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ABSTRACT

A study of self-diffusion in anthracene single crystals has
been carried out using a radiocactive tracer technique.

.A method was developed for the growth of large single crystals
of anthracene from the melt, starting from the Bridgman technique.
On to one surface of the crystals was evaporated a deposit of
anthracene - 9 - carbon-14, prepared by a seven stage synthesis
from barium l4-carbonate, and the crystals and their deposits were
heated a£ constant temperatures in the range 150°—190°C for periods
up to 230 hours. The crystals were then sectioned parallel to the
initial active face, using a calibrated, hand operated, lathe. The
quantity of radioactive material which had diffused into each secﬁion
vas determined by quantitative combustion of the sections to carbon
dioxide in an "Empty Tube" rapid combustion apparatus, followed by
the determination of the disintegration rate of this gas in a gas
counting tube, using carbon disulphide as charge transfer agent.
Penetration was found up to a depth of 4 x 10'2 cms.

It was found that two concurrent difquion processes were
occurriné in the crystal. One of these involved only a small
proportion of the total diffusing activity and msy represent
diffusion along intersecting dislocations in the crystal. The
second process involved most of the diffusing activity and was

thought to represent bulk diffusion in the crystal The temperature




dependance of the diffusion coefficient for the second process is

given by the equation

+ '
D = (131 % 1-13) x 101le (42,400 £ 1,200)/Re ems.2 per second

The pre-exponential factor and activation emergy for this process
are unusually high. This leads to the conclusion that a co-operative
diffusion phenomenon is occurring in thé crystal, in which diffusion
occurs by way of vacant lattice sites, and that the loosening or
premelting of from four to six molecules occurs in the neighbourhood
of the vacancy during diffusion.

This is one of the few studies of self-diffusion in molecular

crystals.



ACKNOWLEDGEMENTS

It is a pleasure to express my sincere gratitude to my
supervisor, Dr. S. J. Thomson, for his continued interest in this
work and for his help, advice and encouragement.

I would also like to thank Mr. G. R. Martin of the Londonderry
Laboratories for Radiochemistry, Durham University, for many help-
ful discu.ssions,. and Professor J. Monteath Robertson of Glasgow
University for providing me with laboratory facilities during my
final year, and to gratefully aclnowledge the help of: Mr. K. T.
B. Scott, Dr. R. Lapage and Dr. S. K. Hutchinson of the A.W.R.E.,
Aldermaston, Miss A. M. G. Macdonald of Birmingham University, and
Dr. E. Clar and Dr. K. C. Campbell of Glasgow University. |

I am indebted to the Council of the Durham Colleges and to the
Gas Council for maintenance grants received during my studies.

Finally I should like to thank my wife for her help in the

preparation of the diagrams for this thesis.



CONTENTS

INTRODUCTION

CHAPTER

7-
8.
CHAPTER

1.

I. EXPERIMENTAL TECHENIQUES

The Growth of Single Crystals of Anthracene
The Synthesis of Anthracene - 9 -~ Carbon-14
The Deposition of Radioactive Anthracene on the
Crystal Surface

The Diffusion Experiments

The Crystal Sectioning Technique

The Determination of Radiocactivity in the
Crystal Sections

The Combustion of the Crystal Sections

The Internal Gas Counting of Carbon-14

II. THE RESULTS OF THE DIFFUSION EXPERIMENTS
Experiments carried out to determine the Rates
of Diffusion Perpendicular to the Cleavage
(001) Plane )

Experiments carried out to determine the Rates
of Diffusion in a Direction Parallel to the
Cleavage (001) Pleane %

Exﬁeriment to determine the Rate of Surface

Diffusion

Page

14

59
67
78
85

88

100

115

126

128



, CHAPTER
1.

2,

3.

4.

ITI. INTERPRETATION OF RESULTS

The Choice of a Diffusion Equation

Interpretation of the Experimental Results
Calculation of the Diffusion Equation for Self-
Diffusion in Anthracene

The Rate of Self-Diffusion Parallel to the Cleavage

Plane in Anthracene

CHAPTER IV. DISCUSSION OF THE RESULTS

1.

2.

9.

Summary of Previous Work

The Experimental Expression for the Self-Diffusion
in Anthracene

Comparison of the Pre-exponential Factor for
Self-Diffusion in Anthracene with Values determined
for other Molecular Solids

Calculation of the Pre-exponential Factor for
Self-Diffusion in Anthracene

The Calculation of tﬁe Entropy Factor associated
with Self-Diffusion

The Activation E!llergy for Self-Diffusion in
Anthracene

The Rapid Diffusion in Anthracene

The Absence of Surface Diffusion on Anthracene
Crystals

Conclusions

Future Work

129
136

143 -

142

144

154

157

159

166

170
174

176
177
178



REFERENCES 180

APPENDICES
I Experimental Details coﬁcerning the Determination
bf Absorption Spectra
IT Calculation of the Constants for the Arrhenius type
Rquation for Self-Diffusion in Anthracene

IITI The Calculation of the Diffusion Coefficient



10,

11.
12,
13.
14,
15
16.
17.
18,

LIST OF FIGURES

Diagram of the Temperature Gradient.

The Crystal Growing Oven.

The Thermostat Circuit.

The Heating Circuit.

The Crystal Growing Tubes.

The Capillary of the Crystal Growing Tube.
U.V. Spectra of the Anthracene in the Range
a.270-300 m)l--,b. 400-460 'm}.L.'.

U.V. Spectrum of the Purified Anthracene in
the Range 290-390 mAL .. l

A Photograph of the Z_one Refining Tube.

The Distillation Apparatus. '

The Distillation Effect in the Crystal Growing
Tube.

The laue Diffraction Ettem of Anthracene.
Synthesis of An'fhracene - 9 - Carbon-14.
ﬁe Ca.rbon;t ion Apparatus. )

The Evaporator.

A Diagram of .the Crystal and ﬁeposit,

The Autoclave. '

The Crystal Holder.

The Crystal Holding Device .

Facing
- page

17
21

23
27
32

37

38
41
43

44
48
50
51
61
66
68
72
82



TFacing

Figure page
19. Plan of the Lathe. . 83
20. Block Schematic Diagram of the High Vacuum -

Apparatus. 90
21. The High Va.ctl:tum Apparatus - The Combustion

Section. %0
22. The High Vacuum Apparatus - The Counter

Filling Section, 103
23. The Gas Counting Tube Characteristic, 108
24. Variation of the Counter Characteristic with

Inte_ma.l Pressure. 109
25. Graph to show Variation of Count Rate with

Internal Pressure for the Gas COuntin_g Tube. 111
26. Diffusion Profile for Crystal A. I‘ 118
27. Diffusion Profile for Cryktal I. - 118
28. Diffusion Profile for Crystal C. . : 119
29. Diffusion Profile for Crystal F-. _ "1'19'
30. Graph of logjpA versus Tz for Crystal I, 130:

. 31L. - Crystal a.n.d Deposit. - ) 131

32, Graph of logD versus _% 142
33. Position of the Anthracene Molecules in the

Unit Cell, - ' 163
34 . Graph of 1ogloD versus .'-ly'. . 169




INTRODUCTION



INTRODUCT ION 1

The quantitive study of diffusion in solide can be said to have
been initiated in 1896 when Roberts-Austen measured the rate of
diffusion of gold in lead (1). After the disocovery that diffusion
proceeded at a measurable rate in solids, it was realised that such
experiments might provide information about the basic metallurgical
processes such as the ocarburisation of steel, cold welding and
alloying from metal powders, some of which had been known, if not
understocd, for centuries. Not only was thie aim realised, but
many more useful metallurgical processes were discovered and, even
-more fundamental than this; a great deal of Mfomtim was obtained
about the physics of crystals (2). Tt was from this beginning that
this subject has grown and since the beginning of this century
diffusion studies have been made in almost all types of sol:lés.

After the initial work in metallic systems, many hundreds of
vhich have been studied, the field was extended to inoclude iomic
crystals (2) and later still a few studies were carried out in
] vaience_(3-5) and inorgamic molecular on;stals_.(.,&a.).

Although a number of direct determinations of the diffusion
coefficients for ionic solids have been made, measurements in this
type of solid have been mainly carried out by the study of the
related process of conductivity. Such studies have helped in the

elucidation of the mechanisms by which diffusion occurs in solids
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and have give rise to theories of the defect solid state (2).
The value of ionic crystals for such studies is that i1t is possible
to generate defects which aid diffusion in these crystals, e.g. the
incorporation of altervalent ions in an ionic crystal lattice results
in the gemeration of an equivalent number of vacancies, in order that
electrical neutrality should be maintained in the crystal. The
study of ionic crystals by direct and conductimetric methods has also
led tc; a better understanding of the effect of crystalline fine
structure on the diffusion process. '

The experimental determination of diffusion in solids is usually
made by studying the rate of movement of one component into or out of
the bulk of a second. Many techniques have been devised for this
measurement and these can be divided into two types, those which
Provide an overall picture of diffusion from the beginning to the emnd
of the expgriment, and those which :I.nyolve the determination of the
concentration gradient resulting from diffusion of one component into
a second. The latter process is more useful in that it can reveal
the existence of several concurrent diffusion processes which may be
occuring in the solid, whereas the former x!easunment yields only an
- overall diffusio;; coefficient representing the combination of all
processes occuring in the solid.

Examples of the former process are the diffusion of gases out
of solids (9.), and the diffusion of metals with relatively high
vepour pressures at the temperature of the experiment out of alloys

(e.g. zinc in e brass (10)). The rates of diffusion are measured



by collecting 'I_;he gases at the surface and measuring them
volumetrically or, alternatively, changes in concentration are foumd
by measuring the loss in weight of the sample in the case of more
volatile metals.

Radio-active tracers have also been used to determine rate of
diffusion in studies where the oconcentration gradient is not required.
In addition to the obvious methods related to the examples quoted in
the previous paragraph there are two worthy of special note. The
Hahn Emanation technigue (2b) measures the rate of escape at the
crystal surface of emanation from decaying radio-active material
included in the solid. This rate can be related to the self diffusion
coefficient for the components of the lattice. The second method (11)
makes use of the fact that radiations from radio-active substances
are absorbed in solids. A radio-active material is deposited on the
crystal surface and an initial count is taken. As diffusion of the
radio-active material into the crystal proceeds, the radiations from
the diffused material will be absorbed, and the count rate at the
samé surface will decrease. From the measurement of this decrease
“of count rate with time, the rate of penetra.tio'n can be oa.lcula.-ted.

The method in which the concentration gradient is determined
unfortunately involves the destruction of the crystal during the
determination, which means that a different crystal is required for
each experiment. This of course raises the question as to whether

all the crystals used are comparable in properties. This is an



experimental difficulty which cannot be overcome. It is here 4
that the conductimetric studies which can be made with ionic crystals
are advantageous because one éryetal can be used for a number of
studies, though even here re-application of the electrodes and
continued heating and cooling may change the crystals.

The direct measurement of the diffusion coefficient by measuring
the concentration gradient is usually carried out as follows:-

The two components, which may be identical for self-diffusion studies,
or which may differ, are placed in intimate contact and the femperature
of this couple raised to a point where measurable penetration will
occur in a reasonable time. On completion of this diffusion period
the couple is accurately sectioned, parallel to the initial plane of
contact, by use of a grinding machine, lathe, or microtome, and each
section, which is in the form of shavings or powder, assayed for the
diffusing material.

In this way a profile of concentration of the solute versus the
depth of penetration cen be built up, from which, using the integrated
form of Fick's equation corresponding to the geometry of the initial
state, the diffusion coefficient can be calculated.

The method adopted_for prepﬁfing the diffusi;n couple will, of
course, depend upon tﬁe physical properties of the materials
concerned. In some cases it has been found adequate to press the
faces of two crystals together or to press the powder of one
component on to the surface of another. Somewhat more intimaEe con-
tact can be achieved by deposition of one component upon the other from

saturated solution, by fusion of the common faces, or, where the



vapour pressure of one component 1s sufficiently high, by

evaporation under vacuum. The author believes the last named method
to be the best where applicable, because this presents less possibility
of damage to a non-metallic crystal surface and is most likely to
result in epitaxial deposition which, especially in the study of self-
diffusion, is to be preferred. Metallic crystals are not as
susceptible to such damage and these and other methods such as welding
and electroplating have been used.

In many of the earlier de¥erminations, and in experiments where
a reasonable quentity of material diffuses into the crystal, the
normal techniques of chemical analysis have been used to separaté
the components and to determine the concentration of the diffusing
material in cut sections. In a greater number of cases however the
concentration of the diffusing species is low and this method is
inaccurate. In some shich cases the techniques of spectroscopic
enalysis have proved accurate and useful (12).

Some alloys are known to have resistance to attack by certain
chemical reagents and this resistance depends upon their composition.
In some cases where alloys are formed a series of tests on each
section using such reagents has resulted in a de®mination of the
approximate concentré.tion (13).

Physical properties such as conductivity (14), cathodic
emission (15), photo emission (16), and hardness (17), have all been
shown to depend upon the puritylof the specimen and the presence of

even small amounts of impurity in some cases 1is enough to cause quite



. 6
a large change in these properties. These properties have also.

been related to composition in some cases and used for the determi-
nation of the concentration of the diffusing species in a sectiom
of the heéat-treated diffusion couple.

A method of w:lé.espmad application, and one of the most
successful methods of all for the experimental evdluation of diffusion,
is the use of radio-active tracers (2). Here use can be made of the
highly sensitive methods of radiation detection to determine the
conoentration of the diffusing radio-active species. In this way
accuracy of measurement can be bbta.:l.ned, even wﬁ'en the penetration
distance is very small and also when the concentration of the radio-
active species is small. With the more widespread availability of
natural and artificial radio isotopes, this technique has come more
and more into prominencg and is probably the most widely used method
at the present time. For the measurement of self-diffusion (where
movement of a lattice component in.its own lattice is etudied) the-
tracer technique presents the _qnly possible direct method o;E study
and the 1.=re.oer self-diffusion studies have made valuable cantributions
to the better understanding of the solid state and the elucidation
of the st:_i'uctm of orystalline solids. The isotope effect in such
a study is very small in most cases, and the rate of diffusion of an
isotope can be regarded as the same as that of the inactive constituent
of the solid under study.

The diffusion coefficients calculated from these experimental

results are found to vary with absolute temperature according tb an



Arrhenius type equation: 7

DD E ... 1

where D is the diffusion coefficient at temperature T and R the gas
constant. D, and E are substantially constant for particular systems.
E is taken as the energy of activation for the process. That the
latter constant should be related to the mechanism by which diffusion
occurs is obvious,as it will represent the energy required to move
an atom or ion from one equilibrium position in the solid to the
next, but it is also accepted that the walue of the pre-exponential
factor which is cokined in Dy will also depend upon this mechanism.
Attempts have been made to formulate theoretical expressions
(1.8,19) for these-two constants from which theoretical values for
the diffusion coefficient could be oﬁ.lculated, assuming the commonly
accepted mechanisms of diffusion in solids (i.e. by way of vacancies
in the lattice, interstices, or by the direct extchange of neighbouring
atoms, molecules, or ioms (2b). It was hoped that the comparison
of these theoretical values with those determined experimentally
would show the most probable path by which diffusion was taking
‘place. 'Th;i.s approach has hed a c;ertair; success whe-re it was
possible to carry out the theoretical calculations (18), but it is
thought that a more exhaustive theoretical treatment is necessary
before such a method for determining the diffusion mechanism is
finally accepted. In the case of ionic crystals probable mechanisms

have been discovered by studying the effect of the generation of



certain defects upon the diffusion rates.

Most studies of diffuesion have been confined to metals and ionic
solids because of the various methods available for study and
comparison in these cases. In spite of the great attention given
to the solid state in general very little attention has been paid
to the study of walence and molecular crysté.IE.

The study of diffusion in valence crystals has been reported
for two cases, germanium (3), and natural (4) and artificial (5)
graphite. Work on the former substance was no doubt inspired by.
its valuable semi-conducting properties and the need to discover
all the mleﬁnt properties of the solid state. In both these cases
accurate determinations were carried out and an attempt was made to
formulate a mechanism for the diffusion process by comparison of
theoretical and experimental wvalues for the constants in the diffusion
equation as desoribed above.

Comparatively little information exists concerning the diffusion
process in molecular solids and in view of this scant information
it was decided to explore this field and to carry out a tracer study
of self diffusion in-a molecular solid.

The first recorded investigation of diffusion in a molecular
solid is that of Cremer (6) who determined the Arrhemius type equation,
(equation 1), for self diffusion in solid hydrogen from kinetic data
obtained from the study of the ortho-para conversion in solid hydrogen.

The constants in Cremer's equation are of rather limited accuracy



because of the very small temperature range in which the 9

measurements were made (11°-13°K), also such a measurement will only
provide an overall diffusion equation which would not indicate the
existence of more than one diffusion process.

Later tracer studies by Cuddeback and Driekamer (7) of seif-
diffusion in ortho rhombic sulphur, and by Nachtrieb and Handler (8)
of the same process in ol white phosphorus, proved that diffusion
in this type of compound did occur. In both cases evidence was
found for the existence of two diffusion processes but each group
of workers suggested different explanations of the mecha.hiam of the
diffusion process in each case.

The results of these two tracer studies are open to criticism
because of the methods adopted in the preparation oi the specimens.
Tn the second case (8) the samples used were compressed powders and
with such samples it is difficult to visualize the extent to which
such a specimen resembles a single crystal. It has been siman (2b)
that the results of self-diffusion experiments using polycrystals
can be a useful indication of the a.pprox:i._mate value of self-diffusion
in cry_sta.]:s_ when single crystals are not available, but the constants -
in the Arrhenius equation are found to vary with degree of poly-
crystallinity, no doubt because the numerous boundaries between
crystallités provide a very large number of short circuiting paths
for diffusion.

In the former case (7) single crystals were used but these were

grown from solution, a method which may allow the inclusion of solvent
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in the crystal lattice during growth, and which could affeoct

the diffusion process.

There was therefore a need to carry out a tracer diffusion
study using a single orystal of high purity grown from the melt or
vapour phase in order to ascertain whether the effects described by
the previous workers are still found in such a crystal;

No tracer diffusion studies have been attempted useing crystals
of organic molecular solids and what information 1s available has
been derived from nuclear magnetic resonance (N.M.R.) studies.

Andrew and Eades (2) whilst carrying out a N.M.R. study of
_8olid cyolohexane found evidence that wholesale moleculer movement
was occuring near its melting point. They ascribed this motion to
self diffusion and calculated the activation energy for this process.
later, a comparison between N.M.,R. self diffusion data for solid '
sodium (21) with that obtained from a tracer study (22) showed good
agreement and supported Andrew and Eades's proposal. Following this
discovery Waugh (23) using N.M.R. data,obtained previously, calculated
the Arrhenius type equation for solid methane.

Other studies (24) however show no onset of molecular motion,
but such evidence muet not be taken to mean that molecular motion is
completely ébaent. The N.M.R. Technique is rather limited in its
application to such problemsbecause it will only detect self diffusion
when this motion is rapid enough to be detected instantly, and it is

here that the tracer technique is superior because this measures the
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summation of all movements over the period of the experiment

and will therefore detect a much slower rate of movement.

The lack of information about this particular class of solids
and the need for tracer studies using single crystals of molecular
solids led. to the decision to attempt to open up this field of
study of self diffusion in single crystals of organic compounds.

The main objects of such a study were thought to bes

1. To ascertain initially whether diffusion does occur,

2. If this is the case, to determine whether diffusion
occurs by one process or by the eombina;tion of
several conocurrent processes,

3. To determine the magnitude of the energy of
activation for these processes,

4. To compare the results with those of N.M.R. atudies,
if such studies have been attempted on the substances
used,

5. To determine the mechanisms by which the diffusion
processes occur and whether theie provide: any
information regirding disorder in the crystal.

There was no obvious substance to choose for the present study because
all nuclear magnetic resonance measurements, with which the results
could be compared, had been carried out om substances which were
liquid or gaseous at room temperatures (20,23) or in solids at low

temperatures (24) where self diffusion was nof apparent. The
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choice of specimen was therefore dioctated by the requirements

of the experiment.

