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ABSTRACT

The mechanism of oxidation of Potassium iodide by

Chlorine and Fluorine gas has been studied usiﬁg powdered KI,
pressed pellets and single crystals (pressed pellets only in
the case of Fluorine). fhe.electrical conductivity of a KI
pellet has also been determined as a function of temperature.
The major part of the experimental work concerns changes in
D.C. electrical conductivity during reaction.

- The main conclusions are as follows:
(a) The room temperature conductivity of KI is always higher
than that obtained by extrapolating the impurity-fange, and
the activation energy below about 92° c. is very small; this
is tentatively attributed to a space-charge effect.
(b) 1In the KI/Clz reaction, the products are invariably KCl
and 12 in various forms (including V-Centres), although poly-
halides are thermodynamically more stable. Thus the reduction
of Chlorine occurs in a manner which does not allow reorgani;

zation to IC12Q.

'
/

(c) 1In pressed pellets, the conductivity always increases at
the start of oxidation, but the.enhanced conductivity may be
ionic or electronic in different circumstances, and the

initial increase may be followed by several alternative



iii
processes which are structure-sensitive.:'There.is an inverse
correlation between initial conductance and reactivity which A
is interpreted in terms of competition between (i) trapping
of positive holes at isolated cation vacancies and (ii) nuclea-
tion of solid Iodine at grain Boundaries.

(d) Unpressed powders show no increase in conductance during
reaction; this is attributéd~t§ preferential oxidation of

bound surface states.



~ TABLE OF CONTENTS

Title Page
Abstract
Table of Contents
List of Figures
List of Tables
Acknowledgements
INTRODUCTION
A. Known Reactions of Ionic Solids
B. Imperfections in Alkali Halides
(i) Ionic Point Defects
(ii) Electronic Defects
(iii) Dislocations
(iv) Evidence for the Trapping of Holes
Singly and}in Pairs
C. Previous Work on Alkali Halide/Halogen Systems
(i) Study of the KBr/Clz System by Kinetic,
Microscopic, and Gravimetric Techniques
(ii) Optical Evidence for the Production of V-Centres

by Chemical Means

iv

ii
iv
viii
xi

xiii

11
16
17
17

18



(iii) Electronic Defects as Reaction Intermediates

in Na36Cl/l§ASystem

D. Objects of the Present Work
EXPERIMENTAL
A. Preparation of KI Samples
(1) Large Particles
(ii) Small Particles’
(iii) Small Particles to which Iodine Was Added
B. Determination of the Surface‘Area of Small Particles
(i) Apparatus
(ii) Calculation of Surface Area
C. Halogen Handling System
(i) Chlorine Purification System.
(ii) Fluorine'Handling.System
D. Measurement of D.C. Electrical Conductivity

(1) Conductivity Cells

(ii) Electronic Equipment and Circuits

(iii) Procedure (including Polarization Effects)
(iv) Detérmination of Conductivity as a Function

of Temperature

Page

21
23

25
25
25
25
27
27
27
28
29
32
32
32
34
40

42



E. Analysis of Reaction Products
(1) Characterization of Reaction Products by
X-Ray Diffraction
(i1) Determination of Iodine by Volumetric Analysis
(iii) Determination of Halide Ions by Potentiometric
Titration
RESULTS
A, Study of the Reaction Products and Kinetics
(KI/Cl, System)
(i) X-Ray Diffraction (Powdered Samples)
(ii) Kinetics (Powdered Samples)
(iii) Potentiometric Determination of Halide Ions
| (Pressed Pellets)
B. The Electrical Conductivity of Pure KI
(i) Room Temperature Conductivity
(ii) Conductivity as a Function of Temperature
C. Changes of Electrical Conductivity during Reaction of
KI Samples (Pressed Pellets) with Cl,(g) or Fy(g)
(1) Types of Reaction |
(ii) Type A Reactions
(iii) The Initial Rise in Conductivity

(iv) Type B Reactions

vi

Page
44

4t
45

45

46
46
46.

47
50
50

52

57
57
57
61
65



vii

Page
(v) The Appearance of the Reacted Pellets 70

D. Changes of Electrical Conductivity during the Reaction
of Other Types of KI Sample with Cl,(g) 70
(1) Single Crystal ‘ : 70
(ii) Powder 71

DISCUSSION

A, Ionic Conductivity of KI as a Function of Temperature 73

B. The Nature of the Products . 77
C. Reaction:Steps in the Surface - 78
D. Reaction Steps in the Bulk | 80
E. Type A Behaviour 84
(i) Type Aj Decay 86
(ii) Type A, Decay 87
F. Type B Behaviour - v 88
G. Factors Determining the Type of Reaction ' 91
H. Oxidation of Unpressed Powders | 92
APPENDIX |
Summary of Experimental Results 94
Tables VI = XV 94-103
Figure 26 104

BIBLIOGRAPHY -105-108



LIST OF FIGURES

Page

INTRODUCTION
Figure 1. Ionic Defects in Alkali Halides 10
Figure 2. Models of V-Centres | 14
Figure 3. Photo Micrograph of a Reacted Potassium Bromide

Crystal Showing Bromine-Filled Cavities ’ 19
Figure 4. Chemically Produced V-Bands in Alkali Halides 22
EXPERIMENTAL
Figure 5. Vacuum Filtration Apparatus 26
Figure 6. Chlorine Purification System | 31
Figure 7. Conductivity Cell X 33
Figure 8. Conductivity Cell Y 35
Figure 9. Guard Ring Arrangement 36
Figure 10. Circuit Diagram for the Procedure 38
Figure 11, Circuit Diagram for the Switch Gear 39
RESULTS

Figure 12. Reaction of Powdered KI with Cly; Zero-order Plot 48
Figure 13, Potentiometric Titration Curves 49
Figure l4. Electrical Conductivity of KI, 250° C, to

680° C. (Lehfeldt) 53



Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19,
Figure 20.
Figure 21.

Figure 22.

Figure 23.

Figure 24,

Page
Electrical Conductivity of KI, 22° C. to
330° C. (This Work) 54
Reaction of Pressed Pellets with 012;
Conductivity and Polarizatién in Type A
and Type B Behaviour 38

Plots to Test Shape of Conductivity-Time Curves:

Type Aq, First-Order Decay; Type Ap, Second-
Order Decay; Type B, Parabolic Rise in
Conductivity

First-Order Plot, Type A; Reaction

Correlation of Rate Constantbfor Initial Rise
with Initial Conductivity of Pellet
Reaction of Pressed Pellet with Fps
Conductivity and Polariza;ion Curves

Type B, Parabolic Rise in Conductivity

(KI/F, System)

Reaction of Single Crystaliwith.Clz; Comparison
of Conductivity Changes and Kinetics of Iodine
Formation

Fit of Cl, Molecule and Misfit of IClz- in an
Anion Vacancy in KI

Proposed Mechanism of a Type A Reaction

ix

60
63

66

68

69

72

79

82



Figure 25,
APPENDIX

Figure 26.

Proposed Mechanism of a Type B Reaction

Summary of KI/F, Runs

104



LIST OF TABLES

EXPERIMENTAL

Table 1. Extract from the Laboratory Diary

RESULTS

Table 2. Initial Conductivity of Vari&ué Samples
of KI at 23° c.

Table 3. Activation Energies of the Electrical
Conductivity of KI

Table 4., ~Correlation of Particle Type with Temperature
of First Bréak‘in Log C vs. 1/T Curve

Table 5. Behaviour after Initial Risé in Conductance

APPENDIX

Table 6. Kinetic: Results for the KI/Cl, Reaction

Table 7. Tabulated Data from Electrical Conductivity
Measﬁrement in KI/Cl, Reaction

Table 8. Electrical Conductivity of KI, 250° C. to
680° C. (Lehfeldt)

Table 9. Electrical Conductivity of KI, 22° C. to
330° C. (This Wgrk)

Table 10.

Specification from Mallinckrodt Chemical Works

of the KI Used in This Work

xi

43

51
35

56
59

94
95-95
97
97

98



Table

Table

Table
Table

Table

11.

12.

13.
14,

15.

Data from KI/F, Reactions

Polarization Behaviour in the Course of K1/ci,
and KI/F, Reactions |

Initial Rise in Conductance

Type B Behaviour in an I, Added Pellet

Height of the Fermi Level above Cation Vacancy

Level at the End of Oxidation, from Cas /C,

100
101

102

103



xiii
ACKNOWLEDGEMENTS

I am deeply indebted to Dr. L. G. Harrison for
guidance throughout the present work,

I am grateful to Professor C. A. McDowell for
providing departmental facilities.

My thanks are due to Dr. N. Bartlett for a discussion
on polyhalides and for supplying Fluorine gas, to Dr. R. J.
Adams for making the surface area measurement apparatus
availlable, and to Mr., R. C. Catton for assistance in the

preparation of diagrams.



INTRODUCTION



A, Known Reactions of Ionic Solids

As a general class of reactions of solids, oxidation
and reduction of ionic crystals has received so little attention.
that it is not even listed in most classifications.

Studies of reactions involving an ionic solid as
one reactant have been principally of two kinde (1,2), reduc=-
tion of cations (the photographic process) and thermal decomposi-
tion. In the reduction of cations in silver halides, the most
important feature of the precess seems to be the role of the
surface, which is the reaetion zone in the small particles of
photographic emulsions, and the.role of dislocations and grain
boundaries in large crystals (1). |

While in thermal decomposition the primary step
possibly occurs at the surface of the ionic solid, the new
solid phase may form in the bulk of the solid or at the éurface4
In this type of reaction nucleation processes are of great
importance (2). o \

By contrast, reactions involving the oxidetion of
anions by external oxidizing agent have been almost completely
neglected. Yet such processes may be expected, a priori, to be
particularly suitable for studying the.relationship between

conductivity and reactivity, which was one of the original



objectives of Wagner's wérk (3) on solid state reactions some
thirty years ago.

Such reactions in alkali halides have the intefestinga
feature that the path for electronic conduction must be
provi@ed by the reaction itself, probably by the production
of positive holes in the anion band.

It is thus to beAéxpected'that trapped-hole centres
may be important intermediates in the reaction mechanisms
(or even final products of the reactions). There is.still
much that is not known about both the structure of trapped-
hole defects and their possible roles as intermediates in
reaqtions of ionic solids. Although a few structures are
definitely known (Vg centre, H~céntre, "F32°'ion")5 the
centres}reéponsible for thé principal optical absorptions of
X-irradiatea and halogen-doped alkali:halides in the u.v.
region (Vy, V,, V3 and V,.bands) are still uncertain. Colour
centres have been discussed by Billington and Crawford (4)
in connection witﬁ the mechanism of radiation damage in alkali
halides, and soﬁe useful kinetic evidence on the colouration
and bleaching of trapped-electron centres (F, R, M, N etc.)
has been obtained (5,6), but kinetic evidence on the V centres
is still lacking.

The present work constitutes the first reported
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kinetic study of the KI/Clp and KI/F, reactions. Concurrently,
the system KBr/Cl, has been studied from the kinetic viewpoint
by Morrisbn and Nakayama (7), using an entirely different |
‘experimental approach. |

Simultaneously with the work reported in this thesis, -
other workers in this laboratory have been studying the systems.

9 KBr/Clz, NaCl/F2 and Na36Cl/C12 by various experimental

K1/Cl
methods, including visible-u.v. spectrophotometry, radioactive.
tracer studies (36Cl) and microscopical examination. This
work is reported i; part C of this introduction. The micro-
scopical work on KBr/Cly is particularly relevant to the

mechanisms proposed in this thesis for the KI/Cl, reaction.

B. l@perfections in the Alkali Halides

~ Defects in alkali halides are of three types:

(1) Ionic Point Defects: These are discussed in more

detail below.

(ii) Electronic Defects: These are of great importance

in my reaction mechanisms, and are discussed below.

(iii) Dislocations: The detailed structure of these

has not been important in the present work, and will not be
discussed. They may be important in my reaction mechanisms in

controlling vacancy concentrations, and providing paths for



low temperature ionic migration.

