the specific conductivity by 
only 0.13%. 	This is barely significant, as the accuracy of 
the measuring bridge was -±0.2. 

In subsequent runs (including the definitive runs 9 - 12) 
the sample was not heated above 450°C. 	Changes in the 
composition of the melt were then entirely negligible. 	For 



example, in Runs 2 to 4 the same potassium nitrate melt was 
heated and cooled through the cycle 340°—>440°--41.340°---> 460°  
--> 340°. 	Each part of the cycle occupied six hours, and, 
in addition, the melt was kept for 48 hours at 340°  and for 
2 hours at 4600; it had therefore been molten for some 72 
hours at the end of the series. 	The final freezing-point 
was found to be 0.15°C lower than the initial one. 	This 
corresponds to an accumulated nitrite ion concentration of 
(1).1 mole %, which should change the conductivity by omly 
0.05 I. 

b) In the first three runs the bridge leads were connect-
ed to the copper leads from the conductivity cell by crocodile 
clips. 	A contact resistance arose at this point, and could 
be up to 1% of the cell resistance. 	In the later runs 
(including the definitive ones) this source of error was 
eliminated by soldering the bridge leads to the cell leads. 

c) Runs 2 to 4 were carried out on the same potassium 
nitrate melt, and covered a time period of 72 hours. Runs 
6 to 9 were also carried out on a single melt, and occupied 
60 hours. 	In both cases, the conductivity at a given temp- 
erature increased by up to 0.8% in the course of the series 
of measurements. The rate of change diminished as each 
series progressed; for example, the results for runs 3 and 4 
differ by less than 0.2%, and those for runs 8 and 9 differ 
by 0.4% at 346.5°C and by 0.1% at 434.2°C. 

The evidence presented in paragraph (a) above shows that 
even these small changes are too large to be attributable to 
decomposition of the melts. 	It seems more likely that they 
are due to an ageing process at the electrode surfaces. 	For 
this reason, Run 9 was taken as the definitive run for pure 
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potassium nitrate, and the mixtures with barium nitrate were 
prepared by dissolving successive amounts of this salt in the 
potassium nitrate melt remaining at the end of Run 9. The 
additions were made without withdrawing the electrodes from 
the melt; in this way the ageing process was not interrupted, 
and no sudden changes could have occurred in the state of the 
electrode surfaces. 	The change in the conductivity of the 
cell which took place when the barium nitrate was added could 
therefore be ascribed entirely to the change in composition 
of the melt. 

In the next section a detailed description is given of the 
experimental procedure finally adopted for the definitive 
measurements on pure potassium nitrate and on the mixtures. 

9.4. 	Definitive conductivity measurements.  

9.4.1. 	Pure potassium nitrate.  

The conductivity cell and electrodes were cleaned and dried 
in the way described in Section 9.3. With the electrode unit 
removed, powdered potassium nitrate was poured into the cell 
from a tared beaker. 	The cell was closed with a B40 stopper, 
and pumped for two hours at room temperature. The salt was 
then subjected to shock-cooling and -heating cycles to complete 
the drying process. 

The cell was clamped in the melt-bath at 400°C and the salt 
was melted, still under vacuum. When fusion was complete the 
B40 stopper was replaced by the cryometric unit (Figure 9.1B) 
and the freezing-point of the sample measured. 	It was found 
to be 334.5°C. 
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The cryometric unit was withdrawn, and replaced by the 

electrode unit. 	The thermocouple was clamped in the melt- 
bath so that the tip of its protective sheath touched the 
outside of the conductivity cell at a point opposite the 

middle of the capillary. 	The cell leads were soldered to 

the leads from the bridge, and runs 6, 7. 8 and 9 ( the def- 
initive one) were carried out in that order. 

The following routine was followed in making the individual 
conductivity measurements. 	The temperature control unit of 
the melt-bath was set to the required value. When the 
thermocouple reading indicated that the bath had reached a 
steady temperature, the conductivity and capacitance controls 
of the bridge were adjusted until the magic eye registered 
balance. 	The bridge was re-balanced at five-minute intervals 
until the conductivity became constant, 	Finally, the 
electrode unit was withdrawn slightly, the melt allowed to 
run out of the capillary and the unit immediately replaced. 
This ensured that the melt inside the capillary was at the 
same temperature as the rest of the liquid in the cell, and 
also dislodged any small gas bubbles which might be adhering 
to the inside of the capillary or to the electrodes. 	The 
bridge was re-balanced, and if the operation had brought 
about no change in the conductivity the reading was taken as 
correct; otherwise the process was repeated after a further 
wait of five minutes. 	A satisfactory result could usually 
be obtained within fifteen minutes of setting the bath temp-
erature. 

9.4.2. Potassium nitrate - barium nitrate mixtures.  

Some barium nitrate was crushed, oven-dried at 250°C and 
shock-dried. 	A quantity sufficient to give a solution of 
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concentration 5.0 equivalent % (6.69 grm) was weighed out and 
added to the potassium nitrate melt (98.42 grm) in the con- 
ductivity cell at the end of Run 9. 	The mixture was heated 
to 3700c, and the electrode unit was withdrawn slightly to 
permit a narrow Pyrex tube to be pushed through the B40 joint 
and into the melt. The mixture was stirred by passing dry 
nitrogen through this tube, until all the solid had dissolved. 
The tube was removed, the electrode unit pushed home and the 
space above the melt evacuated in order to remove some small 
gas bubbles which were adhering to the electrodes and to the 
walls of the cell. 	The temperature was then raised to 434°C, 
with the cell still evacuated. No gas evolution was observed 
under these conditions, which confirmed that decomposition 
was negligible at 434°C. 

The conductivity of the melt was measured with a descend- 
ing temperature sequence, over the range 434°  to 332°C 
(Run 10). 

A further 7.45 grm of barium nitrate was added, to increase 
the barium ion concentration to 10.0 equivalent %. 	The melt 
was again stirred by bubbling dry nitrogen through it, until 
all the solid had dissolved. 	The solution was water clear. 
Bubbles were removed by evacuating the space above the melt, 
and dry nitrogen was then admitted. Run 11 was carried out 
as the temperature was changed from 434°  to 324°C. 

Finally, a solution of approximately the eutectic composi-
tion (22.1 equivalent % barium nitrate) was made by adding 
21.94 grm barium nitrate to the mixture in the cell. 	The 
mixture was stirred with a stream of nitrogen bubbles. 
When the solid had all dissolved, some of the melt was removed 
with a pipette, as the cell was now filled to above its 
working capacity. The mixture was heated to 434°C, and the 



conductivity measured at temperatures descending to 293°C 

(Run 12) (the freezing point of this mixture being 28860; 
Ref.4). 

The results derived from this work are presented in 
Chapter 12, and a discussion of their significance is given 
in Chapter I. 
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CHAPTER to 

MEASUREIVIENT OF THE DENbITIES OF FUSED POTASSIUM NITRITE -
BARIUM NITRATE MIXTURES.  

to.l. 	Apparatus.  

The densities were measured with a manometric densitometer, 
first described by L.J.B. Husband (Ref.1.) 	A scale drawing 
of the densitometer is shown in Figure to.l. The cell was made 
from Pyrex. 	The bulb A had a volume of about 20 ml., and the 
two capillaries were cut from the same length of "Veridia" 
precision-bore tubing (Chance Bros.). 	A fiducial mark M was 

scratched with a diamond on the short capillary. This mark 

could be viewed through a telescope against a background 
provided by a small ceramic plate, which was clipped onto the 

capillary with a Terry clip (see part (ii) of the Figure). 
The sighting plate was made from a black-glazed egg-cup 

(Woolworths), by cutting out a piece of suitable size and 

scraping the glaze from half of it to expose the white ceramic 

beneath it. 	This attachment was still in good condition after 

it had been immersed in the melt-bath for 500 hours. 

The remainder of the apparatus is illustrated in Figure 10.2. 

The purpose of the gas-line was to produce at X an excess 

pressure which was continuously variable over the range 0 - 2 

ems. of mercury. Nitrogen from the cylinder was dried by 

passing it through the liquid-oxygen trap T. B was a blow-off 
filled with di-n-butyl phthalate, and the pressure of the gas 

in the line could be adjusted roughly by raising or lowering B. 

Fine adjustments to the liquid level in B were made by means of 
the screw device 5, which caused liquid to flow into B from the 

polyvinyl chloride tubing P. 	The aspirator A smoothed out the 

small variations in pressure which arose from the release of 
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bubbles in B. 	The pressure in the line was registered by the 

manometer M, which was also filled with dibutyl phthalate. 
The pressure could be applied to either limb of the densitometer 

through the line X, by means of the spring-loaded Quickfit 

adaptors Q and R. When the densitometer was in use, both 

adaptors were attached to it and were clamped at Y. 	This 

served as a convenient means of holding the densitometer in a 
thermostat or melt bath, immersed to the level L. 	The cell 

was positioned as in Figurelo.2-., so that both capillaries could 

be seen through the observation window. 	PTFE sleeves 

(Loughborough Glass Co., Ltd.) were used in the two joints 

between the densitometer and the adaptors, to avoid possible 

contamination of the melt by vacuum grease. 

The levels of the menisci in the manometer could be measured 

to J:0.002 ems. with a vernier cathetometer. 	A glass test- 

tube was made from the same tubing as was used for the limbs of 

the manometer, and filled with dibutyl phthalate. 	A mercury 

thermometer was placed inside it and it was fixed beside the 

manometer, touching one limb. 	The temperature registered by 

the thermometer was taken as the temperature of the manometric 

fluid. 

c).2. 	Principle of the method.  

It was first necessary to measure the volume of liquid, Vo, 

which was sufficient to fill the densitometer to the fiducial 

mark, with the limbs vertical. 	This was done by filling the 

cell to the mark with water in a thermostat at 25°C, and 

weighing. Vo  at higher temperatures could then be calculated 

from the coefficient of expansion of Pyrek. 

The cross-sectional area A of the capillaries was next 

determined by introducing a thread of mercury into the long 

capillary, measuring its length and weighing it. 
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The densitometer was clamped in the salt-bath thermostat with 

the capillaries vertical. 	The bulb was filled with melt, and 

a pressure was applied to one limb until the meniscus in the 

short capillary was brought to the fiducial mark. 	The volume 

of liquid in the densitometer was such that the other meniscus 

lay within the long capillary at this stage. 	The pressure 

required was measured with the manometer. 	If h is the 

manometric height, h' the vertical distance between the menisci 

in the densitometer and e  and 
Po 
 the densities of the salt and 

the manometric fluid respectively, it is clear that 

oh = 	' 

 

(10.1) 

 

If M is the mass of salt in the densitometer, its density is 

given by 

e =  M  	00.2) 
Vo  + Ah' 

 

(where it is assumed that the pressure was applied to the short 

capillary). 	Vo and A have the meanings defined above. 

Eliminating h' between equations (00.1) and (10.2) and 

rearranging, we have: 

V 	
(3. 	A fOTa  	 (10.3) o 

If the pressure is applied to the short capillary to bring 

the meniscus to the mark, the corresponding expression is: 

V 
M  • (1 	1"°11  	 (10.4) 
o 

The density of the salt can therefore be calculated if M, Vo, 

Po  and A are all known and if h is measured. 
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10.5. 	Assessment of the error in produced by errors in the  

meausrement of M,  V0,  A,  	and h.  

Taking logarithms of the expression ((0.4) for 

log( e ) = log M - log Vo  + log (1 + Aeoh/M). 

Differentiating, 

dIVI 	dVo  + d(1 + Aeoh/M) . 
vi 	-Vo 	(1 + Avoh/M) 

If A = 0.03 cm2, eo = 1, h = 20cm and M = 50 grm, the term 

(Ae.oh/M) is about 0.012. 	We may therefore write, with very 

little loss of accuracy, 

= I
& iv' 
yi 

  

+ 	 - --- - - - ((0.5)0.5) 
ilk 

 

00 
 

 

  

   

    

where 	is the maximum possible error in ? which could be 

produced by errors 6M,o' etc., in the quantities on the 

right-hand side of equation (10.5). 	The proportional error 

in Pis seen to equal the sum of the proportional errors in 

M and in V0  plus the absolute error in (Aeoh/M). 

M is about 50 grm, and can be measured to 0.001 grm. 

li)Ai/Mlis therefore 0.00002. 

V0  is about 20 ml, and 6V0  is certainly less than 0.01 ml. 

(see section 10.4.1). 	IV0/V0lis then 0.0005. 

The value of 16(q0h/M)lis calculated to be 0.0001, 

assuming the following values and maximum errors for A, 

and h: 

A = 

Qa = 
h = 

0.03 cm3, 

1, 
20 cm,  

-= 0.00012 cm2, 

bPp = 0.0002, 

Sh = 0.01 cm. 
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The value of 

 

is therefore: 

 

    

    

0.00002 + 0.0005 + 0.0001, 

0.0006, or 0.06%. 

If P ti  2, this corresponds to an absolute error in the 

density of 0.001. 

Several points emerge from the above discussion: 

(a). The weighing error is entirely negligible. 	In this 

respect the manometric technique is at an advantage over methods 

which involve weighing a metal bob immersed in the melt; in 

these methods, appreciable weighing errors can arise from 

convection currents, from gas bubbles adhering to the bob and 

from uncertainty about the depth of immersion of the suspension—

wire. 

(b). The manometric height h need be measured to only 

± 0.01 cm. to give densities accurate to 	This accuracy 

is easily achieved; in the present experiments h was measured 

to +0.005 cm. 

(c). The major part of the total error arises from the 

uncertainty in Vo. 	Since the same value of Vo  (suitably 

corrected for thermal expansion) was used throughout the 

series of experiments, this error is systematic. 	The residual 

error, which gives rise to the scatter in 'the experimental 

points, is of the order 0.01%. 	The method is therefore 

extremely well suited for observation of changes in density, 

e.g. those accompanying compositional changes. 

The error in the temperature measurement was less than 0.100. 
This corresponds to an uncertainty of 0.00008 in a melt density, 

which is negligible compared with the total absolute error. 

It could cause scatter of up to 0.005% in experimental points. 
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to.k. Calibration of the densitometer.  

This involved the measurement of the volume Vo and the area 
of cross-section of the capillaries, A. 

lo.4.1. 	Measurement of Vo. 

The densitometer was cleaned with boiling nitrating mixture, 

washed with distilled water, dried and weighed. 	The black and 

white sighting screen was attached to the short capillary, and 
the cell was clamped in a water thermostat. The thermostat 

temperature could be measured with a N.P.L. -certified mercury 

in glass thermometer whose scale was marked in intervals of 
0.1°C. 	The position of the cell was adjusted until the long 
capillary was vertical, using plumb-lines and viewing the 

instrument from two directions at rightangles to each other. 
The densitometer was filled roughly to the fiducial mark with 

boiled-out distilled water. 	The water was poured down a funnel 
inserted into the wide limb of the densitometer, which prevented 

the upper part of the cell from becoming wet. 

The cell was allowed to reach thermal equilibrium with the 

bath, the water was added or taken away with a pipette until 

the meniscus in the short capillary was opposite the fiducial 

mark, which was viewed through a telescope. 	The temperature 

of the thermostat was noted and the densitometer withdrawn,  

dried on the outside and weighed. The volume of water in it 

was calculated from its mass and from the density values in 

the literature. (Ref.2) 

The temperature of the thermostat was raised, the 

densitometer replaced in it, and some water removed until the 
level was again correct. 	The cell was reweighed, and Vo  

again calculated. 	This process was repeated four more times. 

The results of all these experiments are tabulated below. 
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Temperature 
(°C) 

Mass of water 

(grm.) 
Volume of water 

(ml.) 

23.22 20.3171  20.367
7 

24.55 20.3095 20.3667 
26.00 20.300

7 
20.3656  

27.24 20.2958 20.3675 
28.52 20'2871 20.3662  

29.69 20.2771  20.3632  

TABLE (0.1. 	Volume of water required to fill the densitometer. 

The change in Vo  due to thermal expansion of the cell is 

negligible over the temperature range shown in the table; it 

is about 0.0002 ml. per °C. 

After the fused salt density measurements had been completed, 

Vo was re-measured, as it was thought that it might have 
increased slightly because of the etching action of the melts. 

In this second series of determinations, three sets of 

measurements were made. 	In all of them it was noticed that 

the two menisci were not at the same vertical level, the 

meniscus in the long capillary being the higher. The cell was 
several times cleaned with nitrating mixture, but the difference 
in levels was still observed. 	The vertical distance between 

the menisci, Ah, was measured with a cathetometer, and Vo  was 

obtained by subtracting the volume A.Ah from the volume of water 

in the densitometer,(where A is the cross-sectional area of 

the capillaries). 	The difference in levels was probably a 

contact-angle effect. 
In the last two experiments of this series, great care was 
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taken to dry the upper parts of the capillaries with a bunsen 
flame after the water had been added. 	The results of these 
experiments were: 

Temperature 
(°C) 

Mass of 
water (grm) 

Volume of 
water (ml) 

A.L.F,, 
(ml) 

Vo 
(ml) 

22.23 20.3288  . 20.3747. 0.0124 20.3623 
20.56 20.3300  20.3683 0.0093 20.3590  

19.62 20.324
9 

20.3593 0.002o 20.3573 

TABLE 10. 2.  Values of Vo near 20°C. 

 

These values of Vo are all lower than the initial value of 
20.367 ml., by up to 0.008 ml . 	This difference is significant, 
since an error of 0.008 in Vo would give rise to an error of 
J=0.001 in the salt densities (which would, however, be 
systematic). 

It was considered very unlikely that the volume of the 
densitometer had really decreased in the course of the 
measurements of fused salt densities; if anything it would be 
expected to increase, because the melts have a slight etching 
action. 	It is much more probable that, in the first set of 
determinations of Vo, the upper parts of the densitometer had 
not been dried properly, so that the volume of the water 
adhering to them had been included in Vo. This would be a 
systematic error, because the cell was not emptied between the 
six determinations. 

The drying of the upper parts of the densitometer was 
carried out with the greatest care during the last two 
experiments of the second set. The mean of the results of 
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these two experiments was therefore adopted for use in 

calculating the fused salt densities. 	This value was 

Vo  = 20.358 ml. at 20°C. 

It was probably accurate to i-0.005 ml. 

Values of Vo at higher temperatures t were calculated by 
adding 3 (v0)200.0L.(t - 20) to the value at 20°C, where 04 is 
the coefficient of linear expansion of Pyrex (3.27 x 10-6  per °C) 

The results are shown in the table. 

Temperature 

(°C) 

30(.(V0)20o (t - 20) 

(ml.) 

(Vo)to 

(ml.) 

20 - 20.358 
320 0.059 20.417 
330 0.061 20.419 

340 0.063 20.421 

373 0.069 20.427 

410 0.077 20.435 

440 0.083 20.441 

TABLE 10.3., Values of Vo at experimental temperatures. 

10.4.2. 	Measurement of the cross-sectional areas of the 

capillaries.  

The densitometer was cleaned with dilute aqueous potassium 
hydroxide and then with nitrating mixture, washed thoroughly 
with distilled water and dried with a stream of nitrogen 
flowing through it. 
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Some mercury (triple distilled) was filtered through a 

sintered glass plate, and a thread of it was introduced into the 

long capillary of the densitometer. 	The cell was clamped in a 
horizontal position, and the length of the thread measured with 

a travelling microscope, from crown to crown of the two menisci. 

The height of each meniscus was also measured. 	The mercury 

was poured into a tared beaker and weighed. The room 

temperature was measured, and the density of mercury at this 

temperature was found from the standard tables. (Ref.2.) 

The volume of the mercury column was taken to be 

V = Tra21 + 1 +V2  , 

 

(I0.6) 

 

where a is the radius of the capillary, 1 is the length of the 

column between the two circles of contact and V1 and V2 
are the 

volumes of mercury in the caps. 	The caps were assumed to be 

sections of spheres, so that V1 and V2 were given by: 

/ I a!" V. 	Trlx, • 	 - 	(10.7) L 2. 41_ 	Tp- 

( i = 1, 2), where h is the height of the cap. 

The mass of mercury was 2.6993 grm., and the room temperature 

was 23.6oC. 	The corresponding density is 13.5370 grm /cm3. 

The total volume V is therefore 0.1994 cm3, by division. 	The 

values of the other parameters were: 

1 	= 	6.24 cm, 

	

h1  • 	0.044 cm, 

	

h2 • 	0.048 cm. 

Equations (10.6) and (10.7) were combined and a was calculated. 

The value obtained was 

a 
	0.1005 ± 0.0002 cm. 
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If the coefficient of linear expansion of Pyrex be taken as 
3 x 10-6 per °C, the change in a for a temperature change of 

	

400°C is 0.0001 cm. 	Since this is within the experimental 
error of the value given above, no account was taken of it. 

The cross-sectional area A of the capillaries was calculated. 
and was 

	

A 	= 	0.0317 cm2. 

10.5. Measurement of the density of di-n-butyl phthalate ( ?o).  

The densitometer was cleaned and dried, and filled to the 
fiducial mark with dibutyl phthalate (British Drug Houses Ltd. 
reagent grade). The liquid was poured in slowly through the 
funnel which reached to the top of the short capillary. Great 
care was taken to prevent the phthalate from touching the upper 
parts of the densitometer limbs. 

The densitometer was clamped in a water thermostat and 
adjusted with the help of two plumb-lines until the capillaries 
were vertical. When thermal equilibrium had been reached, 
liquid was added or removed with a pipette until the meniscus 
in the short capillary was exactly opposite the fiducial mark 
(viewed through a telescope). The temperature of the bath was 
measured with a N.P.L.-certified mercury thermometer reading to 
0.1°C. 	The densitometer was removed, dried and weighed. 

The experiment was carried out at seven temperatures betwe• 

19° and 25°. 	The density was calculated at each temperature 
by dividing the mass of the dibutyl phthalate by the value of 

Vo previously obtained (20.358 ml.). 	The densities are 

tabulated below. 	They are accurate to ±1_0.0002; this 
accuracy is well within that required for the determination of 
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fused-salt densities to -11 0.001 (see page 13c,), 

Temperature 
(oc) 

Density of dibutyl 

phthalate ( 0). 

19.0
7 

1.0466 

19.66  1.0461 

20.48 
1.0453 

21.4
7 

1.0446 

22.57 1.0437 

23.60  1.0428 

24.8
3 

1.0417 

TABLE 10.4. 	Density of dibutyl phthalate. 

A graph of density against temperature was plotted, (see 

Figure 103), and was used to find ?c, at the temperature of the 

manometer during experimental work. 

10.6. Experimental procedure for the measurement of the  

density of a liquid mixture of potassium nitrate and barium  

nitrate.  

Measurements were made on mixtures covering the concentration 

range 0 - 50 equivalent % barium, in steps of 5%, and at set 
temperatures between the liquidus and 440°C. Above this 
temperature. some gas evolution occurred, and would have 
vitiated results. For mixtures containing more than 50 
equivalent % barium, the liquidus temperature was above 440°C 
(see Figure (o,+). 
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The same experimental pattern was followed for all the 

mixtures. The densitometer was cleaned with hot nitrating 

mixture, washed with distilled water and dried at 250°C. 	It 

was cooled to room temperature with a stream of dry nitrogen 

flowing through it. 

Some barium nitrate was crushed, oven-dried and shock-dried. 

A suitable amount was placed in a weighing bottle and weighed. 
A tared Pyrex funnel was lowered into the wide limb of the 

densitometer until its tip reached the upper end of the short 
capillary. The barium nitrate was poured from the bottle 

into the funnel, when it ran down through the capillary and 

into the bulb of the densitometer. 	The capillary became 

blocked from time to time, but gentle tapping with a glass rod 

was usually sufficient to free it. 	Sometimes a stiff wire had 

to be used to release the blockage; in this case the mass of 
salt adhering to the wire was found by weighing. The bottle 
and funnel were finally reweighed, and the mass of barium 

nitrate in the cell found by difference. 

The funnel was washed, dried and reweighed. 	Some powdered, 

shock-dried potassium nitrate was placed in a 100 ml. beaker, 

which was then weighed. The funnel was put into the 
densitometer as before, and potassium nitrate poured in until 

the densitometer bulb was full of powdered salt. 	The ceramic 

sighting-plate was clipped into position on the short capillary. 

The adaptor Q was attached to the narrow arm of the cell, which 

was then immersed in the salt bath thermostat at 540°C. The 

salt mixture melted. 	It could be stirred by squeezing a rubber 

bulb which was fitted by a Quickfit joint onto the open end of 
the adaptor Q. More potassium nitrate was poured down the 
funnel, with the cell still in the melt-bath, until the liquid 

level was approximately at the fiducial mark. The funnel was 

withdrawn and weighed. The beaker was reweighed, and the mass 

of potassium nitrate in the densitometer found by difference. 

This last stage of the filling process, with the densitometer 



in the melt-bath, was the most difficult one, and took several 
hours to complete. 	The funnel frequently became blocked at 
a point opposite the liquid level in the melt-bath. 	The 
blockage was released by lowering the cell further into the 
bath until the solid plug of salt fused and ran down into the 
densitometer. 	The cell was then withdrawn as far as possible 

without the contents solidifying , and the upper parts allowed 

to cool before a further addition of salt was made. 

The mixture was stirred until in became completely liquid, 
the thermostat temperature being raised if necessary. 	Both 
limbs of the densitometer were connected to a rotary oil pump 
and the space above the melt was evacuated. 	This was a 
convenient way of removing the large number of small gas 

bubbles (probably air) which adhered to the walls of the 
densitometer at this stage. 

The vacuum was released, the adaptors Q and R fitted to the 

densitometer and one of them attached to the gas line. 	The 

cell was adjusted to an accurately vertical position with the 

aid of a plumb line hanging in front of the observation window. 
The cell was positioned so that the whole of the long capillary 

was immersed in the melt bath, its upper end being 1/i'- 1" below 

the surface. 	The thermostat was regulated to the lowest of the 

set values at which measurements were being made. 	The nitrogen 

flow to the gas line was turned on, and the bubbler B raised 

until the meniscus in the short capillary of the densitometer 

was roughly opposite the fiducial mark. 	If the cell had been 

filled to the best advantage, the other meniscus was now near 
the lower end of the long capillary, with the pressure applied 

above it. 	The gas flow rate was adjusted by means of the 

needle valve V until the bubbling caused no fluctuations in the 
liquid levels in the manometer. 

The apparatus was left to attain thermal equilibrium, the 
bath temperature being read at intervals of one minute until 
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it remained constant within:LC.05°C for ten minutes. 	Pine 
adjustment was then made to the gas pressure in the line, using 
the clamp C, until the meniscus (viewed through a telescope) 
was accurately opposite the fuducial mark. The cathetometer 
telescope was then set so that the image of the meniscus in 
one limb of the manometer was tangential to the cross-wire. 
The apparatus was left for a further five minutes, with 
continuous observation of the bath temperature. 	If during 
that time the temperature had remained steady to 17-0.05°C and 
the menisci remained in the same positions, the manometer 
levels were read and the bath temperature and manometer 

temperature were taken. 	If the meniscus levels had changed, 
the gas pressure was readjusted and the apparatus left for a 
further five minutes. This procedure was continued until 
satisfactory readings were obtained. 

The bath temperature was raised to the next set value, 
and the melt in the densitometer allowed to expand. 	The gas 
pressure was adjusted, or changed to the other limb if 
necessary. 	When thermal equilibrium had been re-established, 
the readings were taken in the same way as before. 

This cycle of operations was repeated until one meniscus 
was near the top of the long capillary when the other was at 
the fiducial mark. The adaptor R on the wide limb was then 
removed, and the rubber bulb fitted at the end of the other 
adaptor Q. With the aid of the bulb, the meniscus in the 
long capillary was depressed and some melt caused to flow up 
the short capillary and into the wide limb of the densitometer. 
An amount of melt equal in volume to the long capillary 

ml) was removed with a tared pipette, which was cooled 
and reweighed. The mass of mixture remaining in the 
densitometer was calculated by difference. Density measure-
ments were continued, the pressure being applied to the 
long capillary for the first determination. For potassium 
nitrate, measurements could be made over a temperature range 



of 60°C before it became necessary to remove some salt. 	This 

range increased steadily with barium concentration, since the 

coefficient of thermal expansion of the melt decreased 
correspondingly. For no mixture was it necessary to make more 

than one withdrawal of salt to cover the required temperature 
range. 

When density measurements on each mixture were completed, 

the melt was usually poured from the densitometer into a tared 

beaker and weighed. 	The densitometer was cooled, washed on 

the outside and weighed, and the total mass of the melt found, 

as a check. 	It was always less than the mass of salt 

originally added. 	The discrepancy was always less than 0.007 

grm., and may have been caused by splashing as the salt was 

poured into the beaker. 	Pouring had to be carried out quickly, 

otherwise the salt solidified inside the densitometer; this 
was undesirable, because it was then very difficult to re-melt 
the salt without breaking the densitometer. 

This discrepancy in the mass of salt was not serious; an 

error of 0.007 grm. in M corresponds to an error of only 

0.0004 in the salt density. 	The mass of salt originally 

weighed into the densitometer was used throughout in calculat-
ing the melt densities from the experimental observations. 

The densities are presented on pages 212 et seq. 
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CHAPTER t  

ULTRA-VIOLET SPECTROSCOPY OF NITRATES AND NITRITES.  

A set of experiments was carried out to record the 

absorption spectra of pure nitrates and nitrites in the 

frequency range 54,000 cm 1 to 24,000 cm 1, at temperatures 

from 15oC to a maximum of 500°C. 	This temperature range 

includes the melting-points of all the salts examined, and 

also includes some transition points between solid phases. 

The measurements were made with a recording spectrophoto-
meter, and the salts were in the form of thin polycrystalline 

or liquid films, supported between two flat plates of 

Spectrosil. 	The plates were held in a stainless steel frame 

which could be heated to 5000C in a thermostat unit built 

into the spectrophotometer. 

The pure salts studied, their melting-points and transition 
temperatures and the temperature range of the spectroscopic 

observations are listed in Table H.1. 

Some measurements were made on fused mixtures of potassium 

nitrate and barium nitrate. 	These are detailed in TableII.2. 

The freezing-point diagram for this system is shown on page 

11-1-ao. 

Finally, an examination was made of nitric acid and its 
aqueous solutions, and of iso-propyl nitrate. 	Details are 

given in Table 11.3. 	The cell temperature was lowered to 

-700C in the study of the nitric acid solutions, in order 
to include their freezing-points in the experimental range. 

The freezing-point diagram for the system nitric acid - water 

is shown on page 46. 
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TABLE 11.1. 	Salts examined by u-v spectroscopy. 

Salt Melting-point 
(oc) 

Transition- 
points (00) 

Temp. range 
covered (0C) 

NaNO
3 

 '-'308 275.5(d) 15 - 400 

KNO
3 

334.5 ± 0.1(a) 127.5(c) 15 - 440 

RbNO
3 312.3 ± 0.5(c) 161(c) 15 - 420 

220(c) 
282.7(c) 

CsNO
3 ,-408 153.1(c) 15 - 430 

NH4NO3 168.6 ± 0.1(a) 35(d) 15 - 175 
85(d) 
125(c) 

AgNO3  208.1 ± 0.5(c) 158.1(c) 15 - 240 

T1NO3 206.6 ± 0.2(a) 75(d) 15 - 220 
145(d) 

NaNO2 281.0 ± 0.2(b) none 15 - 380 

KNO2 420.2 - 423.4 40-50(c) 15 - 430 
(b) 

(a) Obtained cryoscopically. 
(b) Determined with a melting-point tube in the 

fused-salt thermostat. 

(c) Determined optically, as described in Chapter 15. 
(d) From the literature (see Table 15.1). 

11+-7 



Equivalent % barium 

in mixture. 
, 

Liquidus temp. 

(°C)(Ref.2) 

Range of measure-

ments (°C) 

. 
10 318 330 - 450 

20 294 320 - 450 

35 364 370 - 450 

50 437 440 - 460 

TABLE 11.2. 	Potassium nitrate - barium nitrate mixtures 

studied spectroscopically. 

Substance Freezing-point 
(°C) 	(Ref.3.) 

Temperature range 

covered 	(
o
C) 

HNO3  - 41.3 20 

HNO3.H20 - 37.3 -54 to +20 

HNO3.3H20 - 18.5 -30 to +20 

0.24N HNO3 
 

- 20 

(CH3)2CH.0NO2 - 20 

TABLE 11.3. 	Coverage of spectroscopic examination of 

nitric acid (pure and in aqueous solutions), and 
iso-propyl nitrate. 

11.1. 	The spectrophotometer. 

The instrument used was the S.P.700 recording spectro- 
photometer (Unicam Instruments Ltd., Cambridge). 	The 



optical system is illustrated in Figure 11.2... 	It 

incorporated hydrogen and tungsten lamps, a quartz prism 

and a diffraction grating, and a photo-electric cell and a 

lead sulphide detector. 	By selecting suitable combinations 

of these sources, monochromators and detectors, spectroscopic 
measurements could be made within the range 54,000 cm-1 to 

2,800 cm-1 	In the work described here, the frequency 

range was restricted to 54,000 to 24,000 cm-1; this required 

the use •f the hydrogen lamp as source, the prism as 

monochromator and the photo-cell as detector. 

Spectra were normally obtained by the 'double beam' 

technique. 	The light from the monochromator was split into 

two beams of equal intensity by the bank of mirrors M, and 

one beam was passed through the sample and the other through 

a reference unit. 	The reference unit contained no salt 

(or other sample), but was otherwise identical with the 
sample unit. A synchronous motor bearing a slotted metal 

disc was mounted between the monochromator and the sample 

and reference compartraents. 	When the motor was running, 

the disc allowed pulses of light to pass through sample and 

reference cell alternately. 	These pulses were directed 

onto the photo-multiplier, and by use of suitable electronic 
circuits the two signals were separated, and a voltage was 

produced which was proportional to the ratio 

(intensity of light from sample cell)  
(intensity of light from reference cell) 	= 	Io  

This voltage was applied to a chart recorder (Honeywell 
Brown Ltd), which displayed the % transmission of the sample. 

The instrument could be madeto scan a frequency range 

automatically. The prism was mounted on a table to which a 
metal arm was fixed. 	This arm was pressed by a spring 
against a metal cam, which could be rotated slowly by a 
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synchronous motor. 	The shape of the cam was such that, if 

it was rotated at constant speed, the movement of the arm 

caused the prism to rotate and the frequency of the light 

passing the exit slit of the monochromator varied linearly 

with time. 	If at the same time the recorder chart was in 

motion, the % transmission of the sample was plotted as a 

linear function of frequency. 

The cam was ganged to a microswitch device which caused 

two marker pens on the recorder chart to be actuated at 

intervals; by operating a selector switch the pens could be 

made to mark integral multiples of either 1,000 cm
-1 or 

200 cm 1. 	The frequency was also displayed visually, on a 

set of dials geared to the cam. 	The cam, microswitch device 

and frequency display dials could not normally be disengaged 

from each other. 

The instrument scanned from high to low frequencies. 	Five 

scanning speeds were available, and could be selected by a 

gear-change unit. 	The speeds were 250, 750, 2200, 6700 and 

20,000 cm 1 per minute. 	A fast reverse speed (30,000 cm
1 

per minute) could be engaged to re-wind the cam to its 

original position after completion of a scan. 	The cam-drive 

motor could also be declutched and the operating frequency 

changed manually, using a milled wheel attached to the drive. 

Four recorder chart speeds were provided; they were 40, 

80, 120, and 160 inches per hour. 

The output signal from the detector could be damped if the 

trace on the chart was marred by excessive electronic 'noise'. 

Three levels of damping were available. 

During a frequency scan, the intensity of the reference 

beam ( o ) was maintained at a constant level by means of a 

servo-motor, which caused the slits in front of the light 
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source to open or close as required. 	The instrument could 
be operated at five different reference beam intensities, one 
of which was selected by a switch. 	The lowest value of I0  
corresponded to the smallest slit-width at a given frequency, 

and this gave rise to the highest resolution when a spectrum 
was scanned. 	However, when the lowest intensity was selected 
the 'noise' to 'signal' ratio in the output to the recorder 

was highest, because the 'noise' intensity was independent 
of Io. 	Thus high resolution could be obtained only at the 

cost of a high noise level, and maximum damping of the signal 

to the recorder was then required. High damping caused the 

pen response to be sluggish, so that peaks tended to be 
recorded at too low a frequency. 	The highest resolution 

was therefore used only when it was really necessary (e.g. in 
separating a multiplet from a mercury arc into its components), 

and it was always used in conjunction with the highest damping 

and lowest scanning speeds 

In scanning the spectra of the nitrates and nitrites, the 
middle settings for resolution, scanning speed and damping 

were used. 	High resolution was not required, since the 
spectra were broad, smooth peaks at the experimental 

temperatures involved: 

The full-scale deflection of the recorder pen usually 

represented 100% transmission. 	It could be made to represent 

10% transmission by switching in an attenuator. This caused 

a tenfold reduction in the amplification factor of the 
reference signal from the photo-multiplier, but did not alter 

this factor f'r the sample signal. 	The servo mechanism 

caused the slits to open until the reference signal (after 

amplification) regained its original level. 	As a result, 

the voltages supplied to the recorder were increased by a 
factor of ten, so that the scale of the chart now represented 

the transmission range 0 - 10%. The attenuator was used 
when a scan 'on range 0 - 100% had shown the presence of a 
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peak whose minimum transmission was less than 10%. By re-
scanning on the 0 - 10% scale, the curvature in the region of 
the peak was increased, and this made it possible to measure 

the frequency of maximum absorption more accurately. 

If a scan was carried out over the full range of the 

instrument with no sample in position, 100% transmission 
should have been recorded throughout. 	In practice, the line 

obtained showed deviations from this value in some frequency 

regions. 	The line could be made straight by adjusting a set 
of sliding resistances, each of which controlled a frequency 

range of 2,000 cm-1. 	The full movement of each slider 

corresponded to a pen movement cver 20% of the chart scale. 

A standard transmission was selected arbitrarily (90% was 

usually chosen), and the frequency range scanned through by 
hand, the resistances being adjusted in turn until the pen 

registered the standard transmission at all frequencies 

(within a tolerance of 1%). 	The standard line so obtained 

was known as the base-line, or 100% line. 	The re-setting 
process was normally carried out about every three months. 

The entire base-line could be moved exactly onto the 100% 

line of the chart scale by adjusting a potentiometer (the 100% 

control). 

When the lid of the sample compartment was opened, a 

shutter automatically moved across the exit port of the 

compartment and prevented light from reaching the photo- 

multiplier by this route. 	The pen position then corresponded 

to 0% transmission, at all frequencies. 	The pen could be 

moved exactly onto the 0% line of the chart scale by 

adjusting a second potentiometer (the 0% control). 

The spectrophotometer could be used as a single-beam 

instrument if desired. 	In this case the slit-width was 
controlled manually, and could be set to any value from 



0.0 to 2.0 mm. 	The deflection of the recorder pen was 

proportional to the energy of the sample beam. 

This setting was particularly useful for recording the 
sharp lines in the emission spectrum of the hydrogen lamp, 
which were used to check the frequency scale of the 
instrument. 	The procedure for this is described in the 

next section. 

11.2. 	Checking the calibration of the frequency scale. 

11.2.1. 	Normal adjustment. 

With the instrument at the 'single beam'setting, the 
emission spectrum of the hydrogen lamp was measured from 

15,400 to 15,000 cm-1, using slit-width 0.02 mm, resolution 

control 4, damping control 2 and scan speed 5 (the slowest 

speed). 	This frequency range includes the red line of the 

Balmer series of the hydrogen atomic spectrum. 	The 

frequency of this line has been measured accurately, and is 

recorded in the literature as 15,237 cm 1 (Ref. 4). 

The position of this line was measured on the frequency 
scale provided by the marker pens on the recorder. 	If the 

measured frequency deviated from 15,237 cm-1, an adjustment 

was made to a screw which rotated the prism turntable 

relative to the cam-following arm. 	The spectrum was re-

scanned, and adjustment continued until the instrument 
recorded the line within 20 cm 1 of the correct frequency. 

The setting was checked, and re-adjusted if necessary, 

before the spectroscopic examination of each salt. 



11.2.2. 	Effect of ambient temperature fluctuations. 

When the bulk of the experimental work had been finished 
(up to run number 1366), it was found that the frequency 
calibration was sensitive to changes in the ambient tempera-
ture near the cam, monochromator and cam-following arm. 

In particular, the calibration drifted just after the 

instrument had been turned on, because some of the electronic 
units were housed near the monochromator and the heat 

generated from these warmed up the surrounding parts. 	A 
second source of heat inside the main chassis was the 
scanning motor. 

An experiment was performed to measure the order of 

magnitude of this thermal drift in the frequency calibration. 
The main switch of the instrument was turned on, and within 
two minutes a scan was made from 15,400 to 15,000 cm 1, using 

the instrument settings given above. 	The Balmer line was 

recorded at 15,086 cm-1. 	The same region was re-scanned at 

intervals of fifteen minutes. 	The frequency at which the 

line was recorded increased steadily with time; after two 

hours it was 15,160 cm 1. 	The rate of drift increased if 

the scanning motor was left running between readings. 

In assessing the errors caused by thermal fluctuations, 

two effects have to be considered: 

(a) 	The heat output from the valves housed in the main 

chassis was steady. 	If the instrument was turned on but no 

scans carried out, the temperature of the chassis would be 

expected to rise smoothly until thermal equilibrium was 

attained with the surroundings, after which it would remain 

constant. 	The frequency calibration would therefore change 

during the initial warming-up period, but not subsequently. 
If the cam was set to record the Balmer line at 15,237 cm-1 
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before the chassis had reached thermal equilibrium, any 

frequency measurements made after equilibration would be in 

error. 	This error would be constant for a series of 
measurements provided the chassis temperature returned to its 
equilibrium value between scans. 	It would not give rise to 

'scatter' in the results, and would have no effect on the 

difference between two measured frequencies. 

It is estimated that the maximum systematic error which 

could arise in this way was 100 cm-1. 

In the experimental work on nitrates and nitrites 

described in Chapter 11.111 the cam setting was never changed, 

and the main switch of the instrument was never turned off, 
while a particular sample was being examined. 	Any error 

from the source described here was therefore completely 
systematic for each sample; it could not affect the sizes 

of the steps in the plots of frequency against temperature, 

nor could it influence the slopes of the linear portions of 

the plots. 

(b) The scanning motor generated heat only when it was 

running, i.e. when a scan was being made. 	The temperature 

of the spectrophotometer chassis would therefore rise during 

a scan and fall to its equilibrium value afterwards. 	If 

another scan was made immediately after the first, before the 

temperature had returned to its equilibrium value, there 

would be a relative error between the two results. 	If 

further scans were made at unequal intervals, the chassis 

temperature would vary irregularly and the results would show 

'scatter'. 

This is believed to be the source of the scatter (of the 

order 450 cm-1) in the plots of frequency against temperature 

shown in Chapter 14-. 
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The sources of error described in (a) and (b) influenced 

all the results for nitrates and nitrites, with the exception 

of those described in the next two paragraphs. 

In order to reduce the temperature fluctuations causing 

the calibration drift, a fan was mounted behind the instrument 

and the front and back panels were removed. 	A stream of air 
was blown over the electronic units and past the cam-following 

arm and monochromator. 	In thirty minutes, the frequency at 
which the Balmer line was recorded fell from 15,160 to 

15,142 cm-1, and remained within 5 cm-1 of this for three 

hours. 	The effect of running the scanning motor was now 

much smaller; when the motor was run for 35 minutes, the 

Balmer line frequency appeared to increase by only 10 cm 1, 

and when the motor was switched off the line returned to its 

original position in 45 minutes. 

The fan-cooling was used to stabilise the calibration 

while a set of experiments was carried out to measure 
accurately the frequencies of maximum absorption of the 
alkali nitrates just above their melting-points. 	In these 
experiments the Balmer line was drawn immediately before and 

immediately after each salt spectrum, and the result was 
accepted only if the line appeared within 10 cm-1 of the 

correct value on both occasions. 	In this way the total 
error due to (a) and (b) above was reduced to 20 cm-1. 	The 
results of these experiments are given on page 1446. 

11.2.3. 	Effect of cam mis-shaping; standardisation of  
the frequency scale using lines from the mercury-arc spectrum.  

The results of the carefully-made experiments mentioned 
in the previous paragraph were found to be significantly 

different from a similar set of results for alkali nitrate 

melts which had recently appeared in the literature (Ref.5). 

The differences were all about 100 cm-1, the present results 
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being the lower in every case. 	The approximate constancy 
of this difference suggested that it was due to a calibratic 

error in one or both sets of measurements. 

This stimulated a further experiment to check the 

calibration of the Unicam instrument. An independent 

frequency standard was used in the range which included the 
maximum of the weak band of the nitrates, so that the resul' 

for these salts need no longer be based on the instrument-

makers' assertion that the frequency scale would be correct 

at all values if it was set at 15,237 cm 1. 

When this experiment was begun, the main switch of the 

spectrophotometer had been on for one week, with the fan- 

cooling operating. 	Thermal drifts were therefore minimised, 

The Balmer line was recorded three times, at intervals of 

five minutes. 	The measured frequencies were respectively 

15236, 15236 and 15237 cm-1. 	The cam was therefore 

correctly set according to the makers' specification. 	The 

lamp-house was uncovered, and a mercury arc-lamp was mount' 

above it. 	An aluminium plate was positioned to reflect 

light from the lamp through the slit. 	Scans were made in 

range 27,000 to 33,000 cm-1; the strongest lines emitted by 

the lamp were recorded, and their positions measured on the 

frequency scale of the instrument. 	The measured frequencies 

were compared with values taken from the literature (Refs. 6 

and 7). 	Several scans were made for each group of lines; 

the measured frequencies, and the standard ones, are listed 

in TABLE 114. 

Finally, the Balmer line was again recorded three times, 

at five minute intervals. 	It was found at 15240, 15238 

and 15234 cm-1. 	Since these and the initial values all'lay 



TABLE 11.14-. 	Frequencies of lines in the spectrum of the 
mercury arc. 

Measured 
frequency* 
(cm-1) 

Standard 
frequency * 
(cm-1) 

(Measured)-

(Standard) 

27247 27298 -51 
27246 
27247 

27308 27361 -53 
27308 
27308 

27338 27396 -60 
27338 
27336 

29838 29927 -85 
29838 
29843 
29851 
29846 

31884 31933 -42 
31892 
31890 

31943 31993 -42 
31952 
31950 

159 

* in air. 



within 3 cm-1 of the correct value, it was assumed that the 
cam had remained set to the makers' specification throughout 
the experiment. 

It is clear from the results in the table that, when the 

scale was set to read correctly at 15,237 cm , the reading 

was too low in the range 27,000 to 33,000 cm-1. 

All the results presented in Chapter 14-(and Appendix C ) 

have been adjusted to allow for this discrepancy due to cam  

mis-shaping. 	The corrections at 31.8 kcm-1, 29.8 kcm 1 and 

27.3 kcm-1 were +40 cm 1, +85 cm 1 and +55 cm -1  respectively; 

at intermediate frequencies the correction was found by 
linear interpolation between these values. 

This source of error affects only the absolute value of 
the frequency at an absorption maximum; in a series of scans 
on the same substance at different temperatures, the error 

would be systematic and would not affect the accuracy with 

which changes in the position of the maximum could be 

measured. 