The basic requirements were thought to be:

1. The substance used should have a fairly high melting
point so that as wide a temperature range as
possible could be used for the measurements.

2. That it should have a comparatively low vapour
pressure at elevated temperatures so that losses
by evaporation on heating should 59 low.

3. It should be easy to obtain pure in reasonably
large quantities and when pure should be stable
to oxidation or other chemical change.

4. It should be possible to synthesise a radio-
active form of the substance.

5. It should be possible to grow large single
crystals of the substance.

This last requirement is probably the most important of all.’

The consideration of these requirements :iled: Yo the choice of
anthracene, because its high melting point (217%C_(25)) promised e
wide range of temperature in which measurements coﬁld be made, large
single orystals of the pure material had been grown for scintillation
counting experiments and a method was devised for synthesising a
radio-active form of anthraceme labelled with 14C. In addition to

these properties the vapour pressure was not high compared to other



gimilar suitable organic solids.

The details of the experimental work are given in the

following chapter.
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CHAPTER - I 14

; EXFERIMENTAL TECHNIQUES

1. The Growth of Single Crystals of Anthracene
The numerous experimental techniques for the growth of single

crystals of chemical elements and compounds can be divided under
three main headingss

1. growth from the vapour phase.

2. growth from a saturated solution.

3. growth from the melt.
All of these methods have been successfully employed in the growth
of orystals of organic compounds, but the size and nature of the
crystals produced vary with the method adopted and the experimental
requirements of the orystals must be considered before a method of'
growth is chosez'x.

The pma;t study required thatsz
1. the crystals grown should be approximately
1x1x0-5 cmg?ixz_ sige, L. -
-2. the rate of growth should be fairly _ra.pid,

3. the crystals should be very pure.

The growth of organic orystals from the vapour phase in general
results in the slow growth of very thin orystals (26-29) which would
-be unsuitable for a tracer diffusion study and hence this method can

be neglected.
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Very large coxystals indeed have been produced by growth

from saturated solutions but this method also proved unsuitable for
the present purposes because of the conditions required for growth.
The limiting factor (30) in growth from solution is the solubility
of the solid in the solvent used and, in oxder that tolerable growth
rates will result, solubilities of 20-50% by weight are required.
The solubility of anthracene in organic éolvants is very much less
than this and because the rate of growth from solution decreases
rapid]ly with decreasing solubility such a method would have proved
unfavourable in the present case. A second important reason which
also leads to the re;jecﬂon of this method is the possible inclusion
of solvent in the crystal lattice during growtk; the presence of
which could affectl the process of diffusion.

The 'I_',h:l.rd. method,. growtl_1 from the melt, has none of the
disadvantages mentioned above. By this method large single crystals
can be grown at a reasona;ble rate and, as the crystals can be grown
under vacuum or in an inert atmosphere 1f.necesa.rx, the purity of the
crystal depends upon the purity of the. starting material alone.

For these reasons the method of growth from the melt was considered
for use in the present. study.

Numerous reports (31-42) have been published over the past
decade on the growth of very large single crystals of organic
compounds from the melt for the purpose of studying chemical _and
physical properties of these substances in the solid s'l.:ate. Not

the least of these studies have been the measurements of semi-
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conductivity and the potentialities of such crystals as

scintillators for use in radiation anslysis. Anthracene proved to
be an excellent material for this latter purpose and as & result
several reports of the growth of large single crystals of this
substance have been published (36-42). The availability of this
information led in part to the adoption of anthracene as the subject
of the present study.

There are three general methods of 'gr;::wth of crystals from the
melt which are the basis of all reported techniquess

1. The Kyropoulos method (43,44)
2. The moving vessel technique (35,42,46-48)
3. The stationary vessel technique (34,35,45).

In the Kyropoulos method a seed. crystal of the substance,
attached to a water cooled chuck is partly melted into a bath of the
molten substance contained in a fu:rna.c'e. The chuck a-nd ocrystal are
slowly and uniformly withdrawn and surface tension effects cause the
surface of the melt to be dram up with' the seed. As the cooler
regions of the furnace above the melt are reached, the material
solidifies. If the correct rate of withdrawal 18 chosen the melt -
cryatallises epitaxially upon the lattice of the seed crystal and a
top shaped "boule" of single crystal results.

Sq far as the author is aware the Kyropoulos method has never
been used for the preparation of single crystals of organic compounds
because of the practical difficulties involved in isolating the
apparatus to prevent aerial oxidation of the molten material and

losses by volatilisatiom.
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Tn the other two methods (2 and 3 above) the melt can be

completely isolated during the growth process, under vacuum or inert
gas pressure, in a closed vessel, and hence both these methods are
suitable for consideration as methods for the growth of organic
crystals. ' '

Both methdl 8 require the construction of a growth oven in which
a temperature gradient with horizontal isothermals can be maintained.
The tempera.i.:ure gradient usually involves a tramsition from 20-30°
above the melting point to an equivalent point below the melting
point. The two methods differ in the use of this temperature
gradient.

Figure 1 represents diagrammatically such a gradient in which
43 is the isothermal corresponding to the melting point. '.'L_'he |
material, in the. tube C, is placed in the upper part of the gradient
and allowed to melt. N |

In method 2 the vessel containing the molten material is
attached to a lowering mechanism and slowly lowered down the gra..dient
in the direction of the arrow 2. As the tip of the tube crosses
_th_e...i.-ﬂpth.eml..h orystallisation occurs, and continued lowering - - -
leads to the growth of these crystals up the tube, the solid/melt
interface always lying on the isothermal AB. _

Method 3 can almost be _regarded as the ct;nverae of this because,
in this case, the vessel containing the melt, C, is kept stationary
during growth and the temperature gradient is slowly and evenly

cooled by the controlled reduction of the heating input. As
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cooling occurs the isothermals in the furnace move up the

crystallisation vessel (in the direction of the arrow 3 in figure 1)
at a rate proportional to the rate of cooling of the furnace and

crystallisation and growth ocours as the isothermal AB passes

'slowly up the tube,

Although both these methods have been suecessfully used for
the growth of single orystals of organic compounds (34,35,42,46-48)
there are limitations to the static method (44) and it was considered
better in principle to ccmstruct a crystal growing oven in which a
steady temperature could be maintained and to lower the crystal
growing vessel mechanically. It was this type of oven which was
constructed and used for the growth of the anthracene crystals for
use in this dudy.

As the work proceeded it became apparent that this design had
many advantages because of the slow rates of growth necessary for
the successful production of large single cryatals of anthracene and
the difficulty %f seeding the s_ingle.crystals. Usipg this basic
method it was also found possible to comstruct an unlaggeé. crystal

growing oven. in which. the crystals could be watched during growth,

a feature whiph later proved time saving and which would have been

imposeible had method 3 been employed.
l. a. The Crystal Growing Ovens.

The temperature gradient necesa.i:y for orystal growth by the
moving vesssl technique 1s usuaily established between two heaters

mounted on a tube .and separated by a short distance. The ovens
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are usually heated electrically but in the cases of the lower

melting solids boiling vapour (32) and heated liquids (35) have been
uged. Whether the tube supporting the heaters should be a good or
bad conductor of heat seems to be of little comsedquence.

Very little indication is given in the literature of the
optimum slope of tize temperature gradient to use and descript:i..ons
vary between two extremes, those which advocate a gradual change
between the upper and lower limits (46,49) and those which produce
a very steep gradient which is almost a sharp discontinuity between
the upper and lower temperature limits (36). '

It was therefore necessary to determine the optimum temperature
g_ra.d:lani_: by experi_.mnt and t.he first oxystal g:;:owing oven was
cons_tructed in s@ a way that this gradient could be varied.
Electrical heating was used and the arrangement of the furnace was
similar to that used by Leininger (49).

Two electrical heaters of resistance 94 ohms -and 140 ohms were
wound, twelve inchas .a.part, upon a four inch diameter iron tube.
The heaters were wounl using 15°7 ohms per yard "Nichrome" heating

.. tape -and were -iﬁmlated from the iron pipeé by asbestos paper. The B

slope of the temperature gradient could be varied by adjusting the

input to the heaters and conduction of heat along the iron supporting
pipe ensuml that a linear gradient was produced. The tube and heaters
were supported (the lower resistance heater uppermost) in a large

drum and the drum packed with magnesia asbestos lagging for thermal
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insulation. The two heaters were comnected in parallel and

operated from a constant voltage A.C. stablised supply. Tempera-
ture control was effected by use of a thermostat and regulating
circuit similar to that shown in figure 3.a.

At first the experiments in crystal growth met with little
success because of the impurity of the anthracenme used. The crystals
produced were very dark im colour and all wers polycrystalline in
nature.

As the purity of the anthracene was inoreased it became obvious
that .there were two factors which might effect the growth 'of the
orystal, the rate of growth, i.e. the rate of lowering of the tube
containing the melt, and the slope of the temperature gradient.

In the initial experiments a gradual gradient was used (upper
heater T = 220°C, lower heater T = room temperature) and a fairly
rapid rate of lowering (5 mms per hour). " Under these circumstances
a mass of polycrystals was always produced. These parameters were
varied separately and it was found that (a) there was a critical
lowering rate of 1-2 mms per hour, above which polycrystals were

alweys produced, and (b) much better crystals were produced when
| s;:eep temperature gradients were used. At this time a growth tube
with & capillary drawn out at its end (figure 4.b.) was being used.
Following these experiments 1t was decided to construct a crystal
growing oven in which e very steep temperature gradient could be
produced.

A big disadvantage of the type of furnace described above was
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FIG.2. THE CRYSTAL GROWING OVEN.
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that it was not possible to see the crystal during the period

of growth. The only way in which the growing crystal could be
studied was to withdraw the crystallisation vessel from the oven
during growth and replace it. quickly. This was found to have a
very bad effect on the growth of any single crystal which may have
formed and this i:ractica was discontinued and complete growth allowed
to occur before removal. Using the slower rates of growth found to
be necessary for the production of good quality crystals, periods of
8-10 days were required to complete crystal growth. In cases where
polycrystals and not single crystals were formed in the early stages
of growth a considerable part of this time was wasted and the second
oven was therefore constructed in such a way that the growing orystal
could be studied in the oven. This was done by using pyrex glass
for the heater formers. A second advantage of this design was that
very 1ittle heat conduction would take place along the glass and
therefore this aided the establishment of a very steep temperature
gradient. A diagram of the oven is shown in figure 2.

Two heating coils A and B of resistance 80 ochms and 130 ohms
respectively, were wound from 33 ohm per yard. "Nichrome" heating taps
(0-025" x +002") on the two 2 inch diaméter pyrex glass tubes A and
B, The heaters were wowid with the coils closer together at the
lover ends in order that an even temperature could be maintained
along as much of the length of the coil as possible. : The two coils
were separated by a "Sindanyo" asbestos baffle C, the central hole

of which was just large enougli to admit the crystal growth tube T to
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the lower half of the oven. The outside diameter of C was cut

to 2¢6 inches so that a third pyrex glass tube D of that internal
diameter would slip over this and lie concentrically with A and B.
On D was wniformly wound an 100 ohm heating coil using similar wire
to that_used for A and B.

The tubes A, B and D were supported a.1.; top and bottom by two
circular "Sindanyo" sheets, and were enclosed by the thick walled,

twelve inch diameter, pyrex glass ﬁipe E. In the upper "Sindanyo"

.sheet was cut a hole two inches in diameter so that access could be

gained to the oven. When the oven was in use this hole was closed
by means of a 1lid L, which also served as a support for the thermo-
stat T.S.1. The crystal gro'wth tubs T was supported by a fine wire
whioh passed through a small hole in this lid.

The oven was protected from draughts by enclosing it in a hard-

board box which also served as a support for the control panel for

" the heaters and tha lowering mechanism. The growing crystal could

be viewed through a small hole in the front of the box.
Operating Circuit.

The heatei-s A and B were _g.rranged in parallel and operated from-

a 250 v. A.C. stablised mains. Control of these heaters was by

series rheostats R,, R,, R5 (f:l..gu.re 3%), which were adjusted so tﬁa:l:
the temperatures of the two heaters were approximately 10° below that
required (upper heater 240°C, lower heater 190°C). Heater D was
used as a control coil to raise the temperature of tlie_ oven to that

required and t6 maintain conatant teﬁpera.tu:-'e. The current for
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this control coil was supplied through a "Sunvic" cirouit

F102/3M, depicted in figure 3.a., incorporating a Sunvic .n,orma.lly
closed thermostat T.S5.1, energy regulator, and hot wire wvacuum
switch. Connections to heater D were made via terminals X and Y
(figures 3.a. and b.).

Several different positioms in the oven were tried for the
thermostat T.S.1. but 1t was found that the circuit operated most
successfully when the thermostat was in the position indicated in

. figure 2 and small fluctuations in the temperature of the oven were
readily adjusted by the controlling circuit.

The thermostat circuit operated as followss- -

Vhen the oven temperature fell below the required value the thermo-
stat contacts closed causing the energy input to the cireuit,
controlled by the emergy regulator and hot wire vacuum switch, to be
increased, the current passing in cycles as the ene:cgy' regulator
contacts were opened and closed by its controlling circuit. The

; ' cyeling on/off time was determined by the position of the control

knob of the regulator. As the system warmed up the thermoatat
contacts opened showing that the oven was above temperature. The
effect of the opening of the contacts on the input ocircuit was to
reduce the cycling on/off time and the system cooled until the thermo-
stat contacts again. closed a.n_d the c'ycle was repeated. The thermo-
stat and energy regulator were set so that very fine control of the
input resulted and the drift above and below the equilibr:l.u;n

temperature was small. Under these conditions the temperature
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remained effectively constant. The neon indicators Nl and N,

showed when the energy regulator and thermostat contact_s, respectively,
were open and aided the accurate setting of the control circuit.
This method of control proved very effective indeed and after the
initial work in setting the circuit no more trouble was experienced
in the temperature control of the oven.

It was found possible using this circuit of three coils to
. maintain a constant temperature for a distance of 2-3 inches. on
] _ either side of the baffle C (figure 2). The temperature above
' being 240°C and below 190°C, thus the temperature gradient was 509C
over the thicknese of the baffle (VO+5 inches). In this way & very
steep gradient indeed was produced. '

This design of oven proved very successful indeed. The fact
that crystal .growth could be recommenced if a single crystal was

not initiated saved a great deal of valuable time and also with the

better cryastal groving tubes ewolved during the crystal growth

programme and the purer anthracene whieﬁ was produced during the

latter stages of the work, some extremely fine crystals were produced
__using this oven, : - - - T

1.b.- The Bate of Lowering of the Crystal Growing Tube.

| In determining the rate at which the corystal growing tube is

to be lowered dom the temperature gradient it is necessary to

ascertain the rate of growth of the crystal from its melt. This

rate of growth will provide an upper limit‘to the rate of lowering,

since & more rapid rate will result in the advance of the
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solidification front below the isothermal corresponding to the

melting point, with subsequent rapid crystallisation and the forma-
tion of polycrystals. It is therefore essential to measure this
rate of growth before single orystals can be succesafully grown.

It is reported that for the satisfactory growth of organic
crystals the rate of lowering of the crysta'l. growing vessel should
not exceed 1-2 mms. per hour (35). This value indicates that the
rate of growth of organic crystals is very much less than that of
metals, where rates of growth of up to 20 mms. per minute have been
quoted (50), but is similar to that of iomic crystals, where rates
of 1-4 mms. per hour have been reported (44,51). In the preéent
study experiments were carried out to determine whether such a slow
ra‘l;e of growth was necessary and to ascertain whether any 'improved
cryétal quality could be achieved by the use of 10weriné rates less
than 1-2 mms. per hour.. |

The orystal growing tube was lowered down the temperature
gradient 'by méans of a suitably geared down synchro-clock motor
with a projecting axle. The wire supporting the vessel was wound
around the axle. -4 -series of interclialigeable axies of différirfg
diameters allowed the rate of lowering to be varied in the range
0°5-6 mms. per hour. -

Preliminary experiments in which the rate was varied showed,
in agreement with Scott, Hutchinson and Lapage (35), that rates of
iowering greater than 1-2 mms. per hour always resulted in the

formation of polycrystals whereas lower rates than this value were
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inevitably successful. Further experiments showed that no

improvement in crystal gquality resulted from the use of slower
lowering rates than this critical wvalue.

Previous workers (35) have shown that with some designs of
growing vessel a reorientation of the crystal o.ccu:rs during the
growth process. It was shown by them that the crystal produced
after reorientation had occured was always polycrystalline in nature,
but that it was not possible to detect this until the cxrystal had
been removed from the tube. It has been suggested (35), that pol‘y-
crystalline g_rowth occurs because the rate of growth of the crystal
on the face presented to the melt after reorientation has occured,
is slower tha.n. that on the original face and that in this way the

rate of lowering becomes greater than the rate of growth with the

" resultant formation of polycrystals as described above. . It would

appear that slower lowering rates might obviate this:change to
polycrystallinity and it was with this purpose that a lowering rate
of one half the critical value was adopted, i.e. 0°5I-1 mms. per
hour.

It was later discovered that reorientation did occur during _

the growth of anthracene orystals in some types of crystal growing

tube but this never resulted in the formation of 'polycrystals and

it is believed that this was because of the low lowering rate used.
The experiments carried out to examine the effect of the varia-

tion of lowering rate were not extensive and were merely intended to

lead to a stage at which crystals.of reasonable quality could be

produced.
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l.c. The Initiation of the Single Crysteal.

The initiation of the seed crystal for growth, a fa.ct;:r which
seems to present little difficulty with other types of solids, is a
real problem in the case of organic crystals. A method devised by
Tammann (52) at the end of the last century for the growth of orystals,
was to seed from a long capillary attached to the lower end of the
crystallisation tube. This type of tube is depicted in figure 4.a.
and was used for the initial experiments of the present study.

The sealed pyrex glass tube containing the anthracene was
suspended in the upper part of the oven, above the baffle 8. (figure
2), until the anthracene had melted and filled the lower part of the
tube and the capillary. The tube was then quickly withdrawn and the
lower end of the capillary cooled so that a small mass of polycrystal
was formed in the tip. The tube was replaced az;d its height in the
oven adjusted until the tip of the capillary tube was just below the.
isothermal corresponding to the melting point. The oven and crystal
growing tube were allowed to come to equilibrium. When this state
was attained & small amount of solid polycrystalline anthracene
remeined at the tip of the capillary tube, the rest of the -anthracene
in the crystal tube being molten. The lowering motor was switched
on and the crystal tube lowered slowly down the temperature gradient
in the oven. As it descended the small crystals grew up the
capillary end into the wide tube.

Some workers (46) have reported that this design of tube aids

the formation of one single crystal in the upper wider tube; others
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disagree with this (49) and report multiple crystal growth.

In the present wo;'k. it was found impossible to produce less than
twelve small crystals side by side in the uppef tube surrounded by

polycrystalline anthracene. The result of such an experiment is

. depiocted in figure 4.a.

In an effort to reduce this number of corystals, several experi-
menta were carried out using a orystal growing tube of the type shown
in figure 4.b. with a small bulb at the lower end of the capillary.
It was hoped that the use of & bulb at the tip would allow the
greater expansion of the crystallite seeds during the first part of
their growth and hence increase the possibility that only one crystal
seed would arrive under the mouth of the capillary tube, grow up, and
seed the molten mass in the upper wider tube. A limited amount of
success resulted from this adaptation and it was found possible to
reduce the number of crystals formed in the upper tube to about six,
The most successful attempt however only produced three crysta.ls-
and 1t was obvious that further lmod:l.fica.tion of the growth tube would
heve 1o be made before one single crystal could be initiated and
grom in the wider paz_'t_qf 'I:hs _!:u'be. .

The crystals obtained at this stage were of very good quality
but were rath'er small for the regquirements of the present study.

Whilst attempting to grow large single crystals of Stilbene by
& similar growth technique Scott, Hutchinson and lapage (35), found
that by bending the capillary as shown in figure 4.c. a single

crystal was inevita.b]qr initiated at the upper end of the capillary
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and this seeded the molten material in the upper wider tube.