(i) Ionic Point Defects:

Of these the most important is the vacant lattice
site (anion or cation) (see Figure I(a) ). These can exist
subject to ‘two conditions:

(a) In thermal equilibrium, in the bulk of the crystal,
the product of cation and anion vacancy concentrations is
a constant dependent only on temperature. The mole fractions
of cation vacancies X; and anion vacancies Xy are related
by the expression

X1Xy = Xg = exp(-g/KT) (1)
where X, is the equilibrium mole fraction of vacancies (cation
or anion) in the pure crystal, g is the change in the Gibb's
free energy on taking a normal lattice ion-pair to the surface
of the crystal, apart from the configurational entropy contri-
bution, and KT has its usual meaning. X; is equal to N;/N,
where N; is the number of cation vacancies and N the total
number of sites in the cation sub-lattice. Because Xj is
frequently much less than unity, N may usually be set equal
to the number of cations in the crystal (8).
(b) The crystal as a whole must be electrically neutral,
although there can be a charge separation between the bﬁlk,

on the one hand, and external surfaces, and dislocations



on the other.
Vacancies can arise in several ways:
(a) They may be formed by the motion of an anion into an
interstitial -position (Frenkel Defects (9); common in silver
halides (105; but not alkali halides (11) ).
(b) Vacancies may be formed at the surface, resulting in
expansion of the lattice by a number of sites equal to the
number of vacancies (Schottky Defects (12), (13), (14) ).
Calculations of the energy of formation of Frenkel
and Schottky defects indicate that the latter type is favoured
if there is an approximate equality in size of the cations and
anions, if the dielectric .constant is low, and if the Van der
Waals contribution to the lattice energy is low. The alkali
halide crystéls are of this type. The opposite conditions
exist in silver halides and so Frenkel defects are favoured.
Calculations of Wg (where W, represents the energy
required to form a Schottky.defect), and Wy (where Wj represents
the energy required to form a Frenkel defect) have been made
by Jost (15), Schottky (13), and Mott and Littleton (16).
However, calculations of Wg have been made more accurately
by Dreyfus:.and Nowick (17), and Fumi and Tosi (18). Mott and
Littleton find a value of Wy = 2.9 eV, for Na+ in NaCl, while

the value they compute for Wy is 1.9-2.0 eV. for NaCl, KCl



and KBr. Dreyfué and Nowick's values of Wg for NaCl and
KCL are 2.1 ¥ 0.06 eV. and 2.22 ¥ 0.12 eV. The latter values
agree with Fumi and Tosi's values (18).

These theoretical results indicate, then, that
Schottky defects are predominant in alkali halides.
(¢) Vacancies may arise as a result of the presence qf
multivalent impurities, to maintain electrical neutrality
of whole lattice (see Figure I(b) ).

Pick and Weber (19) have studied the density of
KCl1-CaCly solid solutions, and find that the densities vary
with composition in the way one would expect if the

2~-':i.on for a‘K+wion resulted in the

substitution of a Cat
formation of a K" -1on vacancy. Unlike the thermally-created
defects, the concentration of impurity induced vacancies
is independent of temperature, being determined solely by
the concentration of multimalent impurities. If C denotes
the mole fraction of divalent impurity cations added to
a 1:1 crystal and if every added impurity ion is compensated
for by the formation of a.cation vacancy, then electroneu-
trality requires

X3 =.-C+X, | (2)
(where X, and X, have their usual significance). Two extreme

cases may be distinguished; at high.temperature in a pure



crystal,
C. K Xy (where X; has its usual meaning) and therefore
X; = X, = Xy (Intrinsic Region).

While at low temperature,

C.§> XO, and so

X; = C (Structure Sensitive Region or

(8)
Impurity Region)

Combination of Charged Defects (see Figure I(c) )

Since vacancies carry an effective charge, they may
combine with each other or with multivalent impurities, by
electrostatic interaction. . Important structures of this
type are:

(a) Vacancy-pair

A vacancy-pair is formed as a result of the combina-
tion of a cation vacancy with an anion vacancy. The vacancy-
pairs are electrically neutral entities, and do not contribute
to the electrical conductivity, but they can move through the
crystal and thus contribute to diffusion processes. The
binding energy of a vacancy-pair is reasonably large, of the.
order of Ws/2 (where Wy is: the energy required to form a
Schottky defect), and a substantial concentration of such
pairs is to be expected (20,21). Most of the experimental

attempts (22,23,24) to demonstrate the existence of vatancy-



pairs in the alkali halides have been unsuccessful, but, in
principle, one must take account of their possible existence
(20,21,25).

It has been suggested that the possible existence of
vacancy-pairs is important to colour centre problems, since
the creation and transformation of these centres at low
temperatures is most easily explained in terms of the motion
of these defects.

Theorécical estimates of the activation energy
of mobility of vacancy-pairs have been somewhat equivocal
about this possibility. The first estimate by Dienes (26)
gave a low activation energy and supported the concept of
low temperature mobility; but Tharmalingam and Lidiard (27)
recently published a much higher estimate of the activation
energy.

(b) Vacancy-impurity Complex

The impurity-generated defect tends to be associated
into a "complex'" comprising the impurity ion and the defect
on adjacent sites. Increase. in.temperature tends to dis-
sociate the complexes, giving rise to free vacancies. Experi-
mental and theoretical evidence has been obtained that such
"complexes" do, indeed, exist in many impurity-doped crystals.,

Dreyfus and Nowick's (28) results on the D.C. Ionic



Conductivity of NaCl Crystals doped with various divalent
impurities can be completely explained right from above

400° c. (below the intrinsic region) down to -35° C. in terms
of the concentration of the multivalent cationic impurities
present in the lattice, their association with the cation
vacancies, and the precipitation of impurity ions.

Interaction of Vacancies with Surfaces and Dislocations

(a) Space-charge Effect (see Figure 1(d) )

It has been shown theoretically (29,30) that external
surfaces will acquire an excess of anion vacancies balanced
by a space-charge of cation vacancies, if the energy of
formation of an anion vaéancy exceeds that for a cation
vacancy. Lehbvec.(29) represents the effect of space=charge
on conductivity by a width B which must be added to the
true width of the crystal to give its extra conductivity.
This extra conductivity is proportional to the surface area,
and the extent of the space-charge is strongly temperature-
dependent, and becomes 1arger~£han 1n, (i.e. larger than
the probable spacing between dislocations in many crystals)
at any temperature below about 300° C. At T 600° K,

B{ 1w for NaCl, but at room temperature Lehovec's equation

gives B as about 1 cm. Thus the cation vacancy concentration

may be completely controlled by dislocations. The theory



FIGURE 1

IONIC DEFECTS IN THE ALKALI HALIDES (TWO-DIMENSIONAL MODEL)
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of the space-charge needs to be amended for the case in which
the finite size of the crystal is important.

(b) Charged Dislocations

The difference in the energy of formation of positive
and negative ion vacancies in an ionic crystal also causes the
dislocations to be ' charged (30) when the system is in '
thermal equilibrium. The charged dislocations are surrounded
by a sheath of vaéancies of predominantly the opposite\sign.

A grain boundary (or mosaic boundary) should also be charged
and surrounded by a baiancing layer of charge. The presence
of divalent impurities modifies the magnitude of the charge,
and may even reverse it. At low temperatures these (divalent)
impurities cause the sign of the charge on a dislocation to
reverse. (The interpretation of the first-order decay of
conductance below room temperature of quenched samples of

NaCl as observed by Dreyfus and Nowick (28), should presumably
be in terms of the combination of vacancies with charged dis-

locations.)

(ii) Electronic Defects

These defects may be obtained in alkali halide
crystals as a result of the following changés:
(a) by the introduction of electrons into the conduction band

and subsequent trapping (trapped-electron centres);
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(b) by the removal df electrons from the valence band and
trapping of the resulting positive holes (trapped-hole centres).

Trapped-electronc centres (or Electron-excess Centres)
and trapped-hole centres (or Electron=deficit Centrgs) are
collectively known as Colour Centres.

| In chemical termé, trapped-electron centres increase

the power of a substance to act as a reducing agent. They
may often be thought of as: arising from ionization of dissolved
alkali metal atoms and may be formed by the dissolution of
‘alkali metal atoms in the host Latﬁice. Similarly, trapped-
hole centres may be regarded as.dissolved halogen atoms or
molecules. They decrease the power of a substance to act as
a reducing agent. They have.Been formed in alkali bromides
and iodides by the dissolution of halogen atoms or molecules
in the host lattice.

Centres of both.types.cén be formed simultaneously
by X-irradiation of alkali halides, which involves direct
excitation of electrons from the valence band to conduction
band and may be followed by trapping of both electrons and holes.

Structures of Colour Centres

(a) Trapped-electron Centres
The best known example of a trapped-electron::centre

is the F-Centre, wherein an electron is trapped in an anion
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vacancy. Other centres of this kind are F; and aggregate
céntres, which all contain more thanTone trapped electron.
Trapped-electron centres are detected by their absorption
in the visible region of the specitrum. They will not be

discussed further, as they have not been important in the

present work.,

(b) Trapped-hole Centres -

The structures of trapped-hole centres have been
the cause of much speculation. Thus models of these centres
have been proposed by Seitz (20,21), Nagamiya (31), Burstein
and Oberly.(32), Varley (33), and St. James (34). The models
proposed by Seiﬁz (20,21) (seé Figure 2), based upon a supposed
analogy with the trapped-electron centres, have stimulated
the most research. For the centres which are stable at room
temperature, Seitz proposed that the trapping site is a pair
of cation vacancies, and that the Vj-Centre contains a single
positive hole, while the V,-Centre has two. Seitz's approach ..
to V-Centres féiled to take‘note of the strong tendency 6f
halogen atoms to form covalent bonds, and it now seems clear
that, in general, the V-Centres are stabilized more by covalent
bonding than by eléctrostatic interaction with vacancies.
Harrisoﬁ (35) has suggested a chemicai notation

(see Figure 2) for V-Centres. In this notation,Aa and c



FIGURE 2

'MODELS OF V“CENTRES

Defect Seitz's Models Harrison's Notation
F (a)
+ 6 +- |
(vy) 1+ - NITENON
+ |5 |
(v,) o Cl(a), (c3)
. O i +
(H) ‘ + | - " Cl(a) (ac)
+ =
(v3) T cL(@)* (e,
+ |~ _
0] + -
(V4) B + Cl(a) (acz) |
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represent anion and cation sites, and ion signs for structures
within the solid represent effective charges. Thusba'+ and ¢’
are vacant sites, I(a)+ is. a. positive hole, and I(a)§+(c2)2' is
a pair of holes trapped by two cation vacancies. This notation.
is useful in writing chemical equations involving V-Centres
as reagents or products.

The only trapped-hole centres for which the struc-
tures are definitely known are:
(1) the Vk-Cénﬁre which consists of an XZ_ (X = halogen)
molecule-ion in a normally. perfect lattice where it occupies.
2 anion.vacancies (X(a)é+ in Harrison's notation);

(2) the H-Centre which consists of a X2 molecule-ion situated.
at a single halide ion site .along with 2 halide ioﬁs adjacent
to this site, and thus involves. 4 halogen nuclei distributed.
over three anion sites (Xz(a)-or Xa(a)3 in Harrison's notation);

(3) the "F.2~ ion" which resembles Seitz's model of V,-Centre,

3 4
and consists of a positive hole localized over three fluoride
ions (F(a)3+(ac2)- in Harrison's notation).

These centres do. not correspond to any of the strong.
optical absorption bands numbered)Vlwv4 in the various alkali.
halides, and the structures.giving rise to these bands are

still uncertain.

At present the various structures due to different
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V-bands are very uncertain and extensive further studies are
needed. Hdwever, it seéms quite likely that some of the
centres corresponding t§.the known V-bands répresent holes
trapped in pairs, which will give no E.S.R. signal and for
which the optical spectra have not proved very informative.
For these centres, indirect evidence from kinetic studies is.

likely to remain important.

(iv) Evidence for the Trapping of Holes Singly and in Pairs
Some &ireét evidence by paramagnetic resonance and
other studies has been obtained on the centres containing a
single trapped hole.