After correction for the effect of cam mis-shaping, the 

accurate values of E(2) for sodium and rubidium nitrates 

were in satisfactory agreement with those obtained by Smith 

et al., but some discrepancy remained in the case of 

potassium and caesium nitrates. 	Both sets of results are 

shown in the table on page 23$, where some possible causes 

of the differences are suggested. 

11.3. 	The sample and reference thermostat units.  

The thermostat units were built to fit into the sample 
and reference compartments of the spectrophotometer. 	They 
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were designed to maintain a salt sample at any temperature 

from 20°  to 450°, while allowing free passage to the ultra-

violet beam. 

The design was based on that of Rhodes and Ubbelohde 

(Ref.8), but several improvements were made; the cell 

described here differs from theirs in the following respects: 

(a). The copper block was nickel plated. 	This prevents 

flaking of the copper due to atmospheric oxidation at the 

higher temperatures. 

(b). The units were cooled by water jackets, which 

prevented the ambient temperature around each thermostat from 

rising more than 2oC above room temperature. 	This prevented 

excessive heating of the surrounding structural units of the 

spectrophotometer (see page (68). 

(c). Steps were taken to reduce temperature gradients dri. 

the sample, by winding heating-wires round the tubes through 

which the ultra-violet beam passed (see page MC). 

The sample unit is illustrated to scale in Figure 11.3; 
the reference unit was its mirror image. 

The block A was built up from nickel-plated copper 

laminations. 	The nickel plating prevented atmospheric 

oxidation of the copper at the higher temperatures. 	The 

block was heated by means of four flat heating-elements 

(Figure 1(.3, part a-  ), sandwiched in pairs between the 
laminations. 	The heaters were made from nichrome wire 

(0.025" x 0.002"), wound on mica formers, and were insulated 

from each other and from the block by mica sheets. 	The 

four heaters in each block had a total resistance of 120 ohms 

at room temperature. 	The block was earthed with a thick 

copper wire. 



KEY TO FIGURE 11.3.  

A Copper block. 

B Positions of heaters. 	Two heaters were placed in 

each of the positions indicated. 

C Space occupied by stainless steel sample holder 

(for detailed drawing see Figure ti.i+). 

G Holes occupied by resistance thermometer and 

thermocouple. 

J One of the flat heaters. 	The heater was made from 

nichrome wire wound on mica. 

T Sindanyo tubes to allow passage of the light beam. 

Spectrosil windows were set into each tube; their 

positions are shown in Figure H.+. 

lbz 
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KEY TO FIGURE ILAH.  

(i) Section of one of the Sindanyo tubes through which 

the ultra-violet beam entered the thermostat, showing the 

Spectrosil windows D and E in their original positions. 

(ii) The same, after modification. 	One window was moved 

from E to F, and the heating wire H wound around the 

Sindanyo tube between the windows. 	The 'exit' tube was 

modified in a similar way. 

(iii) Diagram of the resistance thermometer made by the 

author. 	The thermometer consisted of two helices of 

47-gauge platinum wire, one inside the other (P1  and P2). 

The helices were separated from each other by a Pyrex tube 

T1 and the whole assembly enclosed in a second tube T2. 

The leads L were of gold wire, which was welded onto the 

platinum. 

(iv) The stainless steel sample holder L in position 

in the thermostat. 	The salt sample was sandwiched 
between the Spectrosil plates M. 	The rectangle N shows 

the size and position of the ultra-violet beam. 	The 

silica spacers S kept the holder equidistant from the 

walls of the copper block. 

16(÷ 
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A stainless steel holder (Figure IL*, part iv) could be 
lowered into the central space in the block. 	The holder 

supported a pair of flat "Spectrosil" plates (Thermal 

Syndicate), which had sandwiched between them a thin film of 

the salt to be examined..  

Two holes drilled into the block were used to accomodate 

a Pallador thermocouple and a platinum resistance thermometer, 

respectively. 	The thermocouple was used to measure the 
temperature of the block to within 0.1°C, in conjunction with 
a "Cambridge" potentiometer (W.G. Pye & Co) and a Weston 

standard cell (Muirhead). 	The calibration of the thermo-

couples in the sample and reference thermostats is described 
on page MI-. 	The resistance thermometers in the two blocks 

were connected to separate electronic temperature controllers, 

which regulated the power supply to the heaters. Each 
controller incorporated a Wheatstone's bridge circuit, with 

the platinum resistance thermometer in one ratio arm and a 

chain of decade resistance boxes in the other. 	The 

resistance chain on the 'sample' controller also included ar 

oil-immersed slide wire of resistance 1 ohm, so that the 

resistance of this chain could be varied continuously. 

The power supplied by the controller was constant when the 

out-of-balance current in the bridge circuit was above a 

certain value, but was proportional to this current for the 

last 1°C of the heating process. 	The equilibrium temp-

erature was therefore approached gradually and without over-

shoot. 

The controllers maintained the block temperatures constant 

to ± 0.01°C for five minutes, or to -k- 0.1°  indefinitely. 

The temperatures were changed by altering the settings of 

the resistance chains; the 'reference' temperature could be 

changed by increments of 0.7°C, but the 'sample' temperature 
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could be set to any value by means of the slide wire. 

Two sets of resistance thermometers were used in the 

course of the experimental work. 	The first pair were made 

by the author, and one of them is illustrated in Figure ILI+ , 

part iii. 	It was made from about one metre of 47-gauge 

platinum wire, wound non-inductively on a Pyrex former, the 

whole being enclosed in a Pyrex sheath. 	The thermometer 

had a resistance of 35 ohms at room temperature. 

The second pair of thermometers was obtained commercially 

(Degussa, Hanau, W.Germany), and each had a resistance of 

100 ohms at room temperature. 	They were also made from 

platinum wire enclosed in a Pyrex capsule. When these 

thermometers were installed, another resistance box was added 

to the decade chain in each temperature controller; the 
resistances could then be varied from 0 to 1,111 ohms, 

and the smallest increment on the reference controller now 

represented a temperature change of 0.25°C. 

The copper blocks were mounted in Sindanyo containers, the.. 
interspace being filled with exfoliated mica ("Micafill"). 

The sample and reference units, as illustrated in Figure 

ms, were installed in the two compartments in the spectro-

photometer. Four brass tubes were sealed through the 

side-walls of each compartment; three of these were used to 
admit the leads to the resistance thermometers, thermocouples 

and block heaters, and the compartments could be flushed 

with dry nitrogen through the fourth. 

The makers of the instrument had specified that the 

ambient temperature inside the compartments should not rise 
above 35°C. A Pallador thermocouple was used to measure 

this ambient temperature when the blocks were heated. 



The unit containing the two compartments was unscrewed 

from the chassis of the spectrophotometer and withdrawn for 

the time of this experiment, to prevent possible damage to 

the rest of the instrument. 

The blocks were thermostatted at 175°C, whereupon the air 

temperature rose to 45°C. 	The compartments were flushed 
with dry nitrogen from a cylinder, but even with a gas flow-

rate of one cubic foot per minute the equilibrium air 
temperature could not be reduced below 40°C. 

Since this method of cooling was clearly ineffective as 

well as uneconomical, brass water jackets were designed to 

fit over the sides and top of each Sindanyo unit. 	Water was 
passed through the two jackets in series, at a rate of one 

litre per minute. 

The jackets controlled the ambient temperatures very 

effectively; even with the blocks at 450°C, the equilibrium 

temperature inside the compartments was only 2°  above room 

temperature. 

11.4. 	Measurement of temperature gradients in the original 
thermostat unit. 

Two Sindanyo tubes were recessed into each copper thermo-

stat block, to provide a clear path for the ultra-violet beam. 
It was essential that these tubes should not mask off any 

part of the beam; otherwise the electrical signal from the 

photomultiplier was distorted, and this caused irregularities 

in the trace drawn by the recorder pen. 	Since the beam 

diverged on its passage through the thermostat, the 'exit' 

tube had a larger cross-section than the 'entry' tube. 
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Heat losses could occur from the central part of the 

sample, by radiation or by convection through the Sindanyo 

tubes. 	Two Spectrosil windows were slotted into each tube 
to reduce the convective losses; in the original design they 

were at the positions marked D and E in part (i) of Figure 
11.4 . 

Some experiments were carried out to measure the tempera-

ture gradients in the sample, and the temperature difference 
between the sample and the thermostat block, at different 
block temperatures. 	A knowledge of these gradients and 
differences is essential in assessing the significance of 
spectroscopic measurements made on salt films in the region 

of their melting points or transition points. 

The measurement of the gradients is described below, and 

their influence on the accuracy of the spectroscopic 

measurements is discussed in Section 11.8. 

11.4.1. 	Temperature differences between different parts 
of the sample. 

The sample space was explored with a two-junction thermo-

couple consisting of a piece of 36-gauge alumel wire, 1.5 cm 

long, with chromel wires welded to its ends. 	The chromel 

wires were connected directly to a potentiometer, and the 
couple generated 0.040 my per 0C of temperature difference 
between its junctions. 

The two junctions were placed between a pair of the 

Spectrosil plates used for holding salt samples. 	Care was 

taken to see that equal lengths of the chromel wires were 

between the plates; this reduced the possibility of unequal 
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cooling of the junctions by conduction of heat along the 

wires. 	The plates were mounted in the steel holder, which 

was lowered into the 'sample' thermostat. 

The E.M.F. of the couple was measured at different block 

temperatures, adequate time being allowed for thermal equil- 
ibrium to be reached at each setting. 	The gradients were 
explored by moving the junctions to different positions in 
the sample space. 

During these experiments the temperature difference 
between the top and bottom of the sample was found to be 

sensitive to the exact position of the steel holder relative 

to the copper block. 	The maximum difference noted was 1°C, 
when the block was at 400°C. 	After some experimentation 

this temperature difference was shown to be smallest, and to 
vary least, if the holder was filed to the shape shown in 

Figure 11.4, part (iv); contact with the copper block could 

then occur only through the small projections. 	Silica spac- 
ers were used to keep the sides of the holder equidistant 

from the block. Under these conditions the temperature diff-
erence between the top and the bottom of the sample space was 

not greater than 0.1°C for block temperatures up to 400°C. 

This holder was used, with the silica spacers, during the 
whole of the spectroscopic work on salt films. 

The final temperature differences between the centre and 

the edge of the sample space are shown in part (i) of Figure 

11.5, in which the large rectangles represent the window in 

the steel holder and the numbers are temperatures in °C 
relative to the central spot. 	The position of the beam 

profile is also marked; the dimensions of the beam as it 

passed through the sample were 1/8" x 7/16". 
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A second technique was used to measure the temperature 

difference between the centre and edge of the illuminated 
part of the sample at 334°C. 

Two Spectrosil plates with a thin film of potassium 
nitrate between them were mounted in the steel holder and 
placed in the 'sample' thermostat. 	Using the 0 - 100% 
transmission scale and with the recorder chart in motion, 
the % transmission of the sample was measured at a fixed 
frequency (38.8 kcm-1) while the block temperature was 
raised from 330° to 340oC at a steady rate of 1o every 
three minutes. 

The % transmission showed practically no variation as 
the block temperature increased from 330 to 335.0°C. 	A 
change in transmission was recorded as the temperature 
passed through the range 335.0 to 336.4°C, the rate of 
change increasing with rising temperature, and above 336.4°C 
the transmission again became steady. 	The change between 
335.0 and 336.4°  corresponded to melting of the sample 
from its edges towards the centre; it occurred between the 

same limits when the heating rate was reduced to 1°  every 
five minutes, which indicates that the system was in thermal 
equilibrium throughout both experiments. 

The fact that the change in % transmission accelerated 

with rising temperature shows that the temperature gradient 

was steepest at the periphery of the sample, becoming 
shallower towards the centre. 	Assuming that the potassium 
nitrate had a sharp melting temperature, the centre and 
edge of the illuminated part of the sample must have 
differed in temperature by 1.4°C (i.e. 336.4 - 335.0). 
Interpolation between the results in Figure 11.5, part (i) 
gives a difference of 5.0°C at this block temperature; 
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however, these figures refer to the whole of the sample 

space rather than just the illuminated part. 	This confirms 
the earlier conclusion that the temperature gradient was 

steepest in the peripheral parts of the sample which were 
outside the beam cross-section. 

In order to obtain some realistic values of the tempera-

ture differences in the illuminated part of the sample for 

block temperatures other than 334°C, the results in part (i) 
of Figure 11.5 were multiplied by the ratio 5.0/1.4. 	The 
values so obtained are tabulated in Section 11.7, and 

provided the basis for any corrections applied during the 

spectroscopic work. 	The significance of the gradients with 

respect to the spectroscopic results is discussed in Section 

11.8. 

The freezing-point of potassium nitrate was measured very 
carefully during the work on conductivity, and was found to 

be 334.5°C (see page 121). 	We can therefore derive die 
additional information that the centre of the sample was at 
334.5°C when the block temperature was 336.4°, i.e. the 
block was 1.9°  hotter than the centre of the sample. 

11.4.2. 	Temperature differences between thermostat  

block and sample.  

It was important to have a knowledge of the temperature 

difference between the block and the centre of the sample 
(at different block temperatures) in order to be able to 

calculate the sample temperature from the block temperature 

during the spectroscopic work. 	The direct measurement of 

the sample temperature during spectroscopy would have been 

extremely difficult. 



The tip of a calibrated Pallador thermocouple was 
sandwiched between two Spectrosil plates, which were 
mounted in the steel holder and placed in the thermostat. 
The position of the tip of the couple was adjusted until 
it was at the centre of the rectangular cross-section of 
the light beam. 	The junction of a similar thermocouple 
was in a hole drilled in the copper block (see Figure 11.3). 
The E.M.F.s of the two couples were measured, at different 
block temperatures, and the temperature difference between 
the two points calculated. 

The results are summarised in Table 11.5; !NT is the 
temperature difference in oC, the block being hotter than 
the sample throughout. 

TABLE 11.5. Temperature difference between block and 
centre of sample (LT). 

Block temp- 
erature (°C) 

20 100 200 300 400 450 

.. 

LT 	(°C) 0.0 0.0 0.3 2.3 4.2 5.2 

In the melting experiment described at the end of Section 
11.4.1, AT was found to be 1.9°C at a block temperature 
of 334°C. This is less than the value obtained by inter- 
polation between the results in Table 11.5 (2.9°). 	The 
lower figure is believed to be the more significant; the 
results in the table were measured with a 0.5 mm air gap 
between the Spectrosil plates, whereas in the melting 
experiment the conditions were exactly those which obtained 
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during spectroscopy (when the gap was of the order 0.05 mm, 
and was filled with salt). 

In order to obtain a set of values of dT which corres-

pond to the value 1.9°  at 334°C, the figures in Table 11.5 

have been multiplied by the ratio 2.9/1.9. 	The resulting 

temperature differences are listed in the Table in Section 
11.7, and were used during the spectroscopic work to 

calculate sample temperatures from block temperatures when 
required. 	The circumstances under which it was necessary 
to apply this correction to the block temperatures are 
defined in Section 11.8. 

11.5. 	Improvement of thermostat design. 

The data in Sections 11.4.1 and 11.4.2 refer to the 

original design of the thermostat, which was used for the 

work on alkali-metal nitrates and on potassium nitrate -

barium nitrate mixtures. When this work was finished, 

some modifications were made to the 'sample' thermostat 
with the aim of reducing the temperature gradients in the 

sample. 	The new design is shown in Figure 11.4, part (ii). 

One of the Spectrosil windows was moved to F from its 

original position at E, and a Nichrome heating wire was 
wound around the Sindanyo tube. Similar changes were made 
to the 'exit' tube from the thermostat. 	The aim was to 

heat the air between each pair of windows and so prevent 
heat losses from the centre of the sample. 

The two auxiliary heaters had a combined resistance 
of 40 ohms, and were connected in series with the main 

block heaters. 	A variable resistance was connected in 



parallel with the auxiliary heaters, so that the current 
through them could be varied relative to the main heater 
current; however, the best performance was obtained when 
the shunt resistance was infinite. 

11.6. Measurement of thermal gradients in the improved 

thermostat unit. 

The temperature gradients were again explored, using 
the chromel - alumel thermocouple described in Section 
11.4.1. 	On this occasion the gradients were measured 
over that part of the sample which fell within the beam 
cross-section rather than over the whole area of the 
window in the steel holder. 	The two junctions were 
positioned between the Spectrosil plates, which were 
mounted into the steel holder and lowered into the thermo-
stat. The tungsten lamp of the spectrophotometer was 
turned on, and the slits opened to their maximum width 
(2.0 mm). 	The frequency was set to a value in the visible 
range, and the light passing through the cell was focussed 
by a convex lens so that an image of the thermocouple 
junctions was formed on a white card placed near the exit 
port of the compartment. 	It was then possible to see the 
positions of the junctions relative to the light beam. 

The gradients were measured at different block tempera-
tures; the values obtained are shown in part (ii) of 
Figure 11.5. 

At the end of Section 11.4.1 an experiment was described 
which enabled temperature gradients to be deduced from the 
changes in % transmission of a film of potassium nitrate as 
it was heated slowly from 330 to 340°C. The experiment 



was repeated using the modified thermostat unit. Fusion 
of the nitrate film occurred as the block temperature 
passed through the range 333.5 to 334.3°C. Applying the 
reasoning used in Section 11.4.1, the difference in temp-
erature between the centre and the edge of the illuminated 
part of the sample was 0.8°C (which is consistent with the 
trend shown in part (ii) of Figure 11.5), and the temp-
erature difference between the block and the centre of the 
sample was 0.2°C (the sample being the hotter). 

The temperature gradients and differences in the modi-
fied thermostat are about one-fifth of the corresponding 
values in the original unit, which demonstrates the 
inprovement brought about by the change in design. 

For convenience of reference, the finally-adopted values 
of the temperature gradients in both forms of the apparatus 
are tabulated concisely in the next Section. 

11.7. Summary of temperature gradients in the original 
and in the modified thermostat unit. 

The symbols in Table 11.6 have the following meanings: 

6T = (block temperature) - (temperature at centre 
of sample) 

ET 	(temperature at upper or lower edge of the 
illuminated part of the sample) - (temperature 
at centre of sample) 

/STmean = (block temperature) - (mean sample temperature). 
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By 'mean sample temperature' is meant the mean of the 
temperatures at the edge and at the centre of the 
illuminated part of the sample. 

TABLE 11.6. 

Original apparatus (used for the work on NaNO3, KNO
3' 

RbNO3, CsNO
3 

and KNO
3 
- BaNO

3 mixtures). 

Block 
temp. 

(°c) 

L'T 

(°C) 

6 T 
(oc)  

ATmean 
(oc)  

100 0.0 +0.3 -0.15 
200 +0.2 +0.7 -0.15 
300 +1.5 +1.2 +0.9 
334 +1.9 +1.4 +1.2 
400 +2.8 +1.8 +1.9 

Modified apparatus (used for the work on NH4NO3, AgNO
3
, 

T1NO3, NaNO2 and KNO2). 

Block 
temp. 

(°c) 
. 

i6T 

(°C) 

6 T 

(°C) 

6T.mean 
(oc) 

'100 (0.0) 0.0 0.0 
200 (-0.1) +0.2 -0.2 
300 (-0.2) +0.5 -0.45 
334 -0.2 +0.8 -0.6 

Figures given in brackets were estimated by interpolation. 
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11.8. 	Influence of temperature gradients on the accuracy 
of the spectroscopic measurements on salt films. 

The gradients in the sample and the temperature difference 
between the block and the sample must be considered 
separately. 

11.8.1. 	Temperature gradients in the sample. 

The data tabulated in the previous Section show that the 
centre and edge of the illuminated part of the sample 
differed in temperature by not more than 2°C at block 
temperatures up to 400°C. 

For a salt film consisting of a single crystalline 
phase, or for a molten film, this temperature gradient is 
entirely insignificant. In temperature ranges which did 
not include transitions or melting-points, E(2) decreased 
with rising temperature by about 2 to 3 cm-1  per °C for all 
the salts examined. 	If two parts of a homogeneous sample 
differed in temperature by 2°C, E(2) for the two regions 
would differ by about 5 cm-1 and the measured value E(2) 
would correspond to the average temperature over the area 
of the sample. 	The uncertainty in E(2) from this source 
is negligible compared with the scatter of ,-,50 cm-1 

arising from fluctuations in the setting of the frequency 
calibration (see page 156). 

E(2) changed abruptly in the region of transition- 
points and melting-points. 	If a sample was part liquid and 
part solid, the values of E(2) for the two zones might differ 
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by up to 400 cm-1; a scan carried out on such a sample 
would give an absorption band which was much broader than 
that of an all-solid or an all-liquid sample and which had 
a maximum intermediate between the two. If spectra were 
drawn at 1°  intervals in the region of a melting-point or 
transition-point the presence of the gradients would cause 
the change in E(2) to be spread over a small range of block 
temperatures. 

In spite of this difficulty, the value of the abrupt 
change in E(2) at a melting-point, LE(2), was easily 
found. 	E(2) was measured for the solid and for the 
liquid at temperatures extending over a range of 50°C 
on either side of the melting-point, but no measurements 
were made within 2°  of this point. 	E(2) was plotted 
against temperature, when the values for solid and liquid 
fell on two straight lines. 	These were extrapolated 
to the melting-point, and 6E(2) were read from the scale. 
This very small extrapolation involved practically no 
loss of accuracy. 	Similar considerations apply at 
the polymorphic transition points. 

The temperature gradients in the sample must be taken 
into consideration when solid-state transitions are being 
studied by observing changes in % transmission at constant 
frequency (as described in Section 11.13). 	The way 	in 
which corrections were applied is described in Chapter 15 

(Section 15.1). 



11.8,2. 	Temperature differences between block and 
sample. 

Mean sample temperatures could be calculated from the 
measured block temperatures by subtracting the increment 
ATmean. 	As Table 11.6 shows, this correction term would 
be less than 2°C for block temperatures up to 400°C. 
Since dE(2)/dT was of the order 2 - 3 cm-1 per oC, a 
correction of 2°  to the temperature is equivalent to a 
correction of 5 cm-1 to E(2), which is only one-tenth of 
the scatter due to short-term calibration changes. 	The 
advantage to be gained by applying this correction is 
clearly negligible. 	Throughout Chapter 14, where the 
results of this work are presented, E(2) has therefore 
been plotted directly against the temperature of the therm- 
ostat block. 	Over a small temperature range near a melt- 
ing-point or transition-point, the correction would be 
virtually constant, so would not in any case affect the 
accuracy with which 6,E(2) could be measured. 	The 
correction to the block temperature has been applied in 
the case of the accurate values of E(2) for alkali nitrate 
melts (page 23%), for which the error due to calibration 
changes was less than the general value. 	Even here, the 
correction has only marginal significance; it was 2.°C 
for caesium nitrate and 1°C for sodium, potassium and 
rubidium nitrates. 

When transitions were studied by the 'constant frequency' 
technique (Section 11.13 and Chapter 15), the values of 
d6T and 6T in Table 11.6 were used to calculate absolute 
transition temperatures (or transition ranges) from the 
measured block temperatures. 	Details are given in 
Chapter 15. 



11.9. 	Calibration of the I'allador thermocouples used in the 

sample and reference thermostats.  

These two couples and the couple used during the conduct-

ivity and density measurements were enclosed in identical 

protective sheaths of Pyrex and immersed side by side in the 

melt-bath, with their tips six inches below the surface. 	The 

bath was heated to 520°C, and the couples were annealed at 

this temperature for twelve hours. 

The bath was therniostatted at various temperatures between 

520°  and 140°C, and the E..F.s of the three couples were 

measured at each temperature. 	The couples were transferred 

to an oil-filled thermostat, and measurements were continued 

from 140°  to 20°C. 	Finally, the couples were compared at 

the ice-point. 

Between 520°C and 000, the E.M.F.s did not differ by more 

than 0.035 mv. at any one temperature. 

The thermocouple which had been used in the conductivity 

and density determinations was then re-calibrated at the 

steam-point, the naphthalene-point and the sulphur-point. 

The temperatures and Fi.X.F.s at the standard points are given 
in Table (1.7. 

TABLE (1.7. 	E.M.F. of calibrated thermocouple at the 

Fixed Points. 

Temperature 

(°C) 

E.M.F. 

(my) 

0.00 0.006 

100.21  4.580 

218'06 10.838 

444.56  24.448 



113 

Using the differences obtained in the comparison experiment 
the E.M.F.s of the other two couples were calculated at these 

temperatures. 	The results are shown in Table 11.8. 

TABLE 11.8.  E.M.F.s of 'sample' and 'reference' thermocouples. 

   

Temperature 

(°C) 

F.M.F. 	of sample 

couple 	(mv) 

E.M.F. of reference 

couple 	(mv) 

0.00 0.004 0.005 

100.21  4.609 4.601 

218.06 10.849 10.840 

444.56  24.456 24.423 

Equations of the type 

E - E0 	At + Bt2  + Ct3 
	- - (11.1) 

were fitted to these two sets of E.M.F.-values, where E is 

the E.M.F. in millivolts at temperature t°C. 	The values of 

the constants so obtained are tabulated below. 

TABLE 11.9. 	Calibration parameters for 'sample' and 
'reference' thermocouples. 

Sample couple Reference couple 

Eo 0.004 0.005 

A 4.2171 x 10-2 4.2021 x 10-2 

B 4.0278 x 10-5  4.1053 x 10-5  

C - 2.569 	x 10-  - 2.708 	x 10-8 



These constants and equation (11.1) were used to calculate 

values of E for each couple, at 5°  intervals, over the range 

0°  to 500°C. 	Graphs of temperature against E.M.F. were 

plotted, each page covering 20°C. 	These graphs were used 

throughout the experimental work to derive temperatures from 

the measured E.M.F.s. 

Standard procedures were used for the calibration of the 

first thermocouple at the steam-, naphthalene- and sulphur-

points; the experiments are described in detail in Appendix 

A (page 315). 

11.10 Preparation of salt samples for spectroscopy.  

Two Spectrosil plates (25 x 13 x 1 mm) were cleaned with 
hot aqueous potassium hydroxide solution, then with hot nitric 

acid. 	They were washed with distilled water and dried. 

The plates were laid on a small electric hotplate and 

heated to a temperature just above the melting-point of the 

salt to be examined. 	A few crystals of the salt were 

sprinkled on one plate, and when they had melted the second 

plate was placed on top. 	A little manipulation was usually 

necessary to remove gas bubbles from the molten film. 	In 

this way, samples of thickness 4 - 20 microns were obtained. 

Thicker films (up to 150 microns) were prepared by using 

spacers of platinum - iridium foil between the plates. 

The sample was frozen and cooled, and excess salt scraped 
from the edges of the plates. 	qhen the spectroscopic 

examination was finished, the extruded salt was wiped away 

with moist paper tissues, and the plates and salt weighed. 
The plates were then re-separated on the hotplate, cooled, 
washed, dried and reweighed. 	The mass of salt in the film 



was found by difference, and its thickness calculated by 

dividing the mass by the product of the density and the area 

of the plates. 

This thickness determination was carried out after rather 

than before the spectroscopic examination because salt was 

usually extruded from between the plates when the sample was 

melted in the spectrophotometer. 

11.11. 	Procedure for obtaining absorption spectra of salt 

films.  

The spectrophotometer was switched on and allowed to warm 

up for at least thirty minutes. 	The hydrogen lamp was turned 

on about five minutes before scanning was begun. 

The sample thermostat temperature was set to the required 

value, and the reference thermostat brought to within 5°C of 

the same temperature. 

The salt sample, between SPectrosil plates, was mounted in 

the stainless steel holder and placed in the sample 
thermostat. 	Two clean Spectrosil plates were mounted in a 

similar holder and placed in the reference thermostat. 	It 

was found to be necessary to separate these plates slightly, 

by means of a piece of platinum wire; this prevented the 

occurrence of interference phenomena between the adjacent 

surfaces. 

The hydrogen lamp was used as light source, the prism as 

monochromator and the photocell as detector, and the recorder 

was set to display transmission on the 0 - 100% scale. 

The frequency was set to a value at which the sample was 

known to have no absorption (26,000 cm-1 for the nitrates, 



20,000 cm 1  for the nitrites). 	The 100% control was set so 

that the recorder pen was at the 100% mark of the chart scale. 
The lid of the sample compartment was opened, when the shutter 

cut off the light in the sample beam (see page IS3). 	The 0% 

control was then adjusted until the pen moved to the 0% mark 
of the chart scale. 	Since the 0% control influenced the 

position of the pen over the whole of its range of movement, 
it was usually necessary to make a second adjustment to the 
100% control. 	Setting the pen to the chart scale in this 

way was tantamount to assuming that the proportion of the 

sample beam lost by scattering was the same at all frequencies. 

The reverse gear of the cam drive was engaged, and the cam 

wound back to a position corresponding to the upper limit of 

the frequency range to be covered. 	Forward gear was engaged, 

suitable scanning-speed, resolution, signal damping and chart 

speed selected and the scan begun. 	The sample block 

temperature was measured while the scan was being made. 

At the end of the scan, the thermostat temperatures were 

set to new values. 	The 0% and 100% controls were readjusted 

in the way described above and, after a wait of ten minutes 
to allow the sample to reach thermal equilibrium, another scan 

was made. 	This procedure was continued until the desired 

temperature range had been covered. 

scans were made at intervals of 2°0 in the vicinity of 

transition-points and melting-points; otherwise, the inter- 

vals were 15 - 20°. 	The examination of a substance was 

usually begun at room temperature, and the temperature 

gradually raised through the melting-point. 	About six scans 

were made just above the melting-point, and the sample re- 

frozen. 	Several more scans were made just below the freezing-

point and at temperatures descending to room temperature, to 
confirm the reversibility of the changes observed on heating. 
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Finally, the sample was re-melted, and scans carried out at 

temperatures increasing by. intervals of 10°C until accurate 

plotting of spectra was rendered impossible by the evolution 
of gas bubbles in the melt. 	These bubbles were islands of 
low absorption, and their growth and movement to the edge of 

the melt film caused irregularities in the trace recorded on 
the chart. 

The reduction of the sample beam intensity by scattering 

and reflection from solid films varied over a wide range 

according to the thickness and state of fragmentation of the 

sample. 	If a thin film of melt was cooled just below its 

freezing-point in the thermostat unit, the loss by scattering 

from the solid so formed was as little as 5%; for thicker 

samples, it was 10 - 15%. 	Losses remained at these levels 

if the sample was cooled, but increased abruptly if the solid 

underwent a transition to a new crystalline modification. 
The greatest losses by scattering occurred during the study 

of ammonium nitrate; this substance undergoes three 
transitions when cooled from its freezing-point to room 

temperature, and losses were up to 86%. 	It was necessary to 

use the 0 - 10% transmission scale (see page VW to record 
the maximum of the small peak with sufficient accuracy. 

Some details of the experimental procedure for the 

different substances are outlined in the following paragraphs. 

11.11.1. 	The crystalline nitrates.  

For practical reasons, the weak band at -.,55 kern-1 and 
the strong band at 40 - 50 kcm-1were studied separately. 

The weak band at -J55 kcm 1. 

For the frequency region 40,000 to 26,000 cm 1, film 
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thicknesses were used which gave 50 - 80% absorption at the 

maximum of the weak band. Measurements made on different 
samples showed that the position of the maximum did not 
depend on the thickness of the film at a given temperature. 

This is shown by the results for sodium nitrate (see Appendix 

C,' page 3q7), which were obtained with five samples of thick- 

ness 21r. 	28p6, 	49/.1.., and 57pk,. 	For this reason, no 

precautions were taken to prevent the thickness of the sample 

from changing on fusion. 

The frequency of maximum absorption for the small peak, 

E(2), was found from the recorded spectra in the following 

way. 	Chords were drawn across the top of the peak, parallel 

to the frequency axis. 	The midpoints of these chords lay on 

a straight line, which was extrapolated to cut the absorption 

curve. 	The frequency corresponding to the point of inter- 

section was read from the scale (see Figure il.G). 	This 

measuring process could be carried out with a reproducibility 

of ± 10 cm 1. 	The scatter in the experimental results is of 

the order±50 cm 1, and is probably due mainly to changes in 

the frequency calibration of the spectrophotometer. 	The 

causes of these changes are discussed on page I5 . 

In the spectra of silver and thallous nitrates near their 

melting-points, and also in the spectra of the nitric acid 

solutions, the edge of the strong band overlapped with the 

weak band to such an extent that it became impossible to 

measure E(2) accurately. 	In these cases the band was 

characterised by the parameter E'(2), which is defined as the 

frequency on the low-energy side of the weak band for which 
the extinction coefficient is a constant (arbitrary) fraction 

of that at the band maximum. 	The transmission I/Io 
corresponding to F'(2) is given by 

log (I/I0) 	= 	k. log (I/Idmax.  , 
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where k is a constant (usually taken as 0.3 or 0.5) and 

(I/Io )max  is the transmission at the maximum. 

Variations in the extent of overlap between the strong and 

weak bands have a smaller effect on E'(2) than they do on E(2), 
The changes in E'(2) with rising temperature therefore provide 
a more reliable indication of the true movements of the weak 

band than do the corresponding changes in E(2). 

The strong band at 40 - 50 kcm 1.  

In the range 54 - 35 kcm-1, the thinnest obtainable samples 

('-'4 µ)were used in order to obtain maximum transmission. 

Even with these samples, 100A absorption was recorded for all 

the nitrates from 50 to about 40 kcm 1 	Some transmission 

was recorded in the range 54 to 50 kcm-1, but a later set of 

experiments (see page (4-) showed that this was entirely 
spurious for potassium and caesium nitrates. 	It was probably 

spurious for all the other materials studied. 

It was therefore not possible to measure the frequency of 

the maximum of the strong band (which occurs at 50 kcm 1, with 

a molar extinction coefficient of 10,000 litres/mole. cm.; 

see page 67). 	Measurements on the low-energy edge of this 

band could be made at frequencies up to N40 kcm-1 and for 

extinction coefficients up to ,J300 litres/mole. cm. 	The 

movements of this low-energy edge could not be taken as an 

indication of the corresponding movements of the band maximum, 

but it was considered desirable to record them because of the 
influence they might have on the position of the maximum of 

the weak band. 	In particular, an abrupt shift of the strong-

band edge to lower frequency would increase the extent of 

overlap between the two bands, and this would tend to dis- 
place the maximum of the weak band to higher frequency. 	It 

was therefore necessary to show that the observed changes in 
E(2) reflected the real movements of the weak band, and that 
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they were not due merely to changes in the extent of overlap. 

For the alkali nitrates overlap was slight, and the strong-
band edge moved to higher frequency at the melting-point 
(except for rubidium nitrate, for which no abrupt shift was 
recorded). 	This shift to higher frequency would tend to 

cause E(2) to decrease on fusion; since E(2) in fact 

increased on melting, there is, no possibility that this 

change was caused by the Inovement of the strong-band edge. 

For silver and thallous nitrates, overlap between the two 
bands was more marked, and the changes in E(2) were influenced 

strongly by the movements of the strong-band edge. 	The way 

in which the true movements of the weak band were deduced 
from the experimental observations on these salts is described 

in detail on pages 2J and 2.17. 

The position of the steep edge of the strong band at about 

40,000 cm-1  depended on sample thickness, as would be expected 

from Beer's law. 	In order to establish the direction in 

which this edge was displaced when the salts melted, it was 
necessary to obtain spectra of solid and liquid films 

containing the same mass of salt per unit area. 	This was 
done in the following way. 

The frequency was set manually to a value on the steep edge 

so that the % transmission was 30 to 50%. 	The salt was 
heated through its melting-point, when the % transmission 
changed abruptly. 	The salt was held two degrees above its 
melting-point for a few minutes, during which time the 

transmission usually increased slightly as salt was extruded 

from between the plates. When a steady condition was reached, 

the salt was cooled to a few degrees below its freezing-point 
and then re-melted. 	The % transmission of the melt was 
noted. 	The freezing and re-melting process was continued 



until the transmission of the melt reached a constant value, 

within a tolerance of 1%. 

Three scans were then carried out on the melt, with the 

temperature not more than 5o above the melting-point. 	The 

sample was frozen, and three scans made on the solid just 

below the freezing-point. 	Two more scans were made on the 

liquid, as a check, and finally the salt was frozen and scans 

carried out at intervals of 10 - 200  down to room temperature. 

For each scan, the 100% control was adjusted so that 100% 

transmission was recorded at 5,000 cm
1. 

The absorption edge was characterised by measuring the 

frequency corresponding to a given % transmission, .E(t = x%). 
Values of x were chosen arbitrarily; x = 4% was convenient 

for silver and thallous nitrates (where overlap with the 
weak band was marked), and x = 10%, 30% and 50% were suitable 

values for the alkali nitrates. 

It is certain that the mass of salt per unit area of sample 

remained constant during the examination of a solid sample, 

but it is problematic whether the corresponding liquid film 

had the same mass per unit area or the same thickness as the 

solid. 	The actual behaviour probably lies between these 

limits, and both possibilities have been considered in 

discussing the results. 

Since it is desirable to compare the frequencies at which 
solid and liquid films have the same extinction coefficient, 

E(t = x%) for the liquid may be compared directly with the 

same parameter for the solid if the mass per unit area remains 

constant on fusion, but if the thickness remains constant an. 

allowance must be made for the density difference between 
solid and liquid. 	The way in which this correction was 
applied is described on page Z4a. 
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11.11.2. 	Nitric acid and its hydrates.  

Spectra were obtained in the range 40,000 - 25,000 cm 1. 

The pure acid and the hydrates HNO3.H20 and HNO3.3H20 were 
examined between Spectrosil plates, in the same way as the 

fused salts. 	In order to obtain the spectra of the solid 

hydrates, the sample cell was cooled to -70°C, by pouring 

liquid nitrogen into it. 	A fast scanning-speed was used, 

because the cell warmed up at a rate of about 3°  per. minute. 

At the low temperatures some frost formed on the windows of 

the thermostat unit, and caused scattering of the sample beam. 

When scattering losses were particularly high, the spectra 
were scanned with instrument set to record 0 - 10% trans- 

mission on the full chart scale (see page 151). 	This 

improved the accuracy with which the frequency of the maximum 
of the weak band could be measured. 

The absorption spectrum of the 0.24N aqueous solution of 

nitric acid was obtained with the solution in a silica cell 

of path-length 1 mm. 	A similar cell filled with distilled 

water was placed in the reference compartment. 

11.11.3. 	Iso-propyl nitrate.  

Attempts were made to obtain a spectrum of a thin film of 
the pure liquid, supported between two Spectrosil plates. 	A 
spectrum was obtained, but the thickness of the film probably 
changed significantly during the time of the scan because 

liquid was lost by evaporation. 	For this reason, a dilute 

solution of the substance was prepared, in cyclo-hexane 

(Hopkin & Williams, Ltd., 'Spectrosil° quality). 	The 

solution contained 1.89 grm. iso-propyl nitrate per 100 ml. 
Its spectrum was obtained using a silica cell of 1 mm. path-

length; a similar cell, filled with pure cyclo-hexane, was 



placed in the reference compartment. 

11.11.4. 	Sodium and potassium nitrites.  

These were examined in the frequency range 40,000 -

20,000 cm-1, using the technique already described for the 

nitrates. 	'sample thicknesses were chosen to give 70 - 90% 

absorption at the maximum of the band at n)27,000 cm 1 

The frequency at the maximum was found by drawing a line 

through the midpoints of chords drawn across the top of the 

peak (see page (i9). 

11.12. 	Measurement of the true transmission in the range  
54,000 - 50,000 cm 1. 

For all the nitrates studied, no light was transmitted 

between 40,000 and 50,000 cm-1, but up to 40% transmission 

was recorded at 54,000 cm 1. 	In the early studies this 

transmission was taken at its face value, and was believed to 
represent the high-energy edge of the strong band (which has 

a maximum at -150,000 cm 1  in aqueous solution (Ref.9)). 

Suspicion was aroused when this 'high-energy edge' showed 

little or no variation with temperature, and when the edge 

appeared in the same position for nitrites and even for 
bromides and iodides. 

Spurious transmission could be recorded in this region in 

the following way. 	When light from the hydrogen lamp passed 
through the monochromator, the emergent beam always contained 

some white light reflected directly from the front surface of 
the prism (see page 150  for a diagram of the optical system). 

The intensity of this white light was proportional to the 

width of the slits in front of the lamp. When the operating 
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frequency was changed from 50,000 to 54,000 cm-1, the slit 

servo-motor opened the slits in order to maintain the reference 
beam energy at the standard level. 	This opening of the slits 
was necessary because losses occur in this frequency range 
through absorption by atmospheric oxygen. 

Because of this increase in slit-width, the proportion of 
white light in the sample and reference beams increased 
sharply when the frequency was 
cm-1. 	Since the nitrates and 

at frequencies below 40,000 cm 

changed from 50,000 to 54,000 

nitrites transmit some light 

1, some of this white light 
would reach the detector when a spectrum of one of these salts 

was recorded, even if the sample absorbed all the light in 

the range 50,000 - 54,000 cm-1. 

Some experiments were performed to confirm this interpreta-

tion. 

(i) A piece of aluminium foil was placed in the sample 

thermostat, between two Spectrosil plates. 	A spectrum was 

run, beginning at 54,000 cm-1. 	No transmission was recorded 

at any frequency. 	This showed that the effect was not 

caused by scattering of light round the sample and into the 

detector unit. 

(ii) A sample of potassium nitrate was made up, and its 
spectrum recorded from 53,500 cm-1 to 48,000 cm-1, using 
resolution control 3. 	The transmission at 53,500 was 17%, 
and the corresponding slit-width was 1.75 mm. 	The spectrum 
of the same sample was recorded using resolution control 5 
(which corresponded to a lower reference beam energy). 	The 
slit-width at 53,500 was 0.64 mm., and the transmission was 
23%. 

This showed that the transmission recorded in this region 

depended on the slit-width. 



In order to reduce losses by atmospheric absorption, the 
entire optical path of the spectrophotometer was flushed with 

oxygen-free nitrogen. 	Since this increased the available 

energy from the lamp in the range 54,000 - 50,000 cm-1, the 

slit-width was correspondingly reduced by the servo-motor; in 

one experiment, the slit-width was reduced from 1.8 mm. to 
0.42 mm. at 54,400 cm 1, using a nitrogen flow-rate of one 
cubic foot per minute. 	The spectrum of a sample of potassium 

nitrate was drawn under these conditions; the transmission 
recorded at 54,000 cm-1 was only 8%. 

Some experiments were carried out to measure the true 

transmission of samples of potassium and caesium nitrates in 

this difficult region. 

Extensions were built onto the sample and reference 
thermostat units to allow silica cells to be placed in the 

paths of the two beams, in addition to the salt sample. 

A pair of silica cells of 1 mm. path-length were cleaned 

with chromic acid and washed. 	They were filled with distilled 

water, and positioned in the sample and reference compartments. 

Two clean Spectrosil plates were placed in each thermostat, 

mounted in stainless steel holders. 	The 100% transmission 

line was scanned, and adjustments made until a straight line 

was obtained (see page 153). 

The optical path of the spectrophotometer was flushed with 

nitrogen until the slit-width at 54,400 cm-1 reached a steady 
value (0.70 mm in the experiment on potassium nitrate, 0.64 mm 
for the caesium nitrate). 	The Spectrosil plates in the 
sample compartment were replaced by the salt sample, and a 

scan was carried out using resolution control 5 (corresponding 

to the lowest reference beam intensity). 

The water in the 1 mm cell in the sample compartment was 
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then replaced by 1% potassium bromide solution. 	A second 
scan was carried out, with the salt sample still in position. 

F.inally, the salt sample was removed and replaced by two 
clean Spectrosil plates. 	A third scan was carried out, to 
obtain the absorption spectrum of the potassium bromide 
solution. 

The spectra recorded in these three scans are illustrated 

in parts (i), (ii) and (iii) of Figure 11:1, (ghich refers to 

a potassium nitrate sample). 

It has been shown that the extinction coefficient of an 

aqueous bromide solution is greater than 3,500 litres/mole.cm. 
- at frequencies between 48 and 55 kcm 1  (Ref.10). 	Application 

of beer's law shows that the % transmission of a 1 mm cell 
containing a 1% solution of potassium bromide is less than . 
0.01% if the extinction coefficient is greater than 400 litres 

/mole.cm. 	It follows that, in the present experiment, the 

cell containing the bromide solution absorbs virtually all 

the light whose frequency lies in the range 48 - 55 kcm 1; 

the transmission recorded in this region must be due entirely 

to stray light of lower frequency. 

It can be seen from scans (i) and (iii) that all the light 

absorbed by the bromide solution below 50 kcm
-1 would be 

absorbed by the nitrate film. 	The true transmission of the 

nitrate film is therefore equal to the difference between the 

transmissions recorded in spectra (i) and (ii). 	The true 

spectrum is illustrated in part (iv) of the figure (see Ref.11). 

These experiments were carried out on potassium nitrate and 
on caesium nitrate, at 20°C. 	In both cases, the true 
transmission was 0 -I-  0.2% between 40,000 and 54,000 cm-1. 
Since the uncorrected spectra of all the nitrates and 
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nitrites studied were practically identical from 54,000 to 
50,000 cm-1   , it is unlikely that any of these salts had any 

true transmission in this range. 

11.13. 	Spectroscopic observations at constant frequency.  

Information about crystal transitions could be obtained by 

recording the % absorption of a sample at a constant frequency. 

A salt sample was placed in the. thermostat unit at room 
temperature. 	The instrument was set to record % transmission 

at a frequency on the steeply rising edge of the strong band 

( (-)40,000 cm-1), and the recorder chart was set in motion. 

The sampl,-,,  was heated at a rate of ,.-20°C per minute, until 

it melted. 

In temperature ranges in which a single phase was present 

in the sample, the % transmission decreased linearly with 

increasing)  temperature (corresponding to the movement of the 

edge of the strong band to lower frequencies). Alen a phase- 

change took place, the % transmission altered abruptly. 	The 

temperatures at which these abrupt changes were observed were 
upper limiting values for the transition temperatures. 

If the sample was then cooled back to room temperature the 

changes were observed in reverse, at slightly lower tempera- 

tures. 	In this way, the transition temperatures could be 

'bracketed'. 	If the heating and cooling cycle was repeated 

in the region of each transition with a smaller rate of 

temperature change (about 10  per minute), the size of the 

'bracket' could be reduced to about 100, or less in some 

favourable cases. 	At block temperaturesabove 20000, the 

accuracy with which transition temperatures could be deter-

mined was limited by the existence of temperature gradients in 

the sample. 	The corrections required are discussed on pagez9q. 
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The method described above was a very convenient one for 

the detection of crystal transitions, and was applied to all 
the salts listed in Table H.1, from 15°C to the melting-points. 
This was done as a preliminary to the measurement of spectra, 

so that the abrupt changes in E(2) which occurred at the 
transition-points could be determined accurately. 
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CHAPTER 12.  

RESULTS: ELECTRICAL CONDUCTIVITIES OF FUSED 
POTASSIUM NITRATE - BARIUM NITRATE MIXTURES.  

12.1. 	Tabulation of results.  

Table 12.1. shows the specific and equivalent conductivities 
of pure potassium nitrate melt (run 9) and of mixtures 
containins 5.0, 10.0 and 22.1 equivalent % barium nitrate 
(runs 10 to 12 respectively). 	The results are listed :1,11 
order of increasing temperature; the serial number in the 
first column of each table indicates the order in which the 
measurements were made. 