It would appear that the bends in the capillary tube must help in
some way to remove all but one of the original orystallites during

. the growth of the polycrystalline mass up. the capillary tube, leaving
this one single crystal to grow to the top and seed the melt.

This method was applied to the growth of anthracene and several
experiments were carried out using this type of tube. It was found
that a single seed of anthracene was produced at the upper end of
the bent capillary on each occasion.

Now that this aim had been achieved and it w.a.s known that a
single crystal was generated on each occasion it was possible to
study the growth of this seed crystal into the melt in the upper tube.

When, in each of these .experiments with the bent capillary, the
crystal was examined on removal from the tube it was found that the
.single crystal rapidly gave way to polycrystals and that the

appearance of the tube was similar to that depicted in figure 4.c.

A narrow wedge of single crystal had been formed and this was
surrounded by a polycrystalline mass. The very low rate of lowering
was used and it was thought. unlikely that the lowéring Tate was
exceeding the growth rate, if this was the case no single crystal
would have been produced at all, and that it was more likely to be

the result of local cooling on the shoulders of the crystal tube-.

‘on each side of the capillary causing nucleation and subsequent growth
of polycrystals. | The polycrystals formed in this way would grow

more rapidly than the single crystal and therefore increase in size
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at the expense of the single crystal. This would result in the

formation of a cone of single crystal surrounded by polycrystalline
anthracene as was found in this case. This local cooling could
perhaps have occured as a ;;'esult of small temperature fluctuations
in the oven. _

" It was however possible that, althouéx the lowering rate did
not exceed the rate of growth of the ocrystal in a vertical directionm,
the rate of spread of the crystal into the wider tube, from the
capillary, was much slower than this and hence,whilst the single
crystal seed contimued to grow upwards it did not grow outwards
before the shoulders of the tube had descended below the melting
point isothermal, and thus polycrystals formed rapidly in the super
cooled melt on each side of the single crystal and acted in the above
mentioned menmer.

In order to allow more gradual growth of the seed into the wider
tube a vessel of type 4.d. was used in several experiments. It was
"found that although some contribution to the formation of polycrystals
did arise from the latter cau-se, nucleation of polycrystals still
ocourred and thus this must a.ris_e_ frgm local cooling in the-oven.
In an effort to eliminate the formation of polycrysbals the capillary
was mounted on & baffle which rested loosely in the orystallisation
vessel (figure 4.e.).

This modification :ne'sulted in the formation of & much larger
wedge of single 'crystal but nucleation of polycrystal now took place

around the top of the baffle cone. The resulting crystal is shown
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in figure 4.e. This experiment supported the view that

nucleation occurred as the result of local cooling at the walls of
the tube because in this case the single crystal had completely
filled the wide part of the tube. It seemed that the anthracene
surrounding the cone had acted as a thermal insulator on the material
within during growth. In order to make the maximum use of this
possible protective effect a tube of the type figure 4.f. waj.s con-
structed in which the growing crystal was surrounded %y anthracene.

This type of tube therefore combines all the desirable features
of all the previous tubea, the bent capillary, which aids in the
seéection of a single crystal for growth, the thermal insulation
effect of the surrounding anthracene, and the graduasl shape of the
cone which obviates "corner" effects as the single crystal spreads
into the wider tube. The inclusion of all these factors proved to
be the key to the problem of design of the wvessel.

This design of vessel proved to 'be a complete success and using
this it was found relatively easy to grow single crystals which
completely occupied the central tube of the crystal tube.

As the resedrch into the design of the vess-el prc;ceeded so di;l -
the improvement in the purity of the anthracene and, using the very
Pure anthracene produced in the final stages of the work, crystal
boules 4 cms. long x 25 cms. diameter were obtained, which
completely occupied the inner tube of the crystal growing vessel.
These large single crystals had a beautiful blue fluoi'escene and

were quite large enough for the present purposes.
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FIG.S. THE CAPILLARY OF THE CRYSTAL
GROWING TUBE.




l.d. Orientation of the Crystal after Growth. 32
.In the previous section it was stated that the crystals cam be
grown with the cleavage plane (001 plane) vertical or horizontal.
This change of orientation only occurs when a tube with a bent
capillary is used, the straight capillary always yielding crystals
orientated with the cleavage (001) plane vertical. It can perhaps
be assumed then that the growth rate is greater with the.cleavage
plane vertical and also that reor:l.enta*!:iou occurs in the "zig zag"
of the capillary. That this latter is the cese has been proved for
other materials (35) by comparing the orientation of the crystals at
the upper and lower ends of the zig zag capillary.
Three factors will decide whether the crystal will grow with the
cleavage plane vertical or horizontal. -
1. The rate of lowering which will be equal to the
rate of movement of the freezing level.
2. The rates of gro;vth along the .two crystal axes.
3. The. angles of the bends in the capillary tube.
Scott, Hutchinson and lapage (35) explain the conditions as follows:
_I£V = the rate of movement o_f the freezing level
Vo ™ naximum ra.te of growth of the crystal
v = maximum rate of growth along the inclined
limb with the (001) plane vertical
© = angle of inclination of the capillary to the
vertieal,
then if

v ' . .
v there wi
) TTER will be no change in orientation
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v < y ( Vo conditions are favourable for this change
cos ©

but if

v
cos ©

> Vo pPolycrystalline growth will result.

Scott, Hutchinson and Lapage (35) found that the reorientation
process resulted in the formation of polyorystals. 1In this study
it was found that perfect crystals were produced no matter what the
final orientation of the crystel and hence it was not necessary to
determine acourgtely these l:lmit'ing conditions. It can be said
hmwr that a tube with ®x45° always produced reorientation and
8 (45° inevitably resulted in the growth of & crystal with the
cleavage plane vertical. It was found that crystals grown with the
cleavage plane horijkental were easier to shape and in the latter
stages of the work an effort w.as usually made to produce growth with
this orientation.
l.e. Purification of the Anthracene.

The initial attempts to grow crystals were carried out wsing
commercially available pure anthracene (B.D.H. Blue Fluorescent).
The powdered anthracene was sealed in the crystal growing tube (type -
;1.;.; under the vacuum or an inert atmosphers and orystal growth
attempted as described in section 1l.c. In spite of these precau-
tions against oxidation, ste., very dark brown crystals were produced,
no doubt the result of impurity in the starting material. A small

quantity of this impure material was purified chromatographically and
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used for crystal growth. Very much clearer crystals were

obtained and it became obvious that purity of the starting material
was one of the principle factors in the growth of single crystals
and it was necessary to find a method for the preparation of extremely
pure anthracene. It was not.until this had been achieved that any
marked improvement in the quality of the crystals grown was noticed.
Previous workers in this field had used one of two methods for
the purification of anthracene, ome, a lengthy recrystallisation
pzlocess involving as one of its steps a co~distillation with
| ethylene glycol (33), and the second Chromatography (28). It was
found jxoasible to set up a continuous flow chromatographic purifica-
tion appa.:!:atus which would produce adequate quantities of pure
material for the initial stages of the work and thus this method of
purification was adopted at the beginning of this study.

(a) Chromatographic Purification.

A con‘l:inuqus flow chromatographic columm similar to that used
by Leininger (33,49) for the purification of organic compounds was
used for this purpose. The column was packed with grade 1 alumina
and 40°-60°C petroleum ether was used as the elutriant.

Before the column was pa.cked.the alumina .(B.D.H. for chromato-
. graphic purposes) was reflumed for twc; hours with 50% acetic acid to

remove all alkaline im1->urities and then washed with distilled water
until the washings gave no acid reaction. The washed alumina was

dried at 200°C on a glass tray and bottled while still warm. Prior
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to use it was graded by dye adsorption tests (53) and if not

Grade I was reheated until a positive test was obtained.

The c.zolumn 15 inches diameter a.nd four feet long was packed
with the dry alumina and the petroleum ether passed for 24-48 hours’
before the column wee used to allow the alumina to settle. The
column was tapped' at intervals during this period, in order to release
air bubbles and air channels trapped during the packing.

Continuous elution was achieved as followa:-

The column was attached at the lower end to a large flask ccmtai;'xing
the petroleum ether. The solvent in the flask was boiled and the
vapour ascended by way of a side arm to the top of the column where
it was condensed and allowed to fall on to the alumina. The liguid
petroleum ether then passed-down the column into the flask. A4
"head" of the liquid approximately six inches high was usually built
up at.the top of the columm.

When the column was ready for use the anthracens was placed on
top and the elution with petroleum ether commenced. The column

was wrapped with thick paper to exclude light and a slow current of

because the anthracene is very readily oxidised on the column,in
presence of sunlight, to anthraquinone. This reaction can readily
be dete_cted because the white alumina column becomes yellow.

The anthracene was found to pass through the column rapidly

and the several impurities were absorbed on the column. These
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adsorbed impurities eventually separated into coloured bands

as elution was continued. -
The solution of anthracene passed into the boiler at the _base
of the column. When the solution became saturated, the anthracene
crystallised out in flakes which had a bright blue fluorescence and
could be removed when required.
The an'thra'cena purified by this method was of excellent purity
.b1‘1t the rate of production was slow. As improvements were made in
crystal growing technigues larger crystal growing tubes were .used, and,
although two éhroma.tagra.phic columns were operated together, the rate
of production of pure anthracene by this method was inadequate.
The columns needed constant attention, it being difficult on oocasions
to determine when break through of impuri'il'.ies was about to oectz:t;;

and needed repacking every 8-10 days. The overall rate of production

by- this method was appr;)ximately 40-50 gms. pure anthracene per week.

When this method of puﬁfication was abandoned approximately 100 gms.

of "the pure materi.al weére required per week and it was decided to

purify the anthracene by successive recr&stallisations, a method

which had the adivantage that a large amm.!nt-of material cou;d be_

~° " "purified in a fairly short time. ) -

(b) Purification by Recrystallisation. '
Hutchinson and lapage (42) had purified comnercial anthracene '

for the purpose of growing scintillator crystals by the following

series of processes.

1. Reorystallisation from acetic acid.
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2, Distillation under reduced pressure (three times).

3. Recrystallisation from acetic acid.

4. Recrystallisation from toluene.
Hutchinson and Lapage examined their starting material spectrosco-
pically and foeund that 4he impurities present were naphthacene,
perylene and carbazole together with some unidentified yellow
:impurify.

Spectroscopic examination of the impure anthracene (B.D.H. blue
fluorescent) used in the present study showed that absorption
.occurrad in parts of the spectrum where little or nomne would be
expected if the anthracene wére pure, and where absorption would be
~expected if the above mentioned impurities were present. These
regions were 270-300mp. and 400-460mp..  As a result of this it was
‘decided 0 attempt to use this method for the purification of this
anthracene.

The improvement in the quality of the material was checked at
each stage in the purification proéess by measurement of the U.V.
absorption spectrum using & Unicam S.P. 500 spectrophotometer. The
spectra of the initial and final materials are depicted in figure
6.a. and b. Figure 6.a. depicts the decrease in absorption of light
in the region in which the carbazole impurity should be ;apparent
(270-500-1}».) and figure 6.b. that region where naphthacene and
perylene -impurity would cause absorption (400-460mp). In figure
.6 »b. i8 included the absorption spectrum of the chromatographically

purified material in the range 400-460-,...a.nd it can be seen that
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the pure anthracene obtained by this second purification process

was purer than that obtained by chromatographic purification.

The spectroscopic study was not carried out quantitatively but
the results showed,in agreement with Hutchinson and Lapage (42),
that the initial recrystallisation from acetic acid removes the
greater part of the carbazole present, the distillation, the
paphtha.cene and perylene and the seconi recrystq.llisa.tim completed
the removal of the carbazole. That the above was the case was
assumed by comﬁarison with the work of Hutchinson and Iapage (42)
and Merrick (55). The yellow impurity reported by Hutchinson and
lapage was not detected. The final recrystallisation from toluene,
used by those 'woz.'kers, to remove the yellow impurity, was continusd-
however because it helped to remove a considerable amount of acetic
acid from the crystals. The greater part of the acetic acid
adhering to the‘crystals following the second recrystallisation was
removed by standing the reecrystallised anthracene over solid caustic
sod.é. in a desicecator for 24 hours.

The pure anthracene produced by this method was in the form of
white flakes which fluoresced blue in daylight. - The-U.V. -absorption
spectrum of the final product in the ' range 290-380 mu compares well
with that -'J:eproduoed bty Friedel and Orchin (54) for pure anthracene
and is depicted in figure T. -

The experimental details for the measurement of the U.V. spectra
are given in Append:li. I.

The quality of the crystals produced using this pure anthracene
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was very much better than those grown from the chromatographically

purified material, showing that this second method had resulted in
the production of very much purer'a.nthra.cene, and using this material
it was found possible to detect the cooling effects which affected
crystal growth (described in the previous section), and to develop
the design of the crystal growing vessel.

When the growing vessel type'4.f. had been evolved and all
major faults in crystal growth eliminated another facter concerning
the purity of the anthracene became apparent. When the crystal was
removed from the crystal tube (figure 4.f.) after growth it was seen
that, after the seed corystal had been initiated at the upper end of
the capillary tube, and growth had continued into the upper wider

tube, the apparently pexrfect crystel gave way to an increasing

density of faults, cracks and striations. It appeared as if the
impurities remaining in'the anthracene were concentrating in the
melt wntil a limit was attained where they started to crystallise
out and to disrupt the crystal’ lattice. The quality of the
crystal at the top of the vessel was very poor indeed compared to
that at the bottom. This concentration.of-impurities- in the melt |
can be likened to the process of purification by zone melting (56).
This observation lead to the consideration of the technique of .
zone ref:l.n-ing for the purification of the anthracene. It was
obvious that some improvement in purity of the anthracene had
resulted from a related process during the growth of the crystal

and 1t was therefore likely that zone refining would result in the




40
production of anthracene of comparable purity to that in the

lower half 61‘ the growing tube after growth.
(c) Zone Refining.

Fow reports of the application of this technique to the purifi-
cation of organic compounds exist (57,58). One of these (57) deals
with the large scale purification of naphthalene and this method was
adopted for the purification of anthracens.

Powdered anthracene was packed into a thick walled pyrex tube.
The tube was evacuated and the anthracene melted down to form a
compact mass. This process was repeated until a column of @nthracene
approximately 50 cms. long was obtained. The tube was then attached
to a high vacuum apparatus and evacuated for at least two hours at
"sticking" vacuum in order to remove all traces of oxygem. Shorter
evacuation periods resulted inm incomplete removal of oxwgex; as was
shown by the charring of the anthracene on subsequent melting. The
evacuation complete, 12 cms. mercury pressure of argon gas was
admitted to the tube and the tube sealed off. This pressure of
inert gas was necessary to prevent "bumping" of the molten anthracene.

The sealed tube was held vertically in a stand and & small
oylindrical heater, of di;net;z:_sughtiy greater than the tube, end
approximately 2 cms. in length, was suspended over the tube so that,
at the commencement of the experimemt, the heater was level with the
upper surface of the anthracene. The heater was wound from 2 yards
of Nichrome resistance tape (55' ohms per yard), on a pyrex glass

former. The input wa.:s controlled by a variac operated from the 250
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volt A.C. mains supply, and the heater was attached to a lowering

‘mechanism.

The temperature of the heater was adjusted to approximately
250°C. When the anthracene at the top of the tube had melted the
lowering mechanism was started and the heater lowered down the tube
at the rate of 25 oms. per hour. As the heater passed down the
tube the anthracene below it melted and the molten anthracene above
it solidified,with the result that a band of molten anthracene 3-4
cms. wide was produced which passed down the anthracene column at
a rate equal tc; the passage of the heater. When the heater reached
the lower end of the column it was automatically returned to the
top and the cycle recommenced.

The impurities present in the anthracene concentrated in the
melt and passed down the column with the molten band. Each
successive pass pushed these impurities lower and the result was an
enhancement in the purity of the anthracene in the upper emd of the
column.. | It was determined that after about ten passes of the
heater the anthracene in the upper three-quarters of the tube was of
higher purity than that produced by the prev:.ous two methods. A
photograph of a gone refinins tube on completion of purifloation is
depicted in figure 8.

No more information about the purity of the anthracene c.aould be
gained from U.V. spectroscopic methods but the quality of the crystals
grown served as an excellent indication of the high purity of the

anthracene purified by this method. The crystals produced showed
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none of the zone cooling effects noted in the previous samples

during growth and were single and free from striations and other
features associated with the presente of fairly large quantities
of impurity in the crystal. The crystals were singular throughout
the length of the growing vessel and crystals grown from this 2zone
refined material were used for the diffusion measurements.

The success of this method of purification led to its adoption
and all the material for the latter stages of the work was purified
in this manner.

1.f. The Filling of the Crystal Growing Tubes |

In early experiments (using tubes type, -figure 4.a. and b.)
the crystal growin.g vessels were filled with powdered anthraceme,
evacuated, and sealed under vacuum. This method was not very
successful because a considgrable number of small particles were
included with the anthracené and these tended to block the capillary
at the lower end and hence hinder érowth. ‘

-'l'he larger particles were removed as followss:

After the crystal growing tube had been filled with powdered anthra-
cene a glass tube with two cmstrictiqn_s was gla.ss-blo_um on 'I_:o tﬁ_e
upper end._ The complete tube was evacuated and sealed at the upper
of the two constﬁctions. The sealed tube was inverted and suspen-
ded in a tube furmace and the anthracene allowed to melt. The
ia.rger particles fell to the bottom and were easily tapped into the
space between the sealed and open constrictions. When all this

unwanted solid had been removed in this. way the second constriction
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was sealed and the particles trapped.

This technique removed the possibility of capillary blockage
d\iring growth but still left a considerable numbexr of smaller,
floating particles which could cause nuoleation and spoil single
orystal growth. In order to remove all such particles, both large
and small, it was found necessary to distil] the anthracene,under
reduced pressure, into the crystal growing tube (32,35), The
apparatus used for this purpose is depicted in figure 9.

The anthracene in the flask was melted under an atmoéphere of
argon gas. When this was complete the pressure in the apparatus
was reduced to 12 cms. mercury pressure of argon and meintained at
this value by means of the argon bleed. The anthracene distilled
quite rapidly into the crystal growing tube under these conditioms.

It was found necessary to heat the connecting tubes of the
apparatus with a hand torch during the distillation to reduce the
possibility of blockage of these tubes by anthracene, which tended
to solidify in the cooler parts of the apparatus. Some anthracene
. polidified in the air condemser during distillation and this was
melted into the crystal growing tube at_the end of the distillation.
' This techriique was found to be very useful in eliminating all
small particles which could cause nucleation and was used for filling
| the tubes types, figure 4.c, d, e. and f.

Anthracene undergoes quite a large contraction on solidification
and because of this it was f;aund necessary to f£ill tubes of type f£.

(figure 4) so that the central tube was always covered with anthracene
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during the crystal growth. If this was not done it was found

that when the crystal growing tube was suspended in the crystal
grm;ing oven distillation of the molten anthracene took place from
the central tube to the outside tube (A to B, figure 10), no doubt
as a result of .the different vapour pressures of anthracene vapour
over each surfg.ce. Before crystal growth had conmenced,.this
.dist:lllation had 1ittle effect because equilibrium could be maintained
by flow through the capillary 6. However, when the growing crystal
had blocked the capillary this was not possible and the level of
molten anthracene in the outside space rose at the expense of that
contained in the central tube. This distillation now caused two
.undesirable effects:

I 1. the production of & smaller crystal than anticipated

because of the loss of anthracene from A.

_2.' the stirring of the melt in A as the level B rose to
the top of the central tube and overflowed into A.
As it was found that better crystals could be grown from a placid
melt this latter effect was extremely harmful to good crystal

growth, and distillation was carefully avoided, in the way indicated

_-abt;ve. .
When the tubes had been filled they were attached to a high
va.cuum line, and evacuated at "st:i.c;king" vacuum for at least two
hours. At the end of this period of time 12 cms. mercu:y.i)ressure
of argon gas was added to the tube and the tube sealed off. The

small pressure of inert gas was included to avoid "bumping" which
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always occurred when the anthracene was melted under lower
pressurés than 8 cms. mercury.
1. g. The Annealing of the Crystals after Growth.