(1) The identification of the F 2= (or F(a)3+(acz)w)lradical

3
ion by Cohen et al. (36) in X-rayed LiF at 20° K. has shown

the hole to be localized over three fluoride ions.

(2) 'Kﬁnzié (37) has found other trapped-hole centres in LiF
X-rayed at 77° K. Due to their stability it has been suggested
that the hole in these centres is associated with cation vacancy.
(3) Luckey (38,39) has measured the elgcprical conductivitylof
halogenated Ag-halides, and has found evidence for the trapping
of holes singly (the concentration of positive holes is
proportional to the square root of the pressure of haiogen

introduced).

The evidence on the trapping of holes in pairs has been
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rather indirect.
(1) Mollwo (40) in his early work on additively coloured KBr
and KI found the concentration of the colour centres varying
directly as the first power of the pressure of the diatomic
gas.
(2) The best known V-bands in KI and KBr resemble the spectra
of linear tri-halide ions in solution (41,42). A tri-halide
ion would represent the result of the interactioc between a
halogen molecule (2 positive holes) and a surrounding halide

ion.

C. Previous Work on Alkali Halide/Halogen Systems

(i) Study of the KBerL2 System by Kinetic, Microscopic,

and Gravimetric Techniqués

Morrison and Nakayama (43) have studied recently
the reaction of single crystals of Potassium bromide with
Chlorine gas using kinetic, microscopic, and gravimetric
techniques. Their main conclusions are:

(1) At room temperature, the kinetics of the reaction indi-
cates that the initial step in the reaction is a nucleation
process. |

(2) From microscopic and other experimental measurements,

the conclusion reached is that the reaction is initiated at

i



points on the crystal surface where local strain has been
created by, e.g., mechanical damage or precipitation of
impurities. No correlation has been found between nucleation
sites and the points where dislocations or low-angle grain
boundaries emerge at the local surface.

Morrison and Nakayama did not, however, examine
the reacted samples for the location of the halogen products,
and they did not look for VwCentrés. Catton (44), studying .
the same reaction (KBr/Clz), in a microscopical examination
of the reacted sample (KBr) has discovered bromine=filléd
cavigies about 30 u beneath the surface of the crystal (see
Figure 3). (The mechanism propesed for KI/012 reaction in

this thesis preceded the direct observation of halogen-filled

cavities by Catton.)

(ii) Optical Evidence for the Production of V-Centres

by Chemical Means

(a) KI[Cl2 System

18

Spectroscopic work by Bird (45) on this system, using

Harshaw single crystals of KI was done simultaneously with
the present work. Bird found V-Centres as the principal

products of the reaction. He obtained absorption peaks at
2800 R and 3600 X (see Figure 4(a) ), corresponding to the

best known V-bands of KI. Uchida et al. (46) found evidence



FIGURE 3

PHOTO MICROGRAPH OF A REACTED POTASSIUM BROMIDE CRYSTAL

SHOWING BROMINE-FILLED CAVITIES
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that in KI both 2800 K and 3600 g absorption bands arise from
the single centre, but Bird found evidence that thgse two
absorption bands arise from two different centres. He found
that the ratio of these two peaks' heights was not always the
same when these peaks were produéed by room temperature oxida-=
v;ion of KI. Nakai (47) in his work on KBr has also found
that the two principal absorption bands do not arise from the
same centre. For KI it has been suggested (41,42) that the.

double-peaked spectrum resembles the solution spectrum of I3 ’

suggesting that the trapped-hole centre is a similar linear
tri-halide ion. However, if the two peaks are confirmed to
be independently variable; this analogy is incorrect. It
would still be quite possible, however, that one of the
absorptioms represents an I3w'ion or some other form of molej
cular iodine.

(b) KBr[Cl2 System

Catton (44) in a- recent study of the oxidation of

Harshaw siﬁgle crystals of KBr by Chlorine gas at room tempera-
ture has found an absorption band in the system at 2700 )
(see Figure 4(b) ) = corresponding to one of the bands observed

by Mollwo.

(c) NaCl/F2 System

Harrison et al. (48) have studied the oxidation of
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single crystals of NaCl by Fluorine gas at room temperatures
(see Figufe 4(c) ). Their results are as follows:

(1) For polished crystals, V-Centres were the principal
products, although the extent of the overall reaction was
rather small. The V-Centres formed absorbed at 2150 K,

suggesting that they were V,_ -Centres (Seitz's model). Another

3
absorption band at 3400 K was accounted for by the presence
of Chlorine gas.
(2) For scratched and quenched crystals, an extensive reaction
took place with the formation of a crystalline phase (probably
NaF) on the surface and Chlorine inside the crystal. A small
V-band was obtained which was shifted towards 2300 X and is
presumably a V2~Centre.

To account for the extensive reaction observed
in this case, they suggest that sites are available on the
surface to facilitate the nucleation of the new alkali halide
lattice while the nuclei of halogen probably appear below the
surface of the crystal. (As in the case of KBr/Clz; no

microscopical observations have yet been made.)

(iii) Electronic Defects as Reaction Intermediates in

Na3601/012 System
Adams (49) has studied the exchange of 3601, origi-

nally incorporated in the NaCl (solid) with gaseous Chlorine,
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and has found that the extent of the exchange C follows a

i

fractional-power of time (C atn). An attempt has been made
in this work to elucidate the role of electronic defects in
the reaction mechanism from the pressure and temperature
dependence of the exchange_rate.:

The exchange kinetics has also been studied after
a deliberate introduction of electronic defects in the solid
NaCl through X-irradiation and fluorination. These latter
processes cause the kinetics of the reaction to change completely
to a second-order rate law, and provide evidence that electronic
defects are involved in the mechanism of the reaction, and
that a process of absorption of a Chlorine molecule into a
pair of defects is important. The mechanisms for the exchange
processes use two species of electronic defect, corresponding
to Seitz's models of V2 and V4~Centres, and the power law

(C = at™) mechanism requires a transition complex between the

two defects.

D. Obiects of the Present Work

The general objective was to determine the mechanisms
of oxidation of KI(s) by Clz(g) and Fz(g). To this end,
the following types of experiments were undertaken:

(1) X-ray diffraction to characterize the reaction products



24
as KCl or a polyhalide;
(2) kinetic studies by chemical analysis of the I, produced;
(3) studies of the d.c. electrical conductivity of the solid
phase.‘ It was expected that this would be a useful method,
since the mechanisms are likely to require the formation and
migratibn of cation vacancies and positive holes, both of which
should contribute to the conductivity. It is not easy to get
unequivocal evidence of whether the conductivity is ionic or
electronic, but it was considered useful to study polarization
effects to get some indication of this (such effects can
disappear at high temperatures for ionic conductivity, but
their disappearance at room temperature has been ﬁaken to
indicate a probable change to electronic conductivity).
The studies of conductivity undertaken were:
(a) condﬁctivity changes during reaction, which,cohprise the
greater part of the experimental work reported in this thesis; .
(b) the conductivity of KI as a function of temperature, from
room temperature up to 3309 C. (The conductivity of the
alkali halides has been studied extensively above about 250° C.,
but below that temperature a thorough study has been reported

only for NaCl (28).)



EXPERIMENTAL
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A. Preparation of KI Samples

Single crystals of KI, %-inch diameter by 2 mm. thick,
cut parallel to cleavage plane, were obtained from the Harshaw
Chemical Company. For all powders and pellets, Mallinckrodt
reagent grade KI was used. For pressing into pellets, the
powder was loaded into the die in a dry box. and evacuated to
about 1 before pressing at 8,000 p.s.i. in a Carver Hydraulic
Press for 2 minutes. The following types of powder were used:
(1) '"Large Particles" (size 0.05 to 0.5 mm. by microscopic
examination), prepared by grinding in a mortar and oven=drying
for three days at 120° C.

(ii) '"Small Particles'" (size 3-19 u. from surface area deter-
mination by B.E.T. method using Krypton as adsorbate), prepared
by freezing 18 ml. of a saturated aqueous KI solution in liquid
N2 and mixing with 2 1. of methyl ethyl ke;one. The particles
were dried for an hour on the filter in a stream of CaCl2

dried air, and overnight in a dry box (<\l% R.H.).

(iii) '"Small Particles" similarly prepared, but with Iodine
previously dissolved in the M.E.K. at 10™% mole 1.31. (For

sections (ii) and (iii) see Figure 5.)
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B. Determination of the Surface Area of Small Particles

(i) Apparatus

The adsorption apparatus was a constant volume
manometric apparatus using a McLeod gauge designed to read
Krypton pressures up to 1L mm. of Mercury. The Krypton used
was supplied by the Air Co.? specified mass spectrometrically
pure. All stopcocks and joints in the system were greased
with Apiezon M or T grease. The vacuum was created by a
single stage Mercury diffusion pump backed by a duo-seal
rotary oil pump. The cold traps were kept at liquid N2
temperature during the adsorption runs. The Krypton storage
bulb was connected by a stopcock to a burette whose capacity
of about 1 cc. allowed pressures of up to 20 cm. of Hg to

be manipulated.

(ii) cCalculation of Surface Area

The surface area was calculated using the B.E.T.
equation

v o= Vv - c-p-/(po-*p) 1 +_(c-1)(p/po) (3)

where Vm is the volume of Krypton adsorbed at S.T.P. for a
complete monolayer adsorptioﬁ. c is exp(El-EL/R.T.), where

El is the heat of adsorption in the first layer, EL is the

27
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heat of liquification of the Krypton on the surface (and is
assumea to be the heat of adsorption in all layers except
the first). p is the equilibrium pressure after adsorption
~ of vCc and P, the vapour pressure of Krypton at the temperature

of the experiment, i.e., -197° c. (liquid N2 temperature).

After rearranging equation (3), one gets

—_—P . 1 + c-1 P (4)
V(powp) v.ee V.S P

A plot of p/v(po-p) versus (p/po) gives a straight line if
~ the theory is obeyed. The intercept is (l/Vm°c) and the
slope (c~1/Vm-c), and thus,Vm‘and ¢ can be determined.
Assuming an atomic radius of 1.78 R for the close-packed
Krypton atoms, by multiplying Vm by 2.24 one obtains the

total area of the adsorbate in m2

1

gm.wl. From the surface

area in ngm.~ , the particle size can be calculated.

C. Halogen Handling sttém

All operations with halogen gases in this laboratory
have been confined to a single vacuum system. The vacuum
was created by using a 3-stage Balzer diffusion pump containing
Dow Corning 703 high vacuum Silicone fluid.

Right-angled stopcocks were used throughout the

system to minimize leakage from streaking in the tap-grease
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(KEL-F No. 90 grease). Sulphuric acid manometers were used
throughout, operating non=-linearly with some air in the closed
limb, and calibrated against.a Mercury manometer. A disposal
line for the halogens was connected to all parts of the
system. This return line (disposal line) was separate from
the main vacuum line but was evacuated by the same pumps.
Chlorine was usually condensed into liquid N2 traps (and
afterwards dissolved in NaOH solution), and Fluorine was
absorbed in soda lime.

The vacuum in the system was usually measured by a
Veeco RG.75P "ionization'" gauge with a "non-burnout' Iridium
filament. (It was found that the filament of these gauges is
easily damaged by quite small amounts of halogen gases.)
The vapour pressure of the concentrated HZSO4 used in the
manometers was 7x10"4 mm. -of Hg, as measured by the ionization
gauge (Veeco type).

(i) Chlorine Purification- System .

Matheson Chlorine gas- (specification 99.5% pure)
was used directly in some of the earlier work on product
analysis and kinetics of oxidation of powders, but in most
of the experiments it was purified, by the removal of non-
condensable gases, and by drying with concentrated sulphuric

acid. The purification apparatus is shown in Figure 6.
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The disposal line (or the halogen return line) was connected

to 4. D and E are wash bottles containing concentrated H_SO, ,

2774
and F and G are sulphuric acid manome&ers.