The parameter actually measured during the experimental 
work was the conductivity of the cell (t‘). 	The specific 
conductivity of the melt (cr) was derived by multiplying K., 
by the appropriate value of the cell constant c (as tabulated 
on page 119). 	The equivalent conductivity (k) was then 
calculated from 0, using the relationship 

CT • Ve' 
	(12.1) 

where Ve is the equivalent volume of the mixture at the 
temperature of the conductivity measurement. 	The values 
of Ve used here were derived from the author's density 
measurements on potassium nitrate - barium nitrate melts, 
which are presented in Chapter 13. 
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TABLE 12.1 .  

Run 9 (pure potassium nitrate) 

Serial 
number 

Temp. 

(°C) 

Cell 
condy. 
(mmho) 

Specific 
condY. 

(ohm lcm 1) 

Equiv. 
vol. 
(ml) 

Equiv. 
condY. 

(ohm 1cm2) 

1 337.2 1.702 0.6270 54.025 33.873 
11 337.2 1.701 0.6266 54.025 33.852 
2 339.9 1.729 0.6369 54.086 34.447 
10 339.9 1.733 0.6384 54.086 34.528 
9 346.5 1.794 0.6609 54.237 35.845 
8 358.4 1.898 0.6992 54.507 38.111 
7 374.2 2.034 0.7493 54.867 41.111 
6 388.6 2.158 0.7950 55.195 43.880 
5 402.5 2.277 0.8386 55.511 46.551 
4 418.2 2.406 0.8861 55.868 49.504 
3 434.2 2.543 0.9365 56.233 52.662 

Run 10 (potassium nitrate + 5.00 equiv. % barium nitrate) 

Serial 
number 

Temp. 

(°C) 

Cell 
condY. 
(mmho) 

Specific 
condY. 

(ohm-lcm-1) 

Equiv. 
vol. 
(ml) 

Equiv. 
condy. 

(ohm-lem2) 

0
  O

N
  C

O
  E

N
-
 0

  IT
\ 	

K
 C

V  
H

  

332.0 1.612 0.5938 53.310 31.655 
337.2 1.658 0.6108 53.426 32.632 
339.9 1.681 0.6192 53.486 33.118 
346.5 1.738 0.6402 53.634 34.336 
358.4 1.842 0.6785 53.899 36.570 
374.2 1.978 0.7286 54.252 39.528 
388.6 2.100 0.7736 54.573 42.217 
402.5 2.217 0.8165 54.884 44.812 
418.2 2.353 0.8666 55.234 47.865 
434.2 2.489 0.9166 55.591 50.954 



TABLE 12.1 .  (continued) 

Run 11  (potassium nitrate + 10.01 equiv., % barium nitrate) 

Serial 
number 

Temp 

(°C) 

Cell 
condY. 
(moo) 

Specific 
condY. 
(ohm-lcm) 

Equiv. 
vol. 
(ml) 

Equiv. 
condY. 

(ohm 1Cm2) 

11 324.0 1.479 0.5448 52.546 28.627 

10 332.0 1.547 0.5699 52.720 30.045 

9 337.2 1.592 0.5864 52.833 30.981 

8 339.9 1.613 0.5942 52.892 31.428 

7 346.5 1.671 0.6155 53.035 32.643 

6 358.4 1.771 0.6524 53.293 34.768 

5 374:2 1.906 0.7021 53.636 37.657 

4 388.6 2.027 0.7467 53.949 40.283 

3 402.5 2.145 0.7900 54.250 42.857 

2 418.2 2.282 0.8404 54.588 45.875 

1 434.2 2.422 0.8920 54.939 49.005 
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TABLE 12. I . 	(continued) 

Run 12 (potassium nitrate + 22.10 equiv. % barium nitrate) 

Serial 
number 

Temp. 

(co 

Cell 
condY. 
(mmho) 

Specific 
condY. 

(ohm-lc:at" 

Equiv.. 
vol. 

(ml) 

Equiv.. 
cone. 

(ohm-lcm2,) 

14 293.0 1.090 0.4015 50.505 20.277 

13 300.0 1.144 0.4214 50.646 21.342 

12 308.0 1.209 0.4453 50.807 22.624 

11 316.0 1.273 0.4689 50.969 23.899 

10 324.0 1.339 0.4932 51.131 25.217 

9 332.0 1.402 0.5164 51.295 26.488 

8 339.9 1.467 0.5404 51.452 27.804 

7 346.5 1.520 0.5599 51.585 28.882 

6 358.4 1.617 0.5957 51.826 30.872 

5 374.2 1.747 0.6435 52.145 33.555 

4 388.6 1.864 0.6866 52.436 36.002 

3 402.5 1.977 0.7283 52.717 38.393 

2 418.2 (2.102) - - - 

1 434.2 (2.237) - - - 

The results given in brackets are subject to some 
uncertainty, because of gas evolution in the conductivity 
cell. 
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0 anaL for ionic melts are normally expressed as 
functions of temperature by the equations 

Or' 	= 	(Crdx.exp(-(E0x/R4 	(12.2) x 

and 	A x 	= 	( Ao)x. exp -(EA)x/RT1 , 	(12.3) 

where ax and Ax are the specific and equivalent conductivit-
ies of a mixture containing an equivalent fraction x of barium 

nitrate. 	(Tdx, (A-0  )x, (Ec)x  and (Edx  are parameters 

characteristic of each mixture. 

Figure 12.1 shows plots of log10( x)against 1/T (°K), 

for pure potassium nitrate melt and for the three mixtures. 

Figure 12.2 shows corresponding plots of log10(Ax) against 

1/T. 	In both sets of graphs the lines of best fit through 

the experimental points are curves rather than straight lines; 
in all cases the plots become steeper as the temperature is 

lowered. 	In order to allow a comparison of the slopes of 

the lines to be made for the different mixtures, straight 

lines have been fitted to the upper and lower parts of each 

curve, by the method of least squares. 	Values of (0-dx, 

(E0dx, (.60)x  and (EA)x  have been derived, and are listed in 

Table 12.2. 

12.2. 	Accuracy of the conductivity results. 

The manufacturers of the bridge claim that it is capable 

of measuring conductivities to ± 0.2%. 	The determination of 

the cell constant involved a conductivity measurement, so the 

accumulated uncertainty in the specific conductivities of 

the melts is 0.4%. 	However, any error in the cell constant 
would affect the conductivities of the melts systematically, 
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so would not influence the difference between the results 
for any two melts. 

TABLE 12.2. 	Conductivity parameters for potassium 
nitrate - barium nitrate molts. 

Equiv. 

fraction 
Ba(NO3)2 

Temp. 

range 
(°C) 

(E0,-)x 

(kcal/ 
mole) 

(cXo)x 
(ohni l cm 1) 

(EA )x 
(kcal/ 

mole) 

(Ao)x 
(ohm icm2  

-1 equiv 	) 

0.000 340-389 3.61 12.5 4.00 924 
374-434 3.38 10.4 3.75 762 

0.050 332-369 3.72 13.1 4.05 927 
374-434 3.49 10,9 3.85 801 

0.100 332-389 3.80 13.4 4.12 927 
374-434 3.64 11.7 4.00 844 

0.221 340-403 3.92 13.4 4.24 904 

The maximum absolute error in the equivalent volume Ve  is 
less than 0.05% (see page 130), so there is practically no 
loss of precision when equivalent conductivities are calcul-
ated from specific conductivities by use of equation (12.1). 

Temperatures were measured to ±0.1°C, A temperature 
change of 0.1°C would cause the conductivity of a melt to 
change by about 0.05%, which is negligible compared to the 
errors due to the bridge. 

2oi 
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The conductivities listed in Table 12,1 all refer to a 

frequency of 1592 cycles per second; no attempt was made to 
correct the results to infinite frequency by applying the 

extrapolation procedure mentioned on page 28 	Since the 
current density at the electrode surfaces was extremely low 
(0.3 ma/cm2);  the correction required would certainly be less 

than 0.5%, and would affect the absolute, but not the relative, 
accuracy of the conductivities for the different mixtures, 
Since the main object of this work was to find the change in 

conductivity brought about by the addition of barium ions to 
fused potassium nitrate;  the application of the correction 

would not have justified the expenditure of time and money 
which it would have involved. 

To summarise: the maximum absolute error in any conduct-

ivity value is less than 1%;  and about four-fifths of this 

error is systematic; if the difference between two conduct-

ivities is to be calculated, the errors in the individual 

values can be reckoned as ± 0,2%., 

12.3. 	Comparison of the results with those of earlier 

workers,  

The conductivity of fused potassium nitrate has been 
measured by Krdger and Weisgerber (Ref.1) and also by Jaeger 
and Kampa (Ref.2). 	Kruger and Weisgerber measured conduct•-

ivities over a range of frequencies and made an extrapolation 

to infinite frequency, thereby eliminating any error due to 
electrode polarisation. 	This correction was not made by 
Jaeger and Kampa, nor was it made in the present work (for 

the reasons given in Section 12.2), 
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Some of the values obtained by these two groups of workers 
are plotted in Figure 12.1. 	It can be seen that the present 
results lie between the other two sets in the lower part of the 
temperature range. 	Above 400°C, however, the earlier values 
lie below the line through the author's points, the discrep—
ancy increasing with rising temperature to a maximum of 2%. 
This difference cannot be attributed to the effect of polaris—
ation in the work described here, because a correction for this 
would involve a small addition to the conductivities and so 
would increase the discrepancy. 	It is possible that the 
accumulation of gas bubbles on the electrode surfaces at 
temperatures above 400°C caused the earlier workers' results 
to be too low in this region. 	Special care was taken to 
avoid this source of error in the present investigation. 
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CHAPTER 13 

RESULTS: DENSITIES, EQUIVALENT VOLUMES AND PARTIAL 
EQUIVALENT VOLUMES IN LIQUID POTASSIUM NITRATE - BARIUM 

NITRATE MIXTURES.  

13.1. 	Densities and equivalent volumes.  

The compositions of the mixtures, and the measured 

densities, are listed in Table 13.1, 	The corresponding 

equivalent volumes are shown in Table 13.2. 

The equivalent volume is that volume of melt which 

contains one gram-mole of nitrate ions (with an equivalent 
amount of the cation mixture). 	If a melt contains w1 and 

w2 grams of potassium nitrate and barium nitrate respectively, 

the equivalent volume is related to the measured density e  
by the expression 

V e 
E1E2 (w1  + w2) — (13.1), 

  

(w1E2 w2E1) 

where E1 and E2 are the equivalent weights of the two salts. 

The values of E1 and E2 used throughout this work were: 

E1 	101.10 	(potassium nitrate) 

E2 	130.69 (barium nitrate) 

The equivalent fraction of barium nitrate, x2, is 



defined as: 

2►3 

x2 
w2/22 	w2E1 - ('3.2). 

wi/E1 w2/22 	w1E2 w2E1 

100x2 is the equivalent % of barium nitrate in the mixture. 

TABLE 0.1. 	Densities of potassium nitrate - barium 
nitrate melts: 

Equiv. Temperature 	( 0C 	) 

Ba(NO3)2  320.0 330.0 340.0 373.0 410.0 440.0 

0.000 - - 1.8691 1.8434 1.8161 1.7934 

4.954 - 1.9262 1.9181 1.8918 1.8633 1.8406 

9.867 149838 1.9757 1.9675 1.9414 1.9128 1.8898 

14.963 2.0335 2.0253 2.0171 1.9909 1.9622 1.9391 

19.730 2.0840 2.0749 2.0666 2.0404 2.0110 1.9879 

24.704 2.1365 2.1279 2.1196 2.0935 2.0640 2.0406 

29.953 - - 2.1770 2.1498 2.1204 2.0967 

34.957 - - - 2.2056 2.1755 2.1519 

39.741 - - - - 2.2298 2.2058 

44.566 - - - - 2.2861 2.2621 

50.022 - - - - - 2.3279 



TABLE 13.2 

Equivalent volumes of potassium nitrate -
barium nitrate melts. 

Equiv Temperature 	( °C ) 
i 

Ba(NO3)2 320.0 330.0 340.0 373.0 410.0 440.0 

0.000 - - 54.092 54.843 55.668 56.373 

4.954 - 53.249 53.473 54.216 55.045 55.724 

9.867 52.433 52.650 52.868 53.580 54.381 55.041 

14.963 51.894 52.105 52.315 53.005 53.780 54.422 

19.730 51.314 51.539 51.745 52.409 53.177 53.794 

24.704 50.741 50.947 51.147 51.783 52.525 53.126 

29.953 - - 50.512 51.150 51.859 52.446 

34.957 - - - 50.527 51.228 51.789 

39.741 - - - - 50.615 51.164 

44.566 - - - - 49.993 50.524 

50.022 - - - - - 49.789 



(3.2. 	Densities and equivalent volumes as functions of  

temperature. 

The densities were expressed as functions of temperature 
by the equation 

= a - b.(t - 300) + c.(t - 300)2 	(13.3). 

Values of the constants a, b and c were calculated for 
each mixture, by the method of least squares; they are 

listed in Table13.3, together with the standard deviations 

of the experimental points from the 'least squares' line. 

A simplified equation 

a - b.(t - 300) 

 

(13.4) 

 

was used for the mixtures containing more than 30 equivalent 

% barium nitrate, because the densities of these mixtures 
were measured at only two or three temperatures. 	For the 

less concentrated mixtures, however, the inclusion of the 

third term c.(t - 300)2  caused a definite reduction in the 

standard deviations. 

It was found that the equivalent volumes could be 

expressed as functions of temperature by the equation 

Ve 	= A + B.(t - 300)   (13.5) 

There was no evidence for supposing that the lines of 

best fit were curved; inclusion of the term C(t - 300)2 

in the expressions for Ve  caused no reduction in the 

standard deviations. 	Values of A and B were found for each 
mixture, by the method of least squares; they are listed in 

Table 13.4. 	The table includes values of B/A, the coeffici- 
ents of cubic expansion relative to the volumes at 300°C. 
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TABLE 13.3. 	Density parameters for potassium nitrate -
barium nitrate mixtures. 

Equivalent 

Ba(NO3)2 

a 104. b 107. 	c Standard 

deviation 

0.000 1.9000 7.823 1.54 0.0004 

4.954 1.9508 8.310 3.14 0.0001 

9.867 2.0002 8.251 2.61 0.0001 
14.963 2.0500 8.274 2.52 0.0002 

19.730 2.1004 8.495 3.30 0.0004 
24.704 2.1528 8.298 2.07 0.0003 
29.953 2.2104 8.463 2.48 0.0002 

34.957 2.2641 8.024 - 0.0004 
39.741 2.3176 7.986 - - 
44.566 2.3741 8.003 - - 

TABLE 13.4. 	Equivalent volume parameters for potassium 
nitrate - barium nitrate mixtures. 

Equivalent 

Ba(NO3)2 

A 

(m1) 
io deviation 

102. B 

(ml per°C) 

104. B/A 

(per °C) 

Standard 

(ml) 

0.000 53.179 2.275 4.28 0.01 

4.954 52.574 2.248 4.28 0.002 

9.867 51.998 2.170 4.17 0.002 

14.963 51.473 2.103 4.09 0.005 

19.730 50.914 2.057 4.04 0.01 

24.704 50.348 1.980 3.93 0.01 

29.953 49.739 1.932 3.88 0.005 

34.957 49.154 1.883 3.83 0.005 

39.741 48.599 1.833 3.77 - 
44.566 48.047 1.769 3.68 - 
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13.3.  
Equivalent volume isotherms, and partial equivalent volumes.  

Figure 13.1 shows isotherms of equivalent volume, plotted 

as a function of composition (in equivalent %).. These 

isotherms were found to be straight lines, within the limits 

of experimental error. 	Equations 

Dx - - - - - - 	- (13t6 ) 

were fitted to them, at different temperatures, by the method 

of least squares (x being the equivalent fraction of barium 

nitrate in the mixture). 	The results for the 1070 mixture 

were not included in the least squares calculation, since 
they were thought to be slightly inaccurate. 

Values of C and D, and of the standard deviations of the 

points from the straight lines, are listed in Table 13.5. 

It can be seen from the table that the standard deviations 

are of the same order of magnitude as the experimental errors 

in the equivalent volumes. 	The partial equivalent volumes 

of the two constituents were therefore independent of the 

composition of the mixture, within the range studied. 

TABLE 13.5. Parameters in the equations for equivalent 

volume isotherms for potassium nitrate - barium nitrate 

mixtures. 

Temperature 

(°C) 

C 

(ml) 

D 

(ml) 

Standard 
deviation. 
(ml) 

340.0 54.083 11.892 0.014 
373.0 54.838 12.328 0.009 
410.0 55.678 12.740 0.008 
440.0 56.381 13.125 0.006 
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From equation (0.6) and the parameters listed in Table 

13.5, values of Ve  were calculated at each temperature for 

x = 0 and x = 1. 	The values so obtained were the partial 

equivalent volumes of potassium and barium nitrates at these 

temperatures. They were found to conform (with a standard 

deviation of 0.02 ml) to the linear equations 

Ve  [KNO3] = 53.17 + 	0.0229(t - 300) (3.7) 

and 'e  [Ba(NO3)'2] = 41.75 + 	0.0107(t - 300) 03.8) 

where t is the temperature in °C. 

If it is assumed that the equivalent volume isotherms 
remain linear over the entire composition range, the partial 
volumes obtained from these equations may be identified with 

the equivalent volumes, (Ve)1, of pure liquid potassium and 

barium nitrates, respectively. 	The corresponding equivalent 

volumes of the two solids, (Ve)s, have been calculated from 
their densities and coefficients of expansion as reported in 

the literature. 	By comparing the two sets of volumes it is 

possible to find the volume change, (LV)f, which occurs when 

one equivalent of solid melts, or when it dissolves in the 

other component to give a solution of any concentration. 

Values of (Ve)1, (Ve)s  and (AV)f  at different 

temperatures are listed in Table (3.6,for the two salts. 	The 

(Ve)s values for potassium nitrate have been obtained by 

extrapolation of the expansion data above the melting-point, 
and the (Ve)1 values for barium nitrate refer to the super-
cooled liquid. 



TABLE 13.6. Derived equivalent volumes of solid and 
liquid potassium and barium nitrates.' 

Potassium 	nitrate 
Temp. (Ve) (Ve)1  ( Z.V)f  (L\V)f/(Ve)s  

(°C) (ml) (ml) (m1) (%) 

334.6 52.48 53.96 1.48 2.81 

340.0 52.55 54.09 1.:3 2.91 

373.0 53.06 54.84 1.78 3.35 
410.0 53.63 55.68 2.05 3.82 
440.0 54.09 56.38 2.29 4.22 

Barium 	nitrate 
Temp. 

(°C) 

(Ve)s* 

(ml) 

(Ve)1  

(ml) 

( LSV)f  

(ml) 

(4V)f/(Ve)s  

(%) 

288.0*** 40.82 41.62 0.80 1.96 
340.0 40.93 42.18 1.25 3.06 

373.0 41.00 42.53 1.54 3.75 
410.0 41.07 42.93 1.86 4.53 

440.0 41.13 43.25 2.12 5.16 

592.0*** 41.44 44.88 3.45 8.31 

Notes to Table 13.6. 

The values of (Ve)s  for potassium nitrate were calculated 
from the density of the solid at 335°C and the 
coefficient of cubic expansion, both measured by X-ray 
diffraction (Ref. 1). 	Slightly higher values of (Ve)s  
are obtained from the results of dilatometric 
measurements due to Bredee and Cohen (Ref. 2). 

The values of (Ve)s  for barium nitrate were calculated 
from the density at 23°C (3.244 gm/mi.; Ref 3) and 

* * 
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Notes to Table13.6 (continued) 

the mean coefficient of cubic expansion between 10 and 
250°C, measured by X-ray-diffraction.(Ref. ). 

* * * 288.0°C is the eutectic temperature of the system 
potassium nitrate - barium nitrate, and 592.0°C is the 
melting-point of barium nitrate (Ref. 5 ). 

errors in the measured densities.  

The maximum absolute error in the density values listed in 
Table 13.1 is estimated to bei-  0.001 (i.e. ±. 0.05%; see 
section 10.3, page 130, for a detailed discussion). 	However, 

the standard errors (2cr) calculated from the standard 
deviations (cr) listed in Tables (3.3, 13.4 and 13.5 lie between 
0.01% and 0.04% (with the exception of that for the equivalent 
volume isotherm at 340°C, for which 2cr is 0.06%). 	This 

indicates that only a fraction of the total error of 0.05% is 
due to scatter of the experimental points about the 'least 
squares' lines; the residual error is systematic, and does 
not influence the relative accuracy of the results. 

Temperatures were measured to J.:0.1°C. 	An error of 0.1°C 

in a given temperature is equivalent to an error of less than 
0.0001 in the corresponding density. 	This is less than the 
total error by a factor of ten, and is therefore negligible. 

13.5. 	Comparison of the present results with those of earlier 

workers.  

Pure potassium nitrate.  

Three groups of workers have measured the density of pure, 
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fused potassium nitrate (Refs 6, 7, 8). 	Table 13.7 shows the 

results they obtained, and also gives the results from the 

present work. 

Temperat- 

ure (°C) 

Density 
Jaeger 

(Ref 6) 
Bloom et al 
(Ref 7) 

Smith et al 

(Ref 8) 
Present 

work. 

340 

373 

410 

440 

1.867 

1.842 

1.814 

1.791 

1.868 

1.844 

1.817 

1.795 

1.861 

1.837 

1.810 

1.788 

1.869 

1.843 

1.816 

1.793 

TABLE 13. 7. Density of pure potassium nitrate melt. 

 

It is seen that the present results lie between those of 
Jaeger and of Bloom et al, and differ from them by not more 

than 0.002. 	However, the values obtained by Smith are 
consistently lower than the other three sets; they differ 
from the author's results by 0.005 - 0.008. 

Potassium nitrate - barium nitrate mixtures.  

Smith et al (Ref 8) measured the densities of three mixtures 
of potassium nitrate and barium nitrate. 	Table (3.8 lists 
their results at 440°C, together with the results from the 
present work (calculated by substituting Smith's compositions 

into equation 13.6, using the values of C and D given in 

Table(3.5). 
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Equiv. % 
Density at 440°C 

Smith et al Present 
Ba(NO3)2  (Ref 8) work 

18.182 1.965 1.972 

33.333 2.215 2.133 

46.154 2.275 2.280 

TABLE 13.8.  Densities of KNO
3 
- Ba(NO3)2 mixtures at 440°C. 

  

It is seen that Smith's density values are lower than the 

author's by 0.005 - 0.008, which is considerably more than 

the maximum absolute error in the present results (± 0.001). 

Since a similar discrepancy was recorded between the two 

groups of results for potassium nitrate (see Table13.7), it 
seems very likely that Smith et al made a wrong estimate of 
the volume of the platinum bob which they used in measuring 

the densities of the melts. 	However, the comparison does 
serve to show that no gross error has been made in calculating 
the densities from the experimental observations. 
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CHAPTER 114-.  

RESULTS: ULTRA - VIOLET ABSORPTION SPECTRA OF NITRATES  
AND NITRITES.  

Introduction. 

At the outset of the research, it was hoped to measure the 

frequency of the maxima of the strong and the weak bands of 

the nitrates and nitrites as functions of temperature. 
However, it did not prove possible to make this measurement 
for the strong bands; even with the thinnest obtainable 

samples ( (-)3/A-), 100% absorption was recorded from 50 kcm-1  

to the band edge at r,J40 kcm 1. 	Some transmission was 
recorded in the range 54 - 50 kcm-1, but this was shown to be 
spurious.(see page (9+). 

Since the strong-band maxima could not be measured, the 

conclusions derived from this work are based mainly on 

the results for the weak bands of the nitrates and nitrites. 

The maxima of these bands could be measured conveniently for 

samples whose thicknesses lay in the range 3e- - 150p, 

Overlap of the weak band with the strong-band edge can 

cause the maximum of the former to be displaced from its true 

position (i.e. the position it would have if it could be 

recorded in isolation from the strong band). 	In order to 

allow corrections to be made for this effect, the movements 
of the strong-band edge with rising temperature have been 

recorded. 	nor this purpose, suitable band-edge parameters 

have been defined by means of which the edge can be character- 

ised. 	For the alkali nitrates and nitrites, overlap effects 

are relatively slight, but for silver and thallous nitrates 



they are pronounced, and must be taken into account before the 

true movements of the weak band can be derived from the 

measured spectra. 

In this Chapter the results are presented graphically. 

Full experimental details for each spectrum, and the value of 
E(2) (or other characteristic parameter) at each temperature, 

are listed in Appendix C (page 3V.). 	The Appendix also give., 

the thickness of each sample (when known) and the % absorption 

at the maximum of the weak band. 

1+.2. 	Changes in % absorption with rising  temperature.  

For all solid samples, the % absorption at the maximum of 

the weak band was measured to 	, at temperatures between 

20°C and the melting-point. 	Table 4:1. shows some of the 

results obtained. 

Since the mass of salt per unit area of the solid samples 

remained constant as the temperature was raised, the changes 

in % absorption reflect corresponding changes in the molar 

extinction coefficients. 	The proportionality between 

log (I0/I) and C does not extend through the melting-point, 

because fusion of the thicker films was usually accompanied 
by a change in sample path-length. 

The table shows that, for solid alkali nitrates, ammonium 

nitrate, silver nitrate and thallous nitrate, the molar 

extinction coefficient at the maximum of the weak band 

always increased with rising temperature. 	The integrated 

intensity, Se cOO , increased likewise. 

For sodium nitrite, the % absorption at the maximum of the 

weak band increased with rising temperature, but for 

potassium nitrite a decrease was recorded. 
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TABLE 14-.1. % absorption at the maximum of the weak band 

for nitrates and nitrites. 

Salt Melting- 

point 
(oc)  

% absorption. 

at 20°C just below 

m.p. 

NaNO
3 

(Sample 2) 

KNO
3 

(Sample 1) 

RbNO
3 

(Sample 3) 

CsNO
3 

(Sample 4) 

NH4NO3 
(Sample 6) 

AgNO
3 

(Sample 2) 

T1NO
3 

(Sample 2) 

NaNO2 
(Sample 1) 

KNO2 
(Sample 1) 

308 

334 

310 

407 

169 

207 

207 

281 

420 

67 

55 

71 

77 

(84% at 

38°C) 

85 

85 

81 

88 

72 

79 

77 

91 

92 

93 

91 

97.5 

81 



2.2. 

. estimation of sample thicknesses and molar extinction 

coefficients.  

Sample thicknesses were found by dividing the mass of each 
and dein5i 

salt film by its area 	Since the mass of salt in,a sample 

included a contribution from salt present in small cracks and 

chips at the edges of the Spectrosil plates, the values of 

sample thickness obtained in this way are likely to be high 

(the proportional error being greatest for the thinnest films). 

The thicknesses are recorded in Appendix C. 

The accuracy with which molar extinction coefficients (s) 

can be calculated from the % absorption data is restricted by 
this uncertainty in the thickness measurement. 

TABLE W..2. Molar extinction coefficients of polycrystalline 

films of sodium nitrate at 20°C, at the maximum of the weak 

band. 

Sample 

number 

% trans- 

mission 

at 20°C 

Thickness 

at 20°C 

(microns) 

6 

(litres/ 

mole.cm.) 

1 9 49 8.0 

2 33 21 8.6 

3 7 57 7.7 

3* 32 25 7.5 

after fusion and re-freezing. 
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Table 11-17.2. shows values of e for polycrystalline films of 
sodium nitrate at 2000, calculated from the % transmission and 

thickness data for four different samples of this salt. 	It 

is seen that the results show a scatter of r--,10% :bout the 
mean value. 	In spite of this low accuracy, extinction 

coefficients calculated in this way provide a useful guide 

for future workers in this field. 

14.4. 	7rrors in the recorded values of E(2).  

All the results presented here are subject to an absolute 
error of -1- 100 cm-1, with the exception of the values of E(2) 

recorded in Tablel+.3. (which are accurate to -±20 cm 1). 

Three main sources of error were encountered; they are 

listed below. 

(i) In the plots of T(2) against temperature, the points 

show a scatter of the order 	-±50 cm-1. 	This is believed 

to be due to short-term changes in the frequency calibration 

of the spectrophotometer. (see page 156). 

(ii) In addition to this random error, the results for any 

one; salt may have a systematic error of up to= cm 1. 	This 

error remained constant during all the measurements on a given 
salt, so could not influence the sizes of the abrupt changeS 

in E(2), etc., at meltin-points and transition points, nor 
could it change the slopes of the straight-line portions of 
the plots of E(2) against temperature. 	It was due to initial 
mis-setting of the frequency calibration (see page 155); the 

setting was readjusted before the examination of each salt 

was begun, but was not changed during the examination. 

(iii) The frequency scale was checked in the region 27 -

32 kcm-1, using the lines in the spectrum of a mercury arc. 
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For our particular instrument, corrections of 40 - 80 cm 1 

were required, to allow for non-linearity of the scale. 
These corrections have been applied to all the results 

presented here. 	For all the alkali-metal nitrates, the 

correction was 40 cm 1over the entire temperature range, so 

this source of error could not have affected the accuracy with 

which dE(2) and dE(2)/dT could be measured. 

The accurate values of E(2) for alkali nitrates given in 

Table 1+.3. were obtained from a special series of experiments, 
during which error (i) was minimised by fan-cooling the 

spectrophotometer chassis (particularly the monochromator 

and cam-following arm). 	Checks carried out between scans 

showed that error (ii) was less than 10 cm-1 throughout this 

series of experiments. 

I LI-. 5 	Temperature measurements. 

The temperatures given in this Chapter refer to the copper 

block of the thermostat unit. 	As detailed on pages 162 to 
11$ , this sometimes differed slightly from the mean sample 
temperature. 	A correction for this difference would have no 

effect on the accuracy with which E(2), LE(2) and dE(2)/dT 
could be measured, as explained in Section U.$. 

The temperature difference between block and sample 

influences the accuracy of the transition temperatures 

measured by the 'constant frequency' technique described on 
page L. 	Although the primary object of this work was to 
obtain the transition temperatures in terms of the block 

temperature. (as a preliminary to the measurement of AE(2) 
at the transition-point), some corrected values of transition 

temperatures have also been listed (see page 3b9). 
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. 	The nitrates. 

14.6.1. 	The alkali-metal nitrates.  

The weak band at 33 kern-1. 

Figureskitowl-illustrate some of the spectra obtained in 

the region of the weak band (40 - 25 kcm 1). 	A series of 

shoulders were observed on the band for potassium,rubidium and 

caesium nitrates at 20°C. 	The shoulders became less distinct 

as the temperature was raised, and could not be distinguished 

above 50°C. 

Figures X4.5 and 14-.G show plots of E(2) against temperature for 
potassium, rubidium and caesium nitrates, E(2) being the 

frequency at the maximum of the weak band (measured by the 

method described on page 	). 	The diagrams show that E(2) 

fell linearly with temperature for the different crystalline 

modifications of each salt and for the melts, but that abr4ipt 
changes occurred at the transition-points and the melting- 

points. 	Although changes in 7(2) of either sign were observed 

at the transitions, E(2) always increased at the melting-

point. 

For potassium nitrate, there was a discrepancy of 120 cm-1 

between the accurate value of E(2) recorded in Table 141:3. and 

the values for the melt obtained during the series of runs 

745 - 760. 	Another set of measurements was therefore made, 

between 40 and 340°C, in order to check the results. 	During 

these measurements the chassis of the spectrophotometer was 
fan-cooled, and the wave-number calibration was checked at 

the beginning middle and end of the sequence. 	The Balmer . 

line of the hydrogen spectrum was found to be within 20 cm
-1  

of of the correct value on each occasion. 
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The values of E(2) for the melt obtained during this second 

set of experiments agreed very well with the 'accurate value' 

listed in Table ILF.3. 	This makes it practically certain that 

the error in the first set was due to mis-setting of the wave-

number calibration, since all the experiments on potassium 

nitrate were carried out with salt from the same batch. 

Sodium nitrate has a transition of higher order; onset of 

the change begins at 150°C, and a A-point is reached at 
275.4°C (Ref.1). 	The plot of E(2) against temperature for 

this salt is shown in Figure W7. E(2) decreased linearly as 

the temperature was raised from 20°C to 150°C, but the decrease 

accelerated as the A -point was approached. 	The plot was 

again linear between 276°C and the melting-point, and E(2) • 

increased abruptly when the salt was fused. 	There was no 

discontinuous change in E(2) in the region of the transition. 

A plot of the specific volume of the salt against temperature 

is included in the Figure; it shows similar changes in 

curvature near the 11-point.(Ref.1). 

TABLE 4.3.  Accurate values of E(2) for alkali nitrate melts. 
(cm-1, in air). 

bait Melting- 
point 

(°C) 

Temperature 
of 

measurement 
(oc) 

E(2) 	(cm-1) 

present 

work 

Smith et 

al(Ref.2) 

NaNO
3 

308 311 33,520 33,520 

KNO
3 

334 338 32,700 32,770 

RbNO
3 

310 - 317 32,500 32,530 

CsN0,
2  

409 416 32,160 32,280 

Table (4-.3. gives values of 7(2) for the alkali 

metal nitrates just above their melting-points (see Appendix 

C, page 416). 	These results were obtained under the 
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carefully controlled conditions described on page 157 ; they 
• are believed to be accurate to 	

1 20 cm . 	Each value is the 

mean of at least two measurements. 

The temperatures given in Table W-.3. are mean sample temp- 

eratures rather than block temperatures. 	The corrections to 

the block temperatures were estimated from the data given on 

pages 111 - 118 ; the correction was -1°C for sodium, 

potassium and rubidium nitrates, and -3°C for caesium nitrate, 

These temperature differences correspond to changes in E(2) 

of 	3 cm-1 and -J6 cm 1, respectively, and are therefore Of 

only marginal significance. 

The table includes some values reported by G.P. Smith et al. 

(Ref.2), who also claim to have measured E(2) with a precision 
of :1520 cm 1. 	Agreement between the two sets of results is 

satisfactory in the case of sodium and rubidium nitrates, but 

for potassium and caesium nitrates Smith's results are higher 

than the present ones by 70 and 120 cm 1  respectively. 	The 

present results for these salts are believed to be the more 

accurate; the value for potassium nitrate is the mean of 

three results (which were identical), and that for caesium 

nitrate is the mean of five (which had a standard deviation 

of 7 cm-1; see page 447). 	The remaining discrepancy may be 

due to a calibration error in Smith's experiments, or to the 

presence of impurities in his materials (which were Reagent 
Grade). 

These differences are too small to influence the validity 

of Smith's conclusions (which are mentioned on page "71 ), or 
of the author's (page 34-1). 
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The strong band at 40 - 50 kom 1. 

This band has a maximum at ,-/50 kcm 1 for dilute aqueous 

solutions of nitrates (Ref. 3), but in the present vork it was 

not possible to record the maximum; even with the thinnest 
obtainable samples 	3A...), complete absorption was registered 
between 50 kcm-1  and the steep edge at --40 kcm-1. 	Some 
transmission was recorded from 54 to 50 kcm 1, but this was 
probably spurious (see page 194.); the true transmission in 

this range was shown to be 0.0 0.2% for thin samples of 

potassium and caesium nitrates at 20°C (page 191). 

The low-energy edge of the strong band was characterised by 

the parameter E(t = x'/0), which is the frequency at which the 

transmission is xajo (values of x being chosen arbitrarily). 

Clearly, this frequency depends on the thickness of the sample 
at a given temperature. 	Since sample thicknesses were known 

only approximately, the values of E(t = x%) given here have no 

absolute significance, so it was not possible to combine 
results obtained with different samples of the same salt; 
however, the variation with temperature of E(t = x'/0) for a 

particular sample is a reliable indication of the corresponding 

movement of the band edge. 

A complication arises if we wish to follow the movement of 

the band edge through the melting-point. As explained on , 

page 191 , the sample was melted and re-frozen several times 

in the thermostat until the thickness of the film (in the molten 

state) reached a steady value. 	Scans were made first on 

a liquid film; this was frozen, and scans were made on the 

solid film so obtained. 	It is uncertain whether this solid 

film had the same thickness or the same mass per unit area as 

the liquid film; this would depend on whether the sample 

froze from the centre to the edges or vice versa. 	The former 

seems the more likely, since the centre of the sample was 



knom to be slightly cooler than the edge (page %?8 ), but 

this situation might be reversed if the temperature of the 

thermostat was reduced rapidly. 	Both possibilities are 
considered in the following sections; the truth probably lies 
somewhere between the two extremes. 

To obtain a valid comparison between solid and liquid, we 

must measure the frequency on the band edge for which solid 

and liquid have the same molar extinction coefficient. 	If 

the mass per unit area of the sample remains constant on 

freezing, E(t = x%) for the solid film may be compared directly 

with E(t = x/o) for the liquid. 	If the thickness remains 

constant, E(t = x%) for the solid should be compared with 

7(t = x'%) for the liquid, where 

log (x'/100) 	= 	VS/VL. log (x/100), 

VS  and VL being the molar volumes of solid and liquid salt 

respectively, at the melting-point. 

Table 11-.4. shows values of x' corresponding to x 10% and 

50% for the alkali nitrates, and to x = 4% for silver and 

thallous nitrates. 

Figure 04-.1 shows plots of E(t = x%) against temperature 

for sodium nitrate, for x = 10% and 50%. 	For the melt, both 

E(t = x%) and E(t 	x'%) are plotted. 	The curves show • 

variations in the region of the continuous transition similar 

to those recorded for E(2). 	The plot of E(t = 10%) is 

slightly steeper than that of E(t = 50%) between 20°C and 

150°C; this indicates that the band edge became steeper as 

the temperature was raised. 	At the melting-point, both 

E(t = x%) and E(t = x'%) for the liquid were substantially 

higher than E(t = x%) for the solid, both for x = 10% and 

x = 50%. 	In this case there is no doubt that the band-edge 
moved to higher frequency when the salt was fused. 
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TABLE 11-.4. Values of VS/VL and x' for nitrates. 

  

Salt VS/VL x' 

(x = 4%) 

x' 

= 10%) 

x' 

(x = 50%) 

NaNO
3 

0.9030(a) - 12.5 53.5 

KNO
3 

0.9679(a) - 10.8 51.1 

RbNO
3 

1.0023(a) - 9.9 49.9 

CsNO
3 

0.8919(a) - 12.8 53..9 

AgNO3  0.9931(b) 4.1 - - 

T1NO
3 

0.9469(c) 4.7 - - 

(a) Reference 4. 

(b) Reference 5. 

(c) Calculated from the densities of the solid 

and liquid salt given in "International 

Critical Tables". 

Figure 14.9 shows plots of E(t = 10%) and E(t = 30%) 

against temperature for solid potassium nitrate. 	The 
abrupt changes in these parameters at the transition-point 
are in the opposite sense to the corresponding change in E(2). 

A separate experiment was carried out in the region of the 
melting-point. 	After melting and re-freezing twice, the 

sample was fused a third time and its thickness allowed to 

reach a steady value. 	Scans were carried out on the liquid 

film, then on the solid and finally on the liquid again. 

The values of E(t = 10%), E(t = 30%) and E(t = 50%) derived 

from the last set of measurements on the melt agreed well 
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with those obtained from the first set, which demonstrates the 
reversibility of the movement of the band-edge at the melting- 
point. 	Figure 11-11-.to shows plots of E(t = x%) and E(t = x'%) 
against temperature, for x = 10, 30 and 50% and x' = 10.8, 
31.2 and 51.1%. 	If the film retains the same thickness on 
fusion, the band-edge moves to higher frequency by 210 cm 1; 
if the mass of salt per unit area of sample remains constant, 
the corresponding shift is 260 cm-1. 

For rubidium nitrate, VS/VL  is so nearly unity that x and 
x' are practically identical. 	The overall change in E(t=10%) 
for the solid between 20°C and the melting-point was consider-
ably less than the corresponding change in E(t = 50%); the 
band-edge therefore became less steep as the salt was heated. 
Abrupt changes in E(t = x%) were recorded at the transition-
points; the changes depended on the value of x, and were not 
always in the same sense as the corresponding changes in E(2). 
Neither E(t = 10%) nor E(t = 50%) showed any abrupt change. 
when the melting-point was traversed. (see Figures 14,11 ciel 

Figurest,hi3 and 114-.N-show the variation with temperature 
of E(t = 10%) and E(t = 50%) for solid ceasium nitrate. 
Both parameters were linear functions of temperature for each 
solid modification, and both changed in the same sense as E(2) 
at the transition-point. 	E(t = 10%) changed more than 
E(t = 50%) as the salt was heated from 20°C to 400°C; again, 
the band-edge became less steep as the temperature was raised. 

A separate experiment was carried out in the region of the 
melting-point (using a different sample). 	The results are 
shown in Figure 14.1T. 	Both E(t = 10%) and E(t = 50%) 
increased by about 100 cm-1  when the salt was fused; however, 
at the melting-point, E(t . 53.9%) and E(t = 12.8%) for the 
liquid were almost exactly equal to E(t = 50%) and E(t 10%) 
for the solid, respectively. 	We conclude that, when this 
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salt was fused, the band-edge moved to higher frequency by 
between 0 and 100 cm 1. 

It must be emphasised that the movements of the low-energy 
edge of the strong band recorded above cannot be taken as an 

indication of the movements of the band maximum. 	The 
maximum (in aqueous solution) is at 50 kcm 11  and the 
corresponding molar extinction coefficient is 10,000 litres/ 
mole cm (Ref. 3). 	The present measurements were made at 
,-140 kcm 1, and extend only to a molar extinction coefficient 
of about 300 litres/mole cm. 

t'1-.6.2. 	Fused mixtures of potassium nitrate and barium 

nitrate. 

Some of the spectra obtained are shown in Figure 14-.1., 
and Figure 14-.►7 shows plots of E(2) against temperature for 
each mixture. 	For a given composition, E(2) decreased 
linearly as the temperature was raised. 

Figure 14.1S shows E(2) plotted against the equivalent 
fraction of barium in the mixture:- 

(i) at constant temperature (440°C), 

(ii) at constant equivalent volume (56.40 ml)..  

The values of E(2) for the different mixtures under 

conditions (i) and (ii) are listed in Table V--.5. 	The Table 
also shows the temperature at which the equivalent volume of 
each mixture is 56.40 ml (calculated from the results on page 
Zip ). 	When this temperature lay outside the range of the 

spectroscopic examination, E(2) was found by linear extrapola-
tion of the plots of E(2) against T. 
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TABLE 14.5. 	E(2) for potassium nitrate - barium 

nitrate mixtures. 

Equiv 

Ba++ 

Temp. at 

which Ve  = 

56.40 ml. 

1 

E ( 	2 ) 	(kcm-1)  

at 440°C at Ve  .. 

56.40 ml. 

0 440 32.42 32.42 

10 503 32.60 32.52 

20 567 32.77 32.60 

35 685 33.18 32.93 

50 — 33.50 — 

14.6.3. 	Ammonium nitrate. 

This salt has four stable crystalline modifications 

between room temperature and its melting-point. 	The 

crystal system and range of stability of each form is 

listed below. 

FORM CRYSTAL 

SY6T7M 

RANG7, OF 

:_-)TBILITY 

(I)  

(II)  

(III)  

(IV)  

cubic 

tetragonal 

orthorhombic 

orthorhombic 

125° to m.p. 

R5o to 125°  

35°  to R5°  

-18°  to 35o 



r 
Some spectra of ammonium nitrate are illustrated in 

Figure 14.19, and they show that 7(2) altered abruptly when 

a phase change occurred. 	However, the phase transformations 

did not all occur with equal facility; the changes (IV) 

(III) and (II)— (III) were relatively sluggish, and it was 

sometimes possible to superheat (IV) above 35°C and to 

supercool (II) below 85°C. 	experiments were designed to 

demonstrate the relative ease with which the various 

transitions occurred, and these are now described in detail. 

(a) duns 993 - 1008. 	7(2) was measured as the sample 

was heated from 126°C to above the melting-point (169°C). 

E(2) increased abruptly on fusion, and returned to its 

original value when the sample was cooled to just below its 

freezing-point. 	The change in E(2) on melting is therefore 

reversible. 

(b) Runs 1009 - 1030. 	Spectra were drawn as a fresh 

sample was cooled from 160°C through the transition temper- 

ature at 125°C. 	An abrupt increase in E(2) took place 

at 125°, indicating that the change (I) 	had occurred. 

On further cooling of the sample, E(2) underwent no abrupt 

change until the temperature reached 38°C, showing that form 

(II) can be supercooled below the (II)=;(III) equilibrium 

temperature at 85°C (see Figure 14.2.0). 

(c) thins 1031 - 1043. 	The same sample was cooled to 

15°C, and left at this temperature overnight. 	Spectra were 

drawn as it was re-heated. No abrupt change in E(2) 

occurred at the (IV) 	(III) equilibrium temperature (35°C), 

and at 48°  E(2) was still at the level characteristic of 

phase (IV). 	At 53°C E(2) increased abruptly, indicating 

that the change (IV) 	had finally taken place (see 

Figure 14.21). 



.1
_ 	

A
SS

c>
R.

P -
r  k

  c5
  t'

► 

40 

So 

20 

(00 
"1

- 	
A

Bs
c,
 

 R
  ?

 -1-
  i  c

.t.
..1

  

4.0 

140 

I o 

20 

4.o 	3a 
	32. 
	ZS 
	2.1+ k a in - I 

A- 0 	-36 
	

32 
	zis 	24- k.cen - I 

Picu RE  IL-1-..tc Pte•SoRPT(oNi SPEc.-1-R A OF Atirl o NJ IQ ri t4 IT R AI E . 



( w) 

T = 35—G 

momIl E. 

(tV) soPeRKEA-rE.3> 

I 

• 

(iv) 

33-0 

260 

       

       

       

       

      

OM, 

       

       

       

       

   

(11) So Pc Rcc. 
• • — 

   

      

      

      

      

    

    

    

  

kikKige cz.F 	tc_ rr OF 

PoRt-1 

   

     

     

      

      

      

       

       

 

S 

     

E(z) 

33.j 

32., 

kc.rb I  

30 	 cc" 	 7‹, 
	So 	90 

	loc)-C 

F icuke cw.20 Exec Rtt-tets.r (b), (Rt.n.JS 	— 	2ci 

 

33.6 

33.5 

0 	10 	2.0 	3o 	44-0 	50 	60 

FtiuRE 	 E )(PERI r-‘e-...e4-r (c) 	 to-si 

The 	 ARE 'TAKEN 	(Z.Dr.-t PlcV 12E-  ( • 2-1+ • 

33.1 

E(2) 

33.7 



E (2.) 

33.1 

33.it 

31.0 

It. Cnft—i  

261 

zc. 	 Go 	$o 	1 ioc.'C 

F luR.E 14-.Z2. ExPERim is 0 T (d) ( ftoos 1 -411 - 10 65 ) . 

-rtie Fo c_t_ L._ we s ARE TAKEO Rke,r1 Pt coke tc+.7-1+, A- NO -nlE: 
AR.A0 ws St-tow -ilia-  oRDeft. in! (...1 ti(c4-1 -rt-i6 1.-50 L-1-S x-1 0.----  R-6: 

c> g 'T-A t r.1 el,  • 

20 	g-o 	c.,, 	ic. 	too 4" C- 

F i cuRE it4-.23 E x P ER. 1 c-AEwr (a.) 	( /Zu "3 5  'lc"' -7  - 1 o g  ('') • 

   



20 40 bo So 100 120 140 16o 

E (2) 

( kern-4 ) 33.s  

33. if- 

33. o 

32. 