Organic crystals are, in general, very susceptible to thema.ln
shock and must be treated with extreme care to prevent damage from
this source. During the initial attempts at orystal growth the
crystal growing tube was allowed to descend slowly to the bottom of
the furnace, which was at air temperature, and was gradvally cooled
in this way. This method proved very time consuming, periods of up
to fifteen days being required to complete the growth of one crystal,
and a well lagged,electrically heated,tube fuinace was constructed
to anneal the crystals in the .crystal growing vessel after removal
from -the oven.

The annealing furnace was wouad from 2 yards of 33 ohms per
Yard Nichrome heating tape on an iron former 2 inches in diametexr
and 8 inches long,previously wrapped with asbestos paper for electri-
cal insulation. The iren formet was supported in a large tin and

well lagged with magnesia-asbestos lagging. Control was effected

by means of a S_'\mv:l.c_:__ energy regulator operated.from-the 250 volt R

A.C. mains.

As soon as corystal growth was complete, the tube containing the
crystal was transferred from the growth oven to the annealing fuina.ce,
which had previously bee.n heated to the temperature of the crystal
(«+180°), and was annealed at this temperature for two to three

days. Annealing served to ease strain in the orystal. At the end
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of this period the furnace and the crystal were slowly cooled

to room temperature by gradual and regular reduction of the energy
regulator setting over e period of apéroximat'ely 48 hours. In
order to ensure that each orystal had a similar history ail crystals
grown :t‘oi‘ use in the diffusion experiments were annealed in exactly
the same way.

1l.h. Removal of the Crystals from the Tube and Crystal Shaping.

After the oﬁstal had been annealed and cooled to room
temperature, the cry'sta.llisa.tion vessel was carefully broken open
and the crystal "boule" removed. The crystal thus obtained was
cylindrical in shape and similar in cross section to the; internal
tube of the crystallisation vessel. Plates of crystals were re_qui:;ed
for the diffusionexperiments and hence some shaping af the orystal
"boule" was necessary.

It was decided to use the (001) pla.ne' of the orystal as the
zero face for the initial diffusion experiments because this coinci-
ded with the cleavage plane (59) and was eesily located.

Examination of thet end of the "boule" which had broken away
_ 1;'rom_ the seed crystal at the upper end of the capillary tube showed -
the angle of the cleavage plane to the axis of the cyliﬁder of
crystal. By pressing a razor blade against the crystal at this
" angle the crystal was made to cleave apart. In this way the arystal
was cut into sections with parallel faces approximately 0:75 cms.

thick. Only those sections cut from the lower two-thirds of the
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crystal cylinder were used in the experiments. The reason for

this was' that it was thought that any remaining impurity in the
anthmacene used for crystal growth would have concentrated in the
upper third and in this way reproducable specimens could be obtained.

Cleavage of the anthracene crystal is well defined but a smooth
flat surface was rarely obtained and it was found necessary to polish
the c¢leaved face before the crystal was used in the experiments.

For convenience the other faces of the crystal were cut square with a
shaxrp razor blade and these were not polished.

Small pieces of crystal adhering to the cleaved surface were
removed with a razor blade and the surface ground flat by rubbing on
a glass plate,using fine carborundum powder lubricated with distilled
water as abrasive. Grinding in this way produced a flat matt
surface which could be polished with benzeme to produce a mirror-like
finish. Attempts were made to polish these surfaces with metal
polish but the a.lchoho'..l. contained in the polish attacked the crystal
surface and caused longitudinal cracks in the crystal. The approxi-
mate size of the finished crystals was 1°5 x 1+5 x 0.5 cmsa.

In order to determine whether the anthracene crystal exhibited-
diffusion anisotropy it was desired to carry out two experiments,at
two different temperatures,to measure the rates of diffusion in the
plane parallel to the cleavage plane. (The crystals prepared above
were to measure rates of diffusion perpendicular to the cleavage
plane.) .There is no definite cleavage in any other plane than the

(001) plene and some difficulty was experienced in determining the
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‘ direction. It was finally decided that it was not possible to

. select amother crystal axis for the measurements and that some
arbitrary choice would have to be made. In order that the results
of the two experiments carried out in this plane should be in
relation to one another it was, .however, desirable that they should
be carried out so that diffusion proceeded in a similar direction in
each case. . That this was the case was ensured in the following
manner: ' '

Before shaping, a large anthracene crystal was s'et up with the
cleavage plane normal to an "X" ray beam and the resultant Laue

_ d:lffra;ction pattern recorded on a photogfaphic plate behind the
crystal. A ver.y characteristic and unsymmetrical pattern, a photo-
graph of which iq shown in figure 11, was obtained.

The position of the crystal relative to the Laue pattern was

known in each case and hence,by comparing the crystal with the
diffraction pattern,the crystals could all be shaped so that the
initial face from which diffusion was measured was orientated in
exactly tﬁe same direction in each case.
_ ___ _The direction chosen corresponded to_the line AB on figure 1l.
The crystal and diffraction pattern were compared and a line
&rawn on the cleaved crysta_l surface which would- correspond to a
line parallel to AB on the pattern. A razor blade was placed. on
the crystal surface and a cut made parallel to this line and at
right angles to the cleaved surface. This cut face was taken as

the zero face for the diffusion experiments carried out in the
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direction parallel to the cleavage plane.

Rather more trouble was experienced in the prepara.tlion of these
crystals for the measurement of diffusion parallel to the cleavage
plane and attempts to cut the crystal to the size required with a
razor blade inevitably resulted in the fracture of the crystal. It
was found necessary to take a crystal approximately 1°5 cms. cube
and to reduce it to the size required by rubbing the face opposite. to
that cut as described above,with coarse emery paper. Whern the
cr,vsté.]r had been reduced in this way 6 15 x 1°5 x 0+75 cms? the cut
face and that opposite to it were polished in the manner described
above. _

All crystals used in the attempt to measure diffusion anisotropy
in anthracene were photographed with an X" ray beam, the initial
surface determined and polished as described above. |

The erystals, after polishing, were colourless and transparent,

exhibiting a blue fluorescenee in direct daylight.. Some of the

-thicker crystals appeared to have a faint yellow colour which the

author believes resulis from the optical pr_oparties of the crystal

.'rather than the presence of impurities. The- specimens used for the

diffusion experiments were tested for singularity by examination with
the polarizing microscope aﬁd were free of all striations and visible

imperfections.

2. The Synthesis of Anthracene - 9 - Carbon 14

There are certain special features comnected with the synthesis

of radio-active materials which meke them different in some ways to
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routine organic syntheses:

() The starting materials are unusual.

(b) The result of this is that the synthesis is
often long.

(c) The materials are costly.

(d) The synthetic route adopted must have fairly high
yields at each stage and the amount of dilution of
the radiomctivity throughout the synthesis mast be
sma.l'], so that the aspecific activity of the radio-
active compound is kept high. |

Although some .labelled organic compounds are avallable these
are costly and the usual approach to a radio-active synthesis is
the intrc;duction of the carbon-14 from barium 14-carbonate or
_potassium 14-cyanide. .

The synthesis ad.opted for the present work was more or less a
- cla.ss:.ca.l synthesis of anthracene and was based, except in the final
stages, upon a synthesis described by Stevens and Holland (60).
Barium 14-carbonate was used as the source of carbon-14 and as this was
ir_x-tmduoed during the early stages of synthesis great care was taken
to enuré that maximum possible yields were obtained at eap.h stage.

Figure 12 shows an outline of the synthesis, each stage of
which is described in detail below. The Roman numerals after the
various compounds refer to figure 12.

2.a. 0 - Toluic acid {{II)

o - Toluio acid - carbonyl - carbon-14 (III)-was prepared by
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carbonating a four-fold excess of Grignard reagent (II) obtained5
from o - bromotoluene (I) with 10 millimoles of lab.elled carbon
dioxide. This reaction was carried out in a high vacuum apparatus,
the procedure adopted being similar to that described by Dauben,
Reid and Yankwich (61) with slight modifications. The carbonation
apparatus is depicted in figure 13.

The Grignard reagent was prepared (62) from 1 gm. magnesium
and 6°8 gms. of o - bromotoluene using 100 mls. of dry di-ethyl
ether as solvent. The reaction was ;arriad out under an atmosphere
of dry nitrogen to prevent oxidative and hydrolytic loases.

The magnesium was placed in a round bottomed flask provided with
a sti.z'rer, together with 50 mls. of the -ei:ther. Half the o - bromo-
toluen.e was added and the mixture_reﬂuxad for half an hour to start
the reaction. A small crystal of iodine was inevitably needed to
initiate the reaction. At the end of this time the heater was
removed, the stirrer started and the rest of the o -.bromotoluene,
dissolved in 50 mls. of ether,_ added slowly over a period of half an

hour. The reaction was allowed to proceed with stirring until the

rate slackened. Finally the mixture was refluxed to _complete the_ _ ..-

reaction.

When the rea.ctiorlx was complete 10 mls. of the either solution
were taken by pipette (which had previously been flushed out with
nitrogen) and were decomposed in 50 mls. of water. Ten mls. of
standard 2N sulphuric acid were added and the mixture shaken to

decompose the precipitated basic magnesium bromide. The ether layer
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was removed and the agqueous solution. warmed on a hot plate to 52

complete the decomposition. Care was taken that the température

did not exceed 60°C,ms above this temperature decomposition of the
magnesium bromide occurs. The solution was cooled and titrated
against standard 2N sodium hydroxide using methyl orange as indicator.
The yield of the Grignard reagent was calculated and was usually
greater than 90%

The remain:i.ng solution of the Grignard reagent was transferred
by pipette to the reaction flask R of the high vacuum apparatus
(figure 13) which had previously been flushed with nitrogen ready
for the transfer.

The transfer complete, the apparatus was isolated and the ether
solution of the Grignard reagent frozen with liquid nitrogen. The’

taps T,, T_2, to the vacuum line, were then opened,and the apparatus

evacuated, to 'bticking' vacuum. When this state was attained Ty and
T, were closed and the solution in R allowed to warm to -25°C by
replacing the liquid nitrogen bath with an acetone/:lce bath at 'tha.t-
temperature. This allowed any nitrogen "“frogzen in" during the
rapid :tj::"ge__z_ing_“of;_the solut_i_g‘_:g _1_:c_> escape. _T_he solution was then
frozen again and the apparatus re-evacuated.

When "sticking" vacuum had again been attained the apparatus
was isolated from the main vacuum line. The reaction vessel was
iéolated from the rest of the apparatus by closing 1'.a.p:-'.l'3 and the
carbon-14 dioxide was prepared.

Ten mgms. of barium 14-carbonate containing 2 millicuries of
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radiocactivity were obtained from the Radiochemical Centre.

This radio-active material was diluted with 1°97 gms. of inactive
barium carbonate.

The labelled carbon dioxide was prepared by heating an intimate
mixture of the 1-97 gms. of barium carbonate with 18 gms. of lead
chloride to 350°C in the pyrex tube A (90). The preparation was
carried out under vlacuum.

The evolution of the carbon dioxide from this mixture is rapid
and quantitative at this tempe:;'a.ture. The volume evolved was
determined by stud,y:ing the pressure produced in the apparatus during
the process. The gas was passed through a trap D, cooled with an
acetone/s0lid carbon dioxide bath, to remove any condensable matter
which may have been present, and was collected in the storage bulbd

B which was surrounded by liquid nitrogen.

Attempts to prepare the ca:_rbog dioxide by reaction of cemcen-
trated sulphuric acid and barium carbonate (61) always resulted in
low yields of the final producb- (1ess than 30% yield). The author
believes this low yield to be the result of rapid reaction of the

Grignard reagent with impurities present; probably traces of water,

which initiate the Tapid décomposition of the Grignard reagent before
reaction with carbon dioxide will occur. This effect was not
eliminited bty the inclusion of the trap D, cooled with an acetone/solid
carbon dioxide bath.

When evolution of carbon dioxide was complete tap T 4 was closed.

Tap '1‘5 was then opened and the liquid nitrogen bath removed from

around the storage bulb B. The carbon-14 dioxide was allowed to
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condense on to the surfa.ce. of the frozen ether solution in the

| reaction flask R. When this was complete Tap '.l‘3 was closed and the
solution in the flask allowed to warm to -25°C. The Teaction
mixture was stirred vigorously for 30 minutes whilst the Grignard
reagent reacted with the carbon dioxide. The freezing, melting and
stirring cycle was repeated twice, by which time the reaction was
complete and the solution was allowed to warm to room temperature.
The reaction vessel was removed from the apparatus.

The reaction mixture was hydrolysed by pouring it on to a
mixture of ice and dilute sulphuric acid. '.fhe o-toluic aecid:
liberated in this way dissolved in the ether layer and was separated.
The ether layer was extracted with four 10 mls. porgions of N.

sodium hydroxide. The alkaline extract was cooled to 0°C and the

o-toluic acid precipitated by adding concentrated hydrothloric acid.
The o-toluic acid was filtered, washed and recrystallised from hot
water. 0-891 gms. of o-toluic acid were obtained, melting point
 104% (pure 104°-5%) (72).

2.b. Phthalic acid (IV)

The o-toluic acid was converted to phthalic acid by the oxida-

..+ . .tion of-a- solution of the acid in & thieé-fold excess of N. sodium

carbonate, with a 10% excess of F% potassium permenganate solution
(63). The reaction mixture was heated on a water bath at 60°-70°C
for ten hours.

At the end of this period the excess permanganate was destroyed
by the addition of ethyl alchochol and the solution filtered from

the precipitated manganese dioxide.
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The colourless filtrate was transferred to an evaporating
.ba.sin and the volume reduced to about 5 mls. by heating the solution
in a current of air. The concentrated solution was cooled and the

acid precipitated by addition of concentrated hydrochloric acid.
The phthalic acid was filtered at the pump.

A more complete recovery of the labelled phthalic acid was
effected by dissolving a small quantity (0°5 gms.) of inactive
compound in the hot filtrate. A second quantity of less active
material was obtained on cc;oling. _The combined acids. were recry-
stallised from water. A yidl of 0.75 gms. of radicactive
phthalic acid was obtained, melting point :206°C (pure 207°C) (72).
The total we;i.ght including the inactive material was 1+25 gms.

2.c. o-Benzoyl Benzoic acid (VI).

The conversion of phthalic acid to o-benzoyl benzoic acid was
made via phthalic anhydride (V). Phthalic anhydride was prepared
(64) from the parent acid by refluxing it with four times its weight
of freshly distilled thionyl chloride for three hours. When
refluxing was complete three successive portions of benzene were
distilled. from the. .anhydride -to- free -it-from excess- thio‘njr‘i‘chlofide,
and the purified anhydride recrystallised from benzene. Long needle
like crystals were obtained in approximately 96% yield.

o-Benzoyl benzoic acid (VI) was prepared (65) from this compound
by & Friedal-Craft type reaction using 5 mls. benzene and 19 gms.
freshly sublimed anhydrous aluminium trichloride. The phthalic
anhydride and the benzene were placed in a small round bottomed

flask and the finely ground aluminium trichloride added slowly. A
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reflux condenser was attached and the reaction mixture allowed
to stend at room temperature for one hour. At the end of 1-:his time
the reaction mixture was refluxed on a Water bath for a fu.?ther two
hours. The apparatus was carefully dried prior to use a.nq the
reflux condenser provitied with a drying tube at the upper end, in
order that atmospheric moisture could not en.ter the system.

On completion of the reaction. the crude acid was dissolved
in dilute ammonium hydroxide a.nd_ the mixture filtered. The
ammoniacal solution was cooled and the acid precipitated by addition
of_ concentrated hydrochloric acid: The acid precipitates as an oil

which solidifies on being allowed to stand. It was filtered and

: recrystalliaed from water. The final yeild of pure material was

1-1688 gms. and the melting point 93°C (pure 93°C) (72).
2.d. Anthraquinone (viI)

The preparation of anthraquinone (66) was accomplished by
refluxing the o-benzayl benzoic acid with 60 mls. 96% sulphuric
acid,on an oil bath at 120°C for two hours. On coml;letion of the
reaction the contents of the flask were poured intlo an excess of

water. The anthraquinone precip:l.ta.ted as a slurry which was

d:i.gested on a hot pla.te. It was then filtered and wasghed well
with dilute ammonia to remove traces of unchanged acid. This
prodﬁct ‘was iéc;;wstallised from glacial acetic acid and dried at
120%. The yield was 1+020 gms. and the melting point 286°C
(pure 286%) (72).
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' Stevens and Holland (60) recommend a two stage reduction of
anthraquinone to anthracene via anthrone (VIII). It was found by
the author however that although the reduction to anthrone (67)
proceeds rapidly and well (yield 95%), that of anthrone (68) rarely
yielded more than 10% of very impure anthracene.

The possibility of reduction of the anthraquinone di.rect to
anthracene was su.ggested by Dr. E. Clar (69). This method was
attempted and although the final yield of anthracene was low (40—
50%) it was a great improvement upon the method suggested by Stevens
and Holland and was adopted for the final stage of synt;hesis.

The anthraquinone from the previous preparation was heated under
reflux with 6 gms. zinc dust and 20 r.nls. of pyrid:ln‘e. 5 mls. of
80% acetic acid were added to the refluxing mixture over a period of
three hours. Reaction was complete when the colour of the solution,
which was originally yellt-w;:, faded, a change which took approximately
three hours. |

When this change was complete the reaction solution was decanted

into 100 mls. % hydrochloric acid. A zinc chloride-hydroxy

;.nt_hr;.oene complex was precipitatéd. The zinc residues were washed
with a little water and pyridine and ’t';he washings added to the acidic
solution. The precipitate was boiled for twenty minutes and allowed
to mtand overnight in a refrigerator. .

Next day the complex was filtered at the pump, washed with water
and finally with ammonium hydroxide solution. ' This latter reagent

destroys the complex and removes the zinc chloride. The washings
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and mother liquors were evaporated down to increase the yield of

material.

Excess ammonium hydroxide was not removed from the decomposed
complex because it hinders the possible formation of zinc chloride
which may still be present as an impurity and could have a degreda-
tive effect during the sublimation process.

' The residue after decomposition of the complex was dried and
sublimed in a high vacuum system. The sublimed product was
recrystallised from toluene. Beautiful blue flakes of anthiacene
(melting poiﬁt 217°5°C (pure 217°C)) (72) were obtained. The yield
was 0-400 gms.

2.f. Activity of the Specimen

The initial sample of barium l4-carbonate contained two milli-

,curies of radioactivity. The fingl product, 0°277 gms. of

"anthracene - 9 - carbon 14 had a specific gotivity of 0+6 micro

curies/mgm;..
The relative amounts of product at esch staege in the synthesis

and t_he Yyield in each stage are given in table I.
Table I. The percentage yields of the compounds obtained at ea.c_h o

stage of the synthesis

Compound Weight gms. Yield %
2.a. o-Toluic acid (IIT) 0-891 65 |
2.b. o-Phthalic acid (IV) 0+750 69
2.c. o-Benzoyl Benzoic acid (VI) 1188 70
2.d. Anthraquinone _(vn) - 1.020 94

2.e. Anthracene (IX) 0400 . 46
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3. The Deposition of Radiocactive Anthracene on the Crystal Surface.

It is desirable that the radioactive material should be
deposited on the ocrystal surface in such a way that the deposit is a
continuation of the crystal lattice. There are two methods which
have been used in other branches of this field of reseth to produce
such an epitaxial deposit which are applicable to the present case:

1. Depolsit:lon from saturated solution.
2. Evaporation of the solid az to.te surface :I.n a vacuum.

There are two major objacti_oné to the firat of these. Earl:ler
in this thesis it was poir-zted out that-some solvents, when used for
solvent polishing, caused cracks in the crystal surface. One
explanation of this could be that the cracking wes the result of
thermal shock due to local cooling as the solvent e;rapoia-ted'.
 There is therefiore a possibility thet similar effects could result
from the '_ava.poratibn of the solvent, folloﬁng the application of
the saturatéd solution to the crystal surface. These cracks, if
produced,-oould provide a short cﬁcu:lt- path for the penetration of °
the material inte the crystals.