Pﬁrification proceduré was as follows: Matheson
Chlorine was introduced into the 2-litre bulb A, with 2, &4
and 5 being closed. In each purification run approximatély
1 atmosphere of the gas was admitted. Non-condensable gases
were first removed by opening 4 to the diSposal‘iine and
passing the impure supply of Chlorine through 2 U tubes
cooled in liquid NZ’ connected to the disposal line (not
shown in Figure 6). The Chlorine gas was condensed in ;he
first U tube, and the second U tube served as a guard tfap.
The Chlorine was then condensed in K, and stopcock 4 was
closed.

For the removal of water vapour, wash bottles D
and E and the receiver bulb B were evacuated with'g, 7, 8, 9
and 12 closed and 10, 11, 13 and 14 left open. The stopcock
5 was opened slowly and Chlorine passed through.D'and E and .
finally collected in the bulb B. When approximatqu half
of the gas was dried, the’reﬁainder was brought across by
surrounding L with a liquid N2 trap. Stopcock 14 was finally
closed, and storage bulb B contained the supply.of purified

Chlorine.
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(ii) Fluorine Handling System

Matheson Fluorine gas at 300 p.s.i. (specification
98% pure) was dispenséd by reducing its pressure in three
successive expansions at a series of monel needle vélves
connected by a few.feet of high pressure 3/8=inch.copper tubing.

The storage bulb (volume - I litre) and the supply
line were evacuated by a rotary oil pump (pressure checked
by a tesla coil discharge). The Fluorine gas was admitted
directly to the storage bulb at a pressure of the order of
1 atmosphere (measured on a helicoid test gauge). Samplés
of Fluorine gas were drawn from this storage bulb (using
the main halogen handiing,system) into small bulbs (10, 15,
30 cc.) for different experiments.

The monel metal to copper couplings were backed by
teflon sleeve rings. KEL-F No. 90 high vacuum grease was

used for all ground glass joints.

D. Measurement of D.C. Electrical Conductivity

(1) Conductivity Cells

Two designs X, Y of the conductivity cells were used.

Conductivity Cell X (see Figure 7)

In this cell the electrodes were circular pieces of

bright thin platinum foil. The electrode assembly was housed
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in a glass vessel (volume 500 ml.) forming part of the high
vacuum system, with platinum leads spot-welded to tungsten-
through-pyrex seals. The electrodes were held to the KI
pellet by a Quickfit nickel-plated spring clamp with a 3 mm.
thick sheet of Lucite on each jaw.

Conductivity Cell Y (see Figures 8, 9)

In cell Y also, the electrodes A, B were of brighﬁ
thin platinum foil. The bottom electrode B was slightly smaller
than the éellet and was surrounded by a concentric guapd ring C,
so that bulk and edge conductivity could be measured separately
(see Figure 9). The electrodes were recessed into teflon
supports D, E; and the whole arrangement was placed under a
weight F consisting of lead shot sealed into a glass vessel.

A glass cross bar G and glass hook H ensured that the weight .
was not supported on the leads when the outer envelope I was
removed. The leads J, K, L were of platinum (spot-welded to
tungsten-through-pyrex seals at.-the top) and were jacketed in
glass. M is a Pt-10% Rh lead enabling the bottom electrode
to be used as a thermocouple.

(ii) Electronic Equipment and Circuits

The cell was wired in series with a Keithley decade

12

shunt having resistances from 103 ohm to 10™° ohm, and a P.D.

of about 3 V., was applied across the whole arrangement by means
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FIGURE 9

GUARD RING ARRANGEMENT
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of}dry cells (see Figure 10)., Nearly all of this P.D. was
across the pellet, that across the shunt being usually less
than 80 mV, This was measured with a Keithley model 200B
battery-operated electrometer (d.c. VtVm) having an input
resistance of 1014 ohm, residual current at input 5x10'1“
amp., and ranges down to 8 mV. full scale deflection. A
switch gear (see Figure 1l) was designed to perﬁit the follow-
ing operations: |

(1) reversal of applied P.D. across the sample;

(2) use of the bottom electrode:as a thermocouple (selector
switch, positidn 1L);

(3) measurement of total applied P.D. E1 (selector switch,
position 2); |

(4) measurement of P.D. across shunt with either the bottom
electrode or the guard ring or both in circuit, either part
being grounded when:not in circuit'(selector switch, positions
3, 4 and 5).

The leads used were mainly single-conductdf coaxial cables.

In a large part of the work,‘a four-conductor cable was used
between switch gear and cell Y. This was later replaced by
four separate cables housed in a grounded metal conduit.

The cells were covered with.grounded aluminum foil. Leakage

resistances limited the measurements to a maximum resistance
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FIGURE 11

CIRCUIT DIAGRAM FOR THE SWITCH GEAR
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in the sample of about 1013

ohm, and disturbances from moving
objects near to the apparatus were noticeable at about the
same value.

(iii) Procedure (refer to Figure 10)

E, was measured at the start of each day's measure-
ments, and checked at intervals of 4 hours. For cell Y, E2v
was usually measured with -both bottom electrode ahd guard ring.
in circuit (selector switch, position 3). The applied P.D.
was usually reversed every five minutes, and E2 was taken
as the mean of the values immediately before and after reversal
of E. This procedure should give a figure equiQalent to that
obtained by taking a readingnimmediaﬁely after applying the
E.M.F. E, to an unpolarized speciman, The conductivity was

1

then calculated as follows:

where C is the conductance in ohm-l, and I is the current range
in'amp. (i.e. the reciprocal of .the shunt:résistance).
The specific conductance was calculated with the following

formula:
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(where 1 is the thickness of the saﬁple, and A is the area,
ﬂ'rz). The diameter of the pellets was 0,5".

The}polarization effects were studied in order to
get some indiéation of'wheﬁher the additional conductance
during the‘courSe of reaction was ionic or electronic. The
quantity used as a measure of polarization was the apparent
change in the conductance .on reversing polarity divided by the
mean conductance:(iie. the change in E, divided by the mean
value, ZXEZ/EZ). The polarization was usually reversible
and reproducible, although there were occasionally répid
polarizatioﬁ effécts (as observed by earlier workers.(50,51) ),
which preventedraccurate measurements. Most usually, individual
measurements of conductance varied within a range of t 10% of
mean, and the standard error of a dozen measurements in a:one-
hour period was 2%.

In making measurements on pressed pellets of KI,
it was first necessary to .degas the pellet in a high vacuum
until its resistance had become constant. This often took
up to‘three or four days and involved increases in resistance
of factors of 102 to 164.- Thereafter, the changes‘in resistance
during reaction withCl2 or F2 could be followed sometimes for
as long as several weeks., The measurements made during the

first hour of any day's work were often found to be unreliable,
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showing a rapid drift of the resistance with very large
polarization effects (see Table J).

(iv) Determination of Conductivity as a Function of

Temperature

The conductivity of the KI pellet in an atmosphere of
N2 gas was studied from room temperature (22o C. approx.) to
330o C. The purpose of the atmosphere of N2 was to ensure
rapid thermal equilibration. In the set-up the conductivity
cell Y was first covered with aluminum foil and then grounded.
It was then surrounded by-.a simple furnace with a 30-ohm
nichrome winding supported on a heavy copper tube, with
asbestos insulation. The entire system was‘shielded by
aluminum foil which was grounded. It was also necessary to -
ground the copper tube to prevent serious interference from
the alternating current in the heating coil. The furnace
was supplied with.é variabie voltage 0-110 V., by a 7% amp.
Variac. Its maximum temperature was 330° c. A portable
Hoﬁeywéll potentiometer model no. 2732 was used for measure-
ment of the E.M.F. of the Pt vs. Pt-10% Rh thermocouple in
the cell. The procedure for the measurement of conductivity
was the same as outlined in section (iii).

For the temperature measurement, the selector switch

(switch gear) was ltukrhed to position 1 (thermocouple) and



TABLE 1
EXTRACT FROM THE LABORATORY DIARY

Measurements during reaction of a KI pellet with.012; run S II at 115 hours

Current range ].0-5 amp, E1 = 3.20 volts
E
Polari- ( 2 x current) Csp

- Time zation E1-E2 range (ohm™1
(min.) Polarity Ey (V) LEg (V) () = C(ohm~1) cm."1)

0 + 0.00368 x10-9 x10-9

g.l - 3:88522 0.00269 0.00150 0.557 8.41

10 | 0.00180 8.57 2.120
10.1 + 0 00378 ©0-00279 - 0.00198 . 0.710 8.72
12,1 . 3;33§§3 0.00273 0.00155 0.568 8.54

20  0.00182 8.53 2.086
20.1 + 0.0036p 0-00272 0.00180 0.662 8.51

gg-l - 8'38§22 0.00271 0.00142 0.524 8.47
30 0.00152 | 8.22 2.018
30.1 + 0.00338 0-00255 0.00206 0.810 7.97 -

. i 8:88;23 0.00278 0.00165 0.594 8.69
40 0.00200 8.88 2,178
40.1 + 0.00380 0-00290 0.00180 0.620 19.06
22.1 } 8:88%;2 0.00301 0.00166 0.552 9.41
50 . 0.00220 ' 9.60 2.354‘p
50,1 + 0.00406 0-00313 0.00186 0.594 9.79 £
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the E.M.F. recorded through the potentiometer. The correspond-
ing temperature was found by consulting standard tables on
Pt vs. Pt-10% Rh thermocouples. Since all the junctions were
at room temperature, room temperature was added to the readings
obtained from the potentiometer.

Each conductivity reading was taken after thermal
equilibrium had established in the system (usually after about

2 hours).

E. Analysis of Reaction Producﬁs v

(1) Characterization.of the Reaction Products by

X-Ray Diffraction

Quaiitative analysis of reacted powders was carried
out by Debye-ScherrervX-ray powder photography in a 14.3 cm,
camera with nickel-filtered copper radiation, Samplés of
reagent grade KI were ground in: a mortar, loaded into 0.5 mm.
capillary tubes, outgassed for a short time in a high vacuum
system (lO"6 mm. Hg), and reacted with Chlorine gas at 512 mm.
Hg and room temperature. :The capillaries were sealed off
immediately after removal from the vacuum system, To obtain
a powder photograph of KIClZ, the compound was prepared
similarly from KCl and ICi vapour. Lines to be expected

in the diffraction pattern of KICl4 were calculated from its
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known unit cell dimensions.

(ii) Determination of Iodine by Volumetric Analysis

Quantitative work on the kinetics of formation of
Iodine was carried out on similar powdered samples of about
1 gm.'kI, exposed to Chlorine at the saﬁe pressure (512 mm.
Hg) and room teﬁperature for periods up to several days.
Each sample was dissolved inwwater (rapidly, to avoid sublima-
tion of lodine), made up to 100 ml., and 25 ml. portions were
titrated against O.OIvNiNa»ZSZO3 with starch indicator. A
similar method could not be used for pressed pellets, since
the Iodine was presént in very small quantity and volatilized

very rapidly on exposure to the atmosphere.

(iii) Determination of Halide Ions by Potentiometric .
Titration | “
Attempts were made to estimate the relative amounts
of chloride and iodide ions by potentiometric titration with .
AgNO3, with a silver electrode combined with a glass electrode
as reference using Beckman Zeromatic pH meter. 2 ml, of 0.5 M
Ba(N03)2 solution was added to a 10 ml, solution of the mixture

of halides to prevent co-precipitation. The method was suffi-

ciently sensitive to detect an extent of reaction of 1%.
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A. Study of Reaction Products & Kinetics (KI[CIZ System)

(1) X-Ray Diffraction (Powdered Samples)

X-ray powder photography indicated KCl and I, as the_
only products of the reaction of KI and Cl, at 512 mm. Hg and
room temperature for periods up to 9 days. The lattices of
KICl, and KICly; were not found in any sample. A yellow colour
appeared only once in a minute fraction of one sample and this
result could not be reproduced.

(ii) Kinetics (Powdered Samples)

Calculation of % KI Oxidized (Reacted)

2KI + Cl, —> 2 KC1 + I,
2 moles KCl are formed for every mole Iy
Final wt. of KI = .Total wt. KI - wt. I, - wt. KCl

Original KI (moles) = Final KI (moles) + 2 x moles 1,

2 x moles I,y
original KI (moles)

% KI oxidized (reacted) x 100

Sample Calculation for KI Sample Reacted for 9 Days

Amount of I, determined (volumetrically) = 3‘.0x10‘-2 M.
wt. of I, = 3.0x1072 x 254 gms.

and wt. of KCL = 3.0x107% x 74.6 x 2 gms.