X 	ASCENIDIN5 "TEMPERAPrUIZG 	Ror..15 993 - loos prop 1031  - (043 )  

• DE5c.e.NYDrr-li TE m PE RA-rt., 	(Rt+.15 too, - ic,30 ifto_b 	-low`) 

FlqUR.E 14-2*  PLOT of e(2) Aqm nis-r 're-rifeRivroke FoR Aiimototort N t-rtuvre: 

• 

+.16,_,, - - -IP-- -.- - -a--. -I. - ex  -44.___ 	s , e....  

a 	a 	 a 
I
e 	Irdt, 	efe.:17eg  

35 
ORTHoR.tiort tc. 

• (19 
o atri4o Itft 0146 to 

(iv) 

X 
• 

TET itActorUkt,-
( to) 

• 9°  

MELTI  

S5.  

• 



263 
(d) Runs 1045 - 1066. 	The same sample was fused in the 

thermostat, and spectra were drawn as it was cooled. 	An 

abrupt increase in E(2) was recorded at 125°C, and was duly 

reversed when the sample was re-heated to 130°C. 	The salt 

was cooled to 85°C, at which temperature 7(2) had a value 

.characteristic of phase (II). 	The temperature was lowered 

to below 35°C and then raised to 84°C, after which 7(2) had 

the high value associated with form (III) (Runs 1058 and 
1059; see Figure 14.22). 	On heating the sample to 89°C, 
E(2) dropped abruptly by over 600 cm 1 as the (III) —>(II) 
transformation took place. 	Runs 1061 to 1065 were then 
carried out as the salt was cooled from 89()  to 38°C at a 

rate of 1°C per minute. 	During the 50 minutes which this 

occupied, E(2) gradually increased from 33.00 kcm-1 (charac-

teristic of phase (II) ) to 33.82 kora 1 (characteristic of 

phase (III); see Figure 14.21). 	This indicates that even 

after the recrystallisation process had been nucleated the 
(II)--(III) transformation required about an hour to reach 

completion. 

(e) Runs 1067 - 1086 were carried out on a new sample, 

which was heated from 19°C to 100°C. 	7(2) increased 

abruptly at 35°C and decreased abruptly by over 600 cm-1 at 
85°C, showing that the changes (IV) 	(III) and (III) 	(II) 

had taken place at these temperatures (see Figure 14.23). 

The changes were complete in less than five minutes. 

Figure 14.2+ shows all the values of E(2) obtained in the 

above experiments, plotted against temperature on a single 

diagram. 

It is clear from experiments (b), (c) and (d) that form 
(IV) and form (II) can be superheated and supercooled, 

respectively, into the temperature range in which (III) is 



the most stable modification. 	However, in experiment (e) 

the changes (IV)--> (III) and 	took place without 

delay at the respective transition temperatures. 	This 
difference in behaviour is probably caused by a difference 

in the state of dryness of the two samples. 	The sample used 

in experiments (b), (c) and (d) was transferred directly from 

the hotplate on which it was prepared to the thermostat at 

140°C, and was then melted in situ. 	It was again melted and 

re-frozen for run 1045, so would be expected to be extremely 

dry during runs 1061 to 1065 when the slow change from (II) 

to (III) was observed. 	In contrast, the sample used in 

runs 1067 to 1086 had been fused only once (during its 

preparation on the hotplate), and was transferred to the 

thermostat at 19°C. 	It could therefore have contained 

traces on moisture, which would assist the changes (IV) ---> 

(III) and (III) -÷ (II) by allowing them to take place by way 

of an aqueous solution. 

Experiments (b) and (d) show that transformations between 

forms (I) and (II) take place freely at 125°C, in either 

sense, irrespective of the state of dryness of the sample. 

The relative slowness with which (III) grows from (II) 

or (IV) in a dry sample can be understood in terms of the 

structures of the four modifications; a detailed discussion 

is given in Chapter 1'3. 

Spectrum of fused ammonium nitrate. 

It has been reported in the literature that the absorption 

spectrum of fused ammonium nitrate in the range 50 - 38 kcm
1 

is quite unlike that of any other nitrate . 	Keenan (Ref 6; 

quoted by Smith and Boston in Ref 7) recorded some bands in 

the region 3e - 45 kcm-1  (where the alkali nitrate melts have 

very strong absorption); at least three bands were found, 
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having extinction coefficients "not much greater than that of 

the weak band at 33 kcm 1". 

The experiment described below suests that these bands 

were not due to ammonium nitrate but to some decomposition 

product, and that the spectrum of pure fused ammonium nitrate 

substantially resembles those of the alkali metal nitrates. 

A solid sample of the salt was 'made up, and its spectrum 

recorded. 	The spectrum showed the weak band at 33 horn-1, 
and a steep absorption edge at about 40 horn-1. 	Complete 

absorption was recorded between 40 and 50 kcm-1. 	When the 

sample was fused some transmission was recorded in the latter 

region, but this was because some has bubbles were forming 

and were displacing the melt. 	The transmission increased as 

the bubbles accumulated, and the spectra began to show band 

structure which became more pronounced as decomposition 

proceded. 	Spectra of the melt (at 170°C) at successive 

stages in the decomposition are shown in Figure 14.25-; the 

total observation period was about two hours. 

The frequencies of the band maxima are listed in Table 

14.6. 	The substance responsible for the bands can be 

identified with confidence as anaonia; the frequencies in 

Table 14.6 agree closely with the data recorded for this gas 
by Duncan (i.ef 8), which are reproduced in Table 14.7. 

The possibility that the bands are due to nitrous oxide 

is definitely excluded, because this gas is known to have 

no banded absorption in the frequency range in question 

(Ref 9). 	jitrous oxide is the normal decomposition product 

of fused ammonium nitrate, and the bubbles in the molten salt 

film probably contained some of this gas. 	The ammonia would 

be formed by simple dissociation of the ammonium nitrate. 
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TABLE 14.6. 	Frequencies of band maxima in 
decomposing ammonium nitrate melt. 

Run 
number 

Frequencies of band maxima 	(kcm 1) 

991 52.35 51.52 50.60 49.76 48.86 47.85 47.00 

983 52.35 51.55 50.61 49.69 48.80 47.89 - 

984 52.28 51.48 50.60 49.70 48.80 47.86 - 

985 52.9 51.60 50.70 49.80 48.89 48.00 - 

986  52.38 51.48 50.65 49.78 48.83 47.89 47.00 

987 52.38 51.52 50.65 49.75 48.84 47.90 47.03 

988 52.36 '51.54 50.65 49.76 48.85 47.89 - 

Mean 
values 

52.36 51.53 50.64 49.75 48.84 47.90 47.01 



2,61 
Leifson Dixon Duncan Present 

work 

44.247 - - - 

45.246 - - - 

46.157 46.140 46.126 _ 

- 46.200 46.202 - 

47.003 47.030 47.010 47.01 

- 47.090 47.069 - 

47.869  47.925 47.914 47.90 

- 47.975 47.962 - 

48.768 48.890 48.803 48.84 

- - 48.868 - 

49.686 49.790 49.712 49.75 

50.556 50.675 50.663 50.64 

51.440 51.600 51.555 51.53 

52.317 52.407 52.501 52.36 

(etc.) 

TABLE 14.7. Frequencies (kcm-1) of maxima of diffuse 

   

bands in the absorption spectrum of gaseous ammonia (from 

Duncan (Ref 8), who quotes the results obtained by Leifson 

and by Dixon). 	The figures in the fourth column are 

the mean frequencies of the band maxima in the spectrum 

of decomposing ammonium nitrate melt, taken from the Table 

on the previous page. 



14.6.4. 	Silver nitrate. 

Some spectra of this salt are shown in Figure 14.26. 

Both the maximum of the weak band and the edge of the strong 
band were at lower frequency than they were for the alkali- 
metal nitrates. 	As the temperature was raised, the edge of 

the strong band overlapped more and more with the weak band; 

just below the melting-point the maximum of the latter was 

barely discernible, and in the melt the weak band appeared 

only as a shoulder. 

The frequency at 4% transmission, E(t = 4%), was used to 

characterise the low-energy edge of the strong band. Since 

silver nitrate undergoes only a small (0.7%) density 

decrease on fusion (see Table 14.4), the results for the 

melt may be compared directly with those for the solid salt. 

Part (iii) of Figure 14.21 shows that E(t = 4%) decreased 
linearly as the salt was heated from 20°C to the transition- 

point (158°C). 	It decreased abruptly when the transition 

occurred, and continued to decrease as the sample was heated 

further, with some acceleration as the melting-point was 

approached. 	A small, abrupt drop in E(t = 4%) took place 

when the sample melted. 

Part (i) of the Figure shows the variation with temperat-

ure of E(2), the frequency of the maximum of the weak band 
(uncorrected for the effect of overlap with the strong band). 

E(2) increased when the solid was heated from 20°C to 158°C, 

decreased abruptly when the transition took place and 

increased further as the melting-point was approached. 

E(2) could not be measured above the melting-point, where the 

weak band appeared only as an inflexion on the edge of the 

strong band. 

Because of the progressive overlap of the weak band by 
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the low-frequency edge of the strong band, these variations 
in E(2) are not a reliable indication of the changes in the 

frequency of the true maximum of the weak band, (i.e. of the 
maximum which would be observed if the weak band could be 
recorded separately from the strong band). 	If the weak band 
were recorded in isolation, and the edge of the strong band 

then superimposed on it, the maximum of the composite absorpt-

ion curve, E(2), would be at higher frequency than the maximum 

of the weak band alone, the displacement increasing with the 

extent of overlap. 	A progressive movement of the strong band 

edge to lower frequency could therefore cause the composite 

maximum to move to higher frequency. 

In the case of silver nitrate, the edge of the strong band 

does in fact move to lower frequency as the temperature is 

raised (see part (iii) of Figure 14.27). 	This is probably 
the cause of the increase in E(2) which is observed when the 
salt is heated from 20°C to 158°C. 	It is possible that the 
true maximum of the weak band moves to lower frequency with 

rising temperature, as it does for the alkali-metal nitrates. 

In order to obtain more reliable information on the move-
ments of the weak band, some measurements were made on its low-

frequency edge, where the effect of overlap with the strong 

band is relatively slight. 	The parameter E'(2) is defined as 

the frequency on the low-energy edge of the band for which the 

extinction coefficient Cis 0.3 times the extinction coeffici- 

ent at the band maximum. 	A plot of E'(2) against temperature 

is shown in Figure 14.I7, part (ii). 	F'(2) did not change as 

the sample was heated from 20°  to 158°C. 	It fell abruptly at 
the transition-point, remained constant between 158°  and 206°  
and increased abruptly as the salt was fused. 	These changes 
in E'(2) are believed to be a better indication of the move-

ments of the weak band than are the corresponding changes in 

E(2). 
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14.6.5. 	Thallous nitrate. 

Some spectra are illustrated in Figure 14.1%. 	Again, the 

observation of the weak band was seriously hampered at higher 

temperatures by the overlapping edge of the strong band. 	In 
the melt, the maximum of the weak band was almost obscured. 

Two sets of results were obtained, using different samples 

(listed as samples 2 and 3 in Appendix C). 	In the case of 

sample 3, precautions were taken to ensure that the thickness 

(or mass per unit area) of the sample did not change on fusion. 

No such precautions were taken with sample 2. 

The low-energy edge of the strong band was characterised by 

the parameter E(t = 4%), which is the frequency at which the 

transmission is 4%. 	A plot of E(t = 4%) against temperature 

(Figure 14.30, part (iii) ) shows that the band-edge moved to 
lower frequencies as the salt was heated; the rate of move-
ment ( dE(t = 4%)/dT ) was practically the same for the three 

solid phases, and any abrupt changes in E(t = 4%) at the 

transition points were too small to be detected. 

Since thallous nitrate undergoes a .density increase of 

about 6% on freezing (see Table 14.4), an uncertainty arises 
as to whether the thickness or the mass of salt per unit area 

of the sample remains constant when a sample is frozen. 

Efts  = 4%) should be compared with E(ti,  . 4.7%) if the thick-

ness is unchanged on freezing, or with E(ti,  = 4%) if the mass 

of salt per unit area remains constant. 	(Subscripts S and L 

indicate solid and liquid salt respectively). 	In order to 

define the limits of the actual behaviour, both possibilities 

have been considered; part (iii) of Figure 14.30 shows that, 
whichever is correct, the band-edge moves to lower frequency 

by .---1,000 cm-1 on fusion of the sample. 
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Figure 14.2$ (part (i) ) and Figure 14.29 (part (i) ) show 
plots of E(2) against temperature for the two samples ( E(2) 
being the frequency of the maximum of the weak band, uncorr- 
ected for the effect of overlap). 	E(2) decreased with 
rising temperature between 25°C and 145°C, and showed practic- 
ally no abrupt change at the transition-point at 75°C. 	It 
increased by 	cm-1  at the transition-point at 145°C, 
continued to rise as the cubic modification was heated and 
increased by --600 cm-1  at the melting-point. 

Because of the effects of overlap, these changes in E(2) 
must be interpreted with caution. 	The increase in E(2) 

between 145°C and the melting-point may be caused by the 
progressive overlapping of the weak band by the edge of the 
strong band as the latter moved to lower frequency, and the 
large, abrupt shift of the band-edge to lower frequency at the 
melting-point is partly responsible for the corresponding 
increase in E(2). 

In order to obtain a more accurate indication of the true 
movements of the weak band, some measurements were made on 
its low-energy edge, where the effects of overlap are relativ- 

ely slight. 	This band-edge was characterised by the 

parameter E'(2), which is defined as the frequency at which 
the extinction coefficient is 0.3 times the extinction 
coefficient at the maximum of the weak band. 

Plots of E'(2) against temperature for the two samples are 
shown in Figure 14.2.q (part (ii) ) and Figure 14.25 (part (ii)). 
E'(2) showed an overall decrease of 200 cm-1 as the salt was 

heated from 20°C to just below its melting-point (in contrast 
to E(2), which had practically the same value at these two 
temperatures). 	E'(2) decreased when the cubic modification 
was heated, and increased by 400 cm-1  at the melting-point. 
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These changes in E'(2) are believed to be a better indicat-
ion of the true movements of the weak band than are the 
corresponding changes in E(2). 

14.6.6. 	Nitric acid and its hydrates. 

Pure nitric acid and solutions of composition HNO3.H20 and 
HNO3'3H20 were examined as thin films between Spectrosil 
plates. 	A dilute aqueous solution (0.24N) was examined in a 
silica cell of path-length 1 mm. 

Figure 14.31 shows the spectra of the pure acid and of the 
solutions, all at 20°C. 	The dilute acid had a spectrum 
similar to those of the alkali-metal nitrates; the weak band 

had a maximum at 33.10 kcm-1, and the edge of the strong band 

was at about 40 kcm-1. With increasing acid concentration 
the weak band moved progressively to higher frequencies until 
in the pure acid it was present as a shoulder at 38.5 kcm 1 

on the edge of the strong band. 

The spectra of solid HNO3.H20 and HNO3.3H20 were also 

recorded. 	These hydrates were frozen in the copper block of 
the thermostat unit by cooling the latter with liquid nitrogen. 
The results obtained indicate that, for both hydrates, the 
weak band maximum moved abruptly to lower frequency on freez- 

ing. 	Part (i) of Figure 14.32- shows a plot of E(2) against 
temperature for HNO

3
.3H

2
0, and part (ii) shows a plot of E'(2) 

for HNO3'H2O. 	E'(2) is here the frequency on the low-energy 
edge of the weak band for which the extinction coefficient is 
0.7 times the extinction coefficient at the maximum of the 

band. 	This parameter was used in preference to E(2) because 
the maximum of the weak band was very flat for this solution 
and it was difficult to measure E(2) with sufficient precision. 
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14.6.7. 	Iso-propyl nitrate. 

This substance was chosen as an example of a covalent 
nitrate. 	Part (i) of Figure 14.33 illustrates the spectrum 
of a thin film of the pure liquid (held between Spectrosil 
plates), and part (ii) shows the spectrum of a 270 (w/w) 

solution in Spectrosol cyclo-hexane (in a silica cell of path- 
length 1 mm). 	Both spectra were measured at 20°C. 

The two spectra are very similar; the edge of the strong 
band is at 40 - 42 kcm-1, and the weak band is present as a 
shoulder at 38 kern-1. 	The spectra closely resemble that of 

pure nitric acid. 

14.7. 	The nitrites. 

14.7.1. 	Sodium nitrite. 

Figure 14.34- shows the spectrum of this salt at 50°C, 

271CC (solid) and 277°C (melt). 	Complete absorption was 
recorded between 50 and 40 kcm-1. 	The band-edge at 40 kern 1 

was separated by a region of relatively low absorption from 
a well-defined band with a maximum at 	kcm-1. 	Some 
further structural features were observed in the region of 

room temperature: 

1) There was a shoulder at r'40 kcm-1 on the low-energy 
edge of the strong band, with an extinction coefficient 
about 0.6 times that of the weak band. 	The shoulder merged 
with the strong band when the temperature was raised to 100°C. 

2) The absorption rose slowly between 38 and 34 kcm-1  

before rising steeply when the high-energy edge of the weak 
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band was was reached. This slow rise may be identified with the 
shoulder at 32,300 cm-1  reported by Trawick and Eberhardt 
(Ref 10). 

3) Four shoulders were observed on the high-energy side 
of the weak band, at 27.7, 27.1, 26.5 and 25.7 kcm 10 	They 
were smoothed out when the temperature was raised above 100°C, 
and probably represent vibrational structure. 

All these structural features were exhibited both by the 
unrefined Analar sample (sample 1, Runs 1177 - 1180) and by 
the zone-refined samples (Sample 2; Runs 1173 - 1185, and 
Sample 3, Run 1233). 

The % absorption at the maximum of the weak band rose 
steadily as the solid was heated. 

Figure 14.35 shows a plot of E(2) against temperature, 
where E(2) is the frequency of the maximum of the weak band 
at 28 kcm-1. The results obtained with the Analar and with 
the zone-refined samples are distinguished by separate 
symbols, but there is no significant difference between the 

two sets. 	E(2) decreased linearly as the temperature was 
raised from 20°C to the melting-point, and increased by about 
300 cm-1 when the salt was fused. Sodium nitrite has no 
solid-solid transitions in the temperature range covered here. 

The low-energy edge of the strong band was characterised 
by the parameters E(t = 10%) and E(t = 50%), which are the 
frequencies on the band-edge for which the transmission is 
10X) and 50%. 	Plots of E(t = 10%) and E(t = 50%) against 
temperature are shown in Figures 14.34. and 14.37 , for Runs 
1233 to 1243. Both plots are linear between 20°C and the 
melting-point, E(t = 10%) showing the greater variation with 
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temperature. 	At the melting point E(t = 10%) fell by 600 
-1 cm , but E(t = 50%) showed no abrupt change. 	This shows 

that the band edge becomes steeper when the salt is fused, 
and that it moves to lower frequency only in the high-
absorption region. 

14.7.2. 	Potassium nitrite. 

Two samples were examined; one was made up from Analar 
material (Sample 1), the other from zone-refined salt (Sample 
2). 

Some spectra are illustrated in Figures 14.38 and 14.39. 
They are broadly similar to those obtained for sodium nitrite, 
except that no structure was observed on the weak band at 
room temperature. 
at 20°C. 

The weak band had a maximum at 27.6 kcm • -1 

Potassium nitrite has a transition at about 45°C. 	A 
sample of the salt obtained by freezing the melt had a clear, 
glassy appearance above the transition but became opaque 
below it; brilliant mother-of-pearl colours could be seen if 
the sample was scrupulously dry. 	Scattering losses therefore 
increased markedly when a sample was cooled through the 
transition temperature. 	The changes were reversed when the 
salt was heated above 50°C. 	Some hysteresis could be 
observed under suitable conditions; further details are Given 
in Chapter 15. 

A plot of E(2) against temperature for potassium nitrite 
is shown in Figure 14.40. 	Results obtained with the Analar 
and zone-refined samples are plotted separately, but there is 
no significant difference between them. 	E(2) fell by about 
80 cm-1 as the sample was heated through the transition temp- 
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erature, and remained practically constant between 50°C and 
the melting point. 	It increased abruptly by 70 cm 1 when 
the sample was fused. 

The edge of the strong band was characterised by the 
frequencies at 10% and 50% transmission, E(t = 10%) and 
E(t = 50%). 	Figures 14.41 and 14.42 show these parameters 
plotted against temperature for the zone-refined sample, and 
Figure14.43 shows the same functions for the Analar sample. 
In both cases the plots show curvature between the transition 
temperature and the melting point; the movement of the band 
edge to lower frequencies accelerated as the temperature was 
raised. 	The non-reproducibility of the transmission below 
40°C for the Analar sample (Figure 14.43) is probably due to 
changes in the degree of fragmentation of the sample, or to 
changes in its moisture content. 

The significance of the results listed in this Chapter is 
discussed in Chapter 18. 

REFERENCES TO CHAPTER 14. 

1. F.C. Cracek, J. Amer. Chem. Soc., (1931), 21, 2609. 

2. G.P. Smith and C.R. Boston, J. Chem. Phys., (1961), 
34, 1396. 

3. D. Meyerstein and A. Treinin, Trans. Farad. Soc., 
(1961), 22, 2104, 

4. H. Schinke and F. Sauerwald, Z. anorg. Chem., (1960), 
304, 25. 



5. W.J. Davis, S.E. Rogers and A.R. Ubbelohde, Proc. Royc 
Soc., (1953), A220, 14. 

6. A.G. Keenan, "Kinetics and Mechanisms in Ionic Melts", 
final report, Sept. 1954 - Sept. 1957, Air Force Office 
Sci. Res., Project No. Chem 40-18, Contract No. 
AF18(600)-1148; Illinois Inst. Tech., Chicago, Ill. 

7.  G.P. Smith and C.R. Boston, Ann. N.Y. Acad. Sci., 
(1960), 79, 930. 

8.  A.B.F. Duncan, Phys. Revs., (1935), 47, 	822. 

9.  A.K. Dutta, Proc. Roy. Soc., (1932), A138, 	84. 

10. W.G. Trawick and W.H. Eberhardt, J. Chem. Phys., 
(1954), 22, 1492. 



2-17 

CHAPTER 15. 

THE STUDY OF PHASE,CHANGES BY MEASUREMENT OF Jo TRANSMISSION 

AT CONSTANT FREQUENCY. 

15.1. 	Introduction. 

The experimental technique is described in Section 11.15. 

The method depends upon the fact that the profile of the 
absorption spectrum of a thin film of a nitrate or nitrite 

underwent a small, abrupt shift when a transition occurred, 

and this caused a change in % transmission at a given 

frequency. 	In principle this change in transmission could 

be measured at any frequency at which absorption occurs, 
but for the nitrates the greatest change was obtained in 

the region of the steep edge of the strong absorption band 

kcm l). Under these conditions the transmission 

altered by up to 10% when the transition occurred, and this 
change could be made to cover the full scale of the record-
er chart by using the 0 - 10% transmission scale of the 

spectrophotometer. 

The change in transmission was due partly to a change in 

quantum absorption and partly to changes in the light- 

scattering properties of the sample. 	If a salt film was 

taken round a temperature cycle including a transition 

point the % transmission returned approximately to its 
original value, but correspondence was not always exact 

because of irreversible increases in scattering losses due 

to progressive fragmentation of the crystals. 	Figure 15.2 

shows a typical example. 	Reproducibility was better for 
some transitions than for others, but in general the change 

in % transmission at a transition point was reproducible to 

within 10% (for a given sample). 
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To obtain a rough, preliminary estimate of the transition 
temperatures, each sample was heated from room temperature 
to its melting-point at 20°C per minute and then re-cooled 
at the same rate. 	The individual transitions were sub-
sequently re-examined more carefully, using heating and 

cooling rates of i°  per minute. 	Superheating and -cooling 
were common, and for this reason it was sometimes difficult 

to reduce the transition range to below 10 - 15°C. 	This 
was particularly true for the transitions in ammonium 
nitrate at ,--)35°C and ^-85°C (see also Section 14.6.3). 
When superheating and supercooling were less marked, the 

following technique was used. 

A sample was heated at 10  per minute until the change 
began to take place. 	Before it was complete the sample 
was cooled slowly, whereupon the transformation was halted 
and then reversed. 	The temperature was noted at each 
stage. 	The information obtained in this way referred to 
a sample containing seeds of both phases, so the re-
crystallisation could not have been hindered by the slow- 
ness of nucleation processes. 	Transition ranges could be 
reduced to a fairly small size (--'1°C) if this technique 
could be applied. 	When superheating and supercooling 

were more pronounced the transformation, when it eventually 

began, often occurred so rapidly that it was complete 

before the temperature could be altered. 	The sample then 

contained no seeds of the first phase, and reversal could 
be achieved only by overshooting the transition tempera-

ture in the opposite sense. 

This survey of transition temperatures was undertaken 

as a preliminary to the measurement of the change in E(2) 
at the transition points. 	For this purpose it was 

sufficient to know the thermostat block temperatures 
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corresponding to the transitions, and a transition range of 
5°C was small enough. 	In this Chapter the aim has been to 

apply corrections to allow for the temperature gradients in 

the thermostat unit, and so to derive absolute upper and 

lower limits for the transition ranges. 	The information 

obtained in this way can then be compared directly with the 

literature. 

The corrections have been made on the assumption that, 
when a sample was heated through a transition, transform-

ation began at the edges (the hottest part) and then spread 

towards the centre as the temperature was raised further. 

On cooling the change was assumed to begin at the centre. 

The upper limit of the transition range was therefore found 

by calculating the temperature of the centre of the sample 
corresponding to the completion of change in % transmission 

in a heating half-cycle, and the lower limit is the temp-

erature at the edge of the sample at the completion of 

change after cooling. 	These temperatures were calculated 

from the measured block temperatures by use of the data 

summarised in Section 11.8. 

The results are given below. 	No transitions were 

found which had not previously been reported in the liter-

ature, although the transition in potassium nitrite at 

40 - 50°  was 'discovered' before the author knew that it 

had already been reported. 	The transitions in potassium 

nitrate and potassium nitrite both showed features of 

particular interest, and were therefore studied in some 

detail. 
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15.2. 	Transitions in crystalline nitrates. 

15.2.1. 	Potassium nitrate. 

When a sample of the salt was heated from room tempera-

ture, a sudden change in % transmission (at 40 - 42 kcm-1  ) 
was recorded at about 128°C. 	The lowest sample temperature 
at which the onset of the change was detected was 127.9°C, 
and if heating was carried out sufficiently slowly (at 2°  
per minute) the change was complete at 128.05°C. 

In one experiment the sample was heated to 128.6°, when 
the change began to take place slowly. 	Before the trans-

formation was complete, the temperature was lowered until 

the edge of the sample was at 126.7°. 	The change was 
reversed. 	This indicates that there is equilibrium between 
forms I and II at this transition-point, since the change 
can be made to occur in either sense by altering the temp- 
erature slightly. 	The equilibrium temperature must lie 
within the range 126.7 to 128.05°C. 

If the salt was thermostatted at 130°  for a few minutes 
it was converted entirely into the high-temperature form. 

Its behaviour on cooling was then quite different from that 
recorded above. 	The % transmission returned to its original 

value in two stages. 	The first change was complete in 

about 20 seconds, and took place at sample temperatures 

within the range 120°  - 122.9°C in different experiments. 
The second change was slower (occupying several minutes), 

and was observed at temperatures between 109 and 117°C. 
This shows that when the high-temperature modification (I) 
is cooled, it changes first into an intermediate form (III) 

which is later converted into the stable low-temperature 
form (II). 
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On one occasion a sample was cooled from 130°  to 121°, 
when the transition from phase I to the metastable phase III 
took place to completion. 	The temperature of the sample 
was raised to 125.0°C (this being the temperature of the 
coolest part, i.e. the centre) and was held at this value 
for one hour. 	The % transmission at 42 kcm I returned to 
the value characteristic of phase I. 	This proves that 
there is equilibrium between forms I and III at some temp- 
erature between 121°  and 125.0°C. 	Since in other experi- 
ments (described above) the change I 	was observed at 
sample temperatures between 120°  and 122.9°, the I 	III 

equilibrium must lie in the range 122.9 - 125.0°C. 

In a final experiment a sample was cooled from 130 to 
121°C, and allowed to transform to phase III. 	It was then 
heated at a rate of 1°  per minute. 	The % transmission 
remained at the same level until the temperature of the 
warmest part of the sample reached 127.8°C, when the trans-
mission increased abruptly to the value characteristic of 
phase I. 	This indicates that form III can be superheated 
above the I#III equilibrium temperature (123 - 125°C) until 
the II ;± I transition temperature is reached. 

The findings described above are summarised in Figure 
15.1, which represents the results of many experiments. 	A 
plot of % absorption against temperature for a single heating 
and cooling cycle is shown in Figure 15.2. 	In this experi- 
ment the heating was carried out at 0.5°C per minute and the 
cooling at 0.3°  per minute (except in the ranges 122 - 120°  
and 115 - 112°, where the cooling rate was reduced to 0.15° 
per minute). 

The results of this investigation are in entire quali-
tative agreement with those of Kracek (Ref 1), who studied 
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the transitions by dilatometry and by thermal analysis. 

He found equilibrium between I and II at 127.7°C, and made 
the interesting observation that if a moist sample is cooled 

from 130°  to just below 127°  phase I changes into phase II 
without the intermediate appearance of phase III. 	The 
change presumably occurs by solution of I in the water, 

followed by crystallisation of II from the solution. 

Kracek also demonstrated the existence of a metastable 

equilibrium between I and III in the dry salt; he gives the 

equilibrium temperature as 126.1°C, which lies outside the 
range 122.9 - 125°  obtained by the author. 	The present 
result is believed to be the more accurate. 	Agreement 
between the two sets of results is otherwise qualitatively 
complete. 

The hysteresis associated with the transition in the dry 
salt is probably caused by the marked difference between the 
crystal structures of I and II. 	Both forms have pseudo-
hexagonal symmetry when viewed along the c-axis; in form I 

the potassium ions and nitrate ions lie on two separate sets 

of straight lines parallel to the c-axis, but in form II the 

two sets become identical and each line passes through 
anions and cations stacked alternately (Ref 13). 	The 

transformation of I to II therefore requires considerable 
ionic rearrangement, so direct nucleation and growth of 

phase II within phase I would involve high inter-domain 

strain energies. 	The intermediate formation of phase III 

(whose structure has not been determined) presumably allows 
these strains to be avoided, at least in part. 

15.2.2. 	Rubidium nitrate. 

This salt has three transitions between room temperature 
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and its melting-point. 	As the temperature is raised, the 
crystal structure changes from hexagonal (form IV) to cubic 
(III), then to rhombohedral (II) and finally to cubic (I) 
again before the salt melts. 

All three transitions were detected by the spectroscopic 
method. When a sample was heated from room temperature, 

the first transformation (IV--VIII) was complete when the 
centre of the salt film reached 163.9°C. 	On re-cooling, 
the reverse change was complete when the edge of the sample 
was at 158.4°C. 	These two temperatures therefore define 
the limits of the transition range. 

When form III was further heated, the change to the 
rhombohedral form II began when the hottest part of the 
sample was at 222.3°C. 	The sample was cooled before this 
change was complete, and reversal was observed when the 
coolest part of the film reached 218.0°C. 

When phase II was heated, the third transition began 
when the edge of the sample (the hottest part) reached 

282.9°C, and was complete when the centre was at 283.4°C. 
On re-cooling, the change -411 occurred rapidly and 

completely at 282.000. 	The cycle of changes is therefore 
confined within the temperature range 282.0 - 283.4°C. 

A sudden increase in % transmission corresponding to 
melting was observed when the edge of the sample reached 

312.3°C. 

15.2.3. 	Caesium nitrate. 

This salt transforms from hexagonal (II) to cubic (I) at 
about 153°C. 	On heating a sample, the change II-4 I began 



when the edge of the specimen reached 153.4°C, and was 
complete when the centre reached the same temperature. 	The 
sample was cooled until the reverse change had occurred. 	It 
was then re-heated until the change 11-41 began, and the 
thermostat was cooled before the change was complete. 	The 
transformation was reversed when the edge of the film reached 
152.8°C. 	The transition range is therefore 152.8 - 153.4°C. 

15.2.4. 	Ammonium nitrate. 

Ammonium nitrate has three transitions between room temp- 
erature and its melting-point. 	Superheating and supercool- 
ing were very marked in the region of the lower two, and 
these transition temperatures could not be found accurately 
by the 'constant frequency' technique. 	By carrying out 
heating and cooling cycles, it was established that the 
first transition temperature lay in the range 29 - 44°C and 
the second between 78 and 88°C. 	It was possible to invest- 
igate the hysteresis associated with the transitions by 
measuring E(2) as a function of temperature (see Section 
14.6.3). 

The third transition, between the tetragonal form (II) 
and the cubic form I, took place more readily. 	On heating, 
the change 	I was complete at 125.0°C, and on cooling 
the reverse change was complete at 121.8°C. 

15.2.5. 	Silver nitrate. 

The experiments on this salt were carried out at a 
frequency of 35.2 kcm 1, on the low-energy edge of the 
strong band. 	The sample was heated from 156°C at 1°C per 
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minute. A change began when the edge of the film reached 
158.6°C. 	The salt was re-cooled before the transition was 
complete; the change was halted, and began to reverse when 
the centre of the film was at 157.6°C. 	The transition 
range can be given as 157.6 - 158.6°C. 

On further heating the sample began to melt when its 
edges reached 207.9°C, and fusion was complete when the 
centre of the film was at 208.4°C. 

15.2.6. 	Thallous nitrate. 

Two transitions have been reported in the literature, at 
75 and 145°C (see Table 15.1). 	The lower one could not be 
detected by the technique described here, although experi-
ments were carried out both at 35.4 and 29.6 kern ( on the 
low-energy edge of the strong band and the weak band 
respectively). 	A small change in % transmission was 
recorded at both these frequencies when the sample was 
heated through 146°C, (corresponding to the change II 	I), 
but no reverse change was detected on cooling. 

The sample was heated from 200°C at a rate of 1°  per 
minute. 	A change in transmission showed that the film 
began to melt at the edges at 206.2°C and that fusion was 
complete at 206.3°C. 

15.3. 	Summary of results for the nitrates.  

The details in the foregoing paragraphs are summarised in 
Table 15.1, which also gives some values of transition 
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temperatures taken from the literature. 	The results from 
the present work are given in the form of a temperature 

range defining the limits of the transition (including any 
hysteresis). 	This range was of the order 1°  - 5°C 
(excepting the two lower transitions in ammonium nitrate), 

which is adequate for the purpose for which the measurements 
were made (see Section 15.1). 	It is not logical to try 
to derive single values of transition temperatures from this 
work. 	An equilibrium between two solid phases can be 

characterised by a single transition temperature only when 
the strain energy and inter-phase surface energy in the 
sample are negligible (Ref 11). 	This condition is un-
likely to be satisfied in a dry, crystalline solid (unless 

the structures of the two phases are very simply related), 

so some hysteresis is normally to be expected if a dry sample 

is taken through a temperature cycle which includes a 

transition. 

If the sample is in contact with a solvent it is 

possible for a phase-change to occur by solution of one 

phase followed by crystallisation of the other from solution, 

and under these conditions the two solid phases can be 

considered independent. 	The simple form of the phase 

rule then applies, and a sharp transition temperature may 

be expected. 	The temperature measured in this way would 
lie within the 'transition range' measured by the spectro-

scopic method. 
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TABLE 15.1. TRANSITION RANGES IN CRYSTALLINE NITRATES. 

Salt 
Transition 	rang e 	(°C) 

Present work Literature 

KNO
3 

II-4I 126.7 — 128.05 127.3 — 127.9 (Ru 1) 

IIIQI 
... 

122.9 — 125.0 126.1 (Ref 1) 

RbNO
3 

i 

IV 	III 158.4 — 163.9 163.5 ± 	5 (Ref 3) 

164 	(Ref 4) 

160 	(Ref 5) 

III4.II 218.0 - 222.3 211 - 218 (Ref 5) 

219 	(Ref 6) 

II-4I 282.0 - 283.4 291 	(Ref 4) 

281 	(Ref 5) 

, 

CsNO
3 

III 152.8 — 153.4 143 — 161 (Ref 7) 

163 	(Ref 8) 

154 	(Ref 4) 
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TABLE 15.1, continued. 

Salt 
Transition 	range(°C) 

1 
Present work Literature 

NH4NO3 
IV4III 29 — 44 41 	(Ref 9) 

35 	(Ref 2) 
32 	(Ref 10) 

IIIII 78 — 88 86 	(Ref 2) 
86 	(Ref 9) 
82.7 	(Ref 10) 

II.t. I 121.8 — 125 127 	(Ref 2) 
125 	(Ref 9) 
125.5 	(Ref 10) 

AgNO3  

II-I 157.6 — 158.6 159.6 	(Ref 10) 
160 	(Ref 2) 

T1NO
3 

III 	II .. 75 ± 1.8 	(Ref 10) 
77.5 	(Ref 2) 
61 — 80 	(Ref 7) 

II--I upper limit 146 145 ± 1.5 	(Ref 10) 
147 	(Ref 2) 
142.5 — 152.6 

(Ref 7) 
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15.4. 	The transition in potassium nitrite at 40 - 50°C. 

This transition was first detected during the zone-
refining of the salt. When the potassium nitrite in the 
refining column was cooling after the passage of the molten 
zone, it was transparent until its temperature reached about 
40°C. On further cooling the salt underwent a marked change; 
highly-reflecting crystal surfaces were formed, and these 
imparted a scintillating, brilliant appearance to the column 
and rendered it opaque. 	If the salt was re-heated above 
50°C the clear appearance was restored. When the heater 
passed along the zone-refining column the 'Olear' phase 
extended for some two or three cms on either side of it and 
was separated from the 'opaque' phase by fairly sharp 
boundaries. 

Mother-of-pearl interference colours could be seen in a 
newly-formed sample of the 'opaque' phase, but if the salt 
was exposed to the atmosphere the colours faded and the 
scintillating appearance was lost within half an hour 
(although the material remained opaque). 	The fading spread 
from the exposed surfaces into the bulk of the sample and 
was almost certainly caused by moisture, as the following 
experiment shows. 	When some potassium nitrite was fused, 
cooled to room temperature and stored under vacuum, the 
interference colours in the opaque phase showed no reduction 
in intensity after 24 hours but immediately began to fade 
when air was admitted to the tube. 	One hour later the salt 
was visibly wet, and drops of concentrated solution could be 
poured off. 

The transition was studied by the 'constant frequency' 
technique. 	In the range 40 - 50°C the temperature in the 
thermostat and sample was uniform to better than 0.1°C 
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(see Table 11.6), so the measured block temperatures 
required no correction. 	Frequencies were chosen either on 
the edge of the strong band 	40 kcm-1) or in the region 
of relatively weak absorption between the two bands (r' 35 
kom 1); in either case, the transformation from the 'opaque' 

to the !Olear' form was accompanied by large changes in % 
transmission (up to 60%). 

Even when heating and cooling rates as low as 0.1°C per 

minute were used, the transition showed marked hysteresis. 

If the thermostat temperature was changed by increments of 

1°0 in the hysteresis region the % transmission reached a 

steady value at each stage, taking one or two minutes to 

do so. 

The shape of the hysteresis loop in a plot of % trans-

mission against temperature was reproducible for dry samples, 

but was influenced by the presence of moisture. 	Figure 15.3 
shows the loop for a dry sample of the zone-refined salt, 
obtained in the following way. 	Two Spectrosil plates were 
heated to 430°C on the electric hotplate, the salt was taken 
from a desiccator (in which it had been stored over P205) 

and the sample was made up in the usual way (see Section 

11.10). 	The salt film was allowed to freeze and was immed-

iately transferred to the thermostat in the spectrophotometer. 

A heating and cooling cycle was carried out without delay, 
using a rate of temperature change of 0.5°  per minute, and 

when this was finished the salt still had the scintillating 

appearance characteristic of the dry salt. 

It can be seen from the diagram that the total length of 
the loop along the temperature axis is about 10°C, or more 

if the narrow end portions are taken into account. 	This 
length is difficult to measure precisely, but the width 
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midway between the upper and lower transmission limits can 
be measured to ± 0.1°C because the sides of the loop are 
steep in this region. 	This width at half-height (marked 
on Figure 15.3 as W(h) ) will be used to characterise the 
hysteresis; for the curve in Figure 15.3, W(h) is 3.7°C. 

Attempts were made to study the effect of moisture on the 
width of the loop. 	It was difficult to obtain precise 
information because although the samples took up moisture 
from the atmosphere at room temperature some of this was 
lost again when the salt was heated to 50°C. 	If a temper- 
ature cycle 400-4 50°--* 40°  was carried out on a film which 
had been allowed to become moist at 20°, the water was 
driven off progressively and the % transmission failed to 
return to its original value at 40°C. 	Reproducible 
behaviour was found only when the water content of the 
sample had fallen below a certain level. 

The salt film used to obtain the loop in Figure 15.3 
was moistened at the edges with distilled water. 	After 24 
hours the water had penetrated to the centre of the film, 
which had lost its scintillating appearance and was visibly 
wet. 	The sample was put back into the spectrophotometer 
and the temperature was changed in the sequence 500--4400--4 
50°-440°C at a rate of 0.4°C per minute. 	Figure 15.4 
shows a plot of % transmission against temperature. 	It is 
seen that a closed loop was obtained only during the last 
two half cycles; W(1,) for this loop was 3.3°C. 

In similar experiments carried out on two more moist 
samples made from zone-refined salt, W(/z) had values 3.4°  
and 2.8°C. 	The curves are reproduced in Figures 15.5 and 
15.6. 	The rates of temperature change in these two exper- 
iments were 0.2°  and 0.1°  per minute respectively. 



These results show quite clearly that the hysteresis loop 
is narrowed by addition of moisture to a dry sample. 

One experiment was carried out on a sample made up from 
Analar potassium nitrite taken straight from the reagent 
bottle. 	When heated at 0.2°  per minute the film trans-
formed to the high-temperature form at 43.0°C, the change 
being complete in about ten seconds. 	On immediate re-
cooling, the reverse change took place equally rapidly at 
40,7°C. 	W(1/2) for this cycle was therefore 2.3°C. 	The 
sample was then fused in the thermostat, and re-cooled to 
room temperature. A second heating and cooling cycle was 
performed. 	The transition now showed hysteresis; the 
change took place between 47°  and 57°  on heating and between 
50°  and 42°  on cooling. This change from sharp and rapid 
transition to slow transformation with hysteresis was almost 
certainly caused by loss of moisture from the sample when it 
was fused between the two experiments. Since moisture had 
such a marked effect on the hysteresis loop it is not 
possible to say whether the ionic impurities present in the 
Analar salt (at least 0.3 mole %; Section 8.2.2) caused it 
to behave differently from the zone-refined samples. 

The appearance of highly-reflecting crystal surfaces when 
the 'clear' phase is cooled below 40°C suggests that surface 
and strain energy are responsible for the hysteresis in dry 
samples. For an interval of some 5°C on either side of the 
transition temperature the sum of these two energies must be 
of the same order of magnitude as the free energy difference 
between the two (strain free) crystalline forms. 	In the 
previous sentence, 'transition temperature' is used to mean 
the temperature at which the two solid phases are in equil- 
ibrium in the presence of a solvent. 	In the experiments 
described above, the water would narrow the hysteresis loop 
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by allowing the transformation to take place by the altern-
ative path 

I ---> solution —) II. 

This does not involve the direct growth of one phase in a 

matrix of the other, so the production of strains and large 
areas of new inter-phase surfaces is avoided. 

In the early stages of this work the transparent, glassy 

appearance of the 'clear' phase led to the suggestion that 

the substance actually was a glass, i.e. a non-crystalline, 
supercooled melt. 	This possiblity can now be dismissed, 
on the following grounds: 

a) A few crystal interfaces could be seen in the solid 
phase above 50°C. 

b) The boundaries between the 'clear' phase and the 

melt in the zone-refining apparatus were sharp and well-
defined, particularly as the melt was lemon-yellow while the 
solid was almost colourless. 	If the 'clear' phase were a 
glass the transition from solid to liquid would be contin-

uous. 

c) The 'clear' phase could be re-formed from the 
'opaque' phase by heating the latter above 50°C. 	For a 
true glass the process of crystallisation (vitrification) 

would be irreversible, and the glass could be re-formed only 

by melting the crystalline solid and re-cooling it. 

It is more probable that the clear phase consisted of a 
relatively small number of crystals and that these broke up 
into domains of the low-temperature form when cooled below 
40°C. 	If the crystal axes of the domains were related to 
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those of the original crystals the latter could be re-formed 

when the sample was heated. Behaviour of this kind has 

been observed in potassium dihydrogen phosphate (Ref 11) 

and in some of the transitions in crystalline nitrates 
(Ref 12). 

15.5. 	Potentialities of the technique. 

The relative convenience and economy of the spectroscopic 

technique for studying phase-transitions is demonstrated by 

the fact that the investigation of the complicated potassium 

nitrate transition occupied less than a week and required 
only a few milligrams of salt ( which could be recovered if 

required). For the other nitrates, simple measurement of 

the transition ranges took only a few hours for each salt. 

The method has advantages over conventional dilatometry and 

thermal analysis if the substance to be investigated is 
difficult to prepare, since the latter techniques require 
samples of at least several grams. 

The operation of the spectrophotometer and temperature 

control unit during an investigation involved only the 
turning of knobs, so 'remote control' of the whole 

apparatus would present no major difficulties. 	The tech-
nique therefore has obvious potential for the study of 
phase transitions in highly radio-active materials as well 

as in those whose lifetime is limited by chemical instab-

ility. 
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CHAPTER 16. 

DISCUSSION: THE ELECTRICAL CONDUCTIVITY OF POTASSIUM 
NITRATE - BARIUM NITRATE MIXTURES. 

There seems no doubt that the Wagner effect (see Se7.tion 
3.7) occurs in crystalline nitrates as well as in the more 
widely studied alkali-metal and silver halides 	The solid 
formed by freezing a solution of 0.1 mole % calcium nitrate 
in fused potassium nitrate has a conductivity three hundred 
times that of pure potassium nitrate at the same temperature 
(measurements made by Dr. E. Rhodes; Ref 1), 	The fact 
that the nitrate ion is polyatomic and non-spherical does 
not therefore prevent the appearance of cation vacancies 
when calcium ions are dissolved in solid potassium nitrate, 
these vacancies being large enough to accommodate a potass-
ium ion and capable of movement away from their parent 
calcium ion under the influence of an electric field. 	It 
was thought necessary to establish this point; it might 
have been found that the vacancies were blocked by the 
adjacent nitrate ions. 	Blocking could occur, for example, 

by the onset of free three-dimensional rotation so that the 
nitrate ion became effectively spherical and occupied a 
greater volume than when stationary. 