.. The geciop_t_l eb__je._c_tiox_x is _tl_;e_poaa_:!.b_:l.l_it}_r that the solution may
“cz.'e'ep" round the sides of the crystal and ééposit the redioactive
substance there as well as on the intended face, again causing
interference with the diffusion experiments.

The above objections do not arise in conside'.ratiqn of the second
method, providing that care is 'ba..ken in the design ;>:E‘ the evaporation

apparatus to obviate the possibility of deposition on other faces
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than that desired, .Tlis is easier 0 arrange for the evaporation .

method than for deposition from saturated solution, and because of

this advantage it was decided to investigate the possibility of using

this latter method for the present study.

Preliminary experimente carried olut to -determine whgther '
anthracene could be evaporated in this way showed this method to be
praictichl;la, and it was found that powdered anthracene evaporated
readily from a small hot plate on-to a cooler surtlace placed
immediately above it,to form a 'as,-tisfactory deposit. These experi-
ments were not carried out under vacuunm, but .the results were
promising and a high vacuum apparatus was constructed for the evapo-
ration of the anthracene as it was thought that evaporation in vacwum
would result in even better deposits being formed.

3.a. The Evaporation Apparatus.

* The main requirements of this appé.ra.tus weres:

1. A small heater from which the radiocactive sample

could be evaporated.

2. The distance from the heater to the c¢rystal should be
low so _tha.t' a large portion of the evaporated material
would reach the crystal surface.

. 3. Some feature should be included to confine the radio-
active matgria.l so that it could be easily recovered
at the conclusion of the ezper:l.m_ent.

4. The orystal should not be subject to thermal shock
from the proximity of the heater.

5. The evaporated anthracene should be deposited in a
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well defined area on the crystal surface and that

it should be prevented from depositing on any other
surface during this process. .
6. The apparatus could be readily taken apart for cleaning
ar.ld for the replacement of the crystal. .
With these major requirements in mind the glass and metal high vacuum
apparatus d.epi'c‘ted.. in figure 14 was constructed for the ewaporation
of the radioactive anthracenme on to the orystal surface.

The apparatus was designed in twc; parts, the lower portion of
which contained the heater and the upper, the crystal in a holder.

In eacﬁ half of the evaporator the ground joints were held together
with Apiezon high vacuum wax W100. The apparatus could be readily
teken apart at ground joint J which was greased with Apiezon N. high
vacuum grease, for ease of separation after each evaporation.

The brass crystal holder A consisted of an upper and lower
flange 4 and 4p. The upper flange 4,, which had a hole 1.2 cms.
diameter in its base, was screwed into the bottom of the cold
finger B. On this flange rested the crystal C. The space between
the crys1_:al a.nd_ ?_wgs_ pracked with silver wool which served a dual ----
purpose. Firstly, when the flange was screwed home the silver wool
pressed the crystal against the base of the flange and prevented the
passage of vapour between the crystal and the flange. This removed
the possibility of deposition of radioactive anthracene on any other
part of the crystal surface than the area defined by the hole. in the

flange. Secondly, it provided excellent thermal contact between
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the crystal and the bottom of B. Through B was passed cold

water which helped to maintain the crystal and the brass flange A

at a constant temperature. The lower flange was attached to the
upper by four long screws and separated from it by means of a pyrex
glass tube G of diameter 2 cms. and depth 1 cm. through which the
evaporation .could be watched. The hole in the lower flange was just
: large enough for the head of the hot plate H to pass through.

The lower portion of the apparatus consisted of a hot plate H
and an electrical heating coil E wound on -'a. pyrex glass former from
33 ohms. per yard "Nichrome" resistance tape (total rdsistance 60
ohms.). Connections to the heating coil were provided by two tung-

sten to glass seals in the surrounding wall. The hot plate H was

an aluminium rod, the end of which had been turned to form a small
cup. The hot plate slipped inside the glass former of the heating
coil as shown in -the diagram. When the joint J was sealed the cup
of the hot plate passed through the hole in the lower flange of the
crystal holder to lie, enclosed by the circular glass window G,
about 2-3 mms. from the orystal in the holder. 1In this way the

requirement that the heater and sample should be only a small . . _ .

;i._i-s_ta.nce from the crystal surface was met, andi also the evaporating
anthracene was confined to the volume of the glass tube G.
3.b. The Evaporating Technique.

A crystal was placed in the holder and packed with silver wool.
The holder was then screwed into position in the base of the cold

finger, so that the orystal was pressed tightly against t.he face
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of the holder.

The charge of anthraceme - 9 - carbon-14 was placed in the cup
of the heater and apparatus assembled. The tap to the vacuum line
Was opened and the evaporator evacuated at "sticking" vacuum for two
hours. At the end of this period the apparatus was isolated from
the vacuum line and the heater terminals connected to the 250 wolt
A.C. mains through a variac. The input to the heater was adjusted
to0 0+30 amps and the heater allowed to warm up over a period of 30
minutes. At the end of this time the temperature of the hot plate
was just below that require-d for rapid evaporation ef the radio-
active anthracene. The tempemtui‘e attained was 800C., The input

was then increased to 0¢35 amps which caused a sudden increase of

the temperature of the hot plate to 110°C, the temperature required

for rapid evaporation of the anthraceme. Rapid evaporation of the
anthracene from the cup of the hot plate occurred and anthracene was
deposited upon the face plabe of the crystal holder and the wall of
the surrounding glass tube as well as on thé crystal .surfa.oe. The
rate of evaporation was approximately 2 mgm. of anthracene per
minute. This input (0-35 amps) was_spplied for about.5-10 minutes.
depending upon the size of the original charge and was then increased
to 040 amps to complete the evaporation process.

It was found that a much better deposit resulted from the above
rate of evaporation than from slower rates. Slower rates of evapo-
ration usielly lead to the formation of dense whisker like growth

from the surface and not an even deposit over the surface of the
crystal.
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3.c. The Nature of the Deposit.

Microscopic examination of the crystal surface after deposition
of the radioactive anthracene showed that the deposit formed a
transparent raised step on the surface of the crystal, of d:ia.rneter
equal to the hole in the face plate of the crystal holder. The
surface of this raised portion was in most cases covered with a
mass of smaller crystals which had grown out from the surface of the
deposgit.

A blank experiment was carried out to determine whether the
raised step was the result of deposited anthracene or whether it was
caused by pressure of the crystal against the :_E'a.ee plate,accompanied
by heat from below. This experiment was oa.rrie;i out with no
anthracene in the cup of the hot plate and it was found that, even
after periods of several hours &t maximum heater temperature, no
such step was formed. It was therefore coméluded that the trans-
parent step formed on the surface ﬁa.s the deposited anthracene.

That the deposit was formed epitaxially on the surface was shown by

examination of the crystal and the deposit with the polarizing

_A very -good tes; o-f the epitax:l.a-,l nature o'f the deposit was
supplied by several e_xperimentg in which inactive anthracene was
eva.pora.;:ed on to the surface of a polycrystalline specimen.in which
the crystallites were quite large. A transparent raised deposit
was produced as described above. VWhen the crystal and dapo.sit was

viewed under the polarizing microscope and the crystal rotated,
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alternate light and dark areas could be seen when the separate

crystallites were orientated so that extinetion of the beam of
polarized light resulted. It was found that the evaporated deposit
followed the same pattemof extinction as the underlying crystallites.
All the single er,ysta-als and deposits used fof the experiments wexre
examined in this way.

Whereas the greater part of the radicactive material was found
to be deposited ep:l.taxial];v, a small fraction always greﬁ out from the
surface of the deposit in the form o:f"whisl-:ers'! The number of
whiskers formed seemed to vary with the experiment and could not be
said to be the same in all cases. Removal of the whiskers by
slight rubbing showed that an epitaxial depesit had always been
produced underneath. In all cases some of the whiskers were removed
in this way. Attempts were made to eliminate the formation of
these whiskers by varying th; rate of evaporation of the anthracene,
but it was found that slower rates of evaporation lead to the forma-
;tion of more whiskers, and faster rates produced no marked differen.ce.

It was later shown that the epitaxial deposit beneath the
whiskers was sufﬁc1ent1y large to produoe the diffusion of a measur-
“Bble adount of redioactivity into the crystal, and because of this
the evaporations were oarried out in the above described manner and
no attempt at further improvement was made.

The amount of radioactive anthracene deposited on the crystals
used for the diffusion experiments varied from 2 mgms.to 15 mgms.

d.epepding upon the quantity of radiocactivity required in the surface
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deposit. All crystals and deposits were examined under the

polarizing microscope before use and it was found that in all cases
a good epitaxial deposit was produced.
3.d. Approximate Thickness of the Deposit.

The presence of the whiskers on the crystal surface prevented
an accurate measurement of thickness of the deposit hy use of a
microscope. An.effort was made to relate the deposit thiclkmess to
the amount of radiocactive material evaporated from the cup of the
hot plate by detérmining the weight of the deposit per weight
evaporated.

It was found that the approximate weight of the deposit was
0-04 mgms. per mgm of anthracene evaporated from the hot plate.

Now Radius of the deposit = 0+6 cms.

". Volume occupied by the deposit =Tx (0-6)2 x t cms?.
vhere t = thickness of the deposit in cms.

' density of anthracene = 1-25 gms. per cc. (87).

5 .
Y R —

t = 2.8 x 10" -3 cms. per mgm. anthracene evaporated.

- Although the ‘amount "of anthracéne evaporated on to the ci_ystﬁl--
varied, 1ihe most usual weight evaporated was 8 mgss. and thus this
weight would result in a deposit approximately 2 x 10'4 cms. thick.

The diameter of the deposit was 1.2 cms. and the size of the
crystals approximately 1+5 x 15 x 0+5 cms3. Figure 15 shows a
diagram of a orystal and deposit.
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The major difficulties experiencedin the diffusion. experiments

arose from the relatively high vapour pressufe of anthracene.

Solid anthracene has a vapour pressure of 1 mm. at 150°c. and this
rises rapidly to 40 mms. at the melting point (217.-0°CK[@. Such a
high vapour pressure implies that, under normal conditions, the rate
of evaporation of anthracene at these temperatures would be higli '
and, in a diffusion experiment, would :r.'e'su-lt in the loss of anthra-
cene from the crystal and also the loss of radiocactivity from the
deposit. _

The magnitude of the former loss was shown in an experiment in
which a crystal of the same size as those to be used in the diffusion
experiments, was heated at 100°C under atmospheric pressure. The
crystal suffered a 9676 loss in weight over a period of 24_ hours.

"It was proposed to carry out aiffusim experiments at températures
up to the melting point and as the rate of evaporation would increase
with temperature it was obvious that this difficulty would have to
be overcome.

The loss of radiocactive anti:._m_me from the surface could effect
the .experimenis in two ways:- -

. 1+ The radioactive material, following evaporation during i:he
diffusion experiments, could be dep.os:lted on other faces of the .

' crystal thus rendering the subsequent experimentj results m.ea:;:ingless,
because,in addition to measu;iné the amount of radioactivity which

had diffused into the cxrystal from the original deposit, that which



To needie valye and
nitrogen cylinder, €> ]

FIG.16. THE AUTOCLAVE.




68
had been deposited on the other crystal faces during the heating

process would also be measured.

2. If the loss of the redioactive deposit was rapid then measure-
ment would be made of the rate of diffusion from a source of dimini-
shing strength and some difficulty would be found in formulating a
diffusion equation for this process.

For these reasoms it was necessary to reduce the rate of
evaporation to as low a value as possible.

4 .a. The Reduction of large scale losses of anthracene during the
diffusion experiments.

Large scale losses of anthracene were reduced by carrying out
the experiments under a pressure of inert gas in a steel autoclave,
a diagram of which is depicted in figure 16. The vessel of the
autoclave which was made from a solid steel bar had an internal
diameter of 2+5 inches 'a.nd a depth of 6 inches. The wall thickness
-of the vessel was 0°5 inches.

In the 1id of the autoclave, which was of similar thickness to
the wall of the vessel, was drilled a hole in which was welded a
thick wall brass tube 10 dnches long which.projected- upwards-from
the 1id. To the upper end of this brass tube was attached a
pressure gauge which indicated the pressure in the autoclave when
in use. 0as was admitted to the autoclave directly from a large
cylinder. The comnections from the autoclave to the cyl:i.nder were

made by thin bore copper tubing and union connections, and the

pressure in the autoclave when in use was maintained by a high
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pressure needle valve.

The 1id was held to the bomb by eight 5/16" nuts and bolts, the
bolts being welded into the bomb. A gas tight seal was made as
followss:

On the top of the vessel was a lip which fitted into a circular
groove in the 1id. Before the 1id was placed in position molten
lead was run into the circular groove and allowed to solidify. The
1id was then placed over the projecting bolts and the nuts screwed
on and uniformly tightened. As the 1id was drawn to the vessel in
this way the 1ip on the vessel "bit" into the lead ring. The seal
go formed proved very effective indeed at pressures up to 300 lbs.
per sd. in. and temperatures up ‘1;0 250°C, The inert gas used
during the experiments was oxygen free nitrogen (supplied by the
British Oxygen Gases Ltd.).

Experiments carried out with the autoclave proved that applied
pressure could successfully reduce the large scale loss of anthracene,
even at temperatures near the melting point, to a point where the
losses involved would probably have no effect on the diffusion
] e_xpfz_'in_lgnts_._ s o T

Preliminary experiments on the measurement of the rates of
self-diffusion in-anthracene showed that, in order that the periods
of heating for the crystals should not be too long, it would be
necessary to use temperatures greater than 150°C. It was found by

experiment, using the upper pressure limit of the apparatus (250 1bs.
per sq. in.), that the rate of loss of anthracene from a crystal in
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the autoclave was negligible at 150°%C but increased at higher

temperatures. The rate of loss of anthracene became critical at
190°C where, after the period requireci to produce measurable
diffusion into the crystal (~~50 hours), a piece of the crystal not
mch greater in size than the width of the deposit remained. If
it is assumed that the radioactive material from the deposit only
diffuses normally to the initial surface and in the cylinder of
diameter equal to the diameter of the deposit, them it could perhaps
by said that even this loss of anthracene at 190°C would not affect
the experiment as that part of the crystal involved in the diffusion
! experiment still remained. It is thought therefore that the large

scale losses of anthracene can be said not to affect the diffusion

éxperiments at temperstures up to 1900C under pressure of 250 lbs.
per sq. in. of inert gas.
There now remains the question as to how losa of radioactivity
from the deposit, which will be at the same rate as from the rest
of the crystal can be reduced. The da.néers of such loss have been
pointed out above and in o:;der to minimise these effects in experi-
ments at those tempe:ah_zfes‘!hexze_, even under pressure, the loss-ef -
T a._nthr;a.cex-me :I.s rapid, it is obvious that the deposit must be protected
in some way. The way in which this was achieved is described in the
following section.
4.b. The Protection of the Radicactive Deposit.
Initially, att.m@ts. were made to protect the deposit by evapo-

rating inactive anthracene on to the surface of the deposit. This
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method proved unsuccessful, probably as a result of the presence

of whiskers on the surface of the deposit, and losses of radio-
activity during heating, from a orystal treated in this way were
8till high because of the impossibility of complete mverage.

Next a method was attempted in which two crystals, each with a
radioactive deposit,were pressed face to face with the deposit
between the common faces. It was not possible however to attain a
good'enough degree of contact between the crystals and losses of
radicactivity on heating were still rather high. .It was decided
that if such a method was to0 be used some way of sealing off the
common facea would ha.ve. to be found.

Anrattempt to wéild the cxrystals together at the edges with a
heated wire failed because, when the wire was hot encugh to melt
the anthracene the sudden local heating at the touch of the wire
cracked the crystal and spoiled it.

A more delicate technique attempted, was to hold the crystal on
either side of a loop of resistance wire through which an electric
current wa.a.a passed. The current was graduslly increased un'l':il the
wire loop was hot enough. to melt _into_the crystal and seal off the.

volun_te rouz;d the depo-s:lt. An excellent seal was produced in this
way but the crystal aurfac.ze wes spoiled ag it was difficult to
se-parate the crystals without breakage after the eJ;per:I.ment.

In the most successful method attempted for the protection of
the deposit two crystals were placed déposit to deposit on either

side of a "Teflon" washer which surrounded the deposits, and were
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pressed together in a small press as depicted in figure 17.

Enojgh pressure waas exerted to press the washer against the surface
of the crystals and seal off the volume containing the deposits.
In the heating experiments the crystals and washer,still in the
press,were sealed inside the autoclave. The washer provided an
excellent seal and reduced the losses of radicactive anthracene
considerably. '

It was found necessary to separate the crystals from the bra.a.s
pregssure device during the experiments by thin glass slips as there
was a tendency for the ecrystals to stick to the .metal on heating.

There was still some loss of radioactive material from the

" surface but this was very mch lower than from the open crystal

and this method was adopted for the protection of the radiocactive

depoeit during the heat treatment of the crystals.

"4.c. Losses of Radicactivity during the Experiments.

The activity of the surface deposif was measured before and
after the heat treatment of the crystals using a thin end windowed
Geiger-Muller counting tube (type G.M.4) in a conventional lead

castle arrangement.

-Tai:ie— | II— w-here they are compared with the percentage of the total
acﬁvit,y which ha penetrated into the crystal during the diffusion
experiment.- - ' '

It will be seen that a decrease in surface acgtivity resulted
in each case. Comparison of this decrease with values for the

total activity which has diffused into the crystal during the

The results 6? these experiments are given in_. . .. . .



Table II. The decrease in radiocactivity of the surface deposit
during the diffusion experiments

Grystal Activity.counts Percentage decrease Percentage decrease
per minute in surface activity in surface activi
due to penetration

Initiall Pinal %
A 1183 972 18 20
B 1769 1558 12 9
¢ 3055 2659 13 . 3
D 2531 437 83 -
B 2120 620 71 -
F 2563 2180 15 -
G 1230 900 27 . 16
H 1763 720 59 2
I 2883 2578 11 35
J 2199 2099 5 3
M 2138 2115 1 63
L 2275 1955 14 <
0 3896 3169 19 4
P 4276 3619 1 <
Q 2924 2458 16 3
R 5510 3364 39 -
S 4339 4639 0 -
7 4824 3618 25 - 16

1. Measured with an end window G.M. tube.
2. Calculated from the results of the gas counting

experiments given in tables IXb-XVIb,
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experiment (Chapter II, Tables IXK1-XVIb) showed that in most

cases the loss of surface activity was greater than would be
expected from the diffusion of ra_dioa.ctive material into the
crystal, and hence this decrease must in part represent a loss from
the surface.

It was previously stated that the deposit consisted of two
portions, an epitaxial deposit, and "whiskers", which grew out of
the surface of this deposit. The e_ffeét of heating on such &
deposit would be the more rapid evaporation of the "whiskers"
because of their higher surface ax;ea,,accompanied bjp the slower
evaporation of the epitaxial portion. It was a-j_l.so stated above
that £he number of .whislcers varied in each case and hence it would
be expected that, if this loss was representative of the rapid
evaporation of the whiskers, the percentage loss should vary in
crystals heated at the same temperé.ture. Reference to Table II
shows this to be the case and ' the author proposes that this large
scele loss represents the rapid evaporation of some of the "whiskers"
from the surface of the deposit. |

Such a loss would not affect the diffusion rate -as the ]

controlling factor in this process will be the epitaxial deposit
and hence the effect of the loes of whiskers on the diffusion
process was negligible.

Other evidence for the loss being representative of evaporation
of the whiskers is shown in cases where the loss is great. Such a

loss should correspond to a large fraction of whiskers in the
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deposit and hence only & thin epitaxial deposit. It will be

shown later that the concentration of diffused activity in the
crystal depends upon the quantity of radioactive material on the
surface, thus the above conditions should result in a low level of
radioactivity in the crystal. That a large surface loss was
accompanied by a low level of diffused activity in the crystal was
shown by the preliminary experiments (Chapter II, Experiment 1)

and by crystals D and E which, although they were not sectioned
accurately because of this loss were shown to have only a very low
level of diffused activity, and hence these experiments support the
suggestion made above. In spite of the fact that lodses of radio-
activity from such a cause would not affect the total strength of
the diffusion source it was possible that the radioactive material
which evaporated from the initial surface would deposit on other
faces of the crystal. An attempt which was made to measure surface
diffusion showed that this was not the case and the radioactivity
on the crystal surface was confimed.ito the deposit alone which might

be expected if it is considered that the crystal is under isothermal

conditions. R - -

The surface diffusion measurements referred to above were made
using a crystal with a line deposit of radioactive anthracense.
The crystal surface with the line deposit was scanned with a thin
end windowed G.M. counting tube mounted over a narrow slit. The
crystal was movel underneath the slit on a screw carriage. No move-

ment of the radiocactivity on the surface was found to have occurred
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even after heating for i60 hours at 150°C, and although some loss

of radioactivity from the surface was observed during this time
(15%) none was observed to deposit elsewhere on the surface, the
experimentally determined profile of radiocactivity on the surface
remaining the same over this period.