2« 254 - 3.0x10°2 x 149.2

gms.,

166 - 3.0x10"

Final wt. of KI

n

166 - 3.0x10"2 (254 + 149.2) gms.



47
= 166 - (3.0 x 403.2) x10"2 gms.
= 166 - 12.09 |

= 153.91
Original wt. of KI = lé%g%l-+ 6x10"2 = 98.76x10"% moles

- 2x3x10"2 —~
% KI oxidized 98 76x10-2 x 100 6 %

(For complete results see Table 6 in the Appendix.)

The kinetic results, based on analysis for Iodine
(as outlined above), are shown in Figure 12, in which every
point represents an average of from two to four samples. They
indicate the reaction is zero-order up to at least 9 days, when

6% of the KI has been oxidized.

(iii) Potentiometric Determination of Halide Ions (Pressed
Pellets)

The Iodine present in-the reacted pellet was in very
small quantity, and volatilized away very rapidly on exposure.to
the atmosphere. Attempts to estimate the relative amounts of
Chloride and Iodide ions by potentiometric titration.gave
negative results for Chlo?idé in a pellet which appeared to'have
reacted to the greatest extent of all pellets studied (see

Figure 13).
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FIGURE 13

POTENTIOMETRIC TITRATION CURVES
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B. .zhe Electrical Conductivity of Pure KI

(1) Room Temperature Conductivity

In strong contrast to the results of Dreyfus and
Nowick (28) for NaCl, the conductivity of my KI samples at room

12 6 1077 obm™! cm.-l, see

temperature was very variable (10-
Table 7 in the Appendix), and always enormously greater than
that found by extrapolating the impurity range (50) from 250o C.
down to room temperature,,whichugiyes Co as 10"16 ohm-l cm.-l.
To try to determine the precise conditions for obtaining high .
or low conductivity pelleté, ghe conductance at room temperéture
of various types of preparation of KI was determined, as shown
in Table 2, on the following page.

| These results appear to indicate that small particles
which are ''badly" prepared (in the sense of poor drying condi-
tions and no evacuation before pressing) have low conductivity,
comparable to.that of a good single crystal or fused sample..
On the other hand, as the.conditions of handling of the small
particles improve (lower R.H., longer drying period, evacuation

before pressing), the value of C, becomes more variable and is

often very high.
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. TABLE 2

INITIAL CONDUCTIVITY OF VARIOUS SAMPLES OF KI AT 23° ¢,

11
10t ¢,
Type of KI Sample ohm ! em,"1
Single crystal (Harshaw) 1.85
Fused and mortar-ground sample 3.28
Fused, mortar-groimd, cdl, ddped (1%) 2.14
Small particles, dried 4% R.H. 18 hr., |
not evacuated N _ , + 0.85
Small particies, dried 0% R.H., 18 hr., i
not evacuated . 1.37 to 10.85
Small particles, dried 0% R.H. 18 hr.,
- evacuated * , ~0.13 to 11,000
Small particles, dried 0% R.H., 60 hr.,
“evacuated . 698

2

* The samples used in many of the reactions with Cl,
(see Table 7 in the Appendix).

Polarization_éffects in the pure KI pellets have been -
studied at room temperature in order to get some indication .
whether the enhanced conduétivity in the halogenated samples‘
was ionic or electronic. .For pure KI samples this quantity was
usually in the range 0.3 to 1.73 (see Table 12 in the Appeﬁdix),

and was steady over long periods in any one pellet although it
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varied widely from one pellet to another.

(ii) Conductivity as a Function of Temperature

Experiments on the conductivity of KI as a function of
temperature were undertaken to investigate further the discrep-
ancy between my room temperature measurements and extrapolation
of Lehfeldt's (50) results. The temperature dependence of the
electrical conductivity Af.KI in the temperature range 250°-
680° C. was determined by Lehfeldt (50). In this work I have
tried to study the low temperature (22° C. - 330° C.) dependence
of the electrical conductivity of KI. Plots of log C (whérk. .
C is the conductivity) against L/T have been made both for
Lehfeldt's regults (an enlargement of the plot in his paper)
and for my results (see Figures 14, 15, and Tables 8, 9 Appendix).
The activation energies for the different regions of the plots .
were determined from the slopes of the plots. The results are.
shown in Table 3, on the following page.

Five different runs were made for the temperature
rising and falling data. 1In each case two different regions
were observed with a break at a low temperature (see Table 4).
The activation energies calculated in the first region (low .-
temperature) were always small compared to the second region
(high temperature region). As the temperature was riéing_

continuously in the ogher runs (runs other than the one
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FIGURE 14

ELECTRICAL CONDUCTIVITY OF KI, 250° C. TO 680° C. (LEHFELDT)
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. FIGURE 15

ELECTRICAL CONDUCTIVITY OF KI, 22° ¢. TO 330° C. (THIS WORK)
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TABLE 3

ACTIVATION ENERGIES OF THE ELECTRICAL CONDUCTIVITY OF KI

Region in Temperature Type of
Reference Fig. 14 range E, (ev.) material
Lehfeldt BC (378-680)° c. 1.77 Single crystal
Phipps & ’ | | o
Partridge 1.61 (53) Pressed pellet
Lehfeldt AB (250-378)° c.  0.822 Single crystal

Fig. 15

This work  EF (92-330)° c.  0.817

Pressed pellets
DE (22- 92)° c. 0.016 |

reported) , no quantitative estimates of the activation energies
were possible. The run reported in Table 4 is the most reliable
oné, because the readings were taken after thermal equilibrium
had been established in the system., From these five rumns i; is
clear that the teﬁperature of the first break is sensitive to
the size of the particle used in pressed pellets; this result

is illustrated in Table 4. |
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'TABLE 4
CORRELATION OF PARTICLE TYPE WITH TEMPERATURE OF

FIRST-BREAK IN LOG C vs. 1/T.CURVE

Temperatufe g
' Type of : of First-Break
No. Run Particle ‘ in © C.
1 . large 127
2‘ large 92
3 large | 120
4 small » o154
s

small 159

The absolute value of the conductivity at 300° C. is
1x10°8 ohm™ em.”! according to Lehfeldt's results, and
3.18x10°7 ohm™t cm.’-’1 according to my results. This discrep-
ancy in the cbnductivity results is most probably connected
with<£hé purity of the sample. The purity of my sample is
given in Table 10 (Appendlx) but the purity of Lehfeldt's

samples is not known
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C. Changes of Electrical Conductivity during Reaction of KI
| Samples (Pressed Pellets) with 3121%1_25_32181
(ij Types cf Reactgon> o

The processes occurring within the first few days of
the halogenation of KI samples entailed large and readily
measurable changes in conductivity. These changes always
commenced with an increase in conductivity during the first few
hours. Thereafter two ciearly distinguished types of behaviour
werévobservéd in different experiments. ‘They have been desig-
nated as types A and B. Type A behaviour is a slow decay of
the conductance back to a value close to its original value
(see Figure 16). Type B behaviour is a second rise in conduc-
tivity accelerating in a manner.characteristic of reactions
involving nucleation of a new solid phase (see Figure 16).
The type_cf behaviour (A'cr B) is determined by the initial
conductance C, of the pellet, as indicated in Table 5. 1In the
KI/Cl, system both types of behaviour wereobserved, although
type B is rather uncommon; but in the Ki/Fz system type B only
has been observed. (The symbcls C and Co in the following
account represent conductivity in excess of Co.)

(i1) Type A Reactions

As mentioned previously, the type A behaviour is a
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REACTION OF PRESSED PELLETS WITH Cly;

CONDUCTIVITY AND POLARIZATION IN TYPE A AND TYPE B BEHAVIOUR =

tmox  TYPE A

Cmax
. Le&F —2.0
o .
QO POLARIZATION ____ | 5 5
o+ \——7 17 E
SO 14af | T | N
~. . St 410 &
| i - o 05 &
|.2- ;’ .
g » \\CONDUCTNNTY ©  |.05at
' 95 hours
I i | - | l, B | [ o
| 5 0 15 20. 25 30
! A TIME (hours) |
TYPE B -
ar 1.0
CONDUCTIVITY .
3 \ -10.8 %
o O
© POLARIZATION o —Hoe <
@) =N N
- 2 : ~
! 404 <
1S g
| —0.2 -
]
B \ R
e L : P . — o
0 50 100 150 o

TIME (hours)



59
TABLE 5

BEHAVIOUR AFTER INITIAL RISE IN CONDUCTANCE

Type of Particle C, ohm™! cm, "1 Type of Behaviour

Small l.32x10§i2 Type B:Nucleation;

Small 1.98x10"12 Polarization falling

Small, I, added 6.12x10712 Type B:Nucleation,

Small, I, added 8.94x10" Polarization falling

Large 3.26x10:ii Type Aj:Firsg-order

Large 6.24x10m10 Decay;

Small 8.31x10w9 Polarization

Large 1.02x10 - constant

Small 1.73:&10“9 Type Ay:Second-order

Small 1.10x1077 Decay; Polarization
constant

slow decay of the conductance back to a value (Ca) close to its
original value (C;). The kinetics of the decay may be first-
order, type Ay (see Figure 17), or second-order, type A, (see
Figure 17), the latter being observed only in pellets of
unusually high conductivity (Table 5). The transition from

A, to A, is at about 108 ohm! cm.t (see Table 5). Type Ag

is undoubtedly the most commonly observed behaviour. 1In this
type of reaction polarization remained constant or rose slightly
in the course of the reaction (see Figure 16 and Table 12 in

the Appendix).
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FIGURE 17 - PLOTS TO TEST SHAPE OF CONDUCTIVITY-TIME CURVES:
TYPE Al,YFIRST°ORDER DECAY; TYPE Az, SECOND-ORDER DECAY;

.TYPE B, PARABOLIC RISE IN CONDUCTIVITY
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(iii) The Initial Increase in Conductivity

The initial rise in conductance preceding the
phenomena discussed above is difficult to handle quantita-
tively, since the extent to which the rise and subsequent
decay are inter-related is, a priori, unknown. Also in many
cases the initial rise was too rapid for accurate measurements
(polarization effects limit the speed of measurement). In one
type B reaction the initial rise was clearly separated from
all subsequept processes and gave a good first-order plot
(see Table 7 in the Appendix). -In one type Ay reaction, a
first-order plot was obtained (see Figure 18 and Table 13 in
the Appendix) by assuming the rise and decay are both first=
order and related to each other by the equation

‘%‘2’ = kl Co exp(""klt)‘kzc (5)

On this assumption, a plot to test whether the initial reaction
is first-order may be made using a quantity C' which is effec~-

tively C corrected for the occurrence of the decay. The neces-
sary equations are derived as follows. The solution of

equation (5) for C = o at £ = o is

kiC ~kqt ~kot
c = - (e - e )
k,t (k,=-k,)t
2 kiC 2 1
or Ce = L2 e = 1)

kop-ky
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I1f we now write
1 kzt '
cC' = Ce and Cos, = KkjCop /(kp-ks)
we have
(k,-k;)t
Co - C' = Clpe 2 1
Taking logarithms,
Cwx =C'
cL = (ky-ky)e

To find C&% when ky is not known, I have sometimes assumed that

In

ki k,, so that C's = Cx ; for the reaction plotted in

Figure 18, C!% was found by extrapolating the decay curve back
to £t = o, The first-order plot for the initial reaction is
linear up to 5 hr., and the value of Cl is self-consistent

(see Table 13 in the Appendix). Beyond 5 hf., the initial rise
seems to be proceeding rather fasteﬁ than equation (5) predicts.
In most other experiments I have assumed that the rise i$§
first-order, and have obtained k; (see Table 7 in the Appendix)
from the initial slope (kjCe) and the points t; .. and C ..