The results presented in Chapter 12 clearly show that 
there is no increase in conductivity when barium nitrate 
is dissolved in potassium nitrate melt; on the contrary 
the conductivity falls progressively with rising barium 
concentration. The most obvious conclusion to be drawn 
from this is that the addition of barium ions does not 
cause an increase in the empty space available for the 
migration of cations in the melt; in fact they may actually 
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cause the ionic packing arrangement in the melt to contract 
slightly. The values of 	and AHA  in Table 12.2 
(the so-called "activation energies for conduction") 
increase steadily with barium-ion concentration, and 
although it is not strictly correct to identify either of 
these parameters with the height of the potential barrier 
which a cation must overcome to migrate through the melt 
(see page 31 ) we may conclude that the addition of divalent 
cations to fused potassium nitrate restricts the movement of 
the ions under an electrostatic potential gradient. 

It is quite evident that the long-range order which is 
present in crystalline potassium nitrate must be absent in 
the melt, since it is the retention of this order (combined 
with the condition of electrical neutrality) which causes 
cation vacancies to be formed when divalent ions enter solid 
solution in the crystal lattice. 	This conclusion about the 
structure of the melt is consistent with the evidence from 
diffraction experiments mentioned in Chapter 7. 

It is possible to make some more refined calculations of 
transport parameters in the mixed melts by using the 
equation developed by Bockris et al. and modified by Yaffe 
and van Artsdalen: 

5.18 x 1018(D + 2)zdi2.exp(AS*/R). 
exp(-AH*/RT) 

(see Chapter 3) 

In this equation, Ai is the equivalent conductivity due to 
a given ionic species of valency z, D is the microscopic 

dielectric constant, 2di  is the distance moved by an ion 
when it jumps from one equilibrium position to the next and 
AS and Ali are the entropy and enthalpy of activation. 
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for the migration process. 

For pure, fused potassium nitrate the transport nuuabe:• 
of the cation is known to be 0.60 (Ref 2), so.k i  for the 
potassium ions is 0.6021 (11 being the measured eouivaleni, 
conductivity). 	D is difficult to estimates  but the value 
3 has been suggested by van Artsdalen and will'. be used her, 
A mean value 

(n.z. )/ 	( . ) 
i 

must be used for the valency of the cations in the mixturcs 
whereni  . and zi  are respectively the equivalent fraction 
andvalencyoftheiethcationicspeeies.d.for pure 

potassium nitrate and pure barium nitrate melts has been 

estimated by assuming that the cations lie on a body-

centred cubic lattice whose cell-constant a is related to 
the molar volume Vm by the equation 

N.a3  / 2 = Vm 

(N.Avogadro'snumber);2di is then equal to half the 
body diagonal of the unit cell, i.e. 0.866a. 	The mcar 
volumes of the pure melts were taken from Chapter 13. 
Values of di,  for the mixtures were found by linear 
interpolation. 

ZSS and LSE have been calculated from these data, 

using the measured values of A and assuming that the slAn 
of the cation transport numbers in the mixtures remains 
0.60. 	The free energy of activation, ZSG , is given by 

- TAS 
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In the case of the mixtures, the activation parameters 
obtained in this way must be regarded as averages applying 
to the cation population as a whole. 

TABLE 16.1. Transport parameters for KNO
3 
- Ba(N0)2 

melts at 350°C. 

Mole % LH
*  6 s*  AG*  

Ba(NO3)
2 

d 108. i  z (kcal / 
mole) 

(e.u./ 
mole) 

(kcal/  
mole) 

.- 

0.0 2.44 1.00 4.00 -6.59 8.11 

2.5 2.45 1.025 4.05 -6.64 8.19 	• 	. 

5.2 2.46 1.05 4.12 -6,71 8.30 

12.4 2.49 1.125 4.24 -6.94 8.56 

The Table shows that LH*  (which is identical with EA  of 
of Chapters 3 and 12) and AG both increase with rising 
barium ion concentration. 	AS is negative (showing that 
activation can be regarded as an ordering process), and 
becomes numerically larger as barium ions are added. All 
three parameters vary approximately linearly with barium 
concentration. 	These results are consistent with the 
general conclusions stated at the beginning of the Chapter; 
the addition of barium ions to fused potassium nitrate leads 
to some restriction in the migration of the ions in an 
electric field, which can be attributed to the electrostric-
tion arising from the double charge on the barium ions. 
The phenomenon might be described as an 'anti-Wagner effect'. 

The equivalent volumes of the mixtures provide confirm-
ation for this interpretation of the conductivity results, 
and they are discussed in the next Chapter. 
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CHAPTER 17. 

DISCUSSION: EQUIVALENT VOLUMES OF FUSED POTASSIUM NITRATE - 
BARIUM NITRATE MIXTURES. 

17.1 Volume change on mixing fused potassium nitrate and 
barium nitrate. 

If a pair of univalent cations are removed from the 
crystalline lattice of a 1:1 salt and are replaced by one 
divalent cation of the same or similar radius (the other 
cation site remaining empty), the overall volume of the 
crystal should remain unchanged. 	This has been shown to 
be so for solid solutions of calcium chloride in potassium 
chloride (Ref 1). 	If the same occurs when the potassium 
ions in fused potassium nitrate are replaced by barium ions, 
a plot of equivalent volume against composition for 
liquid mixtures should be a straight line parallel to the 
composition axis (i.e. the number of nitrate ions in a 
given volume of melt should be independent of the potassium/ 

barium ratio). 

Figure 13.1 shows at once that this is not the case; 
the equivalent volume of barium nitrate is estimated to be 
only 43.25 ml at 44000, compared with 56.38 ml for potassium. 
nitrate, so the total volume is reduced by some 23% when all 
the potassium ions are replaced by barium. 	Indeed, the 
fraction of the volume of the melt which is not attributable 
to the ions themselves actually decreases from 51% for 
potassium nitrate to 43% for barium nitrate. 	(These figures 
are based on the ionic volumes NO

3 
= 21.7 ml/mole and 

K+  = Be+  = 5.9 ml/mole, found in the way described in 
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Chapter 7). The barium ions therefore cause the ions in a 
mixed melt to be even more closely packed than those in pure 
fused potassium nitrate, and thus bring about the 'anti-
Wagner' conductivity effect described in the previous 
Chapter. Consistently with this picture, the coefficient 
of cubic expansion of the mixed melts decreases steadily 
with rising barium ion concentration (see column 4 of Table 
13.4). 

A second remarkable feature of the equivalent volume 
isotherms in Figure 13.1 is the fact that they are straight 
lines to a very high degree of approximation, the standard 
deviation of the experimental points from the lines of 
closest fit being less than 0.02% for the isotherms at 373°, 
410°  and 440°C. 

It is interesting to compare the volume change on mixing 
(excess volume) in the system KNO3  - Ba(NO3)2  with that in 
other binary salt mixtures and with that in mixtures of 
liquids made up of molecules rather than ions. 	Excess 
volumes for these two classes of mixtures are shown as a 
function of composition in Figures 17.1 and 17.2. 

Parts VII and VIII of Figure 17.1 refer to the KNO3  -
Ba(NO3)

2 system at 410° and 440°C respectively, and have 
been drawn on the assumption that the equivalent volume of 
barium nitrate is equal to its partial equivalent volume as 

given by equation 13.8. 	(Some assumption of this kind is 
necessary because it is impossible to make density measure-
ments on mixtures containing more than 50 equiv.% barium, 
owing to decomposition). Parts VII and VIII of the Figure 
are therefore not strictly comparible with the others. The 
following method has been used to compensate for this 

difference. 
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Key to Figure 17.1. 

The curves refer to the following pairs of ionic melts 
(the first-mentioned being the pure component at the left-
hand side of the diagram). 

I 	Mne12 + KC1, at 800°C (Ref 2) 

II 	CdI2 + KI, at 700°C (Ref 3) 

III 	CaC12 + KC1, at 850°C (Ref 4) 

IV 	LiNO
3 

+ KNO3, at 350°C (Ref 5) 

V 	KNO
3 
 + NaNO3, at 400°C (Ref 2) 

VI 	KNO3  + KBr, at 730°C (Ref 3) 

VII 	KNO
3 

+ Ba(N05)2' at 410°C (present work) 

VIII KNO3  + Ba(NO3)2, at 440°C (present work). 
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Key to Figure 17.2. 

The following mixtures are represented: 

I 	benzene + cyclo-hexane, at 20°C (Ref 6) 

II 	carbon tetrachloride + neo-pentane, at 000 

(Ref 7) 

III 	neo-pentane + benzene, at 0°C (Ref 7) 

IV 	argon + nitrogen, at 84°K (Ref 8) 

V 	n-hexane + cyclo-hexane, at 20°C (Ref 9) 

VI 	n-decane + n-hexadecane, at 20°C (Ref 10) 

VII 	cyclo-hexane + iso-octane, at 30°C (Ref 11). 
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Suppose that a set of exact values of equivalent volumes 
were available for the system KNO3  - Ba(NO3)2  over the entire 
composition range, and that a plot of excess volume against 
composition was in fact a parabola with a maximum (vgax) at 
50 equiv. % barium. Suppose now that a straight line is 
fitted to the points in the composition range 0 - 50 equiv. 
% barium, by the method of least squares. 	(This line 
corresponds to the horizontal axis in parts VII and VIII of 
Figure 17.1). 	Clearly, the deviations (d) of the points 
from this straight line would be positive in the region 25% 
barium and negative near 0 and 50% (or vice versa). Math-
ematical analysis shows that the maximum deviation (dm  ) 
occurs at 25 equiv. % barium, and that dmax  is exactly one- 
tenth of vE as defined above. max 

The deviations of the author's experimental equivalent 
volumes from the best straight lines through them were 
plotted against composition, at 410°  and 440°C. 	The points 
were scattered randomly on both sides of the composition 
axis, and their distribution gave no grounds for supposing 
that the best line through them was a curve rather than a 
straight line. By trial and error, an estimate was made of 
the minimum value of 	 for which curvature in this plot 
could have been discerned above the random scatter due to 
measuring errors. This value of dmax  was found to be 
01005 ml, and the corresponding .value of vE  is 0.05 ml max 
(from the relationship mentioned above). 	In other words, 
if the plot of equivalent volume against composition for the 
system KNO

3 
- Ba(NO3)2 is really a parabola, v

E for a 50:50 
mixture is less than 0.05 ml. 	Comparison with Figures 17.1 
and 17.2 shows that this system approaches ideality at least 
as closely as any of the other mixtures illustrated (with 
the possible exception of the system cyclo-hexane + iso-
octane, shown in part VII of Figure 17.2); i.e. it is as 
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nearly ideal as a mixture of the inert elements or of 
paraffin hydrocarbons. 

Before these points are discussed, attention is drawn to 
the low standard deviation of the experimental results in 
parts VII and VIII of Figure 17.1 compared with parts I to 

VI. 	This demonstrates the superiority of Husband's method 
of density determination. 

The following explanation can be put forward for the 
nearly ideal volume of mixing in the system KNO3  - Ba(NO3)2. 
In pure melts of these salts, the cations have only nitrate 
ions as nearest neighbours, the probability 
contact being extremely small for energetic 
Chapter 7, section 4). 	When the melts are 
in the mixture still have only nitrate ions 
bours, so mixing does not enable contact to 
any pairs of ions which were not already in  

of cation-cation 
reasons (see 
mixed, the cations 
as nearest neigh-
occur between 
contact in the 

pure components; the only new type of interaction in the 
mixture is that between potassium ions and barium ions 
occupying positions as second-nearest neighbours. 	Short-
range effects between ions in contact, which usually play a 
dominant role in determining the volume change on mixing, can 
therefore undergo no change when potassium nitrate and barium 
nitrate are mixed; in this system, the deviations from 
ideality must arise mainly from interactions between second- 
nearest neighbours. 	Because of this circumstance, the 
excess functions vE and hE for binary salt mixtures having 
on* iOn in.  common sometimes show unusual relationships to 
eachother. For example, heat is evolved when fused nitrates 
of different alkali-metals are mixed (hE  negative), yet the 
volume of the mixture is greater than the sum of the volumes 
of the components at the same temperature (vE  positive)(Ref 
12,13). Similar behaviour is unknown in the field of 
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molecular-liquid mixtures, in which the molecules of the 
two components invariably come into contact with each other. 

17.2. 	Heat of mixing of fused potassium nitrate and 
barium nitrate.  

It is interesting to consider whether the liquid system 
KNO

3 
- Ba(NO3)2 also approaches ideality in respect of the 

heat of mixing. Direct thermochemical experiments would 
be complicated by the fact that pure barium nitrate cannot 
be fused without decomposition, so calorimetric techniques 
would be restricted to measurement of temperature changes 
on mixing solutions of different concentration, or measure-
ment of the heat of solution of solid barium nitrate in an 
unsaturated solution. However, the order of magnitude of 
the excess heat hE can be deduced from the freezing-point 
curve of the system. 	This curve has a eutectic point at 
22.5 equiv. % barium nitrate (Ref 14), and the two branches 
otherwise show no discontinuous change of slope. 	The solid 
which separates when a liquid mixture is cooled must there-
fore be either pure barium nitrate or pure potassium nitrate. 
The activity (a) of potassium nitrate in the liquids on the 
potassium-rich branch of the freezing-point curve can be 
calculated from the equation 

In a = 	(l/Tf  1/T).Lf/R 	+ 

C - C L 	.S f/T - 1 - In Tf/T). 

(cf. Ref 15). 	In this equation, Tf  and T are the freezing- 
points (in °K) of pure potassium nitrate and of the solution 
respectively, Lf  is the molar latent heat of fusion of pure 
potassium nitrate at temperature Tf, and CL  and Cs  are the 
molar specific heats of liquid and solid potassium nitrate 
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at constant pressure (these specific heats being assumed 
independent of temperature in the range T to Tf). Using 
values of Lf, CL and C obtained calorimetrically by Goodwin 
and Kalmus, (Lf  = 2570 cal/mole, CL  = 33.7, Cs  = 29.5 cal/ 
mole/°C) and the freezing-points reported by Protsenko and 
Malakhova (Ref 14), the activities and activity coefficients 
(/ ) of potassium nitrate in several mixtures have been 
calculated and are listed in Table 17.1. 	No similar 
calculation is possible for the barium-rich side of the 
diagram because Lf, CL  and Cs  for this salt are not known 
(and cannot be measured directly because of decomposition)„ 

It is easily shown that the free energy released when one 
mole of liquid potassium nitrate is added to a large volume 
of a KNO

3 
- Ba(N05)2 mixture is 

(7  — 70) 	= 	(—o) - T(g - 70) 

RT ln a, 

where partial molar quantities are indicated by a bar and 
refer to potassium nitrate throughout. 	If the entropy of 
mixing ,( 	ro), has the ideal value -R ln x (x = mole 
fraction KNO3)

, then the heat of mixing, (7 — 7o)' is equal 
to RT In X ( y = a/x). 	Table 17.1 shows that RT ln 
takes negative values, and reaches about -50 cal for a 
solution of the eutectic composition (12.7 mole % Ba(N05)2). 
It seems likely, therefore, that heat would be evolved if 
pure, fused potassium and barium nitrates could be mixed, 
and extrapolation shows that the excess heat hE  for an 
equimolar mixture might be as high as 500 - 800 calories/mole, 
Calorimetric work by Kleppa (Ref 17) indicates that a heat 
of mixing of this order of magnitude is not unlikely; he 
has shown that the excess heats of equimolar mixtures of 



TABLE 17.1. 

Activities (a) and activity coefficients (i ) of 

potassium nitrate in KNO3 - Ba(NO3)2 mixtures. 

Temp. 

(0C) 

Mole 
fraction 
KNO3 
(x) 

a 

, 

(= a/x) 

RT In 

(cal/ 
mole) 

336 1.000 1.000 1.000 - 

327 0.974 0.969 0.995 -7.0 
. 

318 0.947 0.938 0.990 -12.Q 

307 0:919 0.901 0.981 -25.0 

294 0.889 0.859 0.966 -44.7 

288 0.873 0.840 0.961 -51.7 

, . 
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supercooled liquid calcium nitrate with fused sodium, 

potassium and rubidium nitrates are respectively 250;  650 
and 900 calories/mole at 350°C. 

This heat of mixing could arise in one of the following 
ways: 

(a) Through unsymmetrical polarisation of the nitrate 
ions in the mixtures. 	In pure melts of either potassiur 
nitrate or barium nitrate, each nitrate ion is surrounded 

by cations of one kind, so the electrostatic field which it; 
experiences is relatively symmetrical. 	If in a mixture the 
nearest neighbours of a given nitrate ion include one barium 

ion, this divalent ion will exert a relatively large polar-

ising effect because of the disymmetry of the total field. 

The heat evolved on mixing the pure salts is the energy of 

interaction between such induced dipoles and the divalent 

ions. 

(b) Through a reduction in the repulsion energy between 
the divalent cations when a divalent nitrate is mixed with 
a univalent nitrate. 	In a pure melt the cations repel 

each other, the repulsion energy for any pair of ions being 

proportional to the product of their charges divided by the 
distance separating them. Consider a barium ion in pure 

barium nitrate melt, and suppose it to have n other barium 

ions at distance r as its nearest cation neighbours. 	The 
repulsive energy between the central ion and the others is 
n.22/r. 	Consider also a potassium ion in pure, fused 

potassium nitrate; suppose that it also has n potassium 

ions as nearest cation neighbours, also at distance r. 	The 
repulsion energy between the central ion and its neighbours 

in this case is n.12/r. 	Suppose now that the central 

barium ion in the first melt and the central potassium ion 
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in the second are exchanged. For the potassium ion surround- 
ed by barium ions the repulsive energy is now n.1.2/r, and 
for the barium ion in the potassium nitrate it is n.2.1/r. 
The sum of these energies is 4n/r, which is less than the 
original sum of 5n/r. 	The difference represents the heat 
evolved when the transposition is made. 

Generalisation of this argument leads to the conclusion 
that heat is evolved when potassium nitrate and barium 
nitrate melts are mixed. No account has been taken here 
of the fact that the molar volumes of the two salts are not 
equal, (i.e. the parameters n and r are probably not the 
same for the two pure melts), and interactions between more 
distant neighbours than the first have been ignored, but 
these refinements would not be expected to alter the general 
validity of the conclusion. 

17.3. 	The structure of KNO
3 
 - Ba(NO312  melts. 

If barium nitrate is made to enter solid solution in 
potassium nitrate, the overall structure of the potassium 
nitrate lattice is retained and there are regions of strain 
localised around each barium ion and its attendant cation 
vacancy. 	These strains could be relieved by clustering of 
the barium ions into groups, and, ultimately, by the form-
ation of barium nitrate crystals as a separate phase (which 
actually occurs if the barium concentration exceeds about 
0.1 mole %). It might be thought that the barium ions in 
a fused mixture of the two salts would show a similar 
tendency to form clusters. 	If this occurred the mixtures 
would show the 'positive deviations' characteristic of such 
a situation; the excess heat and excess volume would both 
be positive, and there might be a miscibility gap at 
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temperatures near the liquidus. 	The experimental evidence 
summarised above shows that no such behaviour is observed; 
the excess volume for the fused mixtures is near to zero 
and the excess heat is negative. 	The ultra-violet spectra 
of the melts provide further evidence against clustering of 
the barium ions. The frequency of the maximum of the weak 
absorption band of the nitrate ion is determined almost 
entirely by the first shell of cations surrounding each 
anion (see Chapter 18), so segregation of the cations into 
groups should cause the band to split into two maxima, 
corresponding respectively to nitrate ions having potassium 
ions as neighbours and those with barium ions as neighbours. 
The spectra reproduced in Figure 14.1L,  show no indication 
of splitting; the frequency of the maximum increases 
linearly with barium ion concentration (Figure 14.15). 
Lastly, the phase diagram for the system (Figure 10.14-) 
shows no miscibility gap. 

The conclusion to be drawn from this is that the barium 
ions in the liquid mixture are distributed evenly through-
out the melt, showing, if anything, a tendency to avoid 
each other (because of the effects described under (a) and 

(b) above). 	It is clear that there can be no strains in 
the region of the barium ions in the fused mixtures; 
potassium nitrate melt accommodates barium ions by under- 
going local changes in structure. 	This adjustment of 
structure appears to take place smoothly and continuously 
in the concentration range 0 - 50 equiv. % barium, so the 
amount of free space in any mixture can be calculated from 
the free space in the pure components by simple proportion. 
Since thefree volume in fused barium nitrate is less than 
that in fused potassium nitrate (see page 32(0), this finding 
is in accord with the conclusions drawn in the previous 
Chapter and accounts for the 'anti-Wagner' conductivity 
effect therein described. 



3(4-cp 

It is clearly a characteristic property of melts that 
they are incapable of sustaining local strains of the type 
which lead to vacancy formation in the corresponding crystals, 
and due note must be taken of this limitation when attempts 
are made to use a 'quasi-crystalline' model as a basis for 
the theoretical interpretation of the properties of ionic 
melts. 
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CHAPTER 18. 

DISCUSSION: THE ULTRA-VIOLET ABSORPTION SPECTRA OF 
CRYSTALLINE AND FUSED NITRATES AND NITRITES. 

18.1. 	The strong absorption bands of the nitrates and 
nitrites. 

The results obtained for these bands are limited to data 
on the movements of their low-frequency edges with changing 
temperature. 	These movements can be summarised as follows: 

a) For a given crystalline phase, the band edge always 
moved to lower frequency (or to higher extinction coeffici- 
ent) with rising temperature. 	This movement was a linear 
function of temperature for the alkali nitrates and for 
silver nitrate below its transition at 158°C, and also for 

sodium nitrite. 	In the case of silver nitrate the increas- 

ingly rapid movement between 158°  and the melting-point can 
be ascribed to overlap with the weak band. For potassium 

nitrite between 50° and 400°C the band-edge again accelerated 
towards lower frequencies when the sample temperature was 

raised. 	It is possible that this was caused by the presence 
in this region of two superimposed bands (having different 

rates of movement with temperature). 	The curvature could 

also be due to a ferroelectric - paraelectric transition in 
the solid, though supporting evidence on this point is not 
available. 

b) The band-edge underwent abrupt shifts at crystal 
transitions and at melting-points, showing that the strong 

band is structure-sensitive. 	The directions of these 
shifts were not consistently either the same as or opposite 
to the corresponding movements of the weak band maximum, 
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which shows that the latter were not caused merely by changes 

in the degree of overlap of the strong band. 	The removal of 

this possible source of uncertainty is the main reason for 
presenting the band-edge results in such detail. 

For the alkali nitrates, ammonium nitrate and the nitrites 

overlap between the two bands was so slight that it was not 

considered necessary to correct E(2) for this effect. 	In 

the case of silver and thallous nitrates overlap was more 

serious, but the difficulty was overcome by making measure-

ments on the low-frequency edge of the weak band. 

Since the maximum of the strong band was at 50 kcm 1 and 

10,000 litres/mole.cm  for the nitrates, and at 47 kcm-1  and 

6,000 litres/mole.cm for the nitrites (see Chapter 6), it 
would clearly be wrong to assume that the movements of these 

maxima with temperature would be the same as, or even in the 
same sense as, the observed movements of the band-edge (which 

was followed only up to an extinction coefficient of 300). 

No quantitative significance can therefore be attached to the 

gradients dE(t = x%)/dT. 	Indeed, for several of the salts 
examined this quantity was shown to vary with the value of x 
chosen (see, for example, Figures 14.8, 14.9, 14.11, 14.12), 

so it is not constant even for extinction coefficients up to 

300. 	However, the fact that the strong and weak bands 
involve different electronic rearrangements suggests that the 

influence of the nitrate ion environment on the positions of 
the maxima may not be the same in the two cases. 	The direct 

measurement of E(1) and of its variation with temperature 

might therefore yield information on structural changes of 

a different kind to that provided by the present study of the 

weak band. 	The author's demonstration that the measurements 

made in air are subject to very large stray light errors at 

frequencies above 50 kcm-1  indicate that the work would best 

be undertaken with a vacuum spectrophotometer in order to 
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avoid this source of uncertainty. 

18.2. 	The weak absorption band of the nitrates at 33 kcm 1. 

The results obtained for this band are sufficiently 

precise to justify a search for detailed correlations between 
spectral shifts and the structural and other changes accom-
panying them. 

E(2), the frequency of the absorption maximum, is known 
to depend on the identity of the cation, on the temperature 

and in the case of solid phases on the crystal structure. 
These factors will be discussed separately. 

18.2.1. 	Dependence of E(2) on the identity of the cation. 

G.P. Smith has shown that, for nitrate melts containing 

cations of rare-gas electronic configuration, 7(2) at 365°C 
is given (in units of cm-1) by 

E(2) = 30740 + 2740 LT,(Xizi/ri ) 	(18.1) 

where 	 , i X.1  z and ri   arethe equivalent fraction, charge (in 
units of the electronic charge) and radius (A) of the i'th 
cationic species (see Chapter 6). 	The relationship was 
found to hold if z./ri  did not exceed about 3 A. 

This dependence of E(2) on cation charge/radius ratio is 

reasonably attributed to stabilisation of the lone-pair 

oxygen electrons by the cations, the effect increasing with 
the polarising power of the latter. 	The way in which this 
stabilisation causes the band maximum to be displaced to 
hiher frequency (relative to its value for an isolated 

nitrate ion) is described on page 72. 



It is convenient to discuss the spectra of the nitric acid 

solutions at this point, because they provide convincing 

support for this idea that the displacement of the weak band 

to higher frequency is due to stabilisation by the cations of 
the electrons on the oxygen atoms of the nitrate ions. 

In nitric acid - water mixtures the protons form bridges 

between the nitrate groups and the water molecules: 

H 0 	H-4- 	ONO 2 ... ". 	2  • 

The form of the bond between the H atom and the nitrate if;roup 
can change from ionic (corresponding to the formula H30+.NO3) 
to covalent (corresponding to H20. H-0NO2) according to the 
position of the bridging proton, and a bond of intermediate 

type is possible. 	If the H-ONO2  bond is covalent the oxygen 
electrons whose' excitation gives rise to the weak absorption 

band become involved in the H-0 bond, so their energy is 

lowered relative to their energy in a free nitrate ion. 	If 

some measure can now be found for the degree of covalency of 

this H-0NO2 bond in mixtures containing different proportions 

of water, it will be possible to see whether the changes in 

E(2) with concentration are in the expected sense. 

This information about bond type can be found by studying 

the bond lenths and angles in the nitrate group in different 

mixtures. 	These have been measured by X-ray diffraction in 
solid nitric acid and in the two crystalline hydrates 

HNO3.H20 and HNO3*3H20. 	The relevant facts are collected 
in Table 18.1; data for sodium nitrate and for methyl nitrate 
nitrate are also given, for comparison. 

The nitrate ion in sodium nitrate has D3h symmetry, i.e. 

the bonds are of equal length and the ONO angles are all 120. 
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TABLE 18.1.  Structure of the nitrate group in sodium 
nitrate, nitric acid and its hydrates and in methyl 

nitrate (data from Refs. 1, 2 and 3). 

Compound N-OH bond 

(A) 
N-0 bonds 
(A) 

ONO 

NaNO
3 
(s) 1.218 1.218 120°  

HNO3.3H20 (s) 1.26 1.22 122° 

HNO3.H20 (s) 1.29 1.20 127°  

HNO
3 (s) 1.33 1.20 130 — 140° 

CH30NO2 (g) 1.36 - - 
(N-OCH

3
) 

In nitric acid and its hydrates, however, the symmetry of the 
nitrate group is lowered to C2v; one N-0 bond is longer than 
the other two, and the angle between the two short bonds is 

greater than 120°. 	It can be seen from Table 18.1 that 

this departure from D3h  symmetry increases in the sequence 
HNO3.3H20, HNO3.H20, HNO3

(s), the long N-0 bond in crystalline 

HNO
3 

being only slightly shorter than that in the covalent 

molecule of methyl nitrate. 	We may conclude that the extent 

to which the oxygen electrons are involved in the covalent 

H-0 bonds increases in this same sequence. 

If the shifts in the position of the weak absorption band 
are in fact due to stabilisation of the oxygen 'lone-pair' 

electrons, we would expect 7(2) to increase as the water 
content of a nitric acid solution is decreased. 	Reference 
to Figure 14.31 shows that this is precisely what is observed, 

so the general correctness of the above interpretation of the 
shifts is confirmed. 
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It is noteworthy that E(2) for pure liquid nitric acid 
is the same as that for iso-propyl nitrate (38.5 kcm 1), 
which is consistent with the views expressed above. 

One further point can be made to conclude this discuss- 
ion of the nitric acid solutions. 	Figure 14.32 shows that 
E(2) or E'(2) moves abruptly to higher values when a solid 
hydrate of nitric acid is fused. 	This corresponds to 
displacement of the H-0 bond type towards the 'covalent' 
extreme; that is, the degree of stabilisation of the 
oxygen electrons increases on fusion. 	As will be seen 
later, this has its counterpart in the melting process of 
metallic nitrates. 

The fact that the variation of E(2) with cation radius 
for fused alkali nitrates can be described by a relation-
ship as simple as (18.1) is some evidence for supposing 
that only nearest-neighbour cations are active in influenc- 
ing E(2) for a given nitrate ion. 	A more complicated 
expression would be required to describe the irregular 
variation of Emax  with cation radius for the lowest-
frequency absorption band of the alkali iodides (see 

Table 6.1). 

Smith found that E(2) was lower than the value given by 
(18.1) if the nitrate melt contained cations of rare-gas 
configuration for which z/r exceeded 3 A-1  (e.g. Mg2+, Y3+). 
It is interesting to enquire whether the expression is valid 
for pure ammonium, silver and thallous nitrates. 	Table 
18.2 shows values of E(2) for these salts calculated from 
Smith's expression, using ionic radii taken from Pauling 
(Ref 4). 	Since decomposition made it impossible to measure 
E(2) directly at 365°C for any of the three compounds, the 
available experimental results were extrapolated. 



TABLE 18.2. Calculated and observed values of E(2) 

at 365°C. 

Salt Cation 
radius 
(A) 

E(2) (kcm 1) 

talc. from 
eqn. 	18.1 observed 

NH4NO3 

AgNO3  

T1NO
3 

1.48 

1.26 

1.44 

32.6 

32.9 

32.6 

32.9 

30.7 

32.4 

For ammonium nitrate melt dE(2)/dT was assumed to be -1.2 
cm-1 per °C (the value for RbNO

3 melt; Rb+ and NH4
+ have 

the same ionic radius), and 7(2) at 365°  was calculated from 
this gradient and the value of E(2) for the melt at 170°C. 
For silver nitrate the difference between 7(2) and E'(2) was 
calculated at 0°C, and was assumed to have the same value 
just above the melting-point. 	E(2) was then found from the 
measured value of Eq2) for the melt, and dE(2)/dT was 
assumed to be -1 cm-1 per oC. 	For thallous nitrate the 
experimental value of E(2) just above the melting point was 
converted to 365°  on the assumption that dE(2)/dT for the 

melt was the same as dE'(2)/dT (whose measured value was 
-0.5 cm-1 per °C). 

The values of E(2) found in these various ways are listed 
in the last column of Table 18.2. 

The 'observed' value of E(2) for ammonium nitrate is some 

300 cm-1  higher than the 'calculated' value. 	This may be 
due to a tendency for protons to be shared between ammonia 

molecules and nitrate groups: 

H N 	H+ ONO - 3 • • • 	• • • 	2 
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Such sharing would cause additional stabilisation of the 

oxygen electrons and would account for the displacement of 

the band to a higher frequency than that predicted by Smith's 
equation. 	There is direct evidence that free ammonia is 
present in ammonium nitrate melt (see page 265), which 

provides some support for this view. 	The fact that the 
displacement of the band maximum from the calculated value 

(compared with the corresponding displacement for the hydrate 
of nitric acid, HNO3.H20) shows that proton sharing in 
ammonium nitrate is not very extensive; the melt can be 

regarded as made up of ions NH4 and NO3-  to a good first 
approximation. 

For silver and thallous nitrates the observed values of 

E(2) are lower than the calculated ones (the differences 

being 2.2 and 0.2 kcm-1  respectively). 	Considered in the 

light of the foregoing paragraphs, this result is unexpected. 

Most of the differences between the general chemistry of 

Group A and Group B metals can be rationalised by supposing 
that the screening of the nuclear charge by the electrons is 

less efficient in the B-metals than in the A-metals; thus 
Ag+ has greater polarising power than Na+ in spite of the 

smaller radius of the sodium ion. 	On this basis we would 

expect F(2) for melts such as silver nitrate and thallous 

nitrate to be higher than the values calculated from equation 
18.1, because the effective cationic charge of Ag+ and T14- 
should be greater than the formal values of one. 	To state 
this in another way, we would expect the interaction between 

cations and the oxygen of the nitrate group in its ground 

state to be stronger in B-metal nitrates than in the alkali 

nitrates, and the resulting stabilisation of the ground state 

should cause the weak band to be displaced to higher fre-

quencies (as it is when H-0 bond formation occurs in the 

more concentrated nitric acid solutions). 	That the observed 
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values of E(2) for silver and thallous nitrates are lower 
than the calculated ones is therefore sup prising, and 
requires explanation in terms of some new hypothesis. A 
possible solution to the problem is put forward in the 
next paragraphs. 

For nitrate melts containing the cations Ag+, T11-, Mg2+, 
Y3+  etc., the discrepancy between the observed E(2) and 
that predicted by Smith's expression may be due to stabil-
isation of the excited nitrate ion by the cations surround- 

ing it. 	If the Tr* orbital of the nitrate ion overlaps 
with the lowest empty orbital (M) of a neighbouring metal 
ion, these two could combine to give a pair of new orbitals 
(7n4  and 112 ) one of which has a lower energy than the - 1  
original It*  nitrate orbital. 	The lower of these two new 

orbitals ( 1T*  ) would then receive the electron on excit-
ation and the transition energy would thereby be reduced. 
The situation is illustrated by the energy-level diagram 
below, in which MB  and MA  represent the lowest unoccupied 
energy level in a B-group metal ion and an alkali metal ion 
respectively. 	IB  and IA  are the ionisation energies of 
the corresponding metal atoms. 

It is a conclusion of wave-mechanical theory that the 

energy of TS must be below that of 1T*, the difference 

between them depending on the amount of mixing which the 

original orbitals 1T*  and M undergo. Mixing is maximal 

when 7t and M have equal energies, but is reduced if the 
energy of M is increased relative to that of 7T*  (Ref 5). 
This mechanism for the lowering of the energy of the upper 
state of the optical transition would therefore apply for 
group-B metal ions or for the smaller, polyvalent group-A 
ions such as Mg2+ and Y3+, since the first empty orbital 

for these ions has relatively low energy. 	However, it 
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would not apply in alkali nitrate melts because the empty 

orbital M lies at higher energy in alkali ions than in 

B-metal ions (see diagram). 	Table 18.3 gives values of 

ionisation energies which confirm this point. 

TABLE 18.3. First ionisation energies of metal atoms 
(Ref 6) 

Metal Li Na K Rb Cs Ag Tl 

Ionisation 
energy 

(kcal/mole) 
124 119 100 96 90 175 141 

It is noteworthy that E(2)calc.-  E(2)obs. is greater for 

silver nitrate than for thallous nitrate. Since silver has 

a higher first ionisation potential than thallium, this is 

consistent with the above argument. 
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The results for the Ba(NO3)2 - KNO3 mixtures (Figures 
14.16, 14.17, and 14.18) provide strong support for the idea 
that E(2) is determined largely by the nearest neighbours 
of each nitrate ion. 	E(2) increases with barium concen-
tration at constant temperature, but this might be due to 
the attendant decrease in the equivalent volume of the melt 
(see Chapter 13). 	However, the increase is still observed 
if a correction is applied to bring all the mixtures to the 
same equivalent volume (i.e. the mixtures with higher 
barium content were considered at higher temperatures such 
that the electrostriction brought about by the barium ions 
was offset by thermal expansion). Under these conditions 
the long-range forces in the melts must be identical, (i.e. 
the number of positive or negative charges per unit volume 
is the same in each mixture), so the residual dependence of 
E(2) on composition must be ascribed entirely to short-
range effects. 

An alternative way of demonstrating this would have been 
to equalise the equivalent volumes of the mixtures at 
constant temperature by application of pressure to the 
potassium-rich mixtures. 

18.2.2. Variation of E(2) with temperature for 
individual crystalline phases and melts. 

For a given crystalline form of a nitrate, the steady 
decrease in E(2) with rising temperature can arise from at 
least two causes, namely: 

(a) Changes in the populations of the vibrational 
quantum levels of the crystal in its optical ground state 
(referring both to the internal vibrations of the 
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nitrate ion and to the vibrations of the ions about their 

mean lattice positions). 	The frequencies of the vibration-

al modes of the nitrate ion are 1390, 1050, 825 and 720 cm I 

(see Chapter 2); the fraction of the total number of ions 

which are in the first excited level of the lowest of these 

modes is of the order exp(- 720/kT), where k is Bolzmann's 

constant in cm-1 per °C. 	This fraction is equal to 0.023 

at 0°C and 0.22 at 400°C, so significant occupation of this 
first excited level occurs when a sample is heated from 

room temperature to 400°C. 	Lattice vibration frequencies 

are of the order 100 cm-1, so the excited levels of these 

modes would be expected to be populated even at room temp- 

erature. 	The occupation of the vibrational energy levels 
causes the potential surface of the optical ground state of 

the nitrate ion to move nearer to that of the excited state, 

and so causes the band maximum to be displaced towards lower 

frequencies. 

(b) 	Changes in the positions of the neighbours of the 

nitrate ions, which lead to changes in the electrostatic 

field experienced by the latter. 	Thermal expansion of a 

crystal or melt corresponds to a gradual increase in the 

average distance between a nitrate ion and its nearest-

neighbour cations; this causes a reduction in the stabilis-
ation of the optical ground state of the nitrate ion, and so 

contributes to the decrease in excitation energy with rising 

temperature. 

The relative importance of factors (a) and (b) is unknown. 
In this connection it would be valuable to study the effect 

of pressure on E(2) for a given phase, at fixed temperature. 
The anion-cation distance could then be varied without 

altering the populations of the vibrational energy levels 

(i.e. without changing kT). 	A comparison of dE(2)/dV at 



constant temperature with dE(2)/dV at constant pressure 

would allow the contributions of (a) and (b) to be evaluated 
separately. 

If the movement of the cations away from the anions on 
thermal expansion were the predominant factor determining 

dE(2)/dT, we might expect there to be proportionality between 
this quantity and the coefficient of thermal expansion. 

Some relevant data are collected in Table 18.4, and show that 

no simple proportionality exists between dE(2)/dT and 
1/Vo.dV/dT even for different crystalline modifications of 
the same salt. Presumably the relationship between these 

two also involves a factor which depends on the crystal 
structure of the phase concerned. 

It is noteworthy that dE(2)/dT for fused nitrates is of 
the same order of magnitude as that for solid nitrates, 

despite the fact that the coefficients of expansion of the 
melts are generally about twice those for the solids. 	This 
can be interpreted in the following way. 	In the crystals, 

thermal expansion corresponds to an increase in the distances 

between the ions in the lattice; the formation of vacancies 

and other defects makes an insignificant contribution. 	In 
the melts, however, it appears that about one-half of the 
macroscopic thermal expansion is due to the appearance of 

voids; the remainder of the expansion is caused by increases 

in average anion-cation separation, and this alone leads to 

changes in E(2). 

Sodium nitrate is the only salt for which any direct 
correlation can be discerned between thermal expansion and 

the corresponding changes in E(2). 	This substance has a 

continuous transition between 150°  and 275°C, during which it 
undergoes only a very slight structural change; the crystals 
remain rhombohedral throughout, the unit cell parameters 
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TABLE 18.4. dE(2)/dT and coefficients of expansion for 
nitrates and nitrites. 	The values of dE(2)/dT were 
found by fitting straight lines to the experimental plots 
of E(2) against temperature, by least squares. 	In the 
formula for the coefficient of expansion Vo  is the volume 
at 000 (found by extrapolation when necessary). 

Salt and 
phase 

Temp. range 

(°C) 

dE(2) 1. dV 104 x  
dT 

(cm 1/oc) 

Vo dT 
(per  oc)  

NaNO
3 	I 20 - 160 -2.5 1.7 (Ref 7) 

I 275 - 308 -2.4 
melt 308 - 400 -1.8 4.3 (Ref 8) 

KNO
3 	II 20 - 127 -1.3 2.4 (Ref 9) 

I 127 - 334 -2.3 2.9 (Ref 9) 
3.3 (Ref 10) 

melt 335 - 441 -1.2 4.9 (Chap.13) 

RbNO
3 	IV 20 - 161 -1.4 2.4 (Ref 11) 

III 161 - 220 -1.0 4.1 (Ref 11) 
II 220 - 282 -3.1 - 
I 283 - 312 -0.6 - 
melt 312 - 422 -1.2 4.2 (Ref 8) 

CsNO3 	
II 20 - 153 -1.0 2.1 (Ref 11) 
I 153 - 408 -1.1 3.1 (Ref 11) 
melt 408 - 431 -2.1 4.9 (Ref 8) 

NH4NO3 IV 16 - 35 -0.6 3.5 (Ref 12) 
III 35 - 85 -3.7 1.9 - 2.9 

(Ref 12) 
II 85 - 124 -1.4 2.1 - 3.8 

(Ref 12) 



TABLE 18.4, continued. 

Salt and 
phase 

- 

Temp. range 

(°C) 

_ 

dE(2) 1. dV 
dT 

(cm-l/oc) 

 
vo dT 

77 x 104 

(per °C) 

NH4NO3 I 124 - 169 +0.6 4.1 - 4.2 
(Ref 12) 

melt 169 - 174 - 

AgNO3 	II 20 - 158 +0.7 5.2 (Ref 13) 

0.0* 

I 158 - 208 0.0* 0.2 (Ref 13) 

1.5 (Ref 10) 

melt 210 - 300 - 2.9 (Ref 14) 
3.0 (Ref 13) 

T1NO
3 	

III 20 - 75 -1.3 2.1 (Ref 11) 

-0.4* 

II 75 - 145 +0.2 2.2 (Ref 11) 

-1.6 

I 145 - 206 +048 3.8 (Ref 11) 

-0.7* 

melt 214 - 290 -0.5* 4.0 (Ref 11) 

NaNO2 	I 20 - 281 -1.7 2.6 (Ref 15) 

melt 281 - 380 -0.9 4.4 (Ref 16) 

KNO
2 	II 10 - 45 -0.8 - 

I 45 - 420 0.0 - 

melt 430 - 

numbers marked * are dE'(2)/dT rather than dE(2)/dT. 
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being a = 6.32A, 0( = 47°14' at 20°C and a = 6.56A, Q(= 
45°35' at 280°C (Ref 17). 	Plots of E(2) and of specific 
volume (v) (Figure 14.7) show a similarity of form throughout 
the transition region, the increase in v being associated 
with a decrease in E(2). 	However, the relationship between 
the two quantities breaks down at the melting-point; E(2) 

and v both increase on fusion. 	This suggests that E(2) is 

really determined by the anion-cation separation, and that 

this happens to be a monotonic function of v throughout the 
transition region (but not through the melting point). 

It is not profitable to try to derive the exact form of 

the relationship between E(2) and v for solid sodium nitrate, 

for the following reason. 	If the relationship is of the 

form E(2) = a + b.vn, (a,b and n being constants), trial 
values of n might be chosen and E(2) plotted against vn  for 

each of them. 	The plot would be a straight line when the 
correct value of n was used, otherwise it would be a curve. 

Unfortunately this procedure is inapplicable in the 
present case. 	The change in E(2) between 0°C and 300°C is 
only 3%, and that in v is only 7%. Under these circumstan-
ces a plot of E(2) against vn  would be a straight line for 

2az value of n, because the relative change in the two 
variables is so small. 	This point becomes clear if the 

above expression for E(2) is written 

E(2)toc  = a + b(vo  +6v)n 9 

(vo being the value of v at 0°C). 	Expansion of the second 

term as a power series gives 

E(2)toc  = a 	bvn (1 	n by 	n.(n - 1).(AyA2...) 
o 	 vo 	2 	\. voj 

If 6v/vo  is only 0.07, the sum inside the bracket can be 



approximated with good accuracy by its first two terms. 
The expression then becomes 

E(2)toc 	a + b.vg (1 + 	) vo 

A 	B.n.6v 

A 	B.n(v - vo)' 

where A and B are constants. 	This is an equation to a 
straight line, irrespective of the value of n, and it is not 
possible to find n from the slope of this line because B is 

also unknown. 

The full line in Figure 18.1 shows the function (a + bvn) 
plotted against temperature for n = -2/3 (which corresponds 
to equation 6.3, page "ly-). 	The values of the constants 
a and b were derived from the E(2) values in the temperature 
range 20 - 150°C. 	The black circles are the experimental 
points; it is seen that they lie on the calculated line with 
good accuracy throughout the transition region and up to the 
melting-point, but not beyond. 	The argument given above 
shows that equally good fit could be expected for any other 
value of n, so this agreement obtained with n = -2/3 must 
not be taken as implying support for equation 6.3. 	It does 
show, however, that the relationship between E(2) and v keeps 
the same form from room temperature right up to the melting 

point. 	This confirms that the structural change in the 
transition region is relatively slight, involving only the 
onset of a measure of orientational randomisation in the 

nitrate ions. 	The reasons for the breakdown of the 
E(2) v relationship at the melting point are discussed in 

the next section. 

To conclude this section, a sugestion is made which bears 
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on the question of nitrate ion rotation in other crystals. 

Examination of Table 18.4 shows that dE(2)/dT and dE'(2)/dT 

are relatively low for NH4NO3(I), RbNO3(I), AgNO3(I) and 
TIN°

3
(1)' although the coefficients of expansion of these 

phases have normal values. 

In the cubic form (I) of NH4NO3' the nitrate ion occupies 
a site at the body centre of a CsCl-type unit cell (Ref 12). 
Since the effective symmetry of a group must be at least as 

high as that of the site which it occupies, the nitrate ion 

must be free to rotate so that its time-averaged 'shape' is 
spherical (save that orientations in which an N-0 bond 

points directly towards an NH4 ion may be excluded because 

of the high repulsion involved). 	This random movement of 
the nitrate ion would tend to reduce the stabilising effect 
of the cations on the oxygen lone-pair electrons, because 
this stabilisation is conditional on the positioning of the 

cations in the regions of high (negative) potential 

immediately around each oxygen atom. 	If the nitrate ion 

is rotating freely this influence of the cations on E(2) is 

generally less marked than is normally the case, and this 

explains why E(2) changes relatively little during thermal 

expansion of NH4NO3(I). 

Pending complete X-ray structure determinations, the low 
values of dE(2)/dT (or dE'(2)/dT) for RbNO3(I), AgNO3(I) and 
T1NO

3
(I) may be taken as tentative evidence for spherical 

rotation of the nitrate ions in these crystals also. 

18.2.3. 	Abrupt changes in E(2) at transition points 

and melting points. 

Table 18.5 gives the values of LE(2) for each nitrate 

studied. 	These values were found by fitting straight lines 



to the experimental plots of E(2) against temperature (by 

least squares); the interval between the ends of two such 

lines at a transition temperature gave AE(2) directly. 
For silver and thallous nitrates values of L\E1(2) are also 
listed, and were obtained in the same way. 

It is instructive to try to relate these abrupt shifts 

with the structural changes accompanying them. 

It might be expected that an increase in the molar volume 

at a transition point would be associated with a decrease in 

the stabilisation of the nitrate ion ground state by the 

neighbouring cations, and so would cause a reduction in E(2). 