This method of detection was far less sensitive than that used
for the bulk diffusion measurements and hence may not have detected
small amounts of radiocactivity deposited on the surface, therefore,
as an a.ddeé. precaution a thin section of anthracene was removed,
with a razor blade, from each of the four faces of the crystal at
right angles to the initial faoce prior to sectioning the crystal,
thus removing entirely possibility of contamination from this
source., |
4.4. The Experimental Technique.

A well lagged, electrical furnace in which the bomb eould be
enclosed was constructed. Temperature control of the furmace was
effected .hy & circuit similar to that described previously (figure
3.8.) and was such that the temperature of the furnace could be

controlled to an accuracy of ¥ 0:5%. i - -
) '1'1;; furnace was set to the required temperature and the sealed

autoclave placed in, and attached to, the nitrogen cylinder. The

pressure in the autoclave was raised to 200 1bs. per sq. in. and

reléased to help remove the air which was present after sealing.

After this process had been repeated twice the pressure was raised
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to 100 1bs. per sq. in. and the autoclave allowed to attain the

temperature of the furnace, & process which usually took 3-4 hours.
When the required temperature had been reached the pressure, which
had increased on heating to 150-160 1lbs. per sq. in. was boosted to
250 l1lbs. per sq. in. by admitting gas from the cylinder and the
apparatus was allowed to stand for the period of the experiment.
Slow leakage of gas from the autoclave inevitably ocgurred during
the course of the experiment and it was found necessary to admit
more gas at least once per day to maintain the pressure in the range
200-250 1bs. per sq. in. .

On completion of the experiment the autoclave, still at full
pressure, was taken out of the furnace and allowed to cool. The
pressure was then released and the crystals which were in the small
press removed.

The experimental error in the determination of the heating
period, i.e. that time of the heating and cooling process, during
which the rate of diffusion could be considered rapid enough to
have some effect upon the mea_sured value, is considered to be less
than 30 minutes. This period of time-represents -the sum of the
times before and after the experiment when the temperature of the
autoclave was within 20-30°C of the required temperature, and was
less than 1% of the time when the furnace was at maximum tempera-
ture in éach case, It was assumed that zero time was that time

when the required temperature was attained and that the experiment
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was completed when the autoclave was removed from the oven.
Prelimihary experiments to determine the temperature inside the
autoclave during heating,indicated that the temperature of the
crystal would be determined by the temperature of the lower part of
the wall. These experiments were carried out as followss:

The autoclave was placed in the hot furnace and a temporary 1id
_pla.ced over the top. A calibrated thermocouple was attached to
the side of the bomb so that contact with the wall was mainta.ined-
but also so that it could be moved up the wall. The temperature
of the wall was taken at regular small intervals from bottom to
top. This reading w;s compared with that given by a second
ca.librate:i thermocouple moved inside the autoclave. It was found
that, when the autoclave had reached thermal equilibrium, the two
thermocouples gave a similar reading at each point and that the
temperature inside the autoclave was equal to that of the wall.
The temperature was shown to be uniform for a distance of 4 ihehs_
from the ]Jower end -of the autoclave. Above this region the
temperature decreased gradually.

. _ The temperature- of the lower wall of the aitoclave, and hence
the crystal, was measured during the diffusion experiments using
an accurately ;:a.libra.ted iron/constantan thermocouple ,a.ttached to
the wall of the autoclave at the same height from the bottom of
the autoclave as the enclosed crystal.

The thermocouple was checked for consistency of reading before



Pable III.

The temperature wvarliation during a typical

experiment

Trial Experiment No. 1.

1st day

2nd day

Time
hours

17-30
1900
20.30
21.15
10.00
11.15
12.00
13.30
15-00

16-15

1715

21.00

Temperature
o

1515 3rd day
1515
1530
152.5
153.0 4th day
1553-0
1535
152.5
152.5
152.0
152.5
152.5

Time
hours

10-30
1230
15.00
17-00
10.30
11.15

12.30

©15-30

18-30
21.30

Temperature
%

153+0
153 5
152.5
152.0
153 .0
152.5
152.0
153-0
152.5
153.0

Temperature variation = 151:5°-153.5°C

Thermocouple Check
Thermocouple reads

N.P.L. Thermometer reads

<. meen temperature = 152.5°C

150
150°C
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and after each experiment and small devia.tio_ne were corrected.

Table III shows the temp.arature variation for a typical experiment.
The readings were taken at irregular intervals over a period of
76 hours.
4.e. Periods of D'if;fuion.
Preliminary experiments indicated that diffusion periods of

about 3 days at 150°9C was required. Subsequent more accurate

experiments showed this figure to be rather low, the .resullting pene-
tration being small, and the time was increased accordingly. The
periods of diffusion were varied with temperature in order that the
shortest possible heating period was used at the higher temperaturesy
so that the loss of anthracene as a result of evaporation of the
orystal was reduced to & minimum. The temperatures and periods of
diffusion for each experiment are given in Table IV,
Table IV. The temperatures and diffusion periods for each experi-
ment.

Experiment 1 2 3 4 « 5 6 7 9 10

Temperature °C 150 152-5 177 177 1896 153-5 160 160. 174

Diffusion Period 60 79 45-5 T9.5 49 231 219 170 88.
_hours A ]

On removalifrom the autoclave crysta.is were checked for less in
welght and radioa.ctivity and sectioned as described ia‘eil.:aw.
5. The Crystal Sectioning Technigue. |

The quantity of radioactive material which has diffused into the

crystal during the heating period can be determined in two ways:
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1. The decrease in radiocactivity at the initial

i face, as the radiocactive material peﬁetra.tes
into the oxrystal, can be studied.

2. The cxrystal can be sectioned parallel to the
initial face and the concentration of activity
in each section determined.

The former method makes use of the fact that radiocactive

radiations are absorbed in solids and hence, as the radioactive

material pt;netra.tee into the crystal, the radiations will no longer
reach the surface and the toi.:a.l activity at the surface will be
reduced. A surface count before and after heating will therefore
indicate the quantity of radioactive material which has 'd.iffused
‘into the crystal during the heating period.

This method is rather limited in practice because it presents
only an average picture of the diffuskon process over the period
of the experiment and yields only one overall diffusion coef'ficient.

The use of such a method for the present sj;udy w&s thoﬁght to
be inadvisable because, in addition to the above limitation, the @
radiation emitted by carbon-14 has a very low emergy (Eg max =
0-.156 Mov. (89)) a_nd 'I_;t;e;efoz—'a the corrections for self absorption
and back scattering which have to be ap1.>1:|.ed will be very large and
also the method of detection used in this technique,an end
windowed counter or similar arrangement must be used, is not very

sensitive for the detection of such small activity changes in soft
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Prad:l.ation as were expected in the present study and this method

was re;iected.

The technique involving the sectioning of the crystals is of
wider applicat'ion than the above because,after sectioning the most
suitable method available can be used for the determination of the

diffused radioactivity in each section, and thus in the present study

the most sensitive method of detecting the low e.nerg,yp. radiation
from carbon-14 can be used. )

A further advantage of the second method is that it results in
the determination of the diffusion profile of radioactive material
which has diffused into the orystal. This diffusion profile can
often indicate whether one, or several different, diffusion processes .
are ocourring in the crystal and thus, in addition to being more
adaptable to the detection of soft B radiation this method is likely
to furnish a greater amount of information about the diffusion
process than the first technigque and for these reasons this methed
was adopted for use in the present study.

The three methods most commonly used for the sectioning of
crystals ares __ cem e - SR

1. Microtoming (71)
2. Grinding (3)
3. Turning on a lathe (73).
In the first method the crystal is fastened in the chuck of a

microtome and aligned with the knife edge, or broken glass edge,




uéually by an optical method. A piece of transparent adhesive 81
tape is stuck to the upper surface of the crystal and the knife
moved across the orystal at the correct depth of cut. The cut
section, which is sometimes in the form of powder adheres to the

" tape and- is not sprea.d.about on impact of the lmife and lost.

Attempts were made to section the anthracene crystals using this
instrument but it was found that the crystal inevitably fractured
on impact of the knife and also, only a small fraction of the resulting
powder adhered to the tape. After a number of attempts to section
the crystals in this way this method was abandoned.

Grinding is usually carried out by rubbing the face of the
crystal against a small piece of abrasive paper. In this way the
thin: section of the crystal is removed as a powder which sticks to
the rough surface of the abrasive paper. Althﬁm this method
could be most successfully used with most types of crystal, and
precision apparatus could be constructed to measure the thickness
of crystal removed, there are two objections to its use in the
present case. Firstly, it would be difficult to remove the powder
from the abrasive paper and the sectiop would probably have to be
counted, whilst still on the piper, wnder an end windowed counting
tube. As stated previously this method is not suitable for the
detection of small quantities of low energy B radiation. Secondly,
if such a counting method was used small wvariations in the thick-
ness of the material on the abrasive l'waper 'wauld, because of the

large self absorption corrections involved, spoil the accuracy of
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the soft B counting and successive counts mey not be comparable.

There is also more possibility of contdmination of one slice
by material from the preceding slice in this method than in the
other two.

The third method was found to be the most satisfactory for tﬁe
present study because, when attempts were made to section the
anthrecene crystals on a large machine lathe, it was found that the
crystals could be accurately and easily sectioned. Each section
was "turned off" as.a fine powder which could all be collected on
a8 piece of black paper held under the crystal, and was then
available for counting by any suitable method. A11.;hough some of
the powder from the cut section aithered to the crystal surface and
cutting tool, the possibility of contamination of subaequent slices
could be elimineted by carefully removing this powder with &
small brush. A special, hand opera.ted; lathe was constructed for
the sectioning of the radioactive crystals because of the danger
of contamination of more generally used equipment by radioactive
material. The crystal was rotated by hand because this method of
operation allowed a greater degree of control to be exer_cised over

the section cutting than that allowed by other methods.

5. &. The lathe.

The lathe, a plan of which is shown in figure 19, was construc-
ted from the base and cross feed glides of a small machine lathe.
At one end of the base slide was mounted the crystal holdin'g device
depicted in figure 18. '
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The crystal holding device consisted of a brass plate B;

mounted on an axle A which was held in ball races Rl’ R2 fixed in
the pillar P. The free end of the axle was attached to a small
handle which could be used to turn the brass plate. Attached to
the brass plate B, was a second bress plate B, which acted as the
crystal holder. 32 wag separated from Bl by a steel ball and
attached to it by three screws Sl’ Sa, 83. The angle of 132 could
‘be adjusted by use of the three screws, B, pivoting on the steel
ball. In the centre of the front face of B, was fixed a small
"Polythene" disc D to which was attached the crystal C. The
purpose of the "Polythene" disec was to raise the crystal above the

.hea.ds of the screws so that th_ese did not interfere with the ocutting

tool during sectioning.

The cutting tool, a conventional lathe tool, was mounted on the
ocross feed slide. The base slide allowed movement of the cutting
tool into the crystal and the cross feed slide, movement of the tool
across the face of the orystal.

5.b. The Sectioning Technique.

The crystal was stuck on to the "Polythene" disc with a low
melt:mg wa.x and the three 19;1;111113 screws adjusted until the face
of the crystal was perpendicular to the axis of rotation of the
crystal. The cutting tool was then moved towards the crystal

" (direction Y, figure 19), using the base feed slide, until the

cutting edge of the tool was almost coincident with the face of the




orystal. The tool was withdrawn to the side (direction X), using
the cross feed slide, and again moved towards the crystal, a small
distance at a time, moving the tool across the face of the crystal
(in the XX! direction) after each forward (¥) movement until a faint
scratch on the crystal surface indicated that theedge of the cutting
tool was coincident with the surface.

Attached to the handle of the inward feed (base sl:l.d-e) was a
dial, calibrated in degrees, to indicate the number of turns made
by the handle during the sectionihg of the crystal, from this the
thickness of each section removed could be determined. It was
calculated, from the pitch on}i:ward screw feed, that one degree omn
the dial was equivalent to a movement of the tool ofw«ll-8 P
When the edge of the cutting tool was coincident with the face of
the crystal the dial was set to zero and sectioning was commenoed.

1t was found necessary to section the crystal by cutting into
the crystal from the edge (xx1 direction), in this way a smooth cut
was a.lviays_ produced. ..M:tempt to cut from the face of the crystal
(Y direction) always resulted in the fracture of the orystal at the
edges. The cutt_ing_ _'!:oo!._wa.s_ withdrawn to the side and advenced a- -

”d':l.st-a;nce- equal to the thickness of the section to be cut. The
crystal was rotated at a speed :rof approximately 60 r.p.m. and the
tool moved slowly into the crystal from the edge. The section was
turmed off as a fine powder which was collected on a piece of black

paper held under the crystal. The powder was transferred to a



85

smal?l. platinum boat and was stored in a desiécator until required.
The crystal surface was very carefully cleaned with a camel hair
brush before and after each cut was made, to prevent the contaﬁina—
tion of subsequent sections. The camel hair brushes, several of
which were kept for this purpose, were also carefully cleaned before
use.

After the crystal had been cleaned the tool was advanced and the
next section ct;.t.

6. The Determination .of Radicactivity in the Crystal Sections

The radiocactive isotope of carbon of mass 14 used in these
experiments decays 'r_>y the emission of a P particle to form the
stable nitrogen is§to‘pe of mass 14. The very leng half life of
carbon-14, 5600 years (89), makes it a very suitable tracer in
reactions involving carbon because, in the course of any particular
study, no measurable decay of the isotope will have occurred and as
in addition to this it forms a non-radicactive daughter substance
no decay corrections are necessary to the determined activity of the
product and this can be directly compared with that of the starting
state. ___'111_1ese__p_1:0p_e:_-t_:i._es__hgv_e led _to the widespread use of this’
isotope for the study of reé.ctions and processes which involve
carbon .

The very low energy of the B radiation (Ep max = 0°156 Mev.
(89)) from carbon-14 makes substances labelled with this isotope

safe to handle, providing reasonable ﬁrecautions are taken to avoid



direct contact with the labelled material. This low energy
however causes some difficulties in the détection of ‘thét P
radiation from carbon<14 a.nd,whe.n it is required to determine the
activity of carbon-14 labeiled compounds a method apl;ropr:late for
the detection of soft ﬂ radiation must be used. This is particu~
larly the case wl_xen samples of very low specific activity are to be
measu red.

Of the several methods available for the counting of carbon-14,
the counting of this isotope in the solid state 1s probably the
. most widely used. The accuracy of the_ method is however severely
limited by the large.corrections which mu.st be mwade for self
absorption and back scattering of the low energy P radiation, and
this will be unsuitable for the counting of samples of very low
specific activit-y.

Greater accuracy can be attained by the internal counting of
the radioactive species in the form of a gas or by the use of
scintillation counting techniques. The latter method,which requires
the availability of specialised equipment, involves the dissolution
of the semple in a liguid scintillator, such as-terphenyl. Inter-
‘action of the radiation from the sample with the scintillator
results in the emission of light which can be detected by the photo
sensitive electrode of a photomltiplier tube placed close to the
solution and recorded by an electronic counting device. This

method is very sensitive for the detection of low energy radiation:
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such as that emitted by carbon-14 because a large proportion of

the radiation emitted will be detected and recorded.

The gas counting technique requires the conversion of the
sample to & gas of suitable characteristics for use as a G.M. tube
filling. After preparation this gas is transferred to a counting
tube and is counted internally. The great advantage of this method
is that almost all the activity inside a cylindrical cathode is
recorded and this can be arranged to be almost 100% of that intro-
duced. In cases where the total activity of the specimen is low
this method of counting therefore provides a method of measuring
the total radioactivity of the sampe .and can be regarded as a highly
sensitive method of P radiation detection. This method is rather more.

convenient than the scintillation counting method becauss conven-

tionel counting and caling equipment can be readily modified.for use
with this type of counting tube.

It was expected that the low rates of diffusion,characteristic
of the type of solid 1;nder study and the specific activity of -the
radiocactive anthracene deposited on the crystal, would result in the
diffusion of only a rela.t:.vely sma.ll amount of radioactivity--into - -

- - the crystal. It was therefore adva.ntageous to choose as sensitive -
8 method as possible for the detection and assaying of this
activity, and one which would count as much as :possible of the
radicactivity present in each slice. The last discussed method

satisfied these requirements and was used for the determination of
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the radiocactivity of the crystal sections. Several comprehensive

accounts of the gas counting of carbon-14 in the form of carbon-14
dioxide have been published (74-78). Organic compounds can be
readily and quantitatively converted to carbom dioxide by controlled
oxidation a.nd thus this gas is an obvious choice as the counter
filling gas when the activity of carbon-14 labelled compounds is to
' be determined by this method. Tl-xe. sections of the anthracene
c:_rysta.ls were therefore converted to carhon dioxide and counted in
this manner.

The method used for the quantitative combustion of a.nthré.cene
to carbon dioxide is described in detail in the following section
and the technique used for the counting of this gas described in
section 8. .-

7. The Combustion of the Cm' tal Sections.

The most commonly used method for the guantitative combustion
of organic materials is that devised hy Pregl (79). In this method
the organic compound is vapourized in a slow stream of oxygen and
carried by this stream over heater copper oxide where quantitative
oxidation occurs. . The. oxidation products, -usu;a:lly'ca;rbon -dic'oiide'
and water, are carried forward by the oxygen stream and can be
condensed by passing the gases through a .tra.p surrounded by a suit-
able coolant or absorbed on suitable solid reagents. This method
although very reliable has the disadvantage tilat very long periods

are required to complete the combustion of macro amounts of organic
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substances and there are inherent errors involved in the method,

such as the contamination of the copper oxide, which can be reduced
but not eliminated.

The desire for a more rapid method of combustion lead Belcher
and Spooner (81) to invent the "Empty Tube" method. In this method
the rate of combustion is considerably increased without any loss of
accuracy. The combustion of the sampke is carried out in an empty
quartz reaction tube which is maintained at a temperature of 900°C

for /25 cms. of its length. The sample is wvapourized in a fast

, Btream of oxygen and is carried into the heated tube,by the stream,

and is oxidised. The heated tube is provided with baffles (80)
to ensure the mixing and compliete combustion of the organic wvapour
and oxygen. The products of combustion are carried away in;bo the
stream and can be removed in the same way as described above.

A critical comparison of this method with the Pregl method
(82) has shown that the errors involved are less than those found
with Pregl's ﬁnivers&l filling and that t.he method can be confidently
used for the combustion of all types of organic compounds.

The great advantage of the Empty Tube method is that a combus-

“tion of ]:0 mgm"s. of material can be completed in 15-120 minutes

compared with an hour for the same amount of material by the Pregl
method. In the present study it was necessary to burn and "count"
a number of sections of the crystal in as short a time as possible
and because of the apparant reliability and speed of the “Empty Tube"

method it seemed ideal for use in the present case. The possibility
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of its use was investigated and it was found to be suitable for

this study. The experimentel method was adapted slightly for use
in conjunction with a high vacuum apparatus a:lul the apparatus and
technique as used are described below.
T.a. The combustion apparatus.

A high vacuum é.ppa.ratus was built for the combustion of the
4: ant.hraoene orystal sections and the ﬁlling of the gas counting tube
with the resulting carbon dioxide. The principle features ¢.>f the
complete apparatus are depicted in the block. schematic diagram shown

in figure 20. Thie present section describes that part of the high

vacuum aparatus used for the combustion of the anthracene. A line
drawing of the combustion apparatus is shown in figure 21.