(from the curves) using equations derived from equation (5):

-kit
kl Coo e 1*max kz Cg_ax
Taking logarithms, we get
1n (kl Cog) = kltmax n In (kz Cmax)
k{Co
or ky = L L (6)

n
tmax kzcgax



FIGURE 18 - FIRST-ORDER PLOT, TYPE A.l REACTION (SEE TABLE 13 IN APPENDIX)

3h
o
? 2
. I
A
[
i

®
1|
®
2 4 6
time (hr.)

£9



64
where n = 1 for first-order and 2 for second-order.

Sample calculation for kl for type A; reaction (see
Figure 17):

thax = 2.2 hr.
= =11 -1 =1
Cmax 2.1x10 ohm™ *cm.
11 1

from the initial curve

kyCoo = 4.02x10""1 ohm™tem."thr."}  (from the initial slope)

k 6.24x10~2 hr.ml (from the first-order plot)

2
Putting n = 1 in equation (6), and substituting the values given

above, we get

kq . Coo
max 2 “max
1 4.02x10"11

=

In
2.2 7 6,24x1072x2.1x10"11

= 1.55 hr.”!

_ =1
kl = 1055 hro

Sample calculation for kl for type A2 reaction (see

Figure :17):

t = 2 hr.
max -1 from the initial curve
.cmax = 5.41x10"% ohm"lcm.
kiCoo = 6.61x1078 ohm™lcm. *hr.™  (from the initial slope)

6 ohm cm, hr.°1 (from the second-order plot)

k2 = 5,56x10
Putting n = 2 in equation (6) , and substituting the values

given above, we get
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1 1 cwo
=8
.yl 6..61x10

? 5.56x106x(5.41) 2x10-16

= 0.673 hr. -

k;, = 0.673 hr. "
kl shows no correlation with Chlorine pressure (in
the range 13-54 cm, Hg - see Table 7 in Appendix), but shows

a slow monotonic increase with C,, which seems to be best

represented by kq CC C 1/5 (see Figure 19).
1 o

(iv) Type B Reactions
. As iﬁdicated previously type B behaviour is a second

rise in conductivity accelerating in a manﬁer characteristic of
reactions involving a new solid phase (Fig. 16). 1In the

KI/Cl2 system, this behaviour was found only.rarely, for pellets
of exceptionally low conductivity (see Table 5). However, when
this type of behaviour occurred, the rise in conductivity
continued for a very long time (about 100 hr.) and very
precisely followed the square of the time (see Figure 17).

Type B behaviour has not been observed in a pure KI pellet

-12 1

with initial conductivity greater than 10 ohn™t cm.”l (see

Table 5), but addition of Iodine during precipitation of small

particles appears to increase this limit to 10“'lo ohmgl cm.ml
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FIGURE 19

CORRELATION OF RATE CONSTANT FOR INITIAL RISE

WITH INITIAL CONDUCTIVLTY OF PELLET
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(see Table 5). In both examples of this type of reaction, the
accelerating regions are of much shorter duration than in pure
pellets of very low C,, and neither gave a good parabolic plot.
In one of them, a good plot was obtained for CC t2'5, 0 to 3 hr.

For the KI/F, system, by contrast, a type B curve was
obtained in nearly every reaction (Fig. 20). The accelerating
portion could not be represented By a single power of the f.ime9
but it was usually either parabolic (Fig. 21) or cubic initially,
with rather efratic behaviour later (see Figure 26 and Table 1l
in the Appendix).

The polarization behaviour in type B reactions was
quite different from type A. 1In all KI/F, reactions and in .
KI/012 reactions with pure KI, the polarization decreased
ﬁarkedly in the course of the reaction, suggesting that the
conductivity was becoming electronic. (In one of the KI/Cl2
reactions, the polarization ét first increased, but then de-
creésed steadily; in the other, it decreased rapidly and
actually vanished after about 70 hr.; runs S VI and S I,
see Table 12 and Figure 16). The reactions with F, being
faster than those with Clz, it was feasible to prolong the
experiments further into the period of falling conductivity
at the end of the reaction and to show that the polarization

increased in this period (see Figure 20 and Table 12 in the



" FIGURE 20
REACTION OF PRESSED PELLET WITH F,;

CONDUCTIVITY AND POLARIZATION CURVES
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FIGURE 21

TYPE B, PARABOLIC RISE IN CONDUCTIVITY (KI/F2 SYSTEM)
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Appendix), as expected if the system is reverting to ionic

conductivity.

(v) The Appearance of the Reacted Pellets

The appearance of the pellets on breaking them
after reaction differs according to the type of the behaviour.
Type A: The pellet is coloured uniformly light brown through-
out, while its surface may show black and white markings.

Type B: In one KI/C12 reaction, a completely blackened zone
extended inward from all faces of the pellet to a depth of
0.2 to 0.5 mm., and was sharply separated from the white
interior of the pellet. 1In the other,‘the regions were
reversed, a black central region being surrounded by a light
brown border. For the KI/F2 reactions, there was frequently

very little colour developed (Appendix, Tables 7 and 11).

D. Changes of Electrical Conductivity during the Reaction

of Other Types of KI Sample with.Clzgg)

(1) Single Crystal

Preliminary results of a spectrophotometric study
of the oxidation of single crystals of KI in this laboratory
(45) have indicated the formation of Iodine (absorbing in the
visible) and V-Centres absorbing at 3600 A and 2800 8. The

reaction terminates within 17 hours and corresponds to oxidation
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of a zone a few thousand X thick or about 0.1l% of the crystal.
This is the only type of material in which the kinetics and
conductivity changes have been compared directly. (The
changes in the conductivity were at the limit of detection
of the electrometer.) The most significant feature of the
results is that the amount of Iodine is increasing slowly
during most of the type A (A]) decay of the conductivity
(see Figure 22).

(ii) Powder
Measurement of the electrical conductivity during
the reaction showed mo detectable change in times up to
28 hours, for a bed of powder about 3 mm., thick and 12 mm. in
diameter, having a conductance at room temperature of about
10°1! ohm~l cm.-L, (The resistance of the connecting leads

was 1013 ohm cm,)
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FIGURE 22

REACTION OF SINGLE CRYSTAL WITH Cl,; COMPARISON OF CONDUCTIVITY

CHANGES AND KINETICS OF IODINE FORMATION
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In discussing electronic defects, I shall use
Harrison's notation (35), where a and ¢ represent anion and
cation sites, and ion signs for structures within the solid
represent effective charges. Thus a' and ¢~ are vacant sites,
I(a)+ is a positive hole, and, e.g., I(a)2++(cz)u is a pair
of holes trapped by two cation vacancies., Such formulae will
be used below to show the number of holes and vacancies in
any trapped hole-centre postulated. I have no new evidence
relevant to the covalent bonding in such centres. For example,

any argument in which I use a dissolved I, molecule, I(a)2++(c2)=,

2
would be unaffected if I wrote it as a dissolved I. ion,

3
I1(a), " (e,)

A, JIonic Conductivity of KI as a Function of Temperature

The ionic conductivity of a number of alkali halides
above 250° C. has been studied extensively by a number of workers.,.
but very little work has been done on the conductivity of alkalil
halides below 250o C. Dreyfus and Nowick (28) have studied
the conductivity of NaCl from above 400° ¢. down to -35° C.

It was the purpose of this study to determine the
conductivity of KI from 330° C. to 22° C. (room temperature)

and thus (a) to throw some light on the behaviour of defects
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at low temperatures and (b) to oVerlap the structure sensitive
region for KI, as previously reported by Lehfeldt (50), and
thus compére the activation energy and the absolute value of
conductivity in this region with those obtained by Lehfeldt.
The study of the conductivity of KI as a function of tempera-
ture has shown behaviour quite different from that of NaCl
single crystals.

| The conductivity plot (log C vs. l/To K.) made for
KI in the temperature range 22°.c. - 330° C., divides itself
into 2 distinct regions (DE and EF) (see Figure 15). Region. EF
(same figure) overlaps with the structure sensitive region for
KI, as previously reported by Lehfeldt. The activation
energy for the motion of cation vacancies calculated in this.
region is in good agreement with that obtained from a similar
region of Lehfeldt's plot.  However, the absolute value of
conductivity at 300° C. as. obtained from my results (3.18

x10~7 ohm™!

cm.-l) is greater by a factor of 30 when compared
to Lehfeldt's result (50) .for the same temperature. This
discrepancy in the value of conductivity is most probably
attributable to the purity of .KI samples, since it seems very
likely that the temperature range in which EQJ= 0.82 eV, is

an impurity region analogous to the well-investigated impurity

region of NaCl. Region DE represents behaviour unlike any
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previously observed in an alkali halide. There appears to be
a sharp decrease in activation enérgy below 92° C. (Region DE).
The activation energy in this region is actually less than the
activation energy for the migration of cation vacancies in the
bulk. The activation energy for the migration of cation
vacancies in the bulk for KI can be obtained from the structure
sensitive region (or impurity ;egion). This value as reported
before is 0.817 eV. according to our results (and 0.822 eV.
according to Lehfeldt). Now in _any region below the structure
sensitive region, the observed activation energy would normally
be expected to be greater than that in the structure sensitive
region. At all temperatures below the structure sensitive
region the activation energy should be composed of two terms,
one associated with the mobility of cation vacancies, and the
second arising from the association bf vacancies with impurities
or from the heat of solution of impurities.

Dreyfus and Nowick have found high activation energies
(as expected) (28) for the migration of cation vacancies below
the structure sensitive region for cation~doped NaCl, and have
been able to interpret their results precisely in terms of the.
multivalent cationic impurities present in the system. My
resulté for KI are in complete contrast with Dreyfus and Nowick's

results for NaCl, and can not be interpreted in terms of
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multivalent cationic impurities present in the system. To
account for the almost negligible activation energy observed
in Region DE of our plot, it is.suggested that either

(1) vacancies are in a region of unusually high mobility, such
as dislocations, or (2) vacancy concentration is increasing
with falling temperature. This may arise from the space-
charge effect, which amounts to an adsorption of anion vacan-
cies at dislocations and consequent increase of cation vacancy ..
concentration in the surrounding region. Thié effect, like
most adsorptions, is expected ta be most important at low
temperatures and could give a negative contribution to the
activation energy.

Both explanations attribute the effect to disloca-
tions., It is therefore suggested that the vacancy concentra-
tion at low temperatures is completely controlled by disloca-
tions, rather than by impurities. On this basis, the depen- .
dence of the initial coﬁductivity Co of a pellet on the
conditions of preparation-is fairly readily explained. It
was found (see Table 2 in Results) that rigorous drying of
the powder led to generally high conductivities. It seems
probable that the effect of rigorous drying is to prevent
the grain boundary structure from being lost by recrystalliza-

tion after pressing. In material which is "wet'" during
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pressing, the grain boundaries can be largely destroyed by
subsequent recrystallization, with a consequent decrease in

the associated space-charge of cation vacancies and in Co‘

B. The Nature of the Products‘gKI[Clz Reaction)

The nature of the new ionic solid produced is of some
significance in relation to the mechanism of reduction of
Chlorine at the KI surface. - Polyhalides should be stable,
relative to KCl and 12, at Chlorine pressures exceeding the
equilibrium constant K for the reaction |

2KIC12 ;;E'ZKCl(s) + Iz(s) + Clz(g) (7)

K may be calculated from the following known thermodynamic
data (53):
(a) the dissociation pressure of K1012 into KCl and IC1,

which is K = 9.3 mm. Hg at 25° C.;

1~ Pic1
(b) the equilibrium constant K, for

ICl(g) = 31,(s) + 3CL,(g) (8)

for which (54) AF® = 977 cal. (thermochemical)rox~75tacal.
(spectroscopic). From these data, K2 = 5.2 atm.-% or 3.6 atm._%.
K1012 should thus be stable at 25° C. at any Chlorine pressure

2

above Pcl, = K = Kl K2 = 3.1 or 1.5 mm. Hg. Yet the principal

products are KCl and 12 in our experiments at 512 mm. Hg.
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It is therefore concluded that the C].2 molecules which attack

the surface cannot reorganize to form ICl

2

the central atom). This seems very reasonable from the stearic

ions (with I as

considerations illustrated in Figure 23.