Some volume changes at transition points and melting points 

are included in Table 18.5. 	Comparison of these with the 

L1E(2) values shows that the above hypothesis is not always 

bourne out; an increase in molar volume is often accompanied 
by a decrease in E(2), but the reverse is sometimes true at 

transition points. 	The non-correlation is particularly 
striking at the melting-points; AE(2) and V both increase 
on fusion for all nitrates except RbNO3. 

A much more satisfactory correlation is obtained if 6,E(2) 
is compared with the change in the distance between the 

oxygen atoms of the nitrate group and their nearest-neighbour 
cations ( 6r(1111-0). 	In cases for which the crystal struct- .. 

res are known precisely enough for this distance to be 

calculated, a reduction in the M-0 distance at a transition 

is always associated with an increase in E(2). 	The data 
collected in Table 18.6 show that this is true for the 

transition in potassium nitrate at 127°C and for that in 

rubidium nitrate at 220°C. 	The correlation is demonstrated 
particularly well by the results for ammonium nitrate, for 
which fairly complete structural information is available. 

LE(2) and 1.(11-0) have opposite signs for the transitions 
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TABLE 18.5. 	Abrupt changes in E(2) and in molar volume 
(V) at transition points and melting points. 	In the 
Table, V is the molar volume immediately below the 
transition point, and AE and AV are considered as 
positive if E or V increase when the substance is heated 
through the transition. 

Salt Transition Temp. 

(°C) 

L7(2) 
(cm-1) 

100. AV/V 

NaNO
3 

I - melt 308 +180 +10.7 (Ref 18) 

KNO
3 

II - I 127.5 +70 +1.0 (Ref 9) 
I - melt 334 +170 +3.3 (Ref 18) 

RbN03  IV - III 161 0 +5 (Ref 19) 
III - II 220 +80 +1.3 (Ref 19) 
II - I 282.5 -70 +17 (Ref 19) 
I - melt 312 +270 -0.2 (Ref 18) 

CsNO3 
 II - I 153 -5o - 

I - melt 408 +160 +12.1 (Ref 18) 

NH4NO3  IV - III 35 +290 +3.8 (Ref 12) 
III - II 85 -660 -1.3 (Ref 12) 
II - I 124 -110 +2.1 (Ref 12) 
I - melt 169 +300 +12 (Ref 20) 

AgNO3  II - I 158 -150 0.0 (Ref 13) 
-290* 

I - melt 208 +280* +0.7 (Ref 13) 

Figures marked * are ,6E'(2). 
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TABLE 18.5, continued. 

Salt Transition Temp. 

(°C) 

6E(2) 

(cm 1) 

100. AVIV 

T1NO
3 

III - II 75 -10 -0.2 (Refs 21 
0* & 22) 

II - I 145 +20 +2 (Ref 21) 
+10* 

I - melt 206 +620 +5.6 (Ref 11) 
+350* 

NaNO2 I - melt 281 +280 +9.0 
(Vs: Ref 15, 

VL. Ref 16) 

KNO2 II - I 45 -80 

I - melt 423 +70 - 

Figures marked * are 	E1(2). 

at 35°  and 85°C, in agreement with the above rule, but the 

situation at the third transition at 124°  requires more 

detailed explanation. 	In II the nitrate ions can occupy 
either one of two equivalent orientations, and remain in 

one orientation for a long time compared with the period of 

a lattice vibration (Ref 28). 	In I, on the other hand, the 

nitrate ion rotates freely (Ref 12) so the NH4-0 distance 

cannot be calculated. 	However, the onset of rotation would 

be expected to correspond to a reduction in the cation-oxygen 

interaction, and this is in accord with the negative value of 

Z\E(2) recorded for the II - I transition. 

Structure determinations for the remaining nitrates are 

disappointingly lacking, but we may predict that, when 
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TABLE 18.6. 	Cation-oxygen distances in crystalline 
nitrates. 	The values given here are the result of a 
complete survey of the crystallographic literature up to 
mid-1963. 

Salt and 

transition trans- 
L\E(2) 

(cm 1)  

r(M-0) (A) 
.51.011-0) 

(A) 

below 	above 
trans- 

ition 	ition 

KNO
3 
	II - I 

RbNO
3 III - II 

CsNO
3 
	II - I 

NH4NO3  IV - III 

III - II 

II - I 

T1NO
3 

III - II 

NaNO2 	I - melt 

KNO2 	II - I 

+70 

+80 

-50 

+290 

-660 

-105 

0* 

+280 

-80 

2.82 
(Ref 23) 

2.98 
(Ref 24) 

- 

2.96 
(Ref 26) 

2.7 
(Ref 27) 

3.13 
(Ref 28) 

2.4 
(Ref 22) 

2.48 
at 185°C 
(Ref 29) 

2.71 
(Ref 30) 

2.74 
(Ref 31) 

2.69 
(Ref 10) 

2.82 
(Ref 10) 

2.96 
(Ref 25) 

2.7 
(Ref 27) 

3.13 
(Ref 28) 

- 

- 

- 

-0.13 

-0.16 

- 

-0.26 

+0.43 

- 

- 

- 

- 

The figure marked * is LE'(2). 
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complete X-ray investigations of these salts are carried out, 
the M-0 distance will be found to increase (with rising 
temperature) at those transition points for which LE(2) is 
negative, and vice versa. 

We may now use this result that the sign ofzSE(2) reflects 

the sense of the change in nearest-neighbour cation-oxygen 

distance to interpret the changes in E(2) on fusion of the 
nitrates. 	The fact that E(2) always increases at the 
melting-point means that the nearest cation-oxygen distance 

always decreases when a nitrate is fused. 	The macroscopic 
increase in volume which often accompanies melting must be 

ascribed to regions of mis-fit between adjacent ionic 
aggregates. 	This evidence for the reduction in cation-
oxygen separation on fusion of nitrates is one of the most 
important results in this thesis. 	Although there is a body 
of indirect support for this hypothesis (see Chapters 3 and 
7) the work reported here is probably the clearest and most 
comprehensive demonstration of the effect which has yet been 
made. 	Earlier workers have been able to use diffraction 

techniques to show that a reduction in nearest-neighbour 
anion-cation separation occurs when alkali halides are fused 
(see Section 7.1). 	However, these techniques give much less 

conclusive results when applied to nitrate melts; the 

presence of non-spherical , polyatomic anions complicates 

the radial distribution curve, and the superposition of 

several peaks in the region r = 1.5 - 2.5A limits the 

accuracy with which r(M-0) can be found to one or two tenths 
of an Angstrom. 	It is shown in the next paragraphs that the 

change in r(M-0) on fusion is of this order of magnitude, so 
values of r(M-0) based on diffraction evidence would be 
totally unreliable. 
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It is possible to estimate the order of magnitude of the 
reduction in the cation-oxygen distance on fusion of nitrates 
by using Smith's empirical equation (18.1). 	For a given 
monovalent cation this can be written 

E(2) = 30740 + 2740/r+  (cm-1). 	(18.2) 

If this equation is differentiated, the small change in 
E(2) at the melting point can be expressed in terms of an 

apparent change ccr4- in the cation radius: 

AT(2) 	= 	-2740. riir+2  . 	(18.3) 

Values of + have been calculated from the observed 
shifts 6E(2), and are listed in Table 18.7. 	It is note- 
worthy that these are of the same order of magnitude as the 

shrinkage in anion-cation distance on fusion of alkali 
halides (as measured by diffraction techniques; see Section 

7.1). 

Table 18.7 also includes values of 6r+  at transition 
points, calculated from eqn. 18.3. 	These compare moderately 
well with the values of &(M-0) in Table 18.6, derived from 

crystallographic data. 

At this point we may conveniently discuss the reasons for 

the sluggishness of the transitions involving phase III of 

ammonium nitrate. 	In the absence of a solvent, transforma-

tions between forms IV, II and I occur relatively easily 

because the structures of these three phases are very simply 

related. 	When form I is cooled, the face diagonals of the 

cubic unit cell become the a axes of the tetragonal cell of 

II (i.e. aIÎ ' 12. al), and c11  (=4.95A) is formed by slight 
expansion of aI  (.4.40A). 	If cooled rapidly, II can be made 
to transform directly into IV; cII  becomes civ, and the two 
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TABLE, 18.7. 	Apparent change in cation radius (6r+) 
at nitrate transition points and melting points 
(Calculated from equation 18.3). 

Salt and transition Temp. 

(°C) 

6E(2) 

(cm-1) 

Sr+  

(A) 

NaNO
3 	

I — melt 308 +180 -0.06 

KNO
3 
	II — I 127 +70 —0.05 

I — melt 334 +170 -0.11 

RbNO
3 	

IV - III 161 0 0.00 
III - II 220 +80 -0.06 
II - I 282.5 -70 +0.06 
I - melt 312 +270 -0.22 

CsNO
3 	

II - I 153 -50 +0.05 
I - melt 408 +160 -0.17 

NH4NO3 	IV — III 35 +290 —0.23 
III - II 85 -660 +0.53 
II - I 124 -110 +0.09 
I - melt 169 +300 -0.24 

AgNO3 	II - I 158 -290* +0.17 
208 +280* -0.16 

T1NO3 	
III — II 75 0* 0.00 
II — I 145 +10* —0.01 
I — melt 206 +350* -0.27 

Figures marked * are6ET(2). 
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a axes of II become aIV  and bpi-. 	Again, only a slight ionic 
rearrangement is involved (cII = 4.959 cIV = 4.96A; 
aII = 5.74, aIV  = 5.75, biv = 5.45A). 	Thus transformations 
between I, II and IV involve the production of very little 

strain energy, and single crystals remain single if cycled 
through these transitions. 	On the other hand the structure 
of the orthorhombic form III is not simply related to any of 
the others, and if the changes II 	or IV 	are 
carried out on a single crystal it is broken up into 

randomly oriented domains of III (Ref 32). 	The strain 
energy and surface energy required for these transformations 
are responsible for the hysteresis described in Section 
15.2.4. 

18.3. 	The weak absorption band of the nitrites at 27 kcm 1. 

From the results obtained for sodium and potassium 
nitrites we may conclude tentatively that this absorption 

band of the nitrites responds to environmental changes in a 

similar way to the weak band of the nitrates. 	Thus, the 
band maximum for sodium nitrite moves to lower frequency as 

a linear function of temperature when the solid is heated, 

and shifts abruptly to higher frequency at the melting-point. 
For potassium nitrite E(2) decreases by some 70 cm-1 at the 
transition point and increases by about the same amount at 

the melting point, but shows practically no change between 

50°C and 39000. 	It seems that the influence of the cations 
on the nitrite ion energy levels which are involved in the 
optical transition undergoes little change between these 
temperatures. 	This is consistent with the idea that the 

nitrite ions have a measure of orientational freedom above 
50°C. 	The electrons involved in the transition are the 

nitrogen 'lone pair', and these would be expected to be less 
influenced by the cations if the nitrite ions are free to 



assume any orientation than if the lone pair is always 

directed towards one particular cation. 	In support of the 

hypothesis of orientational freedom, it has been shown that 

crystalline potassium nitrite has an abnormally high standard 
entropy even at 20°C; the values for lithium, sodium and 
potassium nitrites are 22.8, 24.7 and 35.0 e.u./mole, 

respectively (Ref 33). 

Frame et al (Ref 16) measured the electrical conductivity 
of solid potassium nitrite as a function of temperature. 

They observed a sharp increase in conductivity at 365°C, 
which they ascribed to a crystal transition. 	The present 

work does not confirm the existence of a polymorphic 

transition point in this region; the plots of E(2) and of 

E(t = x%) against temperature show no discontinuity (see 

Figures 14.4-0 and following), and no abrupt change in % 
transmission was recorded when a sample was heated from 300°  

to 400°C at constant frequency. 

18.3.1. 	Relationship between E(2) and cation radius 

for nitrites. 

At room temperature, E(2) for sodium nitrite is 28.7 kcm 1 

and E(2) for potassium nitrite is 27.6 kcm-1. 	It is 

noteworthy that the difference between these figures, 1.1 

kcm-1, is the same as the difference between E(2) for sodium 
and potassium nitrates at room temperature (34.3 and 33.2 

kcm-1, respectively). 	It appears that an equation 
analogous to (18.1) may apply to the series of alkali 

nitrites, i.e. E(2) decreases with increasing cation radius. 

Using the two points at present available, the equation 

at 20°C is 

E(2)20°C = 25190 + 3270/r+  (cm-1), 	(18.4) 



370 

and for the melts at 420°C it is 

E(2)4200C 
	28260 + 2106/r+  (cm 1). (18.5) 

It will be interesting to see whether these equations are 
satisfied when E(2) is measured for the remaining alkali 
nitrites and for mixtures containing alkaline earth ions. 
(For the mixtures the term 1/ri_ in (18.4) and (18.5) must 
be replaced by L(Xizi/ri), cf. page 72). 	From the 
spectroscopic point of view such a study would present no 
difficulty which has not already been solved by the author 

and his predecessors; the major obstacle to be overcome 

will be the preparation of lithium, rubidium and caesium 

nitrites and alkaline-earth nitrites (none of which is 
available commercially) in purity better than 99 mole %. 
This will not be a straightforward task because these 
nitrites are probably miscible with the corresponding 

nitrates in the solid state. 	Successful purification 

may be achieved by zone-refining or by the use of ion 

exchange resins. 

18.4. 	Possibilities for future work. 

Further advances may be made by studying the spectra of 

other salts for which the anion can undergo internal 
transitions of the n ---->Tr*  type, over temperature ranges 
which include the melting-points. 	All salts containing 
polyatomic oxy-anions have absorption bands of this kind 

and should in principle be susceptible to investigation. 

In practice, two factors limit the choice of suitable 

materials: 

(a) 	The weak n -->Tr band often overlaps with the 

stronger/r- 	and charge-transfer bands which are found at 
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higher frequency. 	This occurs, for example, in the 
carbonates and sulphates, for which the n -* Tr*  band is 
observed only as a shoulder. 	It would be impossible in 
these cases to measure max  with the necessary precision 
(± 50 cm-1). 

(b) 	Chemical decomposition often occurs when salts are 
fused. 	This eliminates interesting substances such as 
chlorites, hypochlorites, thiosulphates, sulphites and many 

others. 

The dichromates have two well-defined absorption bands 

in the visible and near ultra-violet regions. 	Although the 
extinction coefficients are rather high for convenience 
(about 6000 litre/mole.cm; Ref 34), it may be possible to 
overcome this difficulty. 

Lastly, it would be particularly interesting to study the 

charge-transfer absorption spectra of the alkali halides and 

nitrates over temperature ranges including the melting points. 
These spectra lie in the vacuum ultra-violet, and will be 

difficult to measure because of the very high extinction 

coefficients involved (103  - 104  litres/mole.cm). 	This 
work is important because the charge-transfer spectra in the 

two groups of compounds should show the same dependence on 
structure, so a comparison of the spectral changes on fusion 

should allow the melting process in nitrates to be compared 
directly with that in the halides. 	(It is not possible to 

use the author's work as the basis for such a comparison 

because the n 47*  absorption band of the nitrates has no 
counterpart in the halide spectra). 	The results of such an 
investigation may help to explain why the nitrates have such 
low melting points compared with the alkali halides. 
Although this problem is partly understood, more insight is 

needed for its complete elucidation. 	Spectroscopic methods 
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of investigation are particularly valuable because they 
relate to processes on an atomic scale, and so may give 

information about changes in the immediate environment of 

an ion during fusion (in suitable cases). 	As the author's 
work has shown, these changes may be completely different 

from those which might be inferred from parameters such as 
molar volume or heat of fusion, which reflect the overall, 
macroscopic properties of the system. 

Progress along these lines will require the solution of 
formidable practical problems. 	These stand as a challenge 
to the patience and ingenuity of future workers. 
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APPENDIX A.  

DETAILS OF EXPERIMENTAL PROCEDURE USED FOR CALIBRATING A 

"PALLADOR" THERMOCOUPLE AT THE STEAM-, NAPHTHALENE- AND 

SULPHUR-POINTS. 	(SEE PAGE V14)  

The steam point.  

The apparatus used is illustrated in Figure A-I 

The flask was filled with distilled water, and a few pieces 

of porcelain added. 

The thermocouple, in its protective Pyrex sheath, was 

lowered into the central tube of the steam jacket. 	The 

sheath contained a little silicone oil to improve thermal 

contact. 	A hood of aluminium foil prevented condensed 

water from running down the sheath and onto the tip of the 

couple. 

The apparatus was protected by draught shields, and the 

water was boiled until the reflux line reached a steady level 

inside the water condenser. 

The tip of the couple was moved by increments of one inch 

from top to bottom of the steam jacket, and the E.M.F. was 

measured when equilibrium had been reached at each position 

The experiment was repeated for different positions of the 

ref lux line in the condenser, i.e., for different heating 

rates. 
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The atmospheric temperature and pressure were read, and 
the pressure above the boiling water found by applying a 
small correction, calculated from the difference in levels 
in the water manometer attached to the boiler. 	The pressure 
was corrected to 0°C, and the boiling-point of water at this 
pressure found from standard tables (Ref.l). 

The results are presented in Table' A.1.. 

TABLE A.1.  

Distance of tip 
from top of 
jacket (inches) 

E. M. 	F. 	(mv) 
Distance of ref lux line from bottom 
of condenser (inches) 

1" 3N  5" Fr 

1 4.572 4.572 4.574 4.573 
2 4.572 4.576 4.578 4.579 

3 4.571 4.573 4.577 4.578 

4 4.571 4.571 4.572 4.577 

5 4.575 4.578 4.579 4.581  
6 4.580 4.581 4.582 4.583 

7 4.580 4.582 4.581 4.582 

8 4.580 4.580 4.582 4.583 

9 4.580 4.580 4.582 4.585 

10 4.580 4.582 4.585 4.585 

The values underlined are within 0.003 of 4.580 mv., and 
this figure was adopted. 

The atmospheric pressure was 768.5 mm. at 21°C, and the 
corrected pressure 765.9 mm. at 0°C. 	The boiling-point of 
water at this pressure is 100.21°C. 



The corresponding points are therefore: 

E 	4.580 mv; 	t 	= 	100.2°C. 

The naphthalene point.  

The apparatus and technique used were similar to those 
described for the steam point. 	The naphthalene (Hopkin & 
Williams, Ltd., "for molecular weight determination") was 

redistilled before use. 	The manometer attached to the boiler 

was filled with "Apiezon" vacuum oil of density 1.2. When 

the naphthqlene was refluxing steadily, the difference 

between the oil levels in the two limbs was 0.7 mm. 

Because naphthalene has a lower latent heat of vaporisation 

than water, it was more difficult in this case to keep the 

liquid ref luxing at a steady level. 	The experiment was 

therefore carried out at one rate of heating only. 	Two 

sets of readings were taken; the tip of the thermocouple was 
moved from the top to the bottom of the vapour-jacket during 

the first set, and from the bottom to the top in the second. 

The results are presented in Table A.2. 

The value 10.838 mv. was taken as correct; the underlined 

figures lie within 0.001 my. of this. 

The atmospheric pressure was 764.6 mm. at 22.3°C, and the 

corrected pressure at 0°C was 761.8 mm. 	The boiling-point 

of naphthalene at this pressure was found to be 218.06°C. 

The corresponding points were therefore: 

10.838 mv; 
	t 
	

218.1°C. 



TABLE A.2. 

Distance of tip 
from top of 

jacket (inches) 

E. 	M. F. 	(mY) 
First set Second set 

1 10.838 - 

2 10.837 10.837 

3 10.832 10.832 

4 10.838 10.838 

5 10.837 10.837 

6 10.834 10.834 

7 10.833 10.834 

8 10.833 10.832 

9 10.825 10.828 

10 10.822 10.820 

The sulphur point.  

The apparatus used has already been referred to on page 

and is illustrated on page Ito . 

Two aluminium hoods were fixed over the tip of the Pyrex 
sheath containing the couple; these acted as radiation 

shields, and also prevented condensed liquid sulphur from 

running down the sheath and onto the thermocouple tip. 

The readings were taken with the sulphur refluxing at a 

level just above the top of the thermal insulation. 	The 

first set of readings were taken as the tip of the couple 

was moved down the tube, the second as it was moved up. 

The E.M.F.s recorded at the different depths of immersion 

are presented in Table. A:3. 
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TABLE A.3.  

Distance of tip 
from top of 
tube 	(inches) 

E. 	M. F. 	(mv) 
First set Second set 

3 24.442 - 
4 24.448 24.442 

5 24.448 24.448 
6 24.448 24.448 

7 24.442 24.448 
8 24.439 24.442 

9 24.430 24.438 
10 24.426 24.430 
11 24.411 - 
12 24,416 - 

The value 24.448 mv. (underlined in the table) was taken as 

correct. 	The atmospheric pressure was 762.4 mm. at 25.00C, 

or 759.6 mm. at 0°C. 	The boiling-point of sulphur at this 

pressure is given in the literature as 444.56°C (Ref.2). 

The corresponding values at the sulphur point were therefore: 

E 	24.448 my.: 
	t 	444.6°C. 

REFERENCES .TO APPENDIX A.  

1. Perry, "Chemical Engineering Handbook", page 365. 

2. E. Griffiths, "Methods of Measuring Temperature". 
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APPENDIX B. 

The following tables give the results of the preliminary 

conductivity measurements made on pure potassium nitrate 

(runs 1 - 4 and 6 - 8) and on one mixture (run 5; potassium 

nitrate 5 equiv.% barium nitrate). 	The serial numbers 

indicate the order in which the results were obtained. 

(pure potassium nitrate). 

Serial 
number 

Temperature 

( 	°C 	) 

Cell conduct- 
ivity 
(mmho) 

Specific 
conductivity 
(ohm-1cm 1) 

2 337.2 1.700 0.6264 
3 339.9 1.732 0.6382 
5 346.5 1.794 0.6610 
4 358.4 1.902 0.7008 
15 358.4 1.894 0.6979 
1 374.2 2.039 0.7514 
6 388.6 2.163 0.7970 
7 402.5 2.280 0.8397 
8 418.2 2.427 0.8938 
14 418.2 2.427 0.8938 
9 454.2 2.560 0.9428 
10 449.9 2.699 0.9940 
11 467.2 2.879 1.0603 
12 487.1 3.100 1.1417 
13 504.7 3.290 1.2117 
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APPENDIX B. (continued) 

(pure potassium nitrate) 

Serial 
number 

Temperature Cell conduct- 
ivity 
( mmho) 

Specific conduct- 
ivity 	 1 	_I.  

( ohm 	cm 	) 

1 337.2 1.687 0.6214 
2 339.9 1.708 0.6292 
11 340.0 1.714 0.6314 

3 346.5 1.766 0.6505 
4 358.4 1.862 0.6859 
5 374.2 1.997 0.7356 
6 388.6 2.132 0.7854 
7 402.5 2.259 0.8319 
8 418.2 2.397 0.8828 
9 434.2 2.542 0.9362 
10 449.9 2.682 0.9877 

Run 3 (pure potassium nitrate) 

Serial 
number ivity 

Temperature 
( 	(D C 	) 

Cell conduct- 

( mmho ) 

Specific conduct- 
ivity 	_1 	-1 ( ohm 	cm 	) 

1 340.0 1.714 0.6314 
2 346.5 1.782 0.6564 

3 358.4 1.886 0.6948 
4 374.2 ^.028 0.7471 
5 388.6 2.152 0.7927 
6 402.5 2.274 0.8377 
7 418.2 2.410 0.8876 
8 434.2 2.554 0.9406 
9 449.9 2.697 0.9933 



APPENDIX B. 	(continued) 

Run 4 (pure potassium nitrate) 

Serial 
number 

Temperature 

( 	oc 	) 

Cell 
conductivity 
( mho )(ohm 

Specific 
conductivity 

-1c  -1 m 	) 

9 340.0 1.720 0.6336 
10 340.0 1.719 0.6332 
8 346.5 1.785 0.6575 
11 346.5 1.783 0.6568 
7 358.4 1.890 0.6962 
12 358.4 1.888 0.6955 
6 374.2 2.026 0.7463 
5 388.6 2.152 0.7927 
13 402.5 2.268 0.8353 
4 402.5 2.273 0.8371 

3 418.2 2.409 0.8872 
2 434.2 2.553 0.9402 
1 449.9 2.696 0.9929 

'213 
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APPENDIX B. 	(continued) 

Run 5 (potassium nitrate + 5 equiv.% barium nitrate) 

Serial 
number 

Temperature 

( 	°C 	) 

Cell 
conductivity 
( mmho ) 

Specific 
conductivity 
(ohm 1cm 1) 

11 332.0 1.607 0.5920 

10 337.2 1.654 0.6093 

9 339.9 1.678 0.6181 

8 346.5 1.733 0.6384 

12 346.5 1.733 0.6384 

7 358.4 1.832 0.6749 

6 374.2 1.969 0.7253 

5 388.6 2.C':,1 0.7703 

4 402.5 2.207 0.8128 

3 418.2 2.342 0.8625 

2 434.2 2.481 0.9137 

1 449.9 2.621 0.9653 

Run 6 (pure potassium nitrate) 

Serial 
number 

Temperature 

( 	°C 	) 

Cell 
conductivity 

( mmho ) 

Specific 
conductivity 

(ohm-1cm-1) 

1 337.2 1.699 0.6259 
2 339.9 1.723 0.6347 
3 346.5 1.782 0.6564 
4 358.4 1.884 0.6940 
5 374.2 2.018 0.7434 
6 388.6 2.139 0.7880 
7 402.5 2.255 0.8305 
8 418.2 2.387 0.8791 
9 434.2 2.522 0.9288 
10 449.9 2.658 0.9789 



APPENDIX B. 	(continued) 

Run 7 (pure potassium nitrate) 

Serial 
number 

Temperature 

( 	°C 	) 

Cell 
conductivity 

( mmho ) 

Specific 
conductivity 

(ohm 
1cm-1)  

9 337.2 1.700 0.6262 
8 339.9 1.728 0.6365 

7 346.5 1.787 0.6583 

6 358.4 1.892 0.6970 

5 374.2 2.027 0.7467 
4 388.6 2.150 0.7920 

3 402.5 2.263 0.8334 
2 418.2 2.395 	. 0.8820 
1 434.2 2.527 0.9306 

Run 8  (pure potassium nitrate) 

Serial 
number 

Temperature 

( 	°C 	) 

Cell 
conductivity 
( mmho ) 

Specific 
conductivity 

(ohm 1cm-1)  

1 339.9 1.727 0.6362 

2 346.5 1.787 0.6583 

3 358.4 1.892 0.6970 
4 374.2 2.031 0.7482 

5 388.6 2.154 0.7935 
6 402.5 2.271 0.8364 

7 418.2 2.403 0.8850 

8 434.2 2.540 0.9354 



APPENDIX C.  

DETAILS OF SPECTROSCOPIC EXAFIINATIONS MADE ON THIN FILMS 

OF NITRATES AND NITRITES.  

The results obtained from different samples of the same 

salt are listed separately. 	The mass of salt per unit area 

of the sample, when known, and the settings of the spectro-

photometer controls, are given at the head of each table. 

The measured frequencies are in units of 1,000 cm
-1 (1 kcm

1). 

All the values of F(2) and E'(2) listed below have been 

corrected for the effect of mis-shaping of the spectro- 

photometer cam (see pages 61 to lbo ). 	The size of the 

correction varied with frequency, and is given at the 

beginning of each group of results. 	It always took the 

form of a small addition to the value obtained from the 

frequency scale of the instrument. No correction has been 

applied to the frequencies measured on the low-energy edge 

temperature was 

the correction. 

measurements is 

were known only  

raised; these 

The absolute 

limited by the 

approximately. 

etc.), because 

Importance is 

changes are not  

these figures 

attached to 

sample as the 

influenced by 

of the strong band (E(t = 10%), 

have no absolute significance. 

the changes in each parameter for a particular 

significance of the band-edge 

fact that sample thicknesses 
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SODIUM NITRATE (Sample 1) 	Runs 248 - 306. 

Resolution 4; scan-speed 3; damping 2; chart speed 40"/hour; 

transmission scale 0 - 100%. 

The sample was solid for the whole of this series, and 

contained 0.011 grm salt per cm2  (thickness 49 1,t at 20°C). 

The absorption at the maximum of the weak band rose steadily 

from 91% to 94% as the temperature was raised. 

The correction for cam mis-shaping was +0.04 kcm 1. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

Run 
number 

Block 
temp. 

E(2) 

t.. 	
1 kcm 	) 

248 15 34.3 282 265 33.6 
249 15 34.2 284 271 33.5 
253 50 34.2 286 272 33.5 
255 100 34.1 288 274 33.5 
257 152 34.0 290 275 33.4 
259 200 33.8 292 276 33.5 
261 211 33.8 294 277 33.4 
266 220 33.8 298 278 33.4 
270 230 33.7 300 279 33.4 
273 240 33.8 302 280 33.4 
275 250 33.7 304 291 33.4 
278 255 33.6 306 302 33.3 
280 260 33.6 
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SODIUM NITRATE. 	(Sample 2). 	Runs 332 - 343  

Resolution 5; scan-speed 3; damping 3; chart speed 40"/hour; 
transmission scale 0 - 100%. 

For runs 332 - 342 the sample was solid and contained 
0.0048 grm salt/cm2  (thickness 21p- at 20°C). 	The sample 
was melted for run 343, and after cooling to room temperature 
it was found to contain 0.0035 grm salt per cm2  (thickness 
1511),  at 20°C). 	The % absorption at the maximum of the 
weak band rose steadily from 67% to 72% as the solid was 
heated (runs 332 - 342), and dropped to 59% for run 343. 

The correction for cam mis-shaping was +0.04 kern 1. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm 1) 

332 16 34.3 
333 100 34.1 
334 150 33.9 
335 200 33.8 
336 241 33.7 
337 250 33.6 
338 260 33.6 
339 271 33.5 
340 281 33.4 
341 290 33:4 
342 300 33.4 
343 316 33.4 
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SODIUM NITRATE. (Sample 3) 	Runs 344 - 367 

Resolution 5; scan-speed 3; damping 3; chart speed 40"/hour; 
transmission scale 0 -100%. 

For runs 344 - 351 the sample contained 0.013 grm salt 
per cm2  (thickness 57p. at 2000). 	The salt was melted for 
runs 353 - 356, after which it contained 0.0057 grm salt/cm2. 
This sample was used again as a solid in runs 357 - 365, was 
melted for 366 and frozen again for 367. 	It finally contained 
0.0021 grm salt/cm2. 

The % absorption at the maximum of the weak band was 93 -
94% for runs 344 - 351, and fell from 87% to 78% in runs 
353 - 356. 	The transmission rose from 68% to 73% in runs 
357 - 365, and fell to 47% for 366 and 29% for 367. 	The 
correction for cam mis-shaping was +0.04 kcm 1. 

Run 
number 

Block 
temp. 

(°C) 

E(2) 

1- (kcm 	) 

Run 
number 

- 

Block 
temp. 
(°0) 

E(2) 

(kcm 1) 

344 31 34.2 358 53 34.2 
345 31 34.2 359 100 34.2 

347 151 33.9 360 150 34.0 
349 151 34.0 361 199 33.9 
351 241 33.7 362 200 33.8 

353 320 33.4 363 251 33.6 
354 333 33.5 364 269 33.5 
355 347 33.4 365 301 33.4 
356 371 33.3 366 321 33.5 

357 18 34.2 367 292 33.3 
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SODIUM NITRATE. (Sample 5) 	Runs 369 - 380 

Resolution 5; scan-speed 3; damping 3; chart speed 40"/hour; 
transmission scale 0 -100%. 

The sample was fused for run 369, solid for 370 - 373, 

liquid for 374 and again solid for 377 and 380. At the end 

of the series, the film contained 0.0064 grm salt per cm2 

(thickness 28/0- at 20°C). 

The Xpabsorption varied irregularly, and is included in 
the table. 

The correction for cam mis-shaping was +0.04 kcm-1. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

- 1 (kcm 	) 

% absorp- 
tion. 

369 314 33.5 68 

370 301 33.3 47 

372 301 33.5 72 

373 301 33.3 72 

374 315 33.4 67 

377 302 33.3 47 

380 302 33.4 53 
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SODIUM NITRATE. (Sample 6) 	Runs 383 - 425  

Resolution 5; scan-speed 3; damping 3; chart speed 40"/hour; 
transmission scale 0 - 100%. 

The sample contained 0.0090 grm salt/cm2  when prepared 
(thickness 40) at 20°C). 	It was used as a solid film 
for runs 383 - 412, and was molten during runs 412 - 425. 
After re-freezing and cooling, the film was found to contain 
0.0027 grm salt/cm2. 

The % absorption rose from 70 to 76% as the solid was 
heated from 40°  to 305°C. 	It dropped to 52% when the 
sample was melted (run 412), and was further reduced to 48% 
as the temperature was raised to 399°C. 

The correction for cam mis-shaping was +0.04 kcm 1. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm 1) 

383 40 34.29 395 140 33.94 

384 40 34.2 396 161 33.94 

385 42 34.2 397 171 33.89 

386 50 34.2 398 180 33.86 
387 61 34.19 399 190 33.81 
388 70 34.19 400 210 33.71 

389 80 34.17 401 220 33.71 
390 90 34.12 402 231 33.66 

391 100 34.12 403 241 33.66 

392 110 34.06 404 250 33.62 

393 120 34.04 405 260 33.55 
394 131 34.04 406 270 33.51 
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SODIUM NITRATE. (Sample 6) (continued) 

Run 
number 

Block 
temp. 
( °C) 

E(2) 

- (km 1  ) 

407 275 33.42 
407A 275 33.36 
408 285 33.31 
409 295 33.36 
410 300 33.31 
411* 305 33.31 
412** 308 33.51 
412A 308 33.52 
412B 308 33.50 
413 312 33.50 
414 317 33.46 
415 321 33.45 
416 321 33.42 
417 327 33.42 
418 332 33.44 
419 341 33.39 
420 352 33.37 
421 362 33.36 
422 372 33.36 
423 382 33.34 
424 397 33.38 
425 399 33.32 

solid 
** 
	

liquid 
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SODIUM NITRATE. ( Sample 4 ) 	Runs 428 - 476  

Resolution 5; scan-speed 3; damping 3; chart speed 40"/hour; 
transmission scale 0 -100%e 

The sample was melted and re-frozen three times in the 
spectrophotometer thermostat before the series was begun. 
It was liquid for runs 428 - 430, and solid for the 
remainder. 

After run 476, the sample contained 0.00077  grm salt per 
cm2  (thickness 3.4LA-,  at 20°0). 

In the table, E(t = x%) is the frequency on the low-energy 
edge of the strong band for which the transmission is x% 
The basis on which the values of x were chosen is explained 
on page 242.. 

Liquid sample:  

Run 
number 

Block 
temp.- 
(°C) 

E(t.50:70) 

— (kcm 1) 

E(t. 
53.5%) 

(kcm 1)  

E(t.10%) 

(kcm 1) 

E(t. 
12.5%) 

(kcm-1) 

428 311 40.13 40.00 41.28 41.17 

429 309 40.16 40.09 41.30 41.20 

430 309 40.16 40.05 41.34 41.22 
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SODIUM NITRATE. (Sample 4) (continued) 

Solid sample:  

Run 
number 

Block 
temp. 

(°C) 

E(t=50%) 

(kcm-1  ) 

E(t.1070) 

(kcm-1) 

431 302 39.65 40.73 

433 292 39.65 40.78 
434 294 39.67 40.72 
435 297 39.60 40.70 
436 300 39.60 40.67 
437 304 39.60 40.72 
440 288 39.64 40.69 
441 278 39.75 40.78 

442 283 39.74 40.75 
443 276 - 40.76 
444 275 - 40.85 

445 274 - 40.80 

446 272 39.77 
447 272 39.76 40.80 

448 268 39.80 40.82 
449 263 39.83 40.86 
450 257 39.84 40.86 
451 251 39.91 40.95 
452 244 40.00 41.00 

453 236 4j.09 41.02 

454 226 40.13 41.08 

455 220 40.17 41.13 

456 212 40.25 41.20 

457 203 40.29 41.21 

458 194 40.36 41.25 

459 186 40.44 41.30 



SODIUM NITRATE. NITRATE. (Sample 4) (continued) 

Solid sample (continued) 

Run 
number 

Block 
temp. 

(°C) 

E(t=50%) 

-1 (kcm 	) 

E(t.107/0) 

(kcm- 1) 

460 176 - 41.35 

461 168 - 41.40 

462 159 - 41.46 

463 149 40.60 41.49 

464 138 40.68 41.51 

465 128 40.73 41.60 

466 118 40.83 41.68 

467 108 40.87 41.70 

468 98 40.95 41.76 

469 88 - 41.78 

470 79 - 41.82 

471 69 41..07 41.86 

472 59 - 41.90 

473 49 41.20 42.00 

474 40 - 41.98 

475 30 41.22 42.00 

476 21 - 42.00 
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POTASSIUM NITRATE. (Sample 1) 	Runs 709 - 748 

Resolution 3; scan-speed 3; damping 2; chart speed 40"/hour; 
transmission scale 0 - 100%. 

The sample was solid for runs 709 - 744, and liquid for 
745 - 748. 	The film contained 0.026 grm salt per cm2  at 
the beginning of the series (thickness 122)1- at 20°C). 

The % absorption at the maximum of the weak band 
increased from 55% to 60% over the temperature interval 
20.8°  to 127.3°. 	It increased abruptly to 70% as the 
transition temperature (127.8o) was traversed, and increased 
steadily from this value to 79% as the salt was heated to 
its melting-point. The absorption fell to 62% when the 
sample melted. 	The correction for cam mis-shaping 
was +0.04 kcm-1. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm 1) 

709 21 32.92 721 127 32.82 
710 21 32.92 722 127 32.82 
711 30 32.91 723 128 32.92 
712 40 32.93 724 130 32.92 
713 60 32.91 725 129 32.91 
714 80 32.90 726 130 32.86 
715 100 32.85 727 133 32.86 
716 113 32.88 728 137 32.91 
717 113 32.75 729 145 32.83 
718 122 32.79 730 162 32.84 
719 124 32.79 731 181 32.81 
720 126 32.80 732 199 32.75 
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POTASSIUM NITRATE. (Sample 1) (continued) 

' 	Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

733 218 32.71 

734 237 32.66 

735 257 32.64 

736 277 32.63 

737 298 32.56 

738 314 32.60 

739 322 32.55 

740 329 32.56 

741 331 32.56 

742 332 32.54 

743 333 32.54 

744 * 334 32.55 

745 ** 335 32.60 

746 337 32.62 

747 339 32.57 

748 341 32.59 

solid 
** liquid 
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POTASSIUM NITRATE. (Sample 2) 	Runs 749 - 760  

Resolution 3; scan-speed 3; damping 2; chart speed 40"/hour; 
transmission scale 0 - 100%. 

The sample was solid for run 749, and liquid for the 
remainder of the series. 	The % absorption dropped from 
82% in run 749 to 62% in run 751, and fell gradually to 54% 
as the temperature of the melt was raised. These changes 
were probably due to a gradual fall in the thickness of the 
sample. 	The correction for cam mis-shaping was +0.04 kern'. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

749 331 32.54 

751 336 32.58 

752 338 32.60 

753 343 32.61 

754 351 32.60 

755 360 32.57 

756 376 32.55 

757 397 32.56 

758 419 32.51 

759 441 32.46 

760 441 32.47 



3  

POTASSIUM NITRATE (Sample 3) 	Runs 1593 - 1629. 

Resolution 3; scan-speed 3; damping 3; chart speed 80"/hour; 
transmission scale 0 - 100%. 

During this series the chassis of the spectrophotometer 

was fan-cooled to minimise the thermal drift in the frequency 

calibration. The Balmer line of the hydrogen spectrum was 

scanned after runs 1593, 1609 and 1629; it appeared within 

20 cm-1  of the correct position (15,237 cm-1) on each 

occasion. 

The % absorption at the maximum of the weak band rose 

steadily from 60% to 64% as the sample was heated from 40°0 

to 126°C. 	It increased abruptly to 74.5% at the transition 

point (128°), and continued to increase to 90% as the solid 

was heated to the melting-point. The absorption fell to 

82% when the sample was fused, and dropped to 67% as the 

melt was heated (probably because melt was extruded from 

between the Spectrosil plates). 	After re-freezing and 

cooling to room temperature, the sample contained 0.0096 

grm salt per cm2  (thickness 46kLat 2000). 

The correction for cam mis-shaping was +0.04 kom. 



POTASSIUM NITRATE (Sample 3) (continued) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm 1) 

Run 
number 

Block 
temp. 
(°0) 

E(2) 

1 (kcm 	) 

1593 42 33.16 1612 160 32.91 
1594 39 33.12 1613 213 32.85 
1595 40 3.13 1614 268 32.68 
1596 42 33.10 1615 297 32.64 
1597 62 33.13 1616 320 32.60 
1598 61 33.08 1617 320 32.59 
1599 57 33.15 1618 327 32.62 
1600 87 33.06 1619 327 32.62 
1601 112 32.96 1620 327 32.64 
1602 119 33.04 1621 330 32.61 
1603 126 33.03 1622 330 32.64 
1604 127 33.03 1623 336 32.63 
1605 127 33.04 1624 336 - 
1606 130 32.99 1625 336 32.76 
1607 130 33.04 1626 336 32.74 
1608 134 33.03 1627 339 32.70 
1609 143 33.00 1628. 339 32.69 
1610 141 32.98 1629 339 32.72 
1611 141 33.00 



POTASSIUM NITRATE (Sample 3) (continued) Runs 1594 - 1622. 

Resolution 3; scan-speed 3; damping 3; chart speed 80"/hour; 

transmission scale 0 - 100%. 

In the table, E(t = 10%) and E(t = 30%) are the 

frequencies on the low-energy edge of the strong band for 

which the transmission of the sample is 10% and 30%, 

respectively. 	All results in this table refer to the 

solid salt. 

Run 
number 

Block 
temp. 

(°C) 

E(t.10%) 

(kcm 1) 

E(t=30%) 

(kcm 1) 

1594 39 40.66 39.71 

1595 40 40.67 39.66 

1596 42 40.67 39.67 

1597 62 40.50 39.53 

1598 61 40.55 39.58 

1599 57 40.58 39.60 

1600 87 40.37 39.45 

1601 112 40.20 39.20 

1602 119 40.15 39.15 

1603 126 40.13 39.14 

1604 127 40.12 39.10 



POTASSIUM NITRATE (Sample 3) (continued). 

Run 
number 

Block 
temp. 

(°C) 

E(t.10%) 

(kcm-1) 

E(t.30%) 

(kcm 1) 

1605 127 39.88 39.00 

1606 130 39.65 38.87 

1607 130 39.65 38.86 

1608 134 39.60 38.84 

1609 143 39.60 38.83 

1610 141 39.55 38.76 

1611 141 39.54 38.73 

1612 160 39.35 38.58 

1613 213 38.80 38.07 

1615 297 37.72 36.95 

1616 320 37.47 36.68 

1617 320 37.35 36.35 

1618 327 37.27 36.30 

1619 327 37.23 36.30 

1621 330 37.24 36.18 

1622 330 37.19 36.19 



POTASSIUM NITRATE (Sample 4) 	Runs 1639 - 1652. 

Resolution 2; scan-speed 3; damping 2; chart speed 120"/hour; 
transmission scale 0 - 100%. 

This series of scans was made in order to follow the 
movement of the strong-band edge through the melting-point. 

The salt film was melted and re-frozen twice in the 
thermostat unit, and then melted a third time. 	The sample 
was liquid during runs 1639 to 1643, solid for 1644 to 1648 
and again liquid for 1649 to 1652. 	There was no significant 
difference between the two sets of results for the liquid, 
which indicates that the melt film had the same thickness on 
the two occasions. 

After re-freezing and cooling to room temperature at the 
end of the series, the sample contained 0.0006 grm salt per 
cm2 (thickness 2.8/A- at 20°C). 

In the table, E(t = x%) is the frequency on the band-edge 
for which the transmission is x%. 

Run 
number 

Block 
temp. 
(oc) 

7(t. 
10.8%) 

(kcm 1) 

E(t= 
31.2%) 

(kcm 1) 

E(t= 
51.1%) 

(kcm-1) 

1639 X35 41.15 40.42 39.78 
1640 335 41.15 40.42 39.78 
1641 335 41.15 40.43 39.80 
1642 335 41.14 40.43 39.82 
1643 335 41.16 40.44 39.80 
1649 335 41.16 40.43 39.82 
1650 335 41.19 40.47 39.85 
1651 335 41.17 40.47 39.82 
1652 335 41.18 40.45 39.82 



POTASSIUM NITRATE (Sample 4) 	(continued). 

Run 

number 

Block 

temp. 

(°C) 

E(t=10%) 

-1 (kcm 	) 

E(t=30%) 

(kcm 1) 

E(t=50%) 

- (kcm 1  ) 

1639* 335 41.21 40.45 39.83 

1640* 335 41.20 40.46 39.82 

1641* 335 41.20 40.49 39.84 

1642* 335 41.20 40.46 39.87 
1643* 335 41.22 40.48 39.86 

1644** 332 40.95 40.24 39.59 

1645** 332 40.95 40.23 39.60 

1646** 332 40.94 40.23 39.58 

1647** 331 40.93 40.22 39.61 

1648** 331 40.93 40.23 39.61 

1649* 335 41.23 40.47 39.86 

1650* 335 41.25 40.52 39.90 

1651* 335 41.23 40.51 39.88 

1652* 335 41.24 40.50 39.87 

liquid sample 

** 	solid sample 



14-oc 

RUBIDIUM NITRATE (Sample 3) 	Runs 636 - 695. 

Resolution 4; scan-speed 3; damping 2; chart speed 4054/hour; 

transmission scale 0 - 100%. 

The sample was solid for runs 636 to 681, and liquid for 

683 to 695. The % absorption at the maximum of the weak 

band changed abruptly at the transition temperatures, but 

increased steadily with rising temperature for each of the 

solid modifications. 	The changes are detailed in the table. 

Temperature range 
(°c) 

% absorption 

162 71 -4 77 26 	--> 

219 79 82 163 	-4 -4 

221 	-4 281 76 — 79 
285 	-4. 310 77 

(M.P. 312°) 
314 	-- 422 7? -4 74 

The correction for cam mis-shaping was +0.04 kcm-1 



RUBIDIUM NITRATE (Sample 3) 

Run 
number 

. 
Block 
temp. 
(oc) 

E(2) 

(kcm-1) 

Run 
number 

. 
Block 
temp. 
(°C) 

_ 
E(2) 

(kcm 1) 

636 26 52.63 666 242 32.45 
637 34 32.66 667 261 32.39 
638 44 32.66 668 271 32.43 
639 60 32.65 669 278 32.33 

640 77 32.65 670 279 32.31 

641 99 32.62 671 280 32.36 

642 120 32.61 672 281 32.38 

643 140 32.53 673 285 32.26 

644 151 32.52 674 286 32.26 
645 157 32.48 675 286 32.28 
646 157 32.50 676 291 32.29 
647 160 32.46 677 297 32.28 
648 161 32.51 678 301 32.26 
649 162 32.48 679 307 32.26 
650 163 32.47 680 308 32.25 
651 164 32.53 681 310 32.26 
652 165 32.50 683 314 32.52 
654 180 32.51 684 315 32.54 
655 200 32.46 685 318 32.50 
656 210 32.51 686 324 32.55 
657 216 32.45 687 324 32.54 
658 218 32.48 688 335 32.46 

659 219 32.46 689 346 32.45 
660 219 32.44 690 357 32.46 
661 221 32.55 691 367 32.50 
662 223 32.53 692 378 32.44 
663 225 32.53 693 400 32.45 
664 231 32.50 694 411 32.39 
665 231 32.48 695 422 32.40 

14.-% 
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RUBIDIUM NITRATE (Sample 1) 	Runs 586 - 634. 