The majority of taps and standard joints incorporated in the
apparatus were greased with Apiezon N high vacuum grease. Those
taps and joints near the Furmaces were greased with Silicone grease.
Each séction of the combustion apparatus i_s described in detail
below.

(1) Oxysen purification system.

The oxygen used for the combustions wa.s_.sup:lalied-. in.large - -
cylinders by British Oxygen Co. Ltd. The gas as obtained from the
cylinder is likely to contain traces amounts of organic matter,
water a.n:_l perhaps carbon dioxide and was purified as follows. (The
letters refer to figure 23.)

Primar.y control of the gas flow was effected by a reducing

valve attached to the oxygen cylinder. The flow of the gas into
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the apparatus was monitored by the flow meter F and fine control

of the rate of flow was ach:leved by the use of a needle valve N.
After passing through the flowmeter the gas passed through the
preheater P, which consisted of a silica tube, 25 oms. long, packed
with piatinised asbestos and maintained at a temperature of 700°G
by means of a "Kanthal!.tube fumace. The temperature of the fur-
nace was r.ne‘a.sured by means of a calibrated chromel/alumel thermo~
couple held inside the furnace. The purpose of this preheater was
to oxidise any organic r;la.tter present in the oxygen to carbon
dioxide and water.

Any carbon dioxide and water present, either in the original
gas or as a result of this passage through the preheater, was next
removed by passage of the gas through two U-tubes A and B containing
soda asbestos and anhydone respectively.

A third U-tube packed with granulated manganese dioxide is
sc;metixnes included to remove traces of nitrogen oxides which may be
present in the gas stream (83). This reagent was not included in
the present apparatus because the type of oxygen used has been shomn
to be free of such impurity (84).

The gas, after purification, passed into the combu;tion tube.
(ii) The Combustion Tube.

The combustion tube G was supplied by Messrs. Baird and Tatlock
Ltd. and was the standard type of tube issued with the "B.T.L. Rapid

Micro Combustion Apparatus".
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The tube, mede of clear quartz glass, was mounted in the

apparatus in a horizontal position. (It is shown in the vertical
plane in figure 21 for the convenience of the illustration.) It
consisted of a 9 mm. bore tube C(i) with the oxygen inlet situated
3 ecms. from the open end. The inlet and the open end were fitted
with B.14 ground joints for attachment to the apparatus and closure
respectively. The sample to be bumed was placed in this arm of
the tube. A small bunsen burmer H was mounted under the tube so
th.at the sample could be vapourized into the gas stream, The
bunsen- could be moved the length of the tube.

The combustion chamber C(ii), 2°5 ems. internal diameter and
19 cms. long, was fused to C(i) 2 cms. from the flattened end. The
outlet to the chamber consisted of a 9 mm. bore tube in which 5
baffle plates 22 cms. in diameter were blown. ' This outlet tube
proceeded from the rounded end of the wide tube to 2 cms. from the
flattened end, where it was attached by means of a ring séal -a.nd
protuded outwards for a length of 18 cms. and was attached to the
next section of the apparatus by a B.14 cone and socket.

The combustion chamber C(ii) was enclosed in a Kanthal tube
furnace and was maintained at 9009C during the combustion experiments.
The furnace temperature was measured by means of a calibrated chromel/
alumel the_moqouple, which was attached to the tube inside the

furnace.
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(iii) The Condensation of the combustion products.

Using a similar apparatus but incorporating a Pregl combustion
'tu:be,'l‘homson and Walton (85) have shown that the wa.ter-vapour and
carbon dioxide. resulting from combustion could be quantitatively
trapped in a glass spiral containing 1 metre of glass tubing,
immersed in a liquid oxygen bath. In the present case a very much
faster flow of oxygen was being used (75 mls. per minute) and it
Wa.s found that.a similar spiral to that used by Thomson and Walton
was insufficient to removelall the combustion products,and a more
extensive condensation system had to be used. to ensure that the
condensable gas did not pass through the system.

Waeter vapour was removed by condensation in the spiral Sl
which was surrounded with an acetone/solid carbon dioxide bé.th.at
-78%C. This one trap served to remove quantitatively all water
vapour produced by combustion.

After removal of the water vapour from the gas stream the gases

were passed through a series of traps (S,, U U2) immersed in

1?
_ liquid oxygen to remove the carbon dioxide present.

Initially an attempt was made to remove the carbon dioxide by
condensation in the spiral S, alone. The dimensions of S, were
similar to those of Sl’ used for the removal of water vapour. This
proved inadequate however and only 92-95% recovery of the carbon

dioxide was obtained showing losses of 5-8% assuming quantitative

combustion of the samples used. Some improvement was made hy
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adding the first U-trap and losses were reduced by this to 0-3%.

The final addition of the second U-trap and the packing of both
with glass beads resulted in the quantitative condenga.tion of all the
carbon dioxide formed by combustion. '

From the end of the condensation system the oxygen was led into
an aspiretor bottle initially full of water and a check on the rate
of flow of the gas made by measuring the rate of expulsion of water
from the aspirator bottle. The maintenance of a steady rate of
flow was found to be essential to the good performance of the
combustion apparatus.

(iv) Oxygen Flow Rate _

For the semi-micro combustion of organic compounds by fhe
"Empty Tube" technique Ingram and Lonsdale (86) have suggested that
a rate of flow of oxygen of 150 mls. I;er minute should be used and
for micro-combustion a rate of 50 mls. per minute. Experience
with the apparatus in the form used in the present study showed that
the optimm flow rate was 75 mls. per minute. Higher and lower
rates than this produced lower yields of carbon dioxide from combus-
tion than expected. The author believes that because-of the size
of the sample used (2-10 mgms.) the lower flow rates resulted in
incomplete combustion in the hot zone of the combustion fube, and
higher rates in incomplete condensation of the carbon dioxide formed.

When smaller samples were used ( < 2 mgms.) it was found that

quantitative combustion was still attained if the flow rate was
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reduced to 50 mla. per minute and this flow rate was used in
such cases.

It was found that fluctuations of the oxygen flow rate during
the course of the experiment_ resulted in incomplete combustion and
hence very accurate measurement and control of the flow rate was
necessary. The method of control used in the present apparatus has
been described above.

T.b. The Experimental Technique. *

When the two furnaces had attained the working temperature
the oxygen flow was commenced and regulated to the flow rate
appropriate to the weight of the sample to be burned (usually 75

mls. per minute). The sample, in a platinum boat, was placed in

arm C(i) of the combustion tube at a distance of 5 cms. from the
entrance to the combustion chamber and the end of the tube closed.
The coolants were placed arounq.-the condensaj:ion traps.

The small bunsen burner H, mounted under the tube C(i) and
attached to a wire gauze wrapped round this tube was moved into
position just behind thé boat. The gas was ignited and the flame
adjusted so that it was just not luminous and so that the tip of
the flame was plaging on the wire gauze. The burner could be moved
the length of the tube 0(1) by a screw arrangement, the gauze moving
with the bunsen burner.

When the gauze had been heated to a dull red heat the bunsen

burner was moved up to the handle of the platinum boat and the
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anthracene in the boat sublimed on to the walls of the tube. '

When this operation was complete the burner was moved slowly towards
the furnmace driving the anthracene before it into the combustion
chamber.

During fhe combustion of highly volatile substances a carbon
fog is sometimes formed when volatilizing the sample from the boat.
This carbon fog would, if allowed, pass through the hot zone of the
combustion tube and be lost. This possibility is prevented by
pPlacing a plug of silica wool Z at the entrance to the combustion
chamber to trap these particles. These can then be oxidised to
carbon dioxide beforethe completion of the experiment by heating the
gilica wool plug to red heat in the oxygen stream.

When the anthracene had been driven into the combustion chamber,
& procedure which should take 5-10 minutes, the burner was returned
to a positior beneath the platinum boat and the flame adjusted to
give meximum heat. After the boat had been heated for about one
minute the burner was moved steadily towards the entrance of the
combustion chamber heating the tube to a dull red healt as it passed.
The burner was allowed to stand under the silica wool plué and the
Plug was heated to red heat for one minute to oxidise any carbon
which may have been trapped there. The bunsen was then extinguished
and the oxygen flow continued for two minutes to sweep any residual
combustion products out of the combustion chamber. The oxygen flow
was then arrested and all the taps on t.he apparatus closed.

With the liquid oxygen baths still in position, the taps T., T

1* 72
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and '1‘3 were slowly opened to the main ﬁwm line and the tra:ps
Sy, Uy and Up were ewacuated to “sticking vacuum". When this state
was attained this section was isolated from the main vacuum line and
the liquid oxygen baths removed from the three traps. The
condensed carbon dioxide evaporated rapidly and was transferred by
means of the Toepler pump T to the volume V of the counter filling
apparatus (figure 22). The volume of V had been previously cali-
brated by gas expansion methods using the buld Q (itself calibrated
by weighing with mercury) as a standard volume.

When transfer was complete the mercury in Toepler pump T Was
raised to cut off X. The mercury in Toepler pump T/was raised to
cut off E before the transfer was commenced. The pressure of the
gas in the volume V, registered on the manometer My, was then read,
using a cathetometer and the N.T.P. volume of the carbon dioxide
could be calculated. The yield of carbon dioxide from the combus-
tion of the anthracene sample was then determined by comparing this
value with that caloculated for quantitative conversion of the anthra-
cene to carbon dioxide.

The carbon dioxide was then transferred to the commting tube
and the activity measured. The technigue used for the filling of
the counting tube is described in section 8.c.

Tec. Results of the Combustion Experiments.
The above described technique for the combustion of anthracene

and measurement of the resultant carbon dioxide proved to be



PTable V. Yields of Carbon Dioxide

Weight of Volume of Volume of
anthracene carbon dioxide carbon dioxide Yield
sample (theoretical) (measured)
mgms. mls. N.T.P. mls. N.T.P. %
20 315 35 100
2*5 4+4 4°5 102
26 4°6 4°6 | 100
2°8 4°9 4°9 100
343 " BT 58 102
544 6-0. 59 99
49 87 87 100
49 87 8-8 101
51 9.2 9'3 101
56 ?'8 9-8 100
T-4 15-1 13-3 101
8-7 15-3 15-4 100
9e2 16-1 15-7 - 98
9+4 16+6 166 100
11°7 21-0 ) 21+6 103

17-8 32+0° 314 -9
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extremely successful. The results of a number of typical
combustions are given in Table V.

The small veriation in the yield of carbon dioxide can be
ascribed to the error in measuring the volume of the product.

Since 100% yield was obtained in the combustion of every crystal
section there was no possibility of isotope effects occurring
during the combustions.

7.d. Blank Experiments.

As the yield of carbon dioxide -from the combustion of the
anthracene was rhea.surad volumetrically, blank experiments were
carried out to determine whether any source of error in this
measurement would arise from contamination of the oxygen stream, or
slow leakage of the apparatus during the course of the combustion.

The apparatus was switched on and the furnaces allowed to
attain maximum temperature. The coolants were placed around the
condensation txaps and the oxygen flow maintained at 75 mls. per
minute for a period of 6 hours. At the end of this period the gas.
which had condenled in the traps was transferred to the calibra.ted
volume and measured. In this period, 0-7 mls. (N.T.P: )Lcondensable
gas was collected. This volume of gas corresPonded to the
accumulation of 0.-04 mls. during the period of combustion and as at
least 4§ mls. of ca.rbo.n dioxide were being collected as a result of
the combustions this error was considered to be negligible.

7.0 Contamination of the combustion apparatus by carbon-14.

After transfer of the carbon dioxide, and before the next



B combustion was commenced, the combustion tube and condensation

traps were evacuated at "sticking vacuum". No contamination of

the tube by radiocactive material was ever found to have occurred
after the section had been evacuated for 5-10 minutes, even after

; the combustion of highly active samples. In thé initial experiments,
tests for contamination were made by carrying out the combustion of

a small amount of inactive anthracene following the combustion of
each radioactive sample. The results of one such check are shown

in table VI,

Table VI. Test for radioactive contamination of the Combustion

Apparatus

Specific activity in counts per
min. per cm. mercury pressure of
carbon dioxide in counting tube

Background 152
Slice No. 1 | 2736
Inactive sample : T2+4
Slice No. 2 583
Inactive sample - T2 8
_Slice No. 3 110
Inactive sample 70+9
Background 69+6

The difference in the background gounts can be attributed to the
fact that this particular experiment was carried out over a period

of two days. It will be seen from the results of this particular




experiment that no contamination occurred at all. 100

After evacuation, pure oxygen was allowed into this section of
the apparatus and allowed to flow at the required rate for 5 minutes
before the next combustion was commenced so that steady conditions
were achieved.

T.f. Conclusions.

The speed at which a con;bustion and determination can be carried
out using this apparatus renders it invaluable to the present study.
This speed coupled with the fact that quantitative conversion to
carbon dioxide is re-adily obtained, & :factor which would eliminate
possible isotope effects during combustion, renders the technique
suitable for all detex:minations of the isotopic content of organic
materials used in tracer studies, and' much superiox .to the slower
Pregl method.

Althouéh_ in the present study use has been made of the a.fpa.::‘atus
to determine carbon-14 conten-t, the author believes that the technique
could be readily extended for use in the determination of tritium in
tritiated organic compounds,by the inclusion of some hkethod for the

reduction of the water vapour trapped in spiral S; to hydrogen.

8. The Intérnal Gas Counting of Carbon-14.
The need for a simple and sensitive method for the d;etem':ina.tion
of carbon-14 led: to the consideration o the possibility of counting
the species inside a counter in the form of a gas. This technique
results in a counting efficiency of almost 100% and obviates the

many errors involved in the counting of carbon-14 in the solid form.



The most suitable gas for this purpose would appear to be 101
carbon dioxide because the carbon-14 labelled specimen can be
easily and quantitatively converted to this gas and also the
relative weight of carbon in the gas is fairly high. There are,
however, some objections to the use of this gas but these can be
overcome.

Carbon dioxide has been extensively used as an ionisation
chamber f£illing and is a very useful gas for this purpose because of
its high colliabn cross section to low energy electrons, and its
inability to form negative ions by electron attachment. On the
other hand it has a great tendency to form positive ions which
behave peculiarly on collision with metal surfdces. When these
positive ions collide with the cathode, to which they are attracted,
there is a great te.n.d.ency to extract two electrons and,fom a
negative ion. This process will of course give rise to spurious
counting effects and therefore must be reduced in some way. Before
negative ion formation will occur, the ionisation potential of the
molecule plus the'electran a.ffinit;y of the molecule must exc.eed
| twice the work f\mctmn of the cathode surface (76). For carbon
d10x1de the ionlsat:.on potential = 14+4 volts and the electron affinity
= 3-8 volts, therefore the work function of the cathode must be less
than 9°1 volts. The usual cathode metals, copper, silver and brass,
have a work function of 4-5 volts and with these metals the probabi-

lity that a negative ion will be formed on impact with the cathode is

s,
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reduced to 10"5-10'4_ negative ions per positive ion. The Formd0?
tion of these negative ions cannot hawevex_' be eliminated completely.
Some method must therefore be employed whereby the ion can be
prevented from reachingthe cathode.

It has been shown (76) that the cumulative ionisation from the
discharge initiated by the ionising particle results in the formation.
of a positive ion sheath around-: the central wire anode. -This sheath
lowers the electric field between the electrodes and discharge ceases.
The positive sheath is then expelled from the anode and attracted
towards the cathode. As it traverses the gap, it will suffer
approximately 10° collisions with neighbouring gas molecules and if
there is mixed with the carbon dioxide a gas, the ionisation poten-
tial of which is less than that of the main gas, then there will be
a very high probability that collision will result in the formation
of new ions at the expense of the charge on the carbon dioxide ionm,
and thus the carbon dioxide ion will be prevented from reaching the ’
cathode.

A study of possible charge transfer gases by Brown and Miller
(76) has showz_l 9a.rb0n disulphide to be the most efficient gas for
this purpose and also that excellent counter characteristics can be
obtained with carbon dioxide - carbon disulphide filled counters.
8.a. The gas counting tube.

The counting tubes were constructed- from pyrex glass in the

form usually adopted for “gas counting".
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The cathode of the counting tube was a polished copper

cylinder 12 cms. long and 2 cms. internal diameter. An axial
tungsten wire (100 ® diameter) served as the anode. Prior to
assembly the wire and cylinder were polished to remove all points
which could give rise to discharges at the high voltages at which
the tube operates. The anode and cathode were mounted in a glass
tube by means of tungsten to glass seals. The tube was filled by
way of a 2 mm. bore vacuum s'topcock, greased with Apiezon N high
vacuum grease.

Before use the tube was eva.&uated at high vacuum and heated
under vacuum to remove all adgorbed material from the cathode and
a.node..

One particular tube was characterised and used for all experi-
ments to ensure reproducability of counting.

8,b. The counter filling apparatus.

The filling of the gas counting tube was carried out on.a
section of the high vacuum apparatus (figure 20) part of which, the
coubustion apparatus, was dexcribed in section T.a. The essential
features of the. counter filling apparatus -are shown in figure 22,
and are described below. .

The radioactive gas from the combustion apparatus was trans-
ferred to the calibrated section V of the counter filling apparatus
by means of the Toepler pump T. The pressure of gas in V ecould be

read on the manometer M;,by means of a oathetometer. Attached to
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V were four large bulbs, three of which O, P and @, are shown in

the diagram. The volumes of these bulbs were approximately 50 mls.,
500 mls., 800 mls. and 1,000 mls., and the volume of V was 110 mls.
These bulbs were used for #educing the pressure of gas in V 4y
expansion, or for storage of radioactive gases. The radioactive
gas in V could be diluted with inactive carbon dioxide contained in
the storage bulbs R and S. The counter C, into which could be
passed carbon disulphide from the ventil W, was filled ?rith the
radioactive carbon dioxide from V by means of the Toepler pump Tl.
The inactive carbon dioxide in bulbs R and S was prepared by
evaporation of solid carbon dioxide ("Drikeld"). The gas was passed
over anhydrone, to remove traces of water, and passed into the bulbs
by way of the No. 4 porosity sinter U. Traces of air. which may have
been included were removed by condensing the carbon dioxide on the .
wall of the bulbs, and pumping the non-condensable gases away. This
inactive gas was used to dilute specimens, the activity of which was
too high to be measured by tl;e counting tube and electronic circuit,
and also to increase the volume of samples which were too small to be

counted directly.

" Whenever the samples of. radiocactive gas were diluted with
inactive carbon dioxide the gas mixture was condensed into the small
bulb B by surrounding it with liquid oxygen. '.F.‘his was to ensure
that the gases were thoroughly mixed. The volume of inactive gas
added on such occasions was calculated from the changes of pressure

indicated by the manometer M.
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When the radic;active gas in V was ready for transfer to the

coumnting tube, the counter C and ventil W were evacuated to sticking

vacuum and isolated from the main vacuum line. The carbon disul-

;' : phide, which was contained in the reservoir of the ventil was frozen

| by placing a bath of liquid oxygen around it. The ventil was lowered

an;:l the frozen carbon disulphide allowed to warm until the manomester

M, indicated that the pressure of carbon disulphide vapour in the

counting tube was approximately 2 cms. mercury. The ventil was

closed and the counter isoia.ted from the ventil by closing the tap

'1'1.

The active gas contained in the calibrated volume V was then
transferred to the couni_;ing tube by five strokes of the Toepler
pump T1.  When the transfer was complete the carbon dioxide/carbon
disulphi@e mixture was stirreéd by raising and lowering the level of
the mercury in the pump. The mercury was finally raised to the
cut off D, which was a To. 4 porosity sintered disc. '

The rglative volumes of the counter section and the calibrated
volume V had been determined previously,and the pressure of gas in
~the counter could b€ détermined from the pressure which the sampie -
of gas had exerted when it occupied the volume V.

In order that the pressure of carbon dioxide in the counting
tube should exceed 8 cms. mercury, a value found to be the minimum

required for reliable working of the counting tube, it was necessary

that the pressure of gas in the volume V should be greater then 5
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cms. mercury. The pressure of gas in V was therefore adjusted to

6-7 cms. mercury before it was transferred to the counting tube.
"l‘h_is ad;just;nent was made by: expanding the gas from V into the cali-
brated bulbs,if the pressure was greater than this value, or hy
diluting it with inactive carbon dioxide,if the pressure was too
low; sometimes a combination of both these methods was necessary.
In most cases a sample of anthracene was burned which yielded a
volume of carbon dioxide which, when transferred to V, exerted a
pressure of 6-7 cms. mercury and this adjustment was avoided.