(1) An isolated ICl, ion is a complete misfit in the KI

2
lattice. It is too large to occupy a single anion vacancy, and
much too small to span threeianion sites. The distance between
the adjacent 1~ ions (4.99 X) exceeds the entire Cl-I-Cl
distance in the polyhalide ion (4.68 X).

(2) A Cl, molecule will fit easily into a single anion

2
vacancy, where it can probably pick up an electron to form

a molecule-ion (Clza) and migrate in the surface to a growing

KCl crystal before the Cl-Cl bond is broken. (I wish to thank

Dr. N. Bartlett for pointing out that the Cl2 molecule ion is

probably not much bigger than the Cl, molecule, since the

2
extra orbital will not be pure antibonding 6'*3p. Both this
orbital and some already occupied in 012 must have considerable
d-character, to account for the dissociation energy of 012
being greater thén that of Fz.); Thus the probable reactions .
at the surface may be written

Clz(g) + aT(surf) + & (valence bgnd) —> Clz(g)(surf)

Clz(a) + at(surf) + & (valence band) —> 2C1(a) (KCl surf)

These two equations suggest that the initial rate of reaction



" FIGURE 23

FIT OF Cl, MOLECULE AND MISFIT OF IClyp-

. IN AN ANION VACANCY IN KI
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is proportional to the concentration of anion vacancies in the
surface. However, the initial rate of oxidation of KI powders
was found to be correlated with.co (see Figure 19), which
represents the cation vacancy concentration in the bulk.

This can be explained in terms of the space-charge effect
which leads to a correlation between the anion vacancies in
the surface and the cation vacancies in the bulk.

The initial step is first-order because the abstrac-
tion of electrons from the valence band is counterbalanced by
flow of cation vacancies into crystal (see below), and the
increase of cation vacancy concentration in the bulk will
be first-order if the first step is rate controlling.

No similar product analysis has yet been made for the
KI/F2 reaction, in which the formation of polyhalides is,

a priori, more probable than KI/Clz.
Reaction Steps in the Bulk, Involving Holes and Vacancies

The KI/Cl2 and KI/F2 reactions may now be discussed

together. For the KI/Cl, reaction, it is necessary to explain

2
the occurrence of the two types of behaviour designated

"type A" and "type B" in‘the Results section above. For the
KI/F2 system, type B reactions only were observed. I shall
therefore discuss principally the KI/Cl2 reaction; and what is

said about the type B mechanism is equally applicable to KI/FZ.
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It is sgpposed that the oxidation at the surface
produces positive holes in the valence band and demands a
supply of cations. These probably migrate most easily close
to the grain boundaries, and two equal and opposite electric
currents are established from the surface into the pellet:
positive holes moving directly into the bulk and cation
vacancies moving near to the grain boundaries and thence
into the bulk. The observed changes in the electrical conduc-
tivity during reaction must be explained in terms of the
formation of these holes and vacancies, and the ways in
which they may combine. 1In these terms the existence of
the two distinct categories of feaction (A and B) may
be explained in terms of different trapping processes for
positive holes, as follows:
(a) If the initial cation vacancy concentration is high (as
indicated by high conductivity) most of the positive holes
will be trapped atlisolated cation vacancies in the bulk
(see Figure 24); this is identified with type A behaviour.
(b) 1If the initial‘vacancy concentration is low, trapping
will take place close to grain boundaries, as new cation
vacancies emerge from them. This situation favours the forma-
tion of clusters of positive holes and hence nucleation of

solid Iodine at the grain boundaries (see Figure 25); this is
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PROPOSED MECHANISM OF A TYPE "'A" REACTION
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FIGURE ‘25

PROPOSED MECHANISM OF A TYPE '"'B'"' REACTION
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identified with type B behaviour,

Type A Behaviour

This typé of behaviour is found for high initial
cation vacancy concentrations (high conductivity, a condition
favouring the trapping of positive holes at isoiated.cation
vacancies - see Figure 24). If the holes are trapped in the
ratio of one hole to each new cation vacancy created, then the
system of defects constitutes an impﬁrity level (in the
terminology of band theory) which at large extents of reaction
is half-occupied and thus coincides with the Fermi level (Ef).
Since Ef is initially about 3 eV. above the valence band
(taking band gap (55) as 6.2 eV.) and the defect level (Ev)
is probably no more than 1 V. above the same datum, the
drop in the Fermi level is of the order of 2 V. (see Figure 24).
Most of this drop occurs in the early stages of reaction. If
Nh'and Nv are total numbers of positive holes and cation

vacancies at any time, the Fermi-Dirac distribution law

leads to
2N_ -N :
E_-E = KI ln —Y-h (9)
f v Nh

If the vacancies formed in the reaction are only equal in

number to those initially present, NV = 2N, and E_. is already

h f
only 0.03 V. above the defect level. Thus the KI rapidly



85

becomes less oxidizable, and the reaction proceeds only to a
very small extent. |

This mechanism thus readily explains why the pellet
ceases to be oxidizable by Chlorine after only a very small
amount of reaction. It remains to explain why thé conductivity
rises in the early stages of the reaction, at the same time .
apparently remaining ionic, as indicated by the observation
that polarization effects do not decrease during the rise in
conductivity. This suggests that, in the course of the trapping
processes, some lattice vacancies are left in excess. Such a
conclusion is contrary to the earlier ideas of trapping
processes (Seitz) in which it was considered that trapped-hole
centres would most usually be electrically neutral. Seitz
proposed one structure (V3) containing one hole trapped at
two vacancies; but iﬁ the present work, it is necessary to
postulate that two holes are trapped at one vacancy, in order
to leave vacancies in excess,

21(a)" + " —> I(a), " 7

Such a trapping process is not unreasonable if the formation of
a covalent bond between the two I atoms is taken into account,
as well as the electrostatic attraction of the holes to the .

vacancy. If this is the trapping process, equation (9) may
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be rewritten as

E,_-E = KT ln (1+C /C) (10)
f v o

Thus CO/C“; should have the same value in all experiments,
corresponding to (Efxx), the chemical potential of reduced 012
at the surface. Table 15 (Appendix) shows that, for pressed
pellets, CO/COO varies within a factor of about 9; but this
represents a range of only 0.016 V., in (Ef%w ~(Ev), and is
attributable to minor structural changes in the surface or bulk.
Table 15 (Appendix) suggests a systematic difference between
large and small particles, but this is not well established.
For fype B behaviour, COO/Co has strikingly different values,
and 1is not to be interpreted in the same way. (In these
cases, Cqo 8till represents the end of the initial reaction,..
before the parabolic rise.)

Types Al and A2 Decay

él Decay
. Flrst order (Al) decay of the ionic conductance
requires the vacancies to be destroyed at trapping sites
present in great excess. This has been pointed out by Dreyfus
and Nowick (28) in a recent study of the decay, below room
temperature, of a frozen-in excess of cation wacancies in
NaCl. They found first-order kinetics, but did not attempt

to identify the trapping sites responsible. It is probable
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that Al decay represents a recombination of vacancies with
the grain boundaries or dislocations. This may be assisted by
oxidation at the surface, which should enhance the flow of
anion vacancies into the bulk to counterbalance the change
of the cation vacancies. The continued slow production of
Iodine during oxidation of a single crystal (see Figure 22)
supports this view.

52 Decay
Second~-order decay (A2) is much less common and
occurs only for pellets with an unusually high initial conduc-
tance. This observation is consistent with any explanation in
which two defects present in equal concentration combine with
each other; such a process may pe expected to become important
oﬁly at much higher defect cancentrations than those at which
the principal process is the absorption of the defect at
centres present in excess. There are two obvious possibilities:
(1) Two positive holes may be trapped by two cation vacancies
(in a second-order trapping process independent of the first,
and slower than it, so that it becomes noticeable only in the
later stages of the reaction),
2T(a)* + 2(e)” —> (@), ()

(2) The combination of the defect I(a)++(c)- with another

cation vacancy; the two reacting species are present in
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roughly equal concentration,

1(a), 7)™ + (07 — 1), ()"

2
Type B Behaviour

By analogy with the kinetics of many solid phase
decompositions, it seems most likely that the sigmoid rate
curves of type B behaviour are to be explained in terms of
the formation and growth of nuclei of the reaction products.

If we consider first the growth of a single I, nucleus below

2
the surface of the KI, connected by a grain boundary to a
growing KCl crystal on the surface (see Figure 25), we may
arrive at one possible explanation of the parabolic portion

of the rate curve (see Figure 17) as follows: The surfaceé

of the growing 12 nuclei will act as trapping sites for
positive holes. Since a process which increases the surface
area, such as the formation of a kink in a step on the receding,
KI surface, also forms a trapping site, the number of trapping
sites is proportional to the surface area of the growing
nuclei. In consequence, the equal and opposite hole and
vacancy currents (see Figure 25) should be proportional to

the surface of the nuclei. This leads atcomcecte a_ grouthabaw

in which each nucleus has a constant linear rate of growth,

the number of charge carriers is proportional to the square



89
of the time (observed parabolic law for conductance) and
the amount of product is proportional to t3. Suppose that
a cubical vweléus of side x at time t is situated at a depth
1 below thevsurface of the pellet. The E.M.F. of the positive
hole transfer cell is E [:Clz(g)/KCl E KI/IZ(S), standard
E.M.F. 0.89 V{] , and the overall mobility of the charge

carriers is U (U'1 1

= Uv- + Uhfl, where Uv and Uh refer to
vacancies and holes). The current is related to the number
and mobility of charge carriers and the E.M.F. af the cell by

i = neEU/l2 (1)
(where i is the current due to holes or vacancies, n is the
number of charge carries (holes or vacancies) and e is the
electronic charge). If a charge carrier is produced for évery
ion-pair in the surface of the nucleus, and the nearest neigh-
bour distance in KI is a (3.53 X), then

n = 3x2/a2 (12)
(where x, V = cube side and volume of a nucleus). The current
is therefore
1 = 3x2eEU/a212 (13)

The rate of growth of a nucleus

dav
dt

2 dx

= 360x ac = .Vmi/F (14)

is proportional to the current i (Vm is the molar volume of KI)
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and F is the Faraday). Combining equations (11), (12) and (14)

and integrating with xx= o at t = to, we get

1% = K(t-to)
n = 3(K2/a?)(t-to)? - (15)
vV = K3(t-to)3,where K = VmeEU/lazle

Since the conductivity of a pellet is proportional to n, equation
(15) explains the parabolic curve (see Figure 17). This mechanism
is in qualitative agreement with the following evidence available

from the simultaneous study of the KBr/Cl, system by Catton -

2
in this laboratory:

(1) The microscopic observation of Br, -filled cavities (about

2
30 . below the surface) in reacted KBr crystals (see Figure 3).
This observation agrees very well with the mechanism proposed

for the KI/Cl2 reaction aé illustrated in Figure 25.(Unfortunate-
ly the observation of halogen-filled cavities could not be -
carried out on the réacted single crystal of KI, because no
single crystal of KI has been found to give a type B reaction.)

(2) The mechanism for the KBr/Cl, reaction has been postulated

2
in terms of growing KCl layer overtaking the layer of cavities
and absorbing the Br2, followed by formation of a new layer of
cavities. This would explain why the reacted KI pellets, like

the reacted KBr single crystals, had an duter-reacted zone

sharply separated from an unreacted centre.
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Such an explanation would fit the observations for KI,
but it removes the simple explanation of parabolic law since
the distance 1 between the KCL/KI interface and the halogen
nuclei becomes time-dependent; the laws observed by Morrison
for KBr/Clz, involve much higher powers of time, and are more
consistent with the mechanism. However, there is probably
considerable error in applying a treatment for a single nucleus
to a system containing many nuclei with overlapping conduction
paths, and this overlap is probably more significant in the KI
pellets than in the KBr single crystals, wherein the Br2
nuclei could be seen microscopically to be quite widely

separated.