Resolution 5; scan-speed 3; damping 3; chart speed 40"/hour; 
transmission scale 0 - 100%. 

The sample was melted and re-frozen four times in the 
thermostat before the series was begun. 	It was liquid 
during runs 586 to 590, and solid for the remainder. 

In the table, E(t = x%) is the frequency on the low-
energy edge of the strong band for which the transmission 
is x%. 

Run 
number 

Block 
temp. 
(°C) 

E(t.50%) 

1 (kcm 	)  

E(t.10%) 

(kcm I) 

586 317 38.59 39.89 
587 316 38.63 39.90 
588 315 38.63 39.93 
589 314 38.58 39.94 
590 313 38.64 39.96 
591 310 38.60 39.92 

592 311 38.62 39.94 

593 312 38.64 39.95 
594 305 38.67 39.97 
595 300 38.72 40.00 
596 291 38.82 40.05 

597 286 38.86 40.09 
598 285 38.82 40.10 

599 284 38.86 40.11 
600 283 38.83 40.10 
601 282 38.77 40.10 
602 281 - 40.15 
603 278 38.78 40.20 



RUBIDIUM NITRATE (Sample 1) 	(continued). 

Run 
number 

Block 
temp. 
co  

E(t=50%) 

- 1 (kcm 	) 

E(t.10/0) 

- (kcm 1) 

604 269 38.89 40.23 

605 259 38.95 40.28 

606 241 39.12 40.38 

607 230 39.15 40.45 

608 225 39.27 40.50 

609 223 39.23 40.55 

610 222 39.24 40.53 

611 220 39.26 40.56 

612 220 39.41 40.55 

613 218 39.43 40.58 

614 216 39.50 40.58 

615 210 39.48 40.65 

616 200 39.52 40.70 

617 190 39.61 40.78 

618 179 39.74 40.81 

619 179 39.68 40.82 

620 170 39.78 40.90 

621 166 39.83 40.92 

622 164 39.88 40.95 

623 163 39.90 40.94 



RUBIDIUM NITRATE (Sample 1) (continued).  

Run 

number 

Block 

temp. 

(°C) 

E(t..50/0) 

(kcm 1 ) 

E(t=10%) 

1 (kcm 	) 

624 162 40.00 41.08 

625 161 40.00 41.13 

626 160 40.09 41.13 

627 151 40.13 41.18 

628 134 40.23 41.27 

629 115 40.38 41.37 

630 97 40.49 41.43 

631 80 40.58 41.52 

632 61 40.67 41.59 

633 43 40.74 41.65 

634 28 41.00 41.69 



410 

CAESIUM NITRATE. (Sample 4). 	Runs 532 - 572. 

Resolution 4; scan-speed 3; damping 2; chart-speed 40`°/hour; 
transmission scale 0 - 100%. 

The sample contained 0.051 grm salt per cm2  at the 
beginning of the series (thickness 182p- at 20°C). 	The 
film was solid for runs 532 to 566, and liquid for 568 to 572. 

The % absorption at the maximum of the weak band rose 
steadily from 77% at 19°C (run 532) to 91% at 404°C (run 566). 
There was no abrupt change in % absorption at the transition 
temperature (152°C). 	The absorption fell to 81% when the 
sample was fused, and remained at this value for runs 568 to 
572. 	The correction for cam mis-shaping was +0.04 kcm-1. 

Run 
number 

Block 
temp. 

(°C) 

E(2) 

(kcm-1) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm 1) 

532 19 32.52 545 151 32.41 

533 30 32.56 547 153 32.36 
534 48 32.52 548 154 32.33 

535 68 32.53 549 155 .2.35 

536 90 32.44 550 158 32.35 

537 110 32.46 551 167 32.36 

538 120 32.43 552 184 32.33 

539 130 32.41 553 201 32.30 
540 141 32.46 554 227 32.29 
541 146 32.41 555 253 32.28 
542 148 32.44 556 280 32.21 
543 149 32.42 557 307 32.19 
544 150 32.41 558 334 32.16 

i 



CAESIUM NITRWE. (Sample 4) 	(continued) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

559 362 32.16 

560 362 32.11 

561 381 32.08 

562 390 32.11 

563 399 32.04 

564 400 32.09 

565 402 32.11 

566* 404 32.10 

568** 408 32.23 

569 411 32.24 

570 415 32.24 

571 421 32.21 

572 431 32.19 

solid sample 

* * 
	

liquid sample 

411 
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CAESIUM NITRATE (Sample 1) 	Runs 480 - 526 

Resolution 5; scan speed 3; damping 3; chart speed 40"/hour; 
transmission scale 0 - 100%. 

The sample was melted and re-frozen three times in the 

thermostat before the series was begun. 	It was liquid for 

runs 480 - 483, and solid for 484 - 526. 	At the end of 

the series the sample contained 0.0013 grm salt per cm2 

(thickness 3.7tk at 20°C). 

In the table, E(t.x%) is the frequency on the low-energy 

edge of the strong band for which the transmission is x%.  
The choice of values for x is discussed on page 24-2. 

Liquid sample: 

Run 
number 

Block 
temp. 

(°G) 

E(t. 
50%) 

(kcm-1) 

E(t= 
53.9%) 

(kcm 1) 

E(t=. 
10%) 

(kcm 1) 

E(t= 
12.8%) 

(kcm-1) 

480 410 38.14 37.91 39.64 39.52 

481 409 38.17 38.00 39.68 39.55 

482 409 38.20 38.00 39.70 39.55 

483 416 38.13 37.95 39.68 39.53 



CAESIUM NITRATE (Sample 1) (continued) 

Solid sample: 

Run 
number 

Block 
temp. 

(°C) 

E(t=50%) 

(kcm 1) 

E(t-,-10',0) 

(kcm 1) 

485 401 38.12 39.67 

486 403 38.10 39.65 

487 399 38.18 39.66 

488 393 38.31 39.78 

489 387 38.30 39.75 

490 378 38.35 39.78 

491 367 38.40 39.88 

492 356 38.50 39.90 

493 346 - 39.98 

495 328 38.80 40.10 

496 311 38.84 40.23 

497 293 39.10 40.37 

498 275 39.20 40.47 

499 258 39.28 40.54 

500 240 39.41 40.67 

501 223 39.54 40.78 

502 206 39.68 40.88 

503 189 39.85 41.00 

504 173 39.95 41.10 

505 164 40.00 41.13 

413 



CAESIUM NITRATE NITRATE (Sample 1) (continued) 

Run 
number 

Block 
temp. 

(°C) 

E(t=50%) 

(kcm
-1) 

E(t.1070) 

(kcm
1 ) 

506 157 40.10 41.16 

507 156 40.10 41.17 

508 155 40.10 41.17 

509 154 40.10 41.18 

510 153 40.13 41.19 

511 153 40.10 41.19 

512 152 40.10 41.20 

514 152 40.23 41.28 

515 152 40.22 41.23 

516 151 40.22 41.25 

517 149 40.23 41.27 

518 144 40.23 41.28 

519 134 40.27 41.36 

520 118 40.38 41.42 

521 101 40.48 41.51 

522 84 40.59 41.58 

523 68 40.68 41.67 

524 52 40.72 41.71 

525 36 40.80 41.75 

526 26 40.83 41.79 



CAESIUM NITRATE. 	(Sample 5) 	Runs 1580 - 1591 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
transmission scale 0.- 100%. 

The sample was melted and re-frozen four times in the 
sPmple thermostat of the spectrophotometer; melting 
occurred at a block temperature of 409°C. 	It was finally 
melted a fifth time, and left for ten minutes, during which 
the % transmission at 39 kcm 1  remained constant (to 7A: 0.5%). 
Runs 1580 to 1586 were made on the liquid sample, and runs 
1587 to 1591 on the solid. 

After cooling to room temperature at the end of the 
series, the sample contained 0.0015 grm salt per cm2 

(thickness 4.0p... at 20°C). 

In the table, E(t = x%) is the frequency for which the 
transmission on the low-energy edge of the weak band is x%. 

Run 
number 

Block 
temp. 
(°C) 

E(t=50%) 

(kcm 1) 

E(t= 
53.9%) 

(kcm-1) 

E(t.10%) 

(kcm 1) 

E(t= 
12.8%) 

(kcm 1) 

1580 420 38.27 38.15 39.57 39.45 
1581 420 38.26 38.12 39.58 39.45 
1582 416 38.32 38.18 39.68 39.57 
1583 416 38.33 38.21 39.68 39.56 
1584 411 38.44 38.27 39.71 39.61 
1585 411 38.40 38.28 39.71 39.60 
1586 409 38.42 38.32 39.73 39.61 
1587 405 38.33 - 39.61 - 
1588 405 38.32 - 39.61 - 
1589 402 38.32 - 39.62 - 
1590 400 38.36 - 39.65 - 
1591 397 38.36 - 39.65 - 



ACCURATE RESULTS FOR ALKALI NITRATE MELTS. RUNS 1411 - 1436  

AND 1550 - 1559. 

Resolution 3; scan-speed 3; damping 2; chart speed 120"/hoUr; 

transmission scale 0 - 100%. 

The results listed here refer to the fused salts just 

above their melting-points. 	The frequency calibration 

of the spectrophotometer was checked before and after each 

salt spectrum by recording the Balmer line from the 

hydrogen lamp (15,237 cm-1). 	The results were accepted 

only if this line appeared within 10 cm-1  of the correct 

position on each occasion. 

Throughout these measurements the main chassis of the 

spectrophotometer was fan-cooled. 	This precaution was 

taken in order to minimise thermal drift in the calibration 

(see page 67). 

The correction for cam mis-shaping was +0.04 kcm 1, 

in all cases. 

The frequencies in the Table refer to air as the 

standard medium. 
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ACCURATE RESULTS FOR ALKALI NITRATE MELTS (continued) 

Salt Run 

number 

Block 

temp. 
(co 

E(2) 

(cm 1) 

Na1O
3 

1411 312 33,530 

(M.P. 1412 312 33,510 
308°C) 

KNO3 
1432 338 32,700 

(M.P. 1435 339 32,700 
334°C) 1436 341 32,700 

RbNO3 
1421 318 32,510 

(M.P. 1424 318 32,480 
310°C) 

CsNO3 1550 418 32,150 

(M.P. 1553 419 32,150 
409°C) 1555 419 32,155 

1557 419 32,165 

1559 419 32,160 



49 

POTASSIUM NITRATE + 10 EQUIV. % BARIUM NITRATE  

Runs 761 - 769. 

Resolution 3; scan-speed 3; damping 2; chart speed 40"/hour; 
transmission scale 0 - 100%. 

A single sample was used, and it was liquid throughout 
(the liquidus temperature for this mixture is 318°C; see 

Figure (0.14- on page 11+0). 	After re-freezing at the and of 

the series, the sample contained 0.012 grm salt per cm2 

(thickness 561-4- at 20°C). 

The % absorption at the maximum of the weak band 

remained steady at 92 - 93%. 

The correction for cam mis-shaping was +0.04 kcm-1. 

Run 

number 

Block 
temp. 

((D C) 

E(2) 

(kcm 1) 

761 321 32.80 

762 321 32.80 

763 330 32.76 

764 340 32.77 

765 374 32.73 

766 401 32.65 

767 420 32.65 

768 441 32.66 

769 441 32.64 



POTASSIUM NITRATE + 20 EQUIV. % BARIUM NITRATE. 

Runs 701 - 708. 

Resolution 3; scan-speed 3; damping 2; chart speed 40"/hour; 

transmission scale 0 - 100%. 

The sample was liquid throughout the series; the 

liquidus temperature for this mixture is 294°C (see 

diagram on page 40). 

The % absorption at the maximum of the weak band 

remained steady at 63 - 65% as the temperature was raised. 

The correction for cam mis-shaping was +0.04 kcm 1 

Run 

number 

Block 

temp. 

(°0) 

E(2) 

(kcm 1) 

701 306 33.00 

702 306 32.99 

703 320 32.98 

704 330 32.93 

705 341 32.91 

706 373 32.91 

707 411 32.81 

708 440 32.81 



42.,c› 

POTASSIUM NITRATE + 35 EQUIV.% BARIUM NITRATE. 

Runs 770 - 776. 

Resolution 5; scan-speed 3; damping 2; chart speed 40"/hour; 
transmission scale 0 - 100%. 

The sample was liquid throughout; the liquidus temperat-

ure for this mixture is 364°C (see diagram on page (40). 
After re-freezing at the end of the series, the sample was 

found to contain 0.0052 grm salt per cm2 (thickness 21/-k-

at 20°C). 

The % absorption at the maximum of the weak band fell 

from 54% to 49% as the temperature was lowered from 440°C 

to 371°C. 

The correction for cam mis-shaping was +0.04 kcm 1. 

Run 
number 

Block 

temp. 

(°C) 

E(2) 

(kcm 1) 

770 440 33.25 

771 440 33.21 

772 420 33.19 

773 400 33.24 

774 380 33.26 

775 371 33.30 

776 371 33.29 
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POTASSIUM NITRATE + 50 EQUIV.% BARIUM NITRATE. 

Runs 696 - 698. 

Resolution 5; scan-speed 3; damping 3; chart speed 40"/hour; 

transmission scale 0-100%. 

The sample was liquid throughout; the liquidus 

temperature for this mixture is 437°C (see diagram on 

page (40). 

The % absorption at the maximum of the weak band 

remained steady at 87 - 88%. 

The correction for cam mis-shaping was +0.04 kcm 1. 

Run 

number 

Block 

temp. 

(°C) 

E(2) 

_ 
(kcm 1) 

696 460 33.54 

697 451 33.55 

698 440 33.52 



AMMONIUM NITRATE. 	(Sample 5). 	Runs 993 - 1008. 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 

transmission scale 0 - 100%. 

The sample was prepared (see page 64), and transferred 
from the hotplate to the thermostatted cell at 134°C before 

the transition at 35°C had occurred. 	This prevented 

excessive scattering losses from the 'sample' beam. 

The salt was solid for runs 993 to 1002, liquid for 

1003 to 1005 and again solid from 1006 to 1008. 

The % absorption at the maximum of the weak band 

increased from 62% to 68% as the solid was heated, and 

dropped to 61% on fusion. 	It remained at this level when 

the sample was re-frozen. 

The correction for cam mis-shaping was +0.04 kcm-1. 

Run 
number 

Block 
temp. 
(oc) 

E(2) 

(kcm 1) 

Run 
number 

Block 
temp. 

(°C) 

E(2) 

(kcm 1) 

993 126 32.81 1001 161 32.79 

994 131 32.85 1002 164 32.86 

995 136 32.82 1003 169 33.18 

996 141 32.79 1004 172 33.13 

997 146 32.79 1005 174 33.14 

998 151 32.76 1006 156 32.85 

999 156 32.82 1007 159 32.86 

1000 156 32.82 1008 161 32.86 



4-23 

AMMONIUM NITRATE (Sample 6) 	Runs 1009 - 1030. 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
transmission scale 0 - 100%. 

The sample was prepared on the hotplate (see page (V+) 
and transferred directly to the thermostat at 140°C, so that 
it did not undergo the transition at 35°C. 	The sample was 
solid during all the scans, although it was melted and re- 
frozen between 1010 and 1011. 	This was done in order to 
obtain a salt film which had undergone no solid - solid 
transitions, and from which scattering and reflection losses 
were therefore relatively slight. 

The % absorption was 88% for runs 1009 and 1010, and 
91 - 92% for 1011 to 1017. 	It fell to 87% when the 
transition at 126°C was traversed, and remained within the 
range 84 - 87% for 1018 to 1029. 	The correction for cam 

mis-shaping was +0.04 kcm 1. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm 1) 

1009 134 32.79 1020 109 32.92 
1010 158 32.81 1021 99 32.95 
1011 158 32.80 1022 94 32.97 
1012 153 32.82 1023 89 32.97 
1013 148 32.83 1024 84 32.96 
1014 142 32.84 1025 79 32.97 
1015 137 32.77 1026 74 33.01 
1016 132 32.81 1027 69 33.01 
1017 127 32.82 1028 58 32.99 
1018 120 32.97 1029 48 33.04 
1019 115 32.92 1030 38 33.44 



423 

AMMONIUM NITRATE (Sample 6) (continued) Runs 1031 - 1043. 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
transmission scale 0 - 10%. 

The sample was left overnight at 15°C after run 1030 of 

the previous series. 	Scattering and reflection losses 
were now extremely high (about 86%), and it was necessary 
to use the 0 - 10% transmission scale in order to define 
the maximum of the weak band with sufficient accuracy. 

The correction for cam mis-shaping was +0.04 kcm 1. 

Run 
number 

Block 
temp. 
(oc)  

E(2) 

1 (kcm 	) 

1031 15 33.54 

1032 15 33.54 

1033 18 33.54 

1034 23 33.54 

1035 28 33.55 

1036 33 33.53 

1037 38 33.53 

1038 43 33.52 

1039 48 33.51 

1040 53 33.78 

1041 53 33.76 

1042 53 33.81 

1043 53 33.67 



AMMONIUM NITRATE (Sample 6) (continued). Runs 1045 - 1066 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
both transmission scales. 

The sample was fused after run 1044. 	It was liquid in 
1045, and solid for the remainder of this series. 	Between 
1057 and 1058 the sample was cooled below 35°C and re-heated 
to 84°C, to convert it to the orthorhombic modification (III). 
Both transmission scales were used; the runs marked * were 
carried out on the 0 - 10% scale, the remainder on the 
0 - 1.00% scale. 

The % absorption at the maximum of the weak band (after 
correction for scattering losses) was 96% in run 1046 (160°C), 
and fell to 87% as the sample was cooled to 84°C. 

The correction for cam mis-shaping was +0.04 kcm 1. 

Run 
number 

Block 
temp. 
(oc) 

E(2) 

(kcm-1) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

1045 171 33.07 1056 85 32.89 
1046 160 32.81 1057* 85 32.97 
1047* 160 32.84 1058 84 33.65 
1048 131 32.83 1059* 84 33.68 
1049* 131 32.F7 1060* 89 32.99 
1050 120 32.95 1061* 79 33.00 
1051* 120 32.98 1062* 68 33.13 
1052 131 32.84 1063* 58 33.34 
1053* 131 32.87 1064* 48 33.46 
1054 90 32.92 1065* 38 33.82 
1055* 90 32.94 1066* 33 33.84 



(-4-2G 

AMMONIUM NITRATE (Sample 7) 	Runs 1067 - 1086. 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
transmission scale 0 - 100%. 

In this series the temperature was raised gradually from 
room temperature to 100°C. 	Transitions occurred between 
runs 1071 and 1072 (orthorhombic IV to orthorhombic III) 
and between runs 1083 and 1084 (orthorhombic III to tetragonal 

II). 

The % absorption at the maximum of the weak band was 
61 - 62% for runs 1067 - 1071, 58 - 60% for runs 1072 -
1083 and the same for runs 1084 to 1086. 

The correction for cam mis-shaping was +0.04 kcm
-1. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

1067 19 33.52 1077 50 33.70 
1068 18 33.51 1078 55 33.71 
1069 25 33.51 1079 60 33.68 
1070 30 33.45 1080 65 33.69 
1071 35 33.24 1081 70 33.65 
1072 35 33.83 1082 75 33.65 

1073 35 33.82 1083 80 33.66 
1074 40 33.82 1084 86 32.94 

1075 45 33.77 1085 91 32.92 

1076 48 33.74 1086 101 32.93 



SILVER NITRATE. (Sample 2) 	Runs 887 - 929 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
transmission scale 0 - 100%. 

The sample was solid for runs 887 to 917, liquid for 
918 to 921, solid for 922 and again liquid for 923 to 929. 
At the end of the series the sample contained 0.0012 grm salt 
per cm2  (thickness 2.8/ at 20°C). 

The % absorption at the maximum of the weak band remained 
practically constant at 85 - 86% between room temperature 
and the transition temperature (158°C) (runs 887 - 911). 
It increased abruptly to 90% when the transition occurred, 
and rose gradually to 93% as the melting-point was approached. 
The absorption fell to 87% when the sample was fused. At 
this stage, the sample was re-frozen and cooled to room 
temperature, when its absorption was found to be only 72% 
(cf. the initial value of 85%). 	The sample was re-fused, 
and the absorption returned to 87%. These results suggest 
that the thickness of the sample decreased when it was fused 
for the first time (after run 917). 

In the table, E(2) is the frequency at the maximum of the 
weak band. E'(2) is the frequency on the low-energy edge 
of this band for which the transmission (I/I0) is given by 

log (I/I0) 	. 0.3 log (I/Idmax, where (I/Io)max  refers 
to the maximum of the weak band. E(t 4%) is the frequency 
on the low-energy edge of the strong band for which the 
transmission of the sample is 4%. 	The significance of these 
parameters is discussed on page Z4-2-* 

The correction for cam mis-shaping was +0.06 km-1  for 
E(2), and +0.07 kcm-1  for E'(2). 



/4-2i 

SILVER NITRATE. 	(Sample 2 ) 	(continued) 

Run 
number 

Block 
temp. 
(oc) 

E(2) 

(kcm 1) 

E'(2) 

(kcm-1; 

E(t.4%) 

(kcm 1) 

887 20 30.84 28.65 35.51 

888 20 30.82 28.65 35.50 

889 20 30.85 28.67 35.50 

893 20 30.86 28.60 35.48 

894 19 30.88 28.63 35.44 

895 31 30.86 28.64 35,43 

896 40 30.88 28.67 35.36 

897 50 30.89 28.67 35.35 

898 60 30.86 28.65 35.27 

899 60 30.89 28.65 35.30 

900 70 30.91 28.69 35.24 

901 70 30.86 28.64 35.22 

902 78 30.89 28.64 35.17 

903 88 30.87 28.63 35.11 

904 97 30.86 28.64 35.04 

905 107 30.91 28.65 35.00 

906 117 30.93 28.62 34.98 

907 128 30.93 28.65 34.91 

908 138 30.96 28.67 34.85 

909 148 30.97 28.67 34.78 

910 153 30.96 28.63 34.76 



14-2i 

SILVER NITRATE (Sample 2) (continued). 

Run 
number 

Block 
temp. 
(oc) 

E(2) 

(kcm-1) 

E'(2) 

. 

(kCiii-i) (kcm 

E(t.4%) 

- 1)  

911 158 30.96 28.64 34.71 

912 159 30.78 28.41 34.18 

913 162 30.81 28.37 34.12 

913A 162 30.80 28.33 34.12 

914 175 30.78 28.33 34.00 

915 185 30.76 28.34 33.93 

916 195 30.80 28.36 33.63 

917 200 30.89 28.35 33.65 

918 206 30.96 28.38 33.34 

919 207 - 28.37 33.24 

921 210 - 28.67 33.18 

922 20 - 28.65 35.77 

923 210 - 28.67 33.15 

924 210 - 28.59 33.10 

925 216 - 28.57 33.20 

926 216 - 28.52 - 

927 227 - 28.47 - 

929 238 - 28.53 - 



t-4-30 

THALLOUS NITRATE. (Sample 2) 	Runs 781 - 844 

Resolution 3; scan-speed 3; damping 2; chart speed 40"/hour; 
transmission scale 0 - 100%. 

The sample was fused and re-frozen in the thermostat 
before run 781. 	It was solid for runs 781 to 829, and 
liquid for 830 to 842. 	Runs 843 and 844 were carried out 

after the sample had been re-cooled to room temperature. 

Some decomposition of the sample probably occurred during 

the runs after 835; the % transmission in the region of the 

strong band was zero in runs 781 to 835, 1% in 837, 3% in 
840 and 10% in 842. 	This transmission was due to gas 

bubbles, which displaced the melt as decomposition proceded. 

At the end of the series the sample contained 0.0023 grm 

salt per cm2  (thickness 4.0p,  at 20°0). 

The % absorption at the maximum of the weak band rose 

steadily from 85% to 91% as the solid was heated, and 

increased abruptly to 96% when the salt was fused. 	After 

re-freezing the sample and cooling it to room temperature, 

the absorption was 73%. 

In the table E(2) is the frequency at the maximum of the 

weak band, and E'(2) is the frequency at a point on the low-

energy edge of the weak band for which the transmission 

(I/Io) is given by log (I/Io) 	= 	0.3 log (I/I ) o max 9  
(I/Io )max  being the transmission at the maximum of the band. 

The correction for cam mis-shaping was +0.04 kcm-1  for 

E(2) and +0.08 kcm-1  for E'(2). 



THALLOUS NITRATE. 	(Sample 2) (continued). 

Run 
number 

Block 
temp. 

(°C) 

E(2) 

(kcm 1) 

E'(2) 

(kcm 1) 

781 26 31.92 29.85 
782 26 31.91 29.88 
783 26 31.89 29.86 
784 31 31.93 29.91 

785 36 31.92 29.86 
786 46 31.92 29.85 
787 55 31.89 29.92 
788 65 31.86 29.85 
789 70 - 29.88 
790 73 31.83 29.86 
791 75 31.84 29.91 
792 77 31.85 29.86 

793 78 31.89 29.88 
794 78 31.80 29.84 

795 78 31.82 29.88 

796 79 31.81 29.86 

797 80 31.89 29.88 

798 83 31.76 29.84 

799 85 31.83 29.83 

800 91 31.80 29.88 
801 101 31.82 29.84 
802 111 31.82 29.80 
803 121 31.82 29.80 
804 131 31.81 29.78 
805 136 31.80 29.76 
806 139 31.72 29.72 
807 142 31.78 29.76 
808 143 31.80 29.72 
810 144 31.82 29'.79 
811 146 31.88 29.79 

X4-31 



4 3 2- 

THALLUOUS NITRATE. (Sample 2) (continued). 

Run 
number 

Block 
temp. 

(°C) 

E(2) 

(kcm-1) 

E'(2) 

(kcm 1) 

812 147 31.85 29.74 

813 148 31.91 29.80 

814 150 31.85 29.73 

815 152 31.86 29.71 

816 158 31.89 29.75 

817 168 31.91 29.70 

818 178 31.84 29.75 

819 189 31.96 29.81 

820 189 31.85 29.70 

821 189 31.84 29.68 

822 194 31.85 29.70 

823 197 31.88 29.66 

824 199 31.87 29.69 

825 202 31.93 29.70 

826 202 31.92 - 

827 203 31.92 29.71 

828 205 31.91 29.73 

829 206 31.91 29.68 

830 207 32.54 30.08 

831 208 32.47 30.08 

832 210 32.54 30.08 

833 213 32.51 30.08 

834 219 32.47 30.08 

835 229 - 30.03 

836 239 - 30.03 

837 250 - 30.08 

838 260 - 30.08 

839 271 - 30.03 

840 294 - 30.03 



433 

THALLOUS NITRATE (Sample 3) 	Runs 846 - 881. 

Resolution 5; scan-speed 3; damping 3; chart speed 40"/hour; 
transmission scale 0 - 100%. 

The sample was solid for run 846, after which it was 

melted and re-frozen four times. 	The % transmission of 

the liquid was measured at 30,400 cm 1 after each fusion; 

the values obtained were 32%, 31...8%, 32% and 32%. 

Runs 847 to 849 were carried out on the melt. 	The 

sample was then frozen, and runs 850 to 881 carried out 

on the solid. 	At the end of the series, the sample 

contained 0.0026 grm salt per cm2 (thickness 4.8/..kat 20°C). 

The % absorption at the maximum of the weak band was 

82% in run 846. 	The absorption rose to 94 - 95% for the 

melt (runs 847 to 849), fell to 88% on re-freezing (run 850) 

and then decreased gradually to 81% as the solid was 

cooled (runs 850 to 881). 

In the table, E(2) is the frequency corresponding to the 

maximum of the weak band. 	E'(2) is the frequency at a 

point on the low-energy edge of the weak band at which the 

transmission (I/I0) is given by log (I/I0) = 0.3 log (I/I0)m, 

where (I/Io  )m  is.the transmi-ssibn,at the maximum of the 

weak band. 



4-3,÷ 

THALLOUS NITRATE (Sample 3) (continued). 

The correction for cam mis-shaping was +0.04 kcm-1 for 

E(2) and +0.08 kcm-1  for E'(2). 

E(ts  = 4%) is the frequency on the low-energy edge of 

the strong band for which the solid sample transmits 4% 

of the radiation. 	E(ti,  = 4%) and E(ti,  = 4.7%) are the 

frequencies on the same band-edge at which the liquid 

sample transmits 4% and 4.7%, respectively. 	The choice 

of these parameters is explained on page 2_4-7_. 

The results for the liquid sample are tabulated first. 

Run 
number 

Block 
temp. 
(°c) 

E(2) 

(kcm-1) 

E'(2) 

(kcm-1) 

847 209 32.35 29.97 

848 209 32.56 30.03 

849 208 32.54 30.11 

Run 
number 

Block 
temp. 

E(t .4%) 7_, E(tL.4.7%) 

(°C) (kcm-1) (kcm 1) 

847 209 34.60 34.48 

848 209 34.50 34.38 

849 208 34.45 34.37 



THALLOUS NITRATE.  (Sample 3) 	(continued) 

. Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm 1) 

E'(2) 

(kcm 1) 

E(ts,:,...10)• 

(kcm 1) 

846 20 31.90 29.97 36.0 
850 204 31.84 29.72 35.50 
851 202 31.84 29.74 35.47 
852 196 31.86 29.73 35.57 
856 175 31.82 29.62 35.59 
857 164 31.77 29,70 35.65 
858 153 31.80 29.72 35.72 
859 151 31.79 29.78 35.74 
860 148 31.80 29.77 35.75 
861 145 31.85 29.77 35.80 
862 143 31.84 29.73 35.80 
86 140 31.84 29.75 35.80 
864 137 31.82 29.75 35.78 
865 132 31.80 29.78 35.83 
866 122 31.82 29.78 35.80 
867 111 31.77 29.77 35.93 
868 111 31.76 29.77 35.93 
869 101 31.72 29.80 35.95 
870 90 31.73 29.81 36.00 
871 82 31.76 29.82 36.00 
872 77 31.72 29.84 36.03 
873 80 31.81 29.84 36.08 
874 75 31.81 29.84 36.08 
875 72 31.78 29.85 36.09 
876 69 31.79 29.84 36.10 
877 67 31.79 29.84 .36.13 
878 62 31.80 29.87 .36.13 
879 51 31.82 29.87 .36.13 
880 41 31.73 29.86 .36.25 
881 31 31.79 29.88 36.28 



44-3‘ 

0.24N NITRIC ACID. 	 Runs 1135 - 1136  

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 

transmission scale 0 - 100%. 

The spectra were obtained with the solution in a silica 

cell of path-length 1 mm; a similar cell filled with 

distilled water was placed in the reference compartment. 

The % absorption at the maximum of the weak band was 32% 

for both runs. 

The molar extinction coefficient, e , at the maximum of 

the band is calculated to be 7.0 litres/mole.cm. 

The correction for cam mis-shaping was +0.04 kcm
1 

Run 

number 

Block 

temp. 

(°C) 

E(2) 

(kcm 1) 

1135 15 33.14 

1136 15 33.14 



437 

NITRIC ACID TRIHYDRATE. 	runs 1140 - 1150  

Resolution 3; scan-speed 2; damping 2; chart speed 160"/hour; 
transmission scale 0 - 100%. 

The % absorption at the maximum of the weak band was in 
the range 39 - 45%. The acid was examined as a thin film 
between Spectrosil plates. 	This hydrate freezes at -18.5°C 
(see page fig.). 

The correction for cam mis-shaping was +0.04 kcm-1. 

Run 
number 

Block 
temp. 
(oc) 

E(2) 

(kcm-1) 

1140 -6 34.91 

1141 =10 35.10 

1142.  -16 34.99 

1143 -28 34.55 

1145. -30 34.54 

1146 -23 34.57 

1148 -14 35.14 

1149 -11 35.14 

1150 +13 35.14 



4-3i 

NITRIC ACID MONOHYDRATE. 	Runs 1134A - 1142A 

For runs 1134A - 1136A, the factors were: 
resolution 3; scan—speed 3; damping 2; chart speed 80"/hour; 
transmission scale 0 - 100%. 

For runs 1137A - 1142A, the factors were: 
resolution 3; scan-speed 2; damping 2; chart speed 160"/hour; 

transmission scale 0 - 10%. 

In the table, E'(2) is the frequency on the low-energy 
side of the weak band for which the extinction coefficient 
is 0.7 times the extinction coefficient at the band maximum. 
The % absorption at the maximum was in the region of 25%. 

This hydrate freezes at -37°C (see page 146). 

The correction for cam mis-shaping was +0.04 kcm-1. 

Run 
number 

Block 
temp. 
(°C) 

E'(2) 

(kcm 1) 

1134A +13 34.69 

1135A -4 34.54 

1136A -12 34.64 

1137A -42 33.94 

1138A -40 34.24 

1140A -42 33.45 

1142A -8 34.36 



SODIUM NITRITE. 	(Sample 1) 	Runs 1177 - 1180 and 
1213 - 1224 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 

both transmission scales. 

The sample was made up from Analar salt taken straight 

from the reagent bottle. 	It was solid for runs 1177 to 1180 

and 1213 to 1219, and liquid for 1220 to 1224. 	After re- 
freezing and cooling to room temperature, the salt film 
contained 0.0009 grm salt per cm2 (thickness 4.11-4- at 20°C).  

The % absorption at the maximum of the weak band rose 

steadily from 81% to 97.5% as the solid was heated. 	It 

dropped to 74% when the sample was fused, and fell further to 

36% by the end of the series. 	It seems likely from these 

figures that the thickness of the film fell substantially 
when the salt was fused, and fell further when the melt was 

heated. 	The correction for cam mis-shaping was +0.07 kcm 1. 

In the table, the results obtained with the 0 - 10% 
transmission scale are marked *; those obtained with the 
0 -100% scale are unmarked. 

Run 
number 

Block 
temp. 

(°C) 

E(2) 

(kcm-  ) 

Run 
number 

Block 
temp. 
(oo)  

E(2) 

(kcm 1) 

1177 10 28.71 1218* 273 28.23 
1178 20 28.69 1219 273 28.21 
1180 45 28.66 1220 282 28.44 
1213 265 28.19 1221 288 28.46 
1214 265 28.19 1222 300 28.47 
1215* 265 28.20 1223 331 28.53 
1216* 265 28.24 1224 379 28.37 
1217* 273 28.25 



SODIUM NITRITE. 	(Sample 2) 	Runs 1173 - 1176 and 
1181 - 1212  

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
both transmission scales. 

The sample was made up from zone-refined material (see 
page 1014-). 	It was solid for runs 1173 to 1176 and 1181 

to 1200, and liquid for 1201 to 1212. 	After re-freezing 

and cooling to room temperature, the salt film contained 

0.0047 grm salt per cm2 (thickness 22/A' at 20°C). 

The % absorption at the maximum of the weak band 
increased steadily from 92% to 99% as the solid was heated, 
and fell to 98% when the solid was fused. 

In the table, the results obtained by the use of the 

0 - 10% transmission scale are marked *; those with the 
0 - 100% scale are unmarked. 

The correction for car mis-shaping was +0.07 kern 1 

Run 
number 

Block 
temp. 

(°0) 

E(2) 

(kcm-  ) 

Run 
number 

Block 
temp. 

(°C) 

E(2) 

(kcm 1) 

1173 10 28.67 1187 109 28.52 

1175 10 28.65 1188 135 28.43 

1176 10 28.76 1189 162 28.35 

1181 10 28.65 1190 189 28.28 

1182 13 28.57 1191 215 28.27 

1183 23 28.61 1192 243 28.28 

1184 32 28.64 1193* 243 28.22 

1185 57 28.59 1194 254 28.25 

1186 83 28.55 1195* 254 28.26 



SODIUM NITRITE. (Sample 2) 	(continued) 

Run 
number 

Block 
temp. 

(°C) 

E(2) 

(kcm 1) 

1196 265 28.30 

1198* 265 28.20 

1199 273 28.34 

1200* 273 28.27 

1202* 279 28.50 

1204* 282 28.51 

1205 282 28.57 

1207* 282 28.47 

1208 288 28.54 

1209* 288 28.45 

1210* 288 28.39 

1211* 299 28.48 

1212* 299 28.48 

44-1 



SODIUM NITRITE. 	(Sample 3) 	Runs 1233 - 1243  

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
transmission scale 0 - 100%. 

The sample was made up of zone-refined salt (see page (04-). 

It was solid for runs 1233 to 1239, and liquid for 1240 to 

1243. 	After re-freezing and cooling to room temperature, 
the sample contained 0.0008 grm salt per cm2 (thickness 3.9F - 

at 20°C). 

The % absorption at the maximum of the weak band rose 
steadily from 63 to 66% as the solid was heated, and 

remained at 66% when the sample was fused. 	The correction 

for cam mis-shaping was +0.07 kcm 1. 

In the table, E(t = 10%) and E(t = 50%) are the 
frequencies on the low-energy edge of the strong band for 
which the transmission is 10% and 50%, respectively. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

- (kcm1 ) 

E(t.10%) 

1 (kcm 	) 

E(t=50%) 

(kcm-1) 

1233 50 28.45 42.48 40.62 

1234 101 28.44 42.11 40.07 

1235 153 28.37 41.65 39.57 

1236 206 28.29 41.14 39.15 

1237 261 28.20 40.48 38.64 

1238 260 28.23 40.53 38.70 

1239 271 28.24 40.17 38.61 

1240 277 28.44 39.70 38.50 

1241 289 28.44 39.62 38.42 

1242 301 28.46 39.59 38.39 

1243 333 28.39 39.42 38.12 



44-3 

POTASSIUM NITRITE. 	(Sample 1)) 	Runs 1244 - 1273 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 

transmission scale 0 - 100%. 

The sample was made up from Analar material taken 

straight from the reagent bottle. 	It was solid for runs 

1244 to 1267, and liquid for 1268 to 1273. 	After re-

freezing and cooling to room temperature, the salt film 

contained 0.0006 grm salt per cm2  (thickness 3.2p- at 20°C). 

The % absorption at the maximum of the weak band fell 

gradually from 88% to 81% as the sample was heated from 15°  

to 389°C (runs 1244 to 1259), and returned to 88-89% 

when the sample was re-cooled to its initial temperature 

(runs 1260 to 1266). 	The % absorption fell to 43% when the 

sample was fused; this was probably due to a reduction in 

the thickness of the film. 

The correction for cam mis-shaping was +0.06 kern
1. 

Run 
number 

Block 

temp. 

(°C) 

E(2) 

(kem 1) 

1244 15 27.73 

1245 37 27.65 

1246 47 27.56 

1247 68 27.57 

1248 88 27.54 

1249 114 27.54 

1250 140 27.54 

1251 166 27.54 



LE-E-1-4 

POTASSIUM NITRITE (Sample 1) (continued). 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

- 1 (kcm 	) 

1252 193 27.54 

1253 220 27.54 

1254 247 27.54 

1255 275 27.55 

1256 304 27.53 

1257 337 27.59 

1258 382 27.57 

1259 389 27.54 

1260 16 27.73 

1262 41 27.64 

1263 41 27.65 

1264 44 27.58 

1265 44 27.56 

1266 44 27.54 

1268 430 27.70 

1270 430 27.59 

1271 430 27.63 

1272 430 27.63 

1273 430 27.57 



POTASSIUM NITRITE (Sample 1) (continued) Runs 1244 - 1266. 

Resolution 3; scan-speed 3; damping 2; chart-speed 80"/hour; 
transmission scale 0 - 100%. 

Run 
number 

Block 
temp. 
(°C) 

E(t.10/0) 

(kcm 1) 

E(t=50%) 

(kcm_ 1) 

1244 15 39.94 37.60 
1245 37 40.05 38.52 
1246 47 40.30 39.68 
1247 68 40.27 39.60 
1248 88 40.22 39.53 
1249 114 40.13 39.46 
1250 140 40.02 39.30 
1251 166 39.90 39.17 
1252 193 39.82 39.02 
1253 220 39.69 38.80 
1254 247 39.53 38.62 
1255 275 39.38 38.43 
1256 304 39.25 38.28 
1257 337 39.02 38.00 
1258 382 38.77 37.63 
1259 389 38.69 37.58 
1260 16 40.20 39.0 
1262 41 40.18 39.37 
1263 41 40.27 39.44 
1265 44 40.34 39.70 
1266 44 40.30 39.72 



LAG 

POTASSIUM NITRITE. (Sample 2) 	Runs 1281 - 1336. 

Resolution 3; scan-speed 3; damping 2; chart speed 80"/hour; 
transmission scale 0 - 10%. 

The sample was made up from zone-refined material (see 

page 101-). 	The correction for cam mis-shaping was +0.06 

kcm-1. 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm-1) 

Run 
number 

Block 
temp. 
(°C) 

E(2) 

(kcm 1) 

1281 10 27.62 1308 126 27.55 

1282 10 27.63 1310 	, 152 27.56 

1284 15 27.63 1312 180 27.57 

1286 20 27.63 1314 201 27.56 

1288 29 27.62 1316 230 27.57 

1290 35 27.63 1318 260 27.57 

1292 40 27.63 1320 290 27.58 

1294 44 27.63 1321 290 27.54 

1296 49 27.57 1323 310 27.54 

1298 54 27.57 1326 325 27.55 

1300 59 27.57 1328 351 27.56 

1302 70 27.58 1330 362 27.56 

1304 79 27.51 1332 375 27.56 

1306 100 27.57 1334 380 27.56 

1336 380 27.52 



L 4-7 

POTASSIUM NITRITE (Sample 2) 	continued) 

Runs 1280 - 1335. 

Resolution 3; scan speed 3; damping 2; chart speed 80"/hour; 

transmission scale 0 - 100%. 

In the table, E(t = 10%) and E(T = 50%) are the 

frequencies on the low-energy edge of the strong band 

for which the transmission of the sample is 10% and 50% 

respectively. 

Run 
number 

Block 
temp. 

(°C) 

E(t=10%) 

(kcm-1) 

E(t=50%) 

(kcm 1  ) 

1280 10 40.05 39.26 

1283 15 40.03 39.27 

1285 20 40.00 39.23 

1287 29 39.98 39.25 

1289 35 39.98 39.26 

1291 40 39.96 39.20 

1293 44 39.92 39.20 

1295 49 39.93 39.29 

1297 54 39.91 39.28 



POTASSIUM NITRITE  (Sample 2) (continued). 

Run 
number 

Block 
temp. 

(°C) 

E(t.10%) 

(kcm 1) 

E(t=50%) 

(kcm 1) 

1299 59 39.89 39.27 

1301 69 39.86 39.21 

1303 80 39.81 39.12 
1305 100 39.73 39.03 

1307 126 39.65 38.87 

1309 152 39.50 38.68 
1311 180 39.40 38.52 
1313 201 39.26 38.37 
1315 230 39.10 38.15 

1317 260 38.88 37.88 

1319 290 38.71 37.66 

1322 310 38.53 37.45 

1324 325 38.43 37.28 

1327 351 38.29 37.10 

1329 362 38.20 36.96 

1331 375 38.08 36.77 

1333 380 38.08 36.77 

1335 380 38.04 36.79 
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Divalent cations incorporated in crystals of uni-univalent halides increase the electrical 
conductivity by creating additional cation vacancies (the Wagner effect). A similar effect 
has now been observed experimentally in crystalline nitrates. 

In contrast with the Wagner effect, similar additions to ionic melts decrease the elec-
trical conductivity. Published evidence for halides and fresh experimental evidence for 
nitrates permits estimates of changes in the activation parameters for ion migration, when 
divalent cations are added to uni-univalent molten salts. Such melts are normally much 
more compressible than the corresponding crystals ; the greater electrostatic forces 
associated with the higher charges appear to cause a shrinkage which hinders ion 
migration. 

Processes of easy migration in ionic crystals are generally thought to be associated 
with various kinds of crystal defects, at which the conditions controlling a hop from 
one crystal site to the next are more favourable tha/ at ideal lattice sites. Various fry 
kinds of crystal defects may help ion migration, such as single lattice vacancies 
(Schottky defects), paired anion+ cation vacancies, or ions located at interstitial 
lattice sites (Frenkel defects). Cooperative crystal defects such as dislocations may 
also provide favourable migration paths. 

The Wagner effect provides a means of studying the dependence of migration 
processes on the number of vacant lattice sites. Incorporation of small concentra-
tions of divalent cations in solid solutions in uni-univalent crystal halides, in 
favourable cases, merely creates an equivalent number of cation vacancies in the 
lattice, so that the whole assembly remains electrically neutral. Apparently the 
structure is kept rigid by the repulsion forces between ions ; at the dilutions studied, 
any shrinkage of the crystal is restricted to values predicted by ion contact radii and 
Vegard's law. 

In the Wagner effect, the increase in number of cation vacancies greatly out-
weighs any change of migration parameters due to lattice shrinkage, and large in-
creases are observed in ion conductance, for example, in lithium halides 2  and 
sodium chloride.3  

Two possible extensions of the Wagner effect are investigated in the present paper. 
(i) With crystals containing non-spherical polyatomic ions the different local 

interactions might impede the production of vacancies ; Wagner effects might, in 
fact, only appear in crystals with ions of inert-gas type. This has been tested for the 
system KNO3+ Ca(NO3)2. A marked increase in conductivity is found on intro-
ducing calcium ions in solid solution in crystalline KNO3, as is detailed below. 
Because the ionic radii of K-E(1.33 A) and Ba2-1-(1.35 A) are closely matched, it 
would have been preferable to make these experiments with solid solutions of 
barium ions in KNO3 but other work indicated that the solubility of Ba(NO3)2  in 
KNO3 is inconveniently low.4'5  Ca2+ ions have adequate solubility and were used 
in the present research. 

(ii) According to the quasi-crystalline model for the structure of ionic melts, 
these can be regarded as formed by expanding the lattice of the crysta'somew at) 
on melting and then introducing various types of positional disorder.6-8  A 
210 	 1 
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question of interest is whether melts show Wagner effects similar to those of the 
crystals from which they are formed. This has been tested by measuring ion 
conductances for mixtures of melts of KNO3 with I3a(NO3)2. These were chosen 
to give a closer match of cation radii than with the systems KNO3+ Ca(NO3)2  used 
for the solids. Nitrate melts containing Ba2+ ions are also chemically stable over 
wider ranges of composition and temperature than melts containing Ca2+ ions. 
This allows determinations of other parameters of importance in elucidating the 
structure of ionic melts, such as equivalent volumes and gas solubilities in mix-
ppes.9,111  Existing data have also been used to calculate conductances of mixtures 
bf melts of NaC1 and CaC12.11  

Both halide and nitrate melts show a diminution of ionic conductance when 
divalent cations replace monovalent cations. The bearing of this and other 
information about uni/divalent mixtures, on theories of structures of melts, is 
discussed. 

EXPERIMENTAL 

NVAGNER EFFECT IN CRYSTALLINE POTASSIUM NITRATE 
Using polycrystalline solids, and methods of measurement previously described 12  the 

d.c. electrical conductivity of pure KNO3  was compared, over a range of temperatures, 
with that of KNO3 containing up to 0.01 mole fraction of Ca(NO3)2. 