When the counting tube had been filled it was isolated from
the apparatus by closing tap '.['2 and was transferred to & lead castle.
The sample was counted.

8.c. The Counting Circuit. |

Several modifications had to be made to the type of counting
circuit used for routine counting experiments with conventional G.M.
coxmting_ tubes, because of the particular characteristics of carbon
dioxide gas counting. These modifications were occasioned becauges
1. the counter was non self quenching and an external circuit for
this purpose had to be _:i.nclud_ed..

2. tht-a working voltage range of the tube was in the region of 2,300
volts upwards, and it was necessary to use a power pack which
produced a higher voltage than that normally used (2,000 volts
maximub). An Ecko Power Unit type N570b which provided a maximum
output voltage of 3,000 volts, was used in the circuit. The ‘thresh-

old voltage of the counting tube varies with the pressure of the gas
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in the tube and the above power unit allowed the counting of samples

of internal pressures up to 18-20 cms. mercury.
3« in order that tﬁe positive sheath should have time to diffuse
away fro:_n the anode after the discharge produced by the radiation,it
was nec-essa.ry to inorease the "dead time" for the external i:uen.ehing
' circuit.to approximately 1,000 ).L secs, by medifying the "time
constant" of the type 110A probe umit used. This modification
invol\.red the replacement of one of the resistors used to contrel
the dead time of the circuit, by one -ra.t.ed at 15 M. ohms. After
this modification hed been made the "dead" time of.the circuit was
determined by the method of superposition of sources and found to
be 1150,1 secs.
4. the counter characteristics obtained,even after this increase in
dead time, had rather short, steep, plateaux. These characteristics
can be improved by feeding an increased voltage to the grid of the
valve in the quenching circuit. Henson (75) suggests that an
increase in voltage of 120 volts will result in an increase in the
pulse height by 100 volts and the plateau length by 50 volts.

This increase was effected by breaking the mains lead to the
"probe unit and inserting a high-tensic-m battery such that the voltage
incresses by 120 volts. The battery was replaced when the output
voltage fell below 100 vollts.

In agreement with Henson it was found that improved counter
characteristics resulted.

Pulses from the tube were recorded on a Dynation Scaling Unit
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type 10094 and were read on a scale of 100 and a recorder, 108
When the above modificatiomshad been made the counter was capable

of measuring count rates of up to 3000 counts per minute. If

' attempts were made to count specimens of higher activity the counter

went into a continuous discharge.
8.4d. Counter characteristics.

The counter was filled in the mamner described in section 8.c.,

inserted in the lead castle and the terminals connected to the H.T.

supply. The electronic apparatus was switched on and was allowed
to stand for 20 minutes before use.
The counter characteristics were determined in two ways.
1. Using an inactive filling and an external ¥ '
radiation source.
2. Using an active filling.
In both cases the applied voltage was slowly increased until
the threshhold® voltage was a..tta..ined and then the count: . rate
determined, to an accuracy of 1%, at intervals of 25 volts until the
counter "raced". | |
Graphs were drawn of the activity in counts per minute versus
applied voltage. K typical result is shown in figure 23.
It was found that the counter characteristics obtained by either
of the above methods were similar.
When the pressure of carbon dioxide in the tube was greater than
8 cms. mercury, plateaux of approxima.te length 150 volts and of

slope approximately 2% per 100 volts were obtained.
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8.e. Conditions used for the measurement of the count rate of

the active samples.

After the introduction of the sa.mplle to the counter it was
placed in the lead castle and thelength of the plateau determined,
by increasing the applied voltage and observing the difference
between the threshhold and "racing" veltages. This was usually
approximatly 200 volts. The voltage was then adjusted to 100
volts above the threshhold voltage and the count rate measured.

The count rate of all specimens was measured to an accuracy
of at least 1% (i.e. a total of 10,000 counts).

8.f. Effect of the Intermal Pressure on the Counting rate and
counter characteristics.

Before the counter could be used for comparative experiments
it was necessary to determine how variations im the pressure of the
radiocactive gas contained in the counter would affect the reliabi-
lity and peproducebility of the observed count rate.

A series of experiments were carried out in which the counter
was filled to different pressures witli%?ne samples of radioactive
gas and the cmmte_r“charac'l_:eris_tics_ determined as described above.
éome of the results are reproduced in figure 24.

The main features of the characteristics were that, as the
internal pressure was increased

(1) the threshold voltage increased.
(i1) the slope of the plateaux decreased and the

length of the plateaux increased.



(iii) the count rate of the sample, as indicated 110
by a position one-third of the way along the
plateau, increased.

(i) The variation in threshold voltage has been reported by other
workers (74-78) and this has been found to have mo effect at all

on the reproducability of the count rate.

(1i)It is essential that a counter should bave a characteristic with
a fairly long plateau and that the slope of this plateau should be
reasonably low. If the slope is steep, then small variations in
working voltage will result in large variations in the measured
activity of the sample and hence the counter is not relisble. In
the present case it was found that bounter characteristics with

stepp plateaux were obtained at low velues of the internal pressure.

As the pressure was increased, the slope of the plateaux decreased,
and the length increas.ed umtil at internal pressures of 8 cms.
mercury and above,the slopes of the pla.teaﬁz were approximately 2%
per 100 volts, a value of the slope usually accepted as producing
reliable and reprc;ducable'count rates. It was obvious therefore
that filling pressures of greater than 8 cms. mercury should be used
-~ if reliable results were to be 'obta.:ined..' Th_is ‘lo;rerhlimit of the
fil1ling pressure for use with this type of counter is in accord with
the value suggested by Brown and Miller (7.6).‘ Brown and M:'Lll-er also
found that reliable and comparable Tesults were obtained with
iptemal bressures as high as 40 cms. mercury. Although it was not

possible to measure count rates at such high préssures in the present
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case , because of the upper limit of the high voltage supply

(3000 volts), measurements using internal pressures of up to 15 cms.
mercury showed that reproducable results were 6btained in the range
6-1; cms . mercury pressure and all measurements were made in this
range.

(i) A variation in the count rate of the sample with the filling
pressure would be expected, because an increase in pressuvre corres-
ponds to a greater number of radiocactive molecules in the counter,
and hence & higher count rate would result. If this were the only
reason for an increase in count rate with internal pressure then a
linear relationship should exist between these variables, and for
any particular sample the specific activity in counts per minutes
per cm. mercury pressure would be constant. It was possible however
that the increase in pressure could affect the counter in some other
way. It was therefore necessary to examine the variation of count-
rat_'e with internal pressure for a particular sample of the gas, to
determine if the counting tube was reliable over a range of pressures.

The counting tube was filled %o various pressures with the same

sample of radiocactive gas, and accurate measurement-of-the count - -

rate for each pressure was made in the.way described in section 8.c.

The results are plotted in figure 25. It was found that the count

rate varied linearly with the pressure of gas in the counting tube.
This indicated that the counting tube was reliable over the

range measured and it could be used for the determination of the

activities of the samples in the present work. All activities were -
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expressed as specific activities in the umits quoted above and,

as these were directly related to the concentration of radiocactivity
in the original sample of anthracene, were used as a measure of this
concentration in the diffusion calculations.

8.g. .Background counting rates.

The background rates were mea.sui"e'd by filling the counting tube,
in the way described above, but with inactive carbon dioxide. ';Ehe
operating voltage of the counting tube was determined as described in
section 8.e. An external ¥-ray source was sometimes used to deter-
mine the length of the platea.;J..

The values of the background rate were fairly constant. Table

VII shows some of these values which were determined over a period

of several months. All counts were measured to 1% accuﬁw.
Table VII. Background Couhting Rates measured during the experiments.

Background counting rates in counts per minute

4 68+6 68+0
697 ' 69°9 693
703 70°5 687
71°1 68°1 - © 7042
. _ T0:0 | - _J046. .. 713
682 683 | 70+7
66-8 72-7 71+4
67+8 7046 66+7
70-1 69-8 70-1
67-8 697 67-8

In any particular experiment the variation in the background rate was




rarely more £han + 2 counts per minute. It was therefore 115
assumed thaf the variation in this rate in any one day would be
negligible and only one maaéurament of the background rate was made
per day.

8.h. Retention of carbon-14 dioxide in the counting tube.

The counting tube and filling section-were evacuated to sticking
vacuum following each determination. After this had been carried
Qut no evidence was every found of contamination of the apparﬁtus
by carbon-14. This possibility was checked by the combustion of
inactive material,especially after very active specimens had been
measured, and the count ratds of such samples were always similar
to the background rates (Table V). The small variation in the
background counting rates (Tabie VII) over the several months during
which the apparatus was being used also shows that no contamination
of the filling section and counting tube evar;o?currad during this
period. |
8.i. Conclusions.

The intermal éas counting of earbon dioxide has been found to
be successful and reliable with counter fillings of 2 cmsa.mefeury
pressur; of carbon disulphide and pressures of carbon dioxide
varying from 8-15 cms. The counting tube characteristics obtained
were similar to those observed by previous workers with this type
of tube and had plateaux of length 150 volts and slope 2% per 100

volts.
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No contamination of the coumting tube, or high vacuum apparatus,

by carbon-14 was ever detected after reasonable precautions to avoid

this possibility had been taken.
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CHAPTER TII 115

THE RESULTS OF THE DIFFUSION EXPERIMENTS

1. Experiments carried out to determine the rates of diffusion

erpendicular to the clea 001) plane.

This chapter deals with the details of the deposition of the
radioactive material and the behaviour of the deposit on being
heated. The results of the sectioning of the crystals and the
subsequent determination of the specific activity of each slice are
given., The radioactive anthracene used in all experiments was
calculated to have a specific aétivity of 06 microcuries per milli-
gram.

The conditions for the initial experiment were obtained by

determining the approximate depth of penetration of activity into a
crysfal,previously uged in the attempt to determine the rates of
surface diffusion. This crystal had been heated at 100°C for 87
hours and at 1§0°C for 58 hours. It was. shown by cutting sections
with a razor blade and determinlng the speclflc act:.vity of each
slice tha.t gome penetrat:l.on had occurred to a depth of about 10~ -2
cms, If the diffusion is an activated process, the greater part
of this penetration would ha.ve'o_ccurred during the 150°C heating
period and, as the penetration was small, it seemed that very little

had occurred at the lower temperature. As a result of this deter-

mination it was decided to carry out the initial experiment at 150°C.




Experiment 1. 116

Two mgms. of radicactive anthracene were placed in the evapora-
tor and evaporated on to the crystal surface to give a d_eposit of
approximate weight 008 mgms. This was carried out for each of_ two
crystals. The crystals were heated in the diffusion furnace for 60
hours, under a pressure of 150 ibs. per 8q. in. of nitrogen gas. The
changes in the crystael during the éxperiment are fecorded in Table
VIII.

Table VIII., Effect of heating of crystals 1 and 2

Activity of the deposit in counts per minute¥

initial final
Crystal 1 816 206
Crystal 2 982 ) 820

i‘All counts of the crystals and deposits were made using a thin end
windowed counting tube, type G.M.4.

It can be seen that a consid.era.bla amount of activity was lost
from the surface of crystal 1 during the heating period. The reason
for this loss is discussed in Chapter I and the loss is assumed to be
due to bad deposit_ign of the active material. The change in count-
i-ai;e ow—rer the heating period was much lower for crystal 2 and this -
change might reasonably be expected to result from diffusion of the
radioactive anthracene into the crystal.

Sectioning of the crystals and measurement of the activity which
had penetrated into the crystals showed that,in the case of crysi;a.l 1

the congentration of activity was very low indeed and because this low

activity would have necessitated disproportionately long counting



117
times few sections of this crystal were cut.

The experiment was more successful in the dase of crystal 2
and it was found that maasu-ra.ble activity had .penetra.ted to a depth
of approximately 3 x 10'2cms.

In view of the comparative success of this first experiment it
was decided to carry out a more accurate experiment at the same .
temperature,using a bigger deposit of radipactive anthracene in ordér

to increase, if possible, the activity. a.ris:i.hg from diffusion into

the crystal. ,
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Table IXb. Penetration of Activity into the crystals A and B

No. of Thickness Depth of %2

Specific Activity

erystal of section centre of cms., x of. carbon dioxide

section cms. X section 106
1 X cmg.
x 10
Crystal A
1 353 1.76 510
2 353 5-29 28.02
'3 3+53 8-82  77-84
4 5535 12-34 152-5
5 353 15.87 2519
6 4.70 19-99 599-7.
7 4-70 24-69 609-5.
| 8 4-70 29-39 8646
9 4-70 54-09 1162.0
Crystal B
5+53 1-76 310
2 235 4-70 ?2'14

355 7-64 5845
355 11-17 124-8
353 1470 2162
5-67  19-41  376:7
4-70 24+70 6101
4-70 2940 864+6

O O N O U P~

4-70 34411 1164

5431  #
1373 x
22.78
2.01 &
lal15 &
590 %
0.63 &
0.82 %

0.82 %

A counts per minute
per cm. pressure

15

9

0.33
0.20
0-15
0:15
0.10
0.07

0-07

20610 T 188

2078 &
39°77
6-35 %

10°25 T

312 £
0786 S

0.20 %

8

0-84

0-22,

0°19

.+.0-07

0-13
0.06

 Log, b

374
3.4
1.36
0.30
0-06
0-77
<0.20
-0.09

-0.09

4-31
5-32
1-60
0-80

1-01

0-49
-0.07
-0-70




Experiment 2. 118

On to two crystals A and B was evaporated 0-:15 and 020 mgus.

-of radioactive anthracene. The crystals were mounted in the holder

and placed in the pressure vessel in the furnace and the temperature

raised to 152-5°C. The pressure was increased to 150 1bs. per sq.

in. and the crystals heated for 79 hours. The results of the

experiment are given in Table IXa.
Table IXa. Effect of heating the crystals A and B

Activity of the deposit in counts per minute

initial final
A 1183 972
B 1769 1558

The loss in activity was small and the activity in the sectioms
showed that penetration had taken place. Some evaporation however
'did occur for radioactive anthracene was deposited on the cooler
parts of the pressure vessel.

Figure 26 shows the diffusion profile for Crystal 4. The
ordinate is plotted on a logarithmic scale because of the very h:l.éh

values of the specific activity.
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Table Xb.

Penetration of Activity into the crystal C

No. of Thickness Depth of 'izz Specific Activity I.ogloA

crystal of section centre of

section cms._X

10
1 353
2 3453
3 553
4 353
5 3453
6 5+53
T 4-70
8 4°70
9 4°70
10 4-70
11 470

section

X cms
x 10

1°76
5°29
882
1234
15°87
19°40
25°51

. 228722
37463
‘42°34

cms., X of carbon dioxide

10 A counts per minute
Per cm. pressure

3°10 48138 " % 435 4°68
28°02  ~1345 . -~ 5'13
77°84 100°7 = 2+4 2°00
152°5 15°11 % 0°42 118
251+9 16°66 £ 0°17 1°22
3764 418 £ 0°29 0+68
552°7 1°31% 0712 0-12
7964 0*s8 £ 0°09 -0-06
1416+0 107 0-09 0°03
17930 1-04 £ 0°11 0-02




Experiment 3. 119

2.5 mgms. of radioactive anthracene was evaporated on to each
of orystals C and D. The crystals were heated at 177°C for 45°5
hours. In this expefiment the pressure was maintained at 200-250
1bs. per sq. in. during the heating process in order to minimise
losses from the crystal,due to tfxe increased vapour ju'esure of
anthracene at this higher temperature. This pressure was adopted
as a standard during the remaining experiments.

The effect of heating the crystal is shom in Table Xa.

Table Xa. The effect of heating the crystals C and D.

Activity of the deposit Total weight of the crystal

counts per minute ngms .
initial final initial final
C 3055 | 2659 774-0 6165
D 2531 437 §03-0 416+3

Reference to the above table will show that the deposit om
crystal D must have been badly formed. This was again indicated
by the considerable loss of activity from the deposit during the
heating of the orystal. Because of the low final activity,crystal
D was not sectioned. An inaccurate experiment which was carried
out to determine the total activity which had diffused into crystal
D ghowed this activity to be only slightly greater than the back-
ground counting rate. In the case of crystal C however the
comparatively small loss showed that a well flormed deposit resulted
from the evaporation.

The diffusion profile for crystal C is drawn in figure 28.



.Experiment 4. 120

Because of the failure of the experiment because of the poor
deposit on crystal D, the experiment at this temperature was
repeated, with a longer period of heating in order that greater
penetration of the activity would result.

Crystals E and F, on to each of which had been evaporated
0:25 mgms. of radioactive anthracene, were heated at 177°9 for 79°5
hours. The pressure in the vessel was maintained at 200-250 1bs.
per sq. in. during the experiment. The effect of the heating at
this temperature on the crystals is recorded in Table XIa.

Table XIa. The effect of heating on crystals B .a._nd F

Activity of the deposit Total weight of the crystal

counts per minute mgms «
initial final  initial final
E 2120 620 441+6 -
F 2563 2180 5916 -

The decrease in activity in the case of crystal E was again so
great that the concentration of activity in the crystal would be
small and the crystal was not sectioned. The activity which had
diffused into crystal E was later shoin to be very low and only
slightly greater than the background counting rate, thas indicating
that the epitaxial deposit must have been small. Crystal F
appeared to have had a well formed deposit. On removal of the
crystals from the oven breakage occurred from the opposite face to

the deposit. For this reason a final weight is not given in Table



Table XIb. Penetration of Activity into the crystal F

No. of Thickness Depth of Tc'2 Specific Activity Log, A

crys?a.l of section centre of cms.g x of carbon dioxide 10
section CIS .3 X section 10 A counts per minute
10 Exoglg; per cm. pressure
1&2 1293 - - - - -
3 5+53 1470 216°2 11490 £ 1-50 2-06
4 553 1823 33244 6:16 ¥ 0-17 0-79
5 353 21-76 4736 3-85 & 0-24 0-59
6 353 25-28 6395 1-20 0-17 0-08
T 353 28-82 830+6 0-49 % 0-15 -0-31
8 470 32+.93 1084 071 £ 0-16 -0-15
9 4-70 37-63 1416 0-13 £ 0-01 -0-89
10 4-70 42-34 1793 0-34 £ 0-10 -0+47
11 4-70 47°04 2213 101 £ 0-12 0-00

12 587 5233 2738 - 0-21 % 0-09 -0+68
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XIa because a true final weight could not be obtained.

Crystal F was sectioned and the results are given in Table
XIb. The first two slices were spoiled because the crystal
fractured as sectioning was commenced.

The results are plotted as logjoA versus X in figure 29 and
can be compared with those for crysté.l C on the same page. This
comparison shows the increase in penetration with increase of
heating time, the temperature being the same for both crystals.
Comparison of figures 26 and 29 shows the effect of increase of
temperature on the overall pemetration. The heating period for
both these experiments was 79 hours but the temperature differs
(A 152.5°%C and F 177°C). It will be seen that for crystal A

(figure 26) the penetration is lower than for crystal F (figure 29)

showing that the rate of diffusion has increessed with increasing

temperature.




Experiment 5. 122
Crystals G and H after the deposition of approximately 0°2

mgms. radioactive anthracene on each were heated for 49 hours at a

temperature of 189°0°C wmder a pressure of 200-250 lbs. per sq. in.
Table XITa. Effect of heating on crystals G and H

Activity of the deposit Total weight of the crystal

counts per minute mgms.
initial final initial final
G 1230 900 368+2 -
H 1763 720 31344 -

Again no final weight is given because of crystal breakage on
the back surface on removal from the pressure holder, however, in
this case the anthracene loss was considerable. At the end of the
experiment little more was le?t of the crystal than a cylinder of
diameter equal to that of the BEflion separating washer. Because of
the method used to protect the deposit very little loss appeared to
have occurred from the face. The losses of radiocactivity are
comparable with