Factors Determining the Type of Reaction

Type A reactions occur when the initial cation vacancy:
concentration in the bulk.is high. At low vacancy concentra-
tions, trapping will take place close to the grain boundaries,
as new vacancies emerge from them. This situation favours the
formation of clusters of trapped holes; leading to nucleation
and type ﬁ behaviour. (Type B behaviour in the KI/F2 system.
may be explained in terms .of (a) low Co of the KI pellets,

(b) F., being a much moreidrastic-oxidant than Clz, is more

2’
efficient in abstracting electrons from the anion band of KI, .

and thus creates excess positive holes.) 1In pellets with
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added 12, the conductivity and polarization effects indicated
the type A and type B trapping processes were occurring simul-
taneously. The type B rise in conductivity started early,
because 12 nuclei were present right from the beginning, and
finished early, as the number of bulk trapping sites rises.
Even when the bulk Fermi level has fallen to that of the
.oxidant, the system of vacancies can still form an effective.
barrier, kinetically, to the passage of positive holes.

(The situation is analogous to the passage of gas molecules
through a capillary on the wall of which they can be adsorbed
reversibly.) 1In the oxidation of KBr (43), type B behaviour

is the rule rather than the é#ception. In this léss oxidizable
material, the bulk Fermi level has not so far to fall before
type A reaction ceases, and the cation vacancies cannot build
up in sufficient numbers to prevent holes from reaching the .

grain boundaries.

Oxidation of Unpressed Powders

The absence of any change in the conductivity indi-
cates that oxidatidn of powders occurs without change in the
bulk defects of each crystal. There is thus little analogy
between the oxidation mechanisms of large and small crystals
(which is familiar'also for reduction of silver halides in the

photographic process). The obvious interpretation of this
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result is that the oxidant removes electrons from the bound
surfaces before attacking the bulk., If the migration of the

products to nuclei of KCl and I, is sufficiently rapid, an

2
essentially fresh surface will always be exposed to the gas,
and the KI crystals will diminish in size by stripping off
successive layers without change in the undérlying bulk.

The rate of the reaction will be proportional to the surface
area of the KI, and will be essentially constant for the first

few per cent of the reaction as was found experimentally

(see Figure 12).
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TABLE 6

KINETIC RESULTS FOR THE KI/C12 REACTION (POWDERED SAMPLE)

94

Moles of I
No. of days (produced)
KI(s) exposed per Mole of Average 7% KL
to 012(%) KI (used) value oxidized
1 1.50x10'§
1" -
" g'ﬁgﬁig-3 3.3x10°3 0.60
" 2,50x10"3
2 6.70x10~3
" 4.13x10"3 5.21x10°3 1.00
" 4.80x10"3
-3
2 L oox 103 13.53x10"3 2.70
-3
6 2%'§2§}8-3 14.00x10~3 2.80
-2
2 3.0x10 3.0x10"2 6.0

3.0x10-2



TABLE 7

TABULATED DATA FROM ELECTRICAL CONDUCTIVITY MEASUREMENTS IN KI/Cl, REACTION

(L and S represent large and small particles respectively)

5 Apr 1963

PLOT:Second-order

pe;  Type - 10t c, Decay Type B
2 of Growth
Run no. (cm. K1 ohm'i (k2 may be first accelerating
and date Hg) sample cm, (kl in hr.’l) or second order) region

L II 21 L 6.24 0.665 0.726 hr, 1 ---

26 Jul 1962 (First-order)

L IV 21 L 3.26 1.550 0.0624 hr.”t .-

20 Aug 1962 PLOT:First-order

LV 21 L 8.91 NO REACTION --- ---

12 Dec 1962

L VI 21.3 L 129 0.282 1.06 hr."L ---

18 Dec 1962 PLOT:First-order

S I 21.3 S 0.13 0.178 --- PLOT:CcC t?

15 Jan 1963 PLOT:First-order (0-91 hr.) (Fig.
(no interference 17)Pellet had
from decay) outer dark zone.

S II 13.7 oS, 83.1 0.264 0.0148 hr.”! ---

12 Mar 1963 PLOT:First-order PLOT:First-order

' (corrected for
decay, Fig. 18)

s III 16.3 s 173 0.370 5.73 ohm cm.hr.”t —--

25 Mar 1963 PLOT:Second-order

S 1V 22.0 S 11,000 0.673 5.55 ohm cm.hr.”t -—- o


http://cm.hr
http://cm.hr.-1

TABLE 7 (continued)

TABULATED DATA FROM ELECTRICAL CONDUCTIVITY MEASUREMENTS IN KI/012 REACTION

Pc1 Type 1011 Co Decay Type B
2 of Growth
Run no. (cm., KI . ohm™1 (kz may be first accelerating
and date Hg) sample cm, "1 (ky in hr.'l) or second order) region
SV 13.0 s 0.61 --- - PLOT: CcC £2°2
20 Apr 1963 (I2 added) ‘ » (0-3 hr.)
S VI 54,0 S 0.19 0.056 - PLOT: Cc t2
I6 May 1963 (0-120 hr.)
Pellet had inner
dark zone
S VIIt 31.0 S 8.94 0.10 - Irregular shape
25 May 1963 (I2 added) : (0-25 hr.)
Unnumbered 26.0 single 1.85 0.595 0.10 hr.”1 —--
31 May 1963 crystal (First-order) :
Unnumbered 24.0 unpressed 1.33 ~o- --= -
5 Jun 1963 powder
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TABLE 8

ELECTRICAL CONDUCTIVITY OF KI (250°-680°)C.; LEHFELDT (50)

t°c T°KR 103/T °k log C
250 523 1.91 3,000
275 548 1.82 9,446
300 573 1.74 9,902
325 598 1.67 '8.000
350 623 1.60 8.300
375 648 1.54 8.778
400 673 1.48 7.300
450 723 1.38 7.698
500 773 1.29 6.300
550 823 1.21 6.778
600 873 1.14 5.300
680 953 1.04 %.000
TABLE 9

- ELECTRICAL CONDUCTIVITY OF KI (22°-330°)C.; THIS WORK

t°c T°K 10347, % - log C
22 295 3.38 12.902
53 326 3.06 12.933
66 339 2.94 12.989
94 367 2.72 11.098

116 389 2.56 11.814

159 432 2.31 T0.748

183 456 2.18 9,148

234 507 1.96 8,411

269 542 1.84 8,712

330 603 1.66 7.502



TABLE 10
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SPECIFICATION FROM MALLINCKRODT CHEMICAL WORKS

OF THE KI USED IN THIS WORK

POTASSIUM IODIDE AR (ACS) CRYSTALS - CODE 1121

Appearance and Odor

Insoluble Matter

Sulfate (804)

Loss on Drying

pH of a 5% Solution (25° C.)
Chloride and Bromide as (Cl)

Iodate IO3

Nitrogen Cpds. (as N)

Phosphate (PO4)

Barium (Ba)

Calcium Magnesium & Ro05 Precipitate
Heavy Metals (as Pb) |

Iron (Fe)

Sodium (Na)

Seive Test # 20 U.S. Standard

Transparent, colorless
crystals, Odorless.

0.005% max.
0.005% max.
0.20% max.
6.0 - 9.2
0.01% max.

To pass test (limit
about 0.0003%).

0.001% max.
0.001% max.
0.002% max.
0.005% max.
0.0005% max.
0.0003% max.
0.005% max.

25% max. through,
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TABLE 11

DATA FROM KI/F2 REACTIONS

Py 1011 102 ¢ 108 Chax Appearance

2 Co (ohm~1 em,-1) thaxy ©f pellet

(mm. (ohm~l after induc- (ohm'1 during

Run Hg. cm.'l) tion period em.~1) (hr.) reaction

LI 10 0.92 212.0 199.00 167 Dark brown
(at 20 hr.) earlier, be-
came lighter

with dark

patches
L II 15 11.60 0.5 2.03 96 Light brown
(at 7 hr.)

L 1V 30 0.95 - - 35.00 55 At first
light brown
then
decolourised

LV 30 2.35 0.87 0.33 73 "

(at 7 hr.)
L VI 30 4.10 0.65 411.00 256 "

(at 10.5 hr.)
L VII1 30 0.24 - 22.90 30 Dark brown



TABLE 12

POLARIZATION BEHAVIOUR IN THE COhRSE OF

KI/Cl2 AND KI/FZ REACTIONS

100

The values recorded for each run are polarization f = AE,/E,,
and the column headings are time in hours from the start of

reaction.
Reaction
Run type 0 10@;20/30 40/50 60/70 80/90 100/110 120
L II A
LIV A 0.29 0.25 0.27
L VI Ay
SI B 0.56 0.04 0.01 0.01 0
SII A 0.54 0.63 0.49 0.66 0.58 0.56 0.53
S III A, 1.16 1.19 1.20
SIv A, 1.05 1.01 1.05
SV B, I -
adde 1.63 0.88 1.57 1.25 1.49 1.70
S V1L B 0.66 1.19 1.26 0.76 0.51 0.36 0.29
S VII B, Ijp
added 0.98 0.99 1.04
L II B,
KI/F2 0.64 0.35 0.06 0.15
L IV B,
KI/F2 1.15 0.56 1.19 0.12 0.05 0.18
L VI B,
KI/FZ 1.73 0.44 0.44 0.57 0.58
L VII B,
KI/F2 1.66 0.14 0,13 0.23
.- A,
slngle

crystal 0.33 0.36
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TABLE 13
INITIAL RISE IN CONDUCTANCE

Calculations for the first-order plot in Figure 18. The decay

curvewas first-order, k, = 0.01478 hr.-l. From extrapolation

of decay curweto t = o, Cl, = 2.72x10"? ohm! cm.”!. From data

tabulated below and plotted in Figure 18, k; = 0.228 hr.”L,

The calculation is self-consistent when the line is drawn
through the points up to 5 hours as shown in Figure 18.
Check of self-consistency: from the initial slope of the reac-

9 -1 -1 -1

tion.curve,kICQ, = 0.575x10 ° ohm ~ cm. hr. . Hence,

Co = kiCas/(ky-ky) = 2.70x10"2 ohm™1 cm.“l
t Kot 9 9 kot 10° 1n
(hr.)  kyt e 2 10°c  10°Ce 2~ (Cls-C') (Cls-C')

0 1 0 0 2.720 3.017
0.01478 1.015 0.586 0.596 2.120 2.772
0.0296 1.030 0.954 0.984 1.730 2.569
0.0443 1.045 1.245 1.301 1.410 2.362
0.0591 1.061 1.490 1.585 1.128 2.142
0.0739 1.076 1.710 1.840 0.874 1.883
0.0885 1.092 1.908 2.084 0.629 1.546
0.1033 1.109 2.054 2.280 0.436 1.188
0.1182 1.126 2.100 2.364 0.344 0.956

o~NoOULPLWNEFEO
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TABLE 14

TYPE B BEHAVIOUR IN AN I, ADDED KI PELLET: Ccct2+3

Time after 1090
admission of ohm~1 11 0.4
c1, (min.) cm._"1 (10-=c-2)"" Difference
0 0.02 0 e
20 0.03 1 3:?2
40 0.06 1.74 0'77
60 0.12 2.51 0'73
80 0.21 3.24 0.66
(100) (0.32) (3.90) 0'75
(120) (0.49) (4.65) 0’75
(140) (0.70) (5.40) 0'72
160 0.96 6,12 1.08
180 1.42 7.20 *

(Points indicated within brackets are uncertain, because they
are read from a smoothed curve interpolated in a region with

no experimental points.)



TABLE 15
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HEIGHT OF FERMI LEVEL ABOVE CATION VACANCY LEVEL

AT THE END OF OXIDATION, FROM ng/Co.

Type of Type of (Ef)o <E,
particle used beha- 11 11

in pellet viour 1077¢C, 10" Cp COD/Co (volts)
Large Aq 3.26 25.8 7.94 0.0031
Large Ay 6.24 20.2 3.24 0.0069
Large Aq 102 484 4.74 0.0049
Small Ay 83.1 218 2.62 0.0083
Small Ay 11,000 9,800 0.89 0.0193
Single Crystal Aq 1.85 0.519 0.28 0.0326
Small B 0.13 94.5 715 -
Small, I, added B 8.94 1,520 170 -



FIGURE 26

'~ SUMMARY OF KI/F2 RUNS
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