7.5 

1.6 	S-o 5.4 	 s•9 

logio [mole fraction Ca(NO3)2] 
FIG. 1.—Increase in conductivity of solid KNO3  on adding Ca(NO3)2. 

Curves drawn for constant temperatures : A, 146°C ; 	143°C ; 0, 135°C. 

A.c. conductances at 1592 c/sec were determined using a Wayne-Kerr Universal 
bridge. For pure KNO3  values obtained were found to be the same as by d.c. methods. 
For the solid solutions, very much higher conductances were obtained using a.c. ; the 
origin of this has not yet been elucidated. 

KNO3  (Judex A.R. grade) containing less than 0.001 % of cation or anion impurities 
was carefully dried by the thermal shock technique.13  Ca(NO3)2  (anhydrous, Judcx 
lab. reagent) was dried at 250°C for ten days ; care was taken to ensure that it remained 
dry in making up the mixtures. These were prepared in the molten state under an 
atmosphere of dry nitrogen and were allowed to solidify slowly in the conductivity cell. 
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Measurements were made with the cell in a molten-salt thermostat 	0.10°C) above 
160°C and either an oil bath (+0.10°C) or a solid aluminium block furnace (+1°C) below 
160°C. Results for the electrical conductance of the solids are plotted in fig. 1 for various 
temperatures below the eutectic, in order to make any Wagner effects evident where there 
can be no possible interference from traces of melt. Fig. 2 shows the results for the 
polycrystalline solids over a much wider range of temperatures, and in fact does not 

1335°C 

14 6°C 
Eutectic 

94 

9.6 

7.8 

61 

5.4 

6 	 18 	 20 	 22 	 24 

[1/T°K] x 104  

FIG. 2.—Conductivities of pure KNO3  and solid solutions of Ca(NO3)2 in KNO3. 
Pure KNO3, •. A, 0.00037 ; 0, 0,00069 ; +, 0.00127 ; 0, 0.0043, mole fractions 

of Ca(NO3)2. 
335°C freezing point of pure KNO3 ; 174°C incongruent melting point of compound 
4 KNO3  . Ca(NO3)2 ; 146°C eutectic temperature; 128°C transition temperature or 

pure KNO3. 

indicate any break at the eutectic temperature (146°C) showing that at these low con-
centrations of Ca(NO3)2, melt formation can be neglected. Fig. 2 also shows breaks in 
the conductance of the polycrystalline solids at the transition temperature of pure KNO3 
(128°C) and at the non-congruent melting point of the crystal compound 4 KNO3. Ca(NO3)2 
(174°C), beyond which a new crystal structure with its own conductance parameters appears 
in the solid. 

Determinations of the freezing-point depression of KNO3 by Ca(NO3)2  show the 
incongruently melting compound Ca(NO3)2 . 4 KNO3  at 174° and a eutectic temperature 
at 146°C (fig. 3).14  Conductivity measurements suggest that the compound may also 
exist in the melt.15  We have made cryoscopic measurements of high precision near the 
freezing point of pure KNO3,16  in order to evaluate the extent of solid solution of calcium 
nitrate. This appears to be small, since the ratio i of theoretical to observed freezing-point 
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depressions is fractionally greater than unity only for mixtures containing less than 0.003 
mole fraction of Ca(NO3)2. In table 1, i is calculated 9  using a value of 2.57 kcal/mole 
for the latent heat of fusion of KNO3.17  

600 

5'61 

500 

U 400 
0 

o. 
335C 

300 

200 
I74°C , s  

4 KNO3.CelNO3/2  

146C 

I  
25 	50 	75 

equivalent °/, KNO3  

FIG. 3.-Phase diagram of KNO3-1-Ca(NO3)2  mixtures (after Protscnko and Belova). 

TABLE 1.-FREEZING POINTS (°K) or KNO3  WITH 

mole fraction 	 f. p. 
Ca(NO3)2 	 °K 

0.00000 	 608-25 

ADDED Ca(NO3)2 

0.00086 608.08 1.00021 
0.00246 607.55 1.00006 
000479 606.78 0.99969 
0.00692 606.18 0.99973 
0.00893 605-45 0.99914 
0.01122 604.65 0.99948 
0.01330 603.95 0.99836 
0.01627 602.90 0.99770 
0.01879 602-00 0.99693 

CONDUCTANCES OF MIXTURES OF MOLTEN NITRATES 
Mixtures of KNO3  with Ba(NO3)2 were studied at 1592 c/sec using the a.c. Wayne-

Kerr bridge. Our own investigations 18  and other work 19  show that polarization effects 
can be neglected (less than 0.5 %) and that any variation of conductance of the melt is 
likewise negligible over large frequency ranges. The results can conveniently be illus-
trated by plotting the difference function log (Ax/A) against 17°K, where Ax  is the equiv-
alent conductance of the melt for an equivalent fraction x of barium nitrate and A is the 
equivalent conductance of KNO3  at the same temperature (fig. 4). To determine these 
ratios, values of Ax and A were based on the lines ofloscstk 	fit calculated from the data 
obtained for pure KNO3  and the mixtures, using the equation 

Ax  = (A0)x  exp [- (EA )x IRT]. 	 (1) 
The equivalent conductances were obtained from the measured specific conductances 

using previously determined equivalent volumes of the mixtures.9  Table 2 records the 
parameters (110),v and (EA)x  corresponding to the lines of closest fit for eqn. (1); also 

100 
O 100 
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included are the parameters (cro)z and (Ea)x for specific conductance. When two ranges 
of temperature are given, this indicates a slight curvature in the experimental plot. Lines 
of closest fit were calculated separately for the temperature ranges quoted. Fig. 5 
illustrates the match between cqn. (1) and the experimental points. 

14 	 15 	 16 	 17 

[1/T°K] x 104  
4.—Equivalent conductance ratios for molten mixtures of KNO3+Ba(NO3)2• 

0, 0.05 ; +, 0.10 ; and P, 0.221 equivalent fractions of Ba(NO3)2. 

TABLE 2.—PARAMETERS FOR THE CONDUCTANCE OF KNO3+ BONO3)2 MELTS 
x (equivalent 
fraction of 
Ba(NO3)2 

temp. range 
°C 

(E0 ), 	 (ao)x 	(EA )x 	(Ao)x 
kcal/mole 	ohm-' cm-1 	kcal/mole 	ohm-1  ant 

340-389 	3.61 +0.03 	12.5+0-3 	4.00 	924 
374-434 	3.38±0.03 	10.4+0.3 	3.75 	762 

	

0.05 	332-389 	3.72+0.03 	13-1±0.3 	4.05 	927 
374-434 	3.49±0.02 	10.9-1-0.3 	3.85 	801 

	

0.01 	332-389 	3.80+0.03 	13.4+0.3 	4.12 	927 
374-434 	3.64±0.01 	11.7±0.3 	4.00 	844 

	

0.221 	340-403 	3.92-+0.03 	13.4+0.3 	4.24 	904 

CONDUCTANCES OF MIXTURES OF MOLTEN CHLORIDES 
Published results for melts of mixed chlorides suitable for comparison with the Wagner 

effects in the solids are not abundantly available. Fig. 6 shows a plot of the function 
log (A xl A) against 1/T°K for mixtures of CaC12 with NaC1.11  

DISCUSSION 

THE WAGNER EFFECT 

The Wagner effect, the occurrence of which is well known for halides, has now 
been demonstrated for solid nitrates. Fig. 1 illustrates the large increases in con-
ductance observed when Ca2+ is incorporated into KNO3, at three different 
temperatures. The trends in the slopes of the plots in fig. 2 and the breaks at the 
transition to a non-congruent crystal compound, complicate the interpretation of 
the Wagner effect with solid nitrates. Some of the features illustrated may be due 
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Flo. 5.—Equivalent conductances of KNO3+Ba(NO3)2  melts. 
(I) Pure KNO3; (2) 0.5 ; (3) 0.10 ; (4) 0.221 equivalent fractions of Ba(NO3)2. 

Experimental error is equal to radius of small circles. 
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FIG. 6.—Equivalent conductance ratios for molten mixtures of NaCl+CaC12. 

0, 0.182; +, 0.262; P, 0.333 equivalent fractions of CaCl2. 
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to special modes of interaction between the non-spherical nitrate anion and an 
adjacent cation hole. Further research on Wagner effects with other non-spherical 
ions is necessary to test this possibility. 

Because the extent of solid solution is small, it is not possible to estimate the 
concentration of Ca2+ ions actually incorporated in the crystal lattice of KNO3. 
This will obviously increase as the proportion of Ca(NO3)2  added increases, and 
accounts for the rise in conductance near the origin in fig. 1. No independent 
calculation of the number of holes created seems feasible at present. 

CONDUCTANCES OF MIXED MELTS 

Both NaCI and KNO3 show decreases in conductance when divalent cations are 
incorporated in the melts. This can probably be attributed to the electrostrictive 
shrinkage of free volume of the uni-univalent melts as the concentration of divalent 
cations increases. It is noteworthy that the proportional decreases in Ax  are about 
the same for NaCI as for KNO3, whilst expansions in volume on melting 20  are 
considerably greater for the salt with spherical ions (A Vfl V5  = 25 % for NaC1 and 
I % for KNO3). 

The electrostrictive effect of divalent cations on a uni-univalent melt should be 
comparable with the effect of external pressure. Direct measurements of changes of 
conductance of pure melts under external pressure would provide useful confirma-
tion of this model for comparison with the present findings, but are not yet available. 
An estimate of the magnitude of this effect can be obtained by comparing the com-
pressibilities of the crystal and the melt. Values of the isothermal compressibilities 
of sodium and potassium chlorides and nitrates in the crystal 21- 22  and the melt,23  
extrapolated to the freezing point, are given in table 3. 

TABLE 3.—ISOTHERMAL COMPRESSIBILITIES (gT X 1012) 

salt NaCI KC1 NaNO3 KNO3 
freezing point (°C) 
compressibility of solid 

(cm2  dynes-I) 
compressibility of liquid 

(cm2  dynes-I) 

800 

5.0 

28.7 

770 

6.3 

36.2 

308 

4.2 

18 

335 

— 

20 
Pr (liquid)/ Pr (solid) 5.75 5.75 4.3 

Some refinements to the above model are feasible with melts of KNO3-1-Ba(NO3)2  
since our results are available in detail for this system. The absolute rate equation 
for equivalent conductances can be written as 

A = 5.18 x 1018(D +2)zdi2exp (AS */R) exp ( — AH */RT) 	(2) 
Methods of calculating D( ,--,  3) and di  are as discussed by Yaffe and Van Artsdalen.24  
The mean charge z was taken as 

z = Enizi/En I. 
Table 4 shows trends in the parameters Ao, AH *, AS* and AG* when Ba(NO3)2  is 
added to liquid KNO3. 

TABLE 4.—CONDUCTANCE PARAMETERS FOR KNO3+Ba(NO3)2 MELTS AT 350°C 
equivalent fraction Ba(NO3)2,x 	0 0.05 0.1 0.221 
molar volume (ml) 9 	54.310 53.711 53.105 51.656 
di (A) 	 3.459 3.427 3.400 3.337 
ilo (ohm-I cm2) 924 927 927 904 
AH* (kcal/mole) +4.00 +4.05 +4.12 +4.24 
AS* (cal/mole deg.) —6.91 —6.99 —7.01 —7.11 
AG* (kcal/mole) +8.31 +8.40 +&48 +8.78 
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Plots (not shown) of the activation parameters AG*, AS* and DH* indicate 
approximately linear increases of all three as the electrostriction increases. 

The conclusion is that no vestiges of any creation of holes are perceptible in these 
melts, when divalent cations are added. In uni-univalent ionic melts, effects of 
incorporating divalent cations thus appear to be much less localized than in the 
corresponding crystals. A similar conclusion can be reached from measurements 
of the solubility of water vapour in molten nitrates,10  and from changes in volume 
of mixed nitrate melts.9  It points to an obvious limitation in the usefulness of 
incorporating strictly local effects into any quasi-crystalline model for ionic melts. 
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The ultra-violet spectra of crystalline and molten nitrates of Na, K, Rb and Cs and 
of molten mixtures of KNO3  with Ba(NO3)2 have been recorded at temperatures between 
20`C and 450'C, over the frequency range 54,000 cm--1  to 27,000 cm-1. The frequency 
of maximum absorption decreases with increasing temperature in temperature ranges 
well away from phase-changes ; this shift is found to match the thermal expansion of 
the crystals quite closely in cases where this is known. Abrupt shifts in the absorption 
maxima arc found at transition temperatures. The results arc interpreted in terms of a 
model for the excited state. It is concluded that, despite any increase in volume which 
occurs when nitrates melt, the closest anion-cation distances decrease when melting occurs. 
This distance also decreases when monovalent cations in a melt are replaced by divalent 
ions of the same repulsion radius. 

Ultra-violet spectra of solid and molten nitrates of the alkali metals are essentially 
similar in the range 54,000 cm-1  to 27,000 cm-1. A strong, broad peak is found 
with a maximum at 48,000-47,000 cm-1, whose absorption coefficient in units of 
103  cm-1  is about 0.7 for LiNO3, 6.0 for NaNO3  and 2.3 for K.NO3.1  A second, 
weaker peak is found in the range 34,000-32,000 cm-1. Both peaks arc likewise 
observed in aqueous solutions of nitrates 2  and are generally attributed to excitation 
of the nitrate ion.3-5  

The major absorption peak appears to correspond with that observed for 
crystalline alkali halides 6  in the range 64,000-46,000 cm-1  and for molten LiI at 
about 43,000 cm-1.1  With nitrates, the weaker peak seems plausibly attributed to 
a transition forbidden by selection rules, becoming permitted due to perturbation 
of the nitrate ion by the field of the cations. Thus, the peak is strongest for LiNO3  
(absorption coefficient 0.9x 103  cm-1) 1  and becomes weaker as the cation radius 
increases. The first absorption band corresponds to the excitation of an electron 
from a IT orbital to a strongly antibonding orbital and the second to excitation from 
a weakly antibonding to a strongly antibonding orbital.5  In both excited states, 
the orbital of the excited electron is at the periphery of the nitrate ion and overlaps 
to some extent the first co-ordination shell of cations. 

Since the excited electron is remote from the nitrate ion from which it originated, 
it may be regarded as located in a spherical well approximately characterized by the 
surrounding shell of nearest cations.? On the basis of various simplifying assump-
tions, the energy E for excitation at peak absorption is given by 

E = E 0  + h2  I8mrZ, 	 (1) 

where E0 is the ionization potential of the anion, h is Planck's constant and in the 
mass of the electron. re  is the radius of the potential well retaining the excited 
electron, and is a parameter of particular interest in correlations between absorption 
bands and changes of structure of condensed ionic systems as their temperature 
changes. 

22 
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Eqn. (1) leads to the derivative 

dE/dT = —(h2 /4mrg)droldT. 	 (2) 

If (3/0)(dre/dT) may be equated with the cubic coefficient of expansion y of the 
ionic assembly, then 

dE/dT = — (h2/12mr,Dy. 	 (3) 
The following experimental results for various nitrates in the range 20-450°C 

show that changes in the optical spectra frequently give quite good correlations with 
thermal expansions, provided these are observed well away from transitions or 
melting points. However, at both types of transition, abrupt shifts in E are found 
which do not correspond with volume changes. These findings can be used to 
throw light on the nearest neighbour structures of ionic melts. Absorption spectra 
of mixed melts of KNO3  with Ba(NO3)2  have also been recorded and have been 
correlated with a diversity of thermodynamic data now available for such systems. 

EXPERIMENTAL 

MATERIALS 

Sodium and potassium nitrates (Judactan A.R. containing less than 0.003 % of anion 
and 0.002 % of cation impurities) and barium nitrate (Judex A.R.) were used without 
further purification apart from drying. Rubidium nitrate (Johnson, Matthey & Co. 
99.9 %) and caesium nitrate (Judex Laboratory Reagent 99.8 %) were each recrystallized 
once from distilled water. All salts were dried by the thermal shock technique I and were 
stored over P205  in a desiccator prior to use. 

Absorption spectra of the salts, as polycrystalline films and as melts, were recorded at 
intervals of about 15 deg. from room temperature to 450°C. In the neighbourhood of 
thermodynamic transitions, spectra were recorded at intervals of between 1 and 2 deg. 
For this purpose, a Unicam S.P. 700 recording spectrophotometer was used in the frequency 
range quoted above. Films of salt varying in thickness between 4 µ and 140 µ were held 
between two flat plates of Spectrosil quartz. For the thicker films, two spacers of Pt/Ir 
foil helped to keep these plates apart. This assembly was supported in a stainless steel 
holder, maintained at the desired temperature by means of a thermostat illustrated in fig. 1. 
A similar compensating unit was maintained at the same temperature in the reference 
compartment of the spectrophotometer, without any salt between the two quartz plates. 
Each unit was surrounded by a water-cooled jacket which, even with the thermostats 
at 450°C, did not permit a rise of more than 2°C in the surrounding framework of the 
spectrophotometer. Electronic control of each of the two thermostats maintained the 
block temperatures to within ±-0-01°C. However, there was always a temperature 
gradient between the edge and the centre of the sample, where a clear optical path had to 
be provided for passage of the ultra-violet beam. This difference was measured for 
various temperatures and was about 2°C at 200°C, and 5°C at 450°C (the centre being 
cooler). Temperatures were measured by means of a Johnson Matthey Pallador thermo-
couple calibrated by conventional means. 

To make up a specimen, the two Spectrosil plates were heated on a small electric hot-
plate, above the melting point of the salt to be used. A few crystals of salt were scattered 
on one plate, melted, and covered with the second plate. The assembly was allowed to 
cool, and after removing salt extruded at the edges the thickness of salt film was determined 
by weighing. 

Three different scanning procedures were used to obtain all the information required 
about the spectra. 

(i) Using a thin sample (about 5 p), the operating frequency of the spectrophotometer 
was set at a value about the middle of the steeply rising edge of the strong absorption 
peak between 38,000 to 40,000 cm-I. The recording chart was set in motion, and the 
temperature of the thermostat was slowly raised from 20°C to above the melting point. 
It was found that the percentage absorption rose steadily, due to a shift of the absorption 
edge towards longer wave lengths. An abrupt change was generally apparent on traversing 
a solid-solid or solid-liquid transformation; this occurred in the reverse direction on 
cooling the assembly gradually. By reducing the rate of temperature change to about 
1 deg./5 Min, transformation temperatures could be located to within 2 deg., from the 
abrupt changes observed. 
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(ii) Thicker specimens were required to obtain adequate absorption spectra in the 
region 38-27,000 cm-1. Thickness was adjusted by trial and error, until the maximum 
absorption was between 50 and 80 %. Tests with films of NaNO3 ranging in thickness 
from 24 1.1 to 65 to verified that the position estimated for the maximum absorption, E(2), 
did not depend on the thickness. This made it unnecessary to take special precautions 
against possible changes in film thickness at the melting point. Normally, E(2) was 
evaluated from experiments with a rising sequence of temperatures. 

FIG. l .-U.-v. absorption cell and thermostat. 

A, stainless-steel cell holder ; B, heaters ; C, quartz cell ; D, quartz windows ; E, re- 
sistance thermometers and thermocouple ; F, copper block. Shaded areas represent 

thermal insulation of Brelite and Sindanyo sheet. 

(iii) Even with samples as little as 5p. thick, it was not possible to define directly the 
maximum of the strong absorption peak at about 47,000 cm-1 , as practically all the radi-
ation was absorbed in the range 51,000-40,000 cm-1. Chords were therefore drawn for 
percentages of transmission between 10 and 20 %, and the mean energy for 100 % ab-
sorption was evaluated by extrapolating a line joining the midpoints of these chords to 
100 % absorption. Tests showed that the values of E(1) obtained in this way were 
dependent on the thickness of the film used. Thus, with NaNO3, E(1) was 47,180 cm-1  
for a film 24 µ thick and 46,830 cm-1  for a film 65 p. thick. 

Because of this effect, the following technique was adopted to ensure that E(1) was 
measured for solid and melt films of the same thickness. The sample was placed in the 
spectrophotometer cell, and heated a few degrees above its melting point. The frequency 
was set to a value on the steep edge of the first band (38,000-40,000 cm-1), and the sample 
was frozen and re-melted several times until the % absorption of the melt reached a con-
stant value. Three or four spectra were then recorded for the melt. The sample was 
immediately cooled below the melting point, and spectra were obtained for the solid. 

RESULTS 

Fig. 2-4 illustrate some characteristic absorption spectra. Detailed plots of the 
positions of absorption maxima as a function of temperature are illustrated in fig. 
5-8, for nitrates of the alkali metals sodium, potassium, rubidium and caesium. 
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Fig. 9 illustrates changes in E(2) for various molten mixtures of KNO3  with Ba(NO3)2. 
Table 1 gives the values of E(2) at a number of temperatures for the alkali nitrates ; 
also included are the volume changes on fusion.8  
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Fio. 2.—Absorption spectra of NaNO3 and KNO3. 

(A) NaNO3 1st peak, — 40°C, - - - 305°C, . 	308°C (melt). 
(B) NaNO3 2nd peak, — 40°C, - - - 304°C, 	. 308°C (melt). 
(C) KNO3 2nd peak, — 127°C (orthorhombic), - - - 130°C (rhombohedral). 
(D) KNO3 2nd peak, — 333°C (solid), - - - 338°C (melt). 

TABLE I.—FREQUENCIES X 10-3  (CM-1) OF ABSORPTION MAXIMA E(2) FOR ALKALI NITRATES 

E(2)x 10-3  (cm-1) 
cation (°C) solid, at solid, at 5° melt, 5° clVfIV,% 

20°C below m.p. above m.p. 

Na+ 308 34.25 33.28 33.46 11 
K+ 334 32.88 3250 32.56 3 
Rb+ 310 32.79 32.16 32.48 0 
Cs+ 406 32.70 31.97 32.15 12 

DISCUSSION 

CORRELATIONS BETWEEN SHIFTS OF ABSORPTION MAXIMA AND THE THERMAL EXPANSION 
OF CRYSTALS AND MELTS 

According to eqn. (2) and (3) derived from the approximate theory, a close 
correlation may be expected between the shift of maximum absorption with 
temperature and the thermal expansion of the crystals. One way of testing this is 
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FIG. 3.—Absorption spectra of RbNO3  and CsNO3. 

(A) RbNO3  1st peak, — 281°C, - - - 284°C (unknown crystal transition). 
(B) RbNO3 2nd peak, — 308°C, - - - 313°C (melt). 
(C) CsNO3 1st peak, — 404°C, - - - 408°C (melt). 
(D) CsNO3 2nd peak, — 152°C (hexagonal), - - - 154°C (cubic). 

frequency x 10-3  (cm-1) 
4.—Absorption spectra of KNO3-1-Ba(NO3)2 melts at 440°C. 

— pure KNO3; - - - 20 equiv. % Ba(NO3)2; • • . . 50 equiv. % Ba(NO3)2. 
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FIG. 6.—Temperature dependence of the second absorption band maximum of potassium 
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to calculate the nominal radius ro of the excited orbital, using dE/dT from the present 
data and inserting published coefficients of thermal expansion in eqn. (3). The 
constant h/12 me was taken as 2.02 x 10-11  to give the results recorded in table 2. 

It will be seen that for the solids, values of ro are approximately the same as the 
sum of the cation radius 	and the anion-cation distance r f_ calculated from the 

temp., °C 

FIG. 8.—Temperature dependence of the first and second absorption band maxima of 
caesium nitrate. 
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crystal structure. This lends support to the assumption used for the approximate 
theory that the excited orbital does not extend beyond the shell of nearest neighbour 
cations. 

For the melts, values of ro (calculated from the known thermal expansions and 
present data) are higher, in some cases considerably higher than [(r+)-1-(r_i___)]. This 
appears to be due to the fact that a substantial fraction of the thermal expansion of 
such melts arises from the creation of holes and free space in the liquid, rather than 
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an increase of the average distance between anions and cations, so that the assump-
tion on which eqn. (3) was based is no longer valid. 

Table 1 shows that, in spite of the increases in volume which occur at the melting 
points, both peaks shift to higher energies or show no change when melting occurs. 

TABLE 2.-CALCULATED VALUES OF ro FOR ALKALI NITRATES 

cation (A) ra5 
temp. 
range 
(°C) 

10 r02) dEINT 
(cm -I 
deg.-I) 

dE2/dT 
(em-1 
deg.-9 

V 9  
00-4 

deg.-I) ( 	) 
e0(2) 
(A) 

rd  
(A) 

Na+ 0.95 3.24 0-150 -1.93 -2.60 1.65 4.16 3.59 4.19 
melt - -2.30 3.7 - 5.7 - 

K+ 1.33 3.52 a 0-127 - -1.0 2.2 - 6.65 4.85 
127-334 -1.75 2.8 - 5.69 - 
melt - -1.4 4.9 - 8.4 - 

Rb+ 0-162 -2.83 -2.30 2.05 3.81 4.24 - 
1.48 3.77 b 162-220 -3.6 -1.0 3.41 4.37 8.3 5.25 

220-283 -2.3 -2.6 - - - - 
283-310 -1.5 - - - - - 

melt - -1.8 4.05 - 6.74 - 
Cs+ 0-152 -1.8 -2.0 2.05 4.8 4.55 - 

1.69 3.88 b 152-406 -2.9 -1.38 2.92 4.51 6.55 5.57 
melt - - 4.11 - - - 

(a) The value r4 _ = 3.52 A for KNO3  is a mean value; each nitrogen atom has six 
nearest-neighbour potassium ions at 3.25, 3.74, 3.29(2) and 3.78 A(2).11  

(b) The values of 	for RbNO3 and CsNO3 refer to the cubic modifications ; again 
the figures given are mean values.12  

So far as the simple theory can be applied, this would indicate the formation of 
ionic complexes in which the anions and cations are closer in the melt than in the 
crystal. The loss of symmetry in local force fields on melting would help to explain 
this effect, which may be fairly genera1.13. 14  

THE LAMBDA-POINT TRANSITION IN SODIUM NITRATE 

Measurements of the specific heat and molar volume of sodium nitrate 15  reveal 
a well-defined lambda-point transition with a peak at 275.5°C. X-ray observations 
show no abrupt change of structure ; this remains rhombohedral throughout but 
there are small changes in the parameters of the unit cell : 

at 20°C, a = 6.32 A°, a = 47° 14', 
at 280°C, a = 6.56 A°, a = 45° 35'. 

This makes it of special interest to compare our present detailed observations of 
absorption spectra with published volume changes. If the cube of the average 
distance between anion and cation neighbours can be taken as directly proportional 
to the specific volume v of the crystal, d = by, where b is a constant and eqn. (1) 
transforms to 

E = E0 -1-b' v -213, 	 (4) 

where E0  and b' are independent of temperature. From the numerous results in 
the linear portion of the expansion curve between 20°C and 150°C (cf. fig. 10), 
values of these constants can be computed by a least-squares method. They are 
found to be : 

E0(1) = 28,520 cm-1, b'(1)  = 11,180 cm C2/3; 
E0(2) = 9,790 cm-1, b'(2)  = 14,210 cm g-213. 
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These values which refer to the two absorption maxima, used separately to test the 
assumptions made, can then be inserted into (4) to calculate the expected changes in 
E in the region where the volume of the salt is changing steeply. It will be seen 
that (fig. 10) these calculated values (full line) and the experimental points for E 
show good agreement in the solid-solid transition region. This finding indicates 
that the premonitory expansion in NaNO3  is accompanied by a proportionate 
separation of the ions. Very near the lambda peak, temperature gradients in the 
specimens preclude any correlation of data closer than 2°C to the peak temperature. 
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FIG. 10.—Calculated line for change of Emax. with temperature (see eqn. (4)) compared with 

expt. points for NaNO3. 

The agreement between optical and thermodynamic data for the lambda transi-
tion makes it all the more striking that at the melting point of sodium nitrate the 
expansion in volume on fusion of about 11 % is not matched by a corresponding 
shift in E(1) or E(2) to smaller values ; in fact, the observed shifts point to a con-
traction of ro. Though it must be remembered that this is a nominal radius 
calculated from a simplified theory, this result supports previous conclusions that 
nitrate melts contain ionic complexes in which the anion-cation distance is similar 
to and even shorter than, that in the crystal. 

MIXED MELTS OF KNO3 WITH Ba(NO3)2  

These are of some interest, since the partial molal volumes 16  indicate practically 
zero volume change on mixing the pure melts. Absorption spectra point to a 
pronounced shift of the E(2) peak to higher energies as more Ba(NO3)2  is added. 
For this series of mixtures, coefficients of thermal expansion are known in consider-
able detail. Plots (not shown) indicate that the shifts in E(2) are about twice as 
large as could be accounted for from volume changes, if these are taken to give the 
average anion-cation distance. Localized interactions between the doubly charged 
Ba2+ and the ionic complexes appear to make significant contributions to the overall 
structure of these melts ; further work is needed for their elucidation. 
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Melting and crystal structure : 
volume changes on mixing nitrate melts 

BY B. CLEAVER, ELIZABETH RHODES AND A. R. UBBELOHDE, F.R.S. 
Department of Chemical Engineering and Chemical Technology, Imperial 

College of Science and Technology, London, S.TV 7 

Measurements have been made of the densities of liquid potassium nitrate containing up 
to 50 equivalents per cent of barium nitrate. Within the temperature range from the 
liquidus to 440°C, isotherms of equivalent volume as a function of equivalent composition 
were found to be straight lines. The excess volume of mixing for any pair of molts in this 
composition range is thus zero. Partial equivalent volumes of both components aro in-
dependent of composition at a given temperature, and aro given by 

17„,(KNO2 ) 	= 53.17+ 0.0229(e-300), 

17.78(Ba(NO3)2) = 41.75+ 0.0107(t — 300), 

where t is the temperature in degrees centigrade. 
This somewhat unusual mixing behaviour is discussed in relation to possible structures 

for nitrate melts, and in relation to available information about excess volumes of mixing 
for other ionic molts and liquids generally. 

INTRODUCTION 

Attention has previously been drawn to the small increase in volume on melting 
crystalline nitrates, and other low-melting salts (Ubbelohde 196o) compared with 
larger increases on melting salts with ions of the inert gas type (Ubbelohde 1959). 
This difference, together with much other evidence about salts with low melting 
points, has been interpreted on the basis of differing structures of the two types of 
ionic melts. A `quasi-crystalline' structure seems appropriate to describe melts 
with 'inert gas' ions. One version of this model starts with a somewhat expanded 
crystal lattice as a reference structure for the melt. Various types of positional 
disorder, such as lattice holes, interstitial occupancies, and co-operative positional 
defects are then superimposed on this reference structure to give the structure 
actually found. 

On the other hand, some ionic melts may in addition contain types of packing 
which cannot be represented with reference even to a defective crystal lattice. 
Thus there is evidence for the presence of association complexes in such melts 
(Davis, Rogers & Ubbelohde 1953; Rhodes & Ubbelohde 1959). The formation of 
complexes is helped by the loss of symmetry of the crystal field when melting occurs 
(Ubbelohde 196o). In molten nitrates, possible complexes include 

MN03, [M(NO3)2]-  and [1112(NO3)]±; 
considerably larger clusters may be formed by association as the temperature falls 
to the melting point or even lower. Such considerations make it particularly inter-
esting to investigate volume changes resulting from the mixing of ionic melts. 
Probably one of the simplest cases for which studies of specific volumes can lead 
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to tests of different models is presented by mixtures of a uni-univalent salt, with a 
di-univalent salt with a common ion. Since the crystal lattice can be regarded as 
rigid to a first approximation, a solid solution of a di : uni salt in a uni : uni salt 
would be expected to contain one cation vacancy for each divalent cation intro-
duced. Examples for which such a production of vacancies has been verified include 
Cd2+  in NaC1 (Etzel & Maurer 1950); Ba2+ in KCI (Kelting & Witt 1949) and Cd2+  
in AgBr (Tetlow 1950). This phenomenon does not appear to have been previously 
reported for salts with polyatomic ions, but has recently also been verified for Ca2+ 
dissolved in crystals of KNO, (Rhodes & Ubbelohde 1960, unpublished observa-
tions). If a quasi-crystalline melt behaves in a similar way to the crystals, addition 
of a 2 : 1 to a 1 : 1 salt should likewise give rise to an equivalent number of vacancies 
in the melt. This might be detected from its effect on specific volumes, on gas solu-
bilities and on ionic conductance. 

The present paper refers to density measurements carried out on molten mix-
tures of KNO, and Ba(NO3 )2. These salts crystallize without water of hydration, 
and the two cations have practically the same repulsion radii in simple ionic crystals 
(K+ = 1.33A, Ba2+ = 	Pauling 1950). Specific volumes of the melts have 
been measured with an accuracy of approximately 0.05 %. To about the same 
accuracy, the partial equivalent volumes of the two species are found to be in-
dependent of composition at a given temperature. Such behaviour has been 
established for few other pairs of liquids, whether ionic or molecular. Its signi-
ficance in relation to the structure of the melts is discussed below. 

EXPERIMENTAL AND RESULTS 
Densities of pure potassium nitrate and of ten mixtures containing between 5 

and 50 equiv. % of barium nitrate were measured with an accuracy of ± 0.001 g/ml. 
between the liquidus temperature and 440 °C. Unfortunately, accurate measure-
ments could not be made on mixtures richer in barium nitrate, because such melts 
evolved gases at perceptible rates at all temperatures above the liquidus. 

The potassium and barium nitrates were Judactan A.R. grade salts. Batch 
analyses showed less than 0.0003 % of cation or 0.002 % of anion impurities for 
KNO3, and less than 0.001 % of cation or 0.001 % of anion impurities for Ba(NO3)2. 
These salts were not further purified but were very carefully dried by the thermal 
shock technique (Rhodes & Ubbelohde 1959). The freezing point of pure dry KNO, 
was found to be 334.7 ± 0.3 °C. The freezing point of pure Ba(NO3), could not be 
determined accurately since it decomposed on melting. Measurements were made 
with a Pyrex manometric densitometer, by the technique of Husband (1958). 
Temperatures were maintained by immersing the densitometer in a thermo-
statically controlled bath containing the molten ternary eutectic 

KNO, : NaNO3  :NaNO, 

(m.p. 156 °C), the temperature of which was controlled electronically to within 
± 0.1 °C. Temperatures were measured to ± 0.1 °C with a calibrated Johnson, 

Matthey and Co. Pallador thermocouple in a Pyrex sheath the tip of which was in 
contact with the densitometer. 
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The density of the melt p at any temperature is given by the formula 

M A
M
poh\  p= — 1+ T o  	' 

which is identical with the series formula given by Husband (1958). The positive 
or negative sign is used according as the pressure is applied to the long or short 
capillary of the densitometer. M is the mass of salt in the densitometer, Vo  the 
volume of the densitometer up to the fiducial mark, A the area of cross-section 
of the capillary, po  the density of the manometric fluid and h the manometric height. 

TABLE 1. VOLUME PARAMETERS OF MELTS OF POTASSIUM 
NITRATE AND BARIUM NITRATE 

Ba(NO3 )2  
(equiv. %) 

a 
(ml.) 

102 b 
(m1./°C) 

104  bia 
(per °C) 

temperature 
range (°C) 

cr 
(ml.) 

0 53.18 2.275 4.28 340 to 440 0.01 
4.954 52.57 2.248 4.28 330 to 440 0.002 
9.867 52.00 2.170 4.17 320 to 440 0.002 

14.963 51.47 2.103 4.09 320 to 440 0.005 
19.730 50.91 2.057 4.04 320 to 440 0.01 
24.704 50.35 1.980 3.93 320 to 440 0.01 
29.953 49.74 1.932 3.88 340 to 440 0.005 
34.957 49.15 1.883 3.83 373 to 440 0.005 
39.741 48.60 1.833 3.77 410 to 440 — 
44.566 48.05 1.769 3.68 410 to 440 
50.022 V,,, = 49.79 at 440°C 

V., the volume of melt containing 1 gram-ion of nitrate, has been calculated 
from the observed density p by means of the expression 

2pV„, = 2M1(1 — x)-F Mox, 	 (2) 

where 311  and 1112  are the molecular weights of potassium nitrate and barium nitrate 
respectively and x is the equivalent fraction of barium nitrate in the mixture. For 
each mixture, V. was found to be a linear function of temperature (t °C). Values of 
the parameters a and b in the equation 

V,„ = a + b(t— 300) 	 (3) 

were evaluated for each mixture, by the method of least squares. Table 1 records 
the values obtained, and the standard deviations o of the points from the straight 
lines. Also tabulated is b/a, the mean coefficient of cubic expansion of the melt 
(1/V) d V/dt referred to the volume at 300 °C. Values of the molar volume of pure 
potassium nitrate derived from the parameters given in table 1 are intermediate 
between those recorded by earlier workers (Jaeger 1917; Bloom, Knaggs, Molloy 
& Welch 1953). It is estimated that a systematic error of ± 0.005 is to be added 
to the standard error 2o- to give the total probable error in the above figures. 

The isotherms of 17„, against composition (in equivalents per cent) were also found 
to be straight lines. Standard deviations of individual experimental values were 
less than 0.015 ml. at 440, 410, 373 and 340 °C. The intercepts of these lines at x = 0 

(1) 
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and x = 1 gave the partial equivalent volumes -17„, of potassium nitrate and barium 
nitrate at each of these temperatures. These values were found to conform (with 
a standard deviation of 0.02 ml.) to the linear equations 

	

V,„[13a(NO3)2] = 41.75 + 0.0107(t - 300), 	 (4) 

	

P,„(KNO,) = 53.17 + 0.0229(1- 300), 	 (5) 
t being the temperature in degrees centigrade. 

TABLE 2. VOLUME PARAMETERS FOR MELTING OF NITRATES 

(°C) 

potassium nitrate 

VS 
(m1.)* 

PL 
(ml•)$ 

A Vf  
(ml.) 

A 17f/ 17s 
(%) 

334.6 52.48 53.96 1.48 2.81 
340.0 52.55 54.09 1.53 2.91 
373.0 53.06 54.84 1.78 3.35 
410.0 53.63 55.68 2.05 3.82 
440.0 54.09 56.38 2.29 4.22 

barium nitrate 

Vs A Vf  A V,/ Vs 
(°C) (m1.)t (m1.) (m1.) (io) 

288.0§ 40.82 41.62 0.80 1.96 
340.0 40.93 42.18 1.25 3.06 
373.0 41.00 42.53 1.54 3.75 
410 0 41.07 42.93 1.86 4.53 
440.0 41.13 43.25 2.12 5.16 
592.0§ 41.44 44.88 3.45 8.31 

* Calculated from the density at 335°C and the coefficient of cubic expansion, both 
measured by X-ray diffraction (Fisehmeister 1956). Slightly higher values of Vs for potas-
sium nitrate are obtained if dilatomctric measurements due to Bredee & Cohen (1929) are 
used; thus Vs at 334.6°C is calculated to be 52.57 ml. 

f Present work. 
Calculated from the density at 23°C (3.244 g/ml., International Critical Tables) and the 

mean coefficient of cubic expansion between 10 and 250°C, measured by X-ray diffraction 
(Vegard & Peer 19.41). 

§ 592.0°C is the melting point of barium nitrate, and 2S8 °C is the eutectic temperature of 
the system potassium nitrate+ barium nitrate (Protsenko & Malakhova 1957). 

On the assumption that the equivalent volume isotherms remain linear over the 
entire composition range, the partial equivalent volumes in (3) and (4) may be 
equated to the equivalent volumes, TL, of the pure melts (extrapolated into the 
supercooled region for barium nitrate). The equivalent volumes of the corre-
sponding pure solids, T'",„ (extrapolated above the melting point in the case of potas-
sium nitrate) have been calculated from their densities and coefficients of expansion 
as reported by other workers. From these results may be deduced the volume change 
Alf which occurs when one equivalent of the solid melts or when it dissolves in the 
other component to form a solution of any concentration. Values of 11, Vs  and 
Al7f /Vs  are listed in table 2. 
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DiscussioN 
When a divalent cation occupies the site of a monovalent cation in a crystalline 

salt, a neighbouring cation site is left vacant to maintain electrostatic neutrality. 
Because of the holes formed in the crystal lattice, the equivalent volume of such a 
solid solution is likely to show positive deviations from the ideal mixture law. For 
example, this appears to be the case for small amounts of calcium chloride in solid 
solution in potassium chloride (Pick & Weber 195o). Deviations of the same kind 
might be expected if barium ions could be made to enter solid solution in potas-
sium nitrate. Solid solutions usually maintain the crystal structure of either pure 
component, with considerable strain, until there is an abrupt change to the struc-
ture of the other component. One example is presented by the system 

KI(f.c.c.) + CsI(b.c.c.) 

(Martienssen 1957) which undergoes a fairly abrupt change-over at about 60 % CsI. 
But even if a substitution mechanism applies for the crystals, volumes of the 
mixed melts have now been found to obey the ideal mixture law with high accuracy, 
subject to the reasonable assumption that the equivalent volume isotherms remain 
linear over the experimentally inaccessible part of the composition range. Equa-
tions (4) and (5) show that in the mixed melts there is a shrinkage of about 25 % 
when potassium is completely replaced by barium. 

Apparently addition of barium ions does not create an additional vacancy for 
each divalent ion added to the fluid, even in quite dilute solutions. Observations 
on the solubilities of polar gases in mixed nitrate melts (Frame, Rhodes & Ubbelohde 
1961) and on their electrical conductivities (Cleaver, Rhodes & Ubbelohde, un-
published observations) likewise lead to the conclusion that the addition of divalent 
cations to a uni-univalent nitrate melt does not greatly alter the number of holes in 
the fluid. This must in part be attributed to the absence of rigidity in the quasi-
crystalline fluid. In fact, the non-spherical anions appear to screen the electrostatic 
fields due to the different cations, so that the mixture behaves as might be expected 
for closely similar neutral molecules. Comparison of the system potassium nitrate + 
barium nitrate with results for other systems shows that the small deviations from 
linearity of the equivalent volume isotherms are an unusual feature. To illustrate 
this, the excess volumes of some binary ionic melts and of some mixtures of mole-
cular liquids are plotted in figures 1 and 2. The excess volumes of potassium nitrate + 
barium nitrate mixtures at 410 and 440 °C were calculated on the assumption that 
the equivalent volume of liquid barium nitrate is equal to its partial equivalent 
volume, at the same temperature, in the mixtures on which density measurements 
were carried out. 

In figure 1, large excess volumes observed in the systems CdI2 + KI and 
MnC12+ KC1 may be attributed to the formation of complex ions such as [CdI,] , 
[CdI4]' , [Mn013]-  and [MnC14]2-  in the mixed melts; but smaller excess volumes 
are also observed in systems in which complex formation is not thought to 
occur. 

In view of the interest of the present findings for theories about the structure of 
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liquids it would be useful to know if any other thermodynamic properties of the 
system potassium nitrate + barium nitrate show ideal behaviour. Heats of mixing 
of solutions of different concentration do not appear to have been measured 
directly, but some information can be derived from the freezing-point curve of the 
system. 
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0 	  

02 	 V 
0 
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oci. 0 	00000 

0.2 
pd  o 	0000 o 

0 

equivalent fraction 

FIGURE 1. Excess volumes (per equivalent) of some binary mixtures of ionic melts. 
I,MnC12 -1-KClat 800 °C (Murgulescu & Zuca 1959) ; II, CdI2  + Kill at 700°C (Bloom, Knaggs, 
Molloy & Welch 1953); III, CaC12 + KC1 at 850 °C (Vereslichetina & Luzhnaya 1954); 
IV, LiNO2 + KNO, at 350°C (Smith, Petersen & Ewing 1959) ; V, KNO2 +NaNO, at 
400°C (Murgulescu & Zuca 1959) ; VI, KNO3 -1- KBr at 730°C (Bloom et al. 1953); 
VII, KNO, Ba(NO2 )2  at 410°C (present work); VIII, KNO,+ Ba(NO3 )2  at 440°C 
(present work). 

Cryoscopic data in the range between the pure liquid and the eutectic (Protsenko 
& Malakhova 1957) may be used to calculate the activity a of potassium nitrate 
in solutions, by means of the expression 

In a = II  1- _ 	_  Cs  Ff  1_ T
T  

fl 
1? [T f  Ti 	R LT ( 6) 

(cf. Prigogine & Defay 1954). Tf  and T are the freezing points in °K of pure 
potassium nitrate and of the solution, respectively; L1  is the molar latent heat of 
fusion of potassium nitrate at T f ; CL  and Cs  are the molar specific heats at constant 
pressure of liquid and solid potassium nitrate (assumed to be independent of 

ex
ce

ss
  v

ol
um

e  
(m

l.
)  

VI 

VII 
	 1  

VIII 



Melting and crystal structure 	 441 

temperature). Values of L f , CL  and Cs  determined calorimetrically (Goodwin & 
Kalmus 1909) are: 	L f  = 2570 cal mole-1, 

CL  = 33.7 cal mole-1 °C-1, 
Cs  = 29.5 cal mole-1 °C-1. 

Activities and activity coefficients calculated on this basis are recorded in table 3. 
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mole fraction 
FIGURE 2. Excess volumes of some binary mixtures of molecular liquids. I, Benzene+ 

cyclohoxano at 20°C (Mathieson & Thynne 1956); II, carbon tetrachloride +neo-pentane 
at 0°C (Desmyter & Mathot 1953); III, neo-pentane +benzene at 0°C (Desmyter & 
Mathor 1953); IV, argon +nitrogen at 84°K (Pool & Staveley 1957); V, N-hexane 
cyclohexane at 20°C (Klapproth 1940); VI, N-decane +n-hexadecane at 20°C (Desmyter 
& van dor Waals 1958); VII, cyc/ohexane + iso-octane at 30°C (Danusso 1952, 1954). 

Some information about the order of magnitude of heats of solution of KNO3  in 
the melt may be derived from these activities. The increase of free energy on adding 
one mole of liquid KNO3  to a large volume of the mixed melts is 

-/t0  = H —11,— T(S" — 
= RT ln a, 	 (7 ) 

where partial molar quantities refer to potassium nitrate throughout. If the entropy 
of mixing has the ideal value S - = - R In x, then the heat of mixing, 17 - H0, is 
equal to RT In y. 

Table 3 shows that R711n y takes negative values, and reaches about - 50 cal 
for a solution of the eutectic composition (22.5 equiv. % barium nitrate). This 

1I [  
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suggests that heat may be evolved when a solution is diluted with pure liquid 
potassium nitrate, but it is also possible that the deviations of y from unity are due 
partly to non-ideal entropy of mixing. 

It seems probable that the excess heat contents of the mixtures, unlike the 
excess volumes, differ appreciably from zero. However, since the value of the 
entropy of mixing is uncertain, this conclusion must remain tentative until it can 
be confirmed by direct calorimetric measurements. 

TABLE 3. ACTIVITIES AND ACTIVITY COEFFICIENTS OF KNO3  
IN MIXED MELTS WITH Ba(NOa)Q 

T 
(°C) KNO3, x 

mole fraction a 
a 7 =7, 

ET In y 
(cal/g equiv.) 

336 (m.p.) 1.000 1.000 1.000 — 
327 0.974 0.969 0.995 — 	7.0 
318 0.947 0.938 0.990 —12.0 
307 0.919 0.901 0.981 — 25.0 
294 0.889 0.859 0.966 — 44.7 
288 0.873 0.840 0.961 —51.7 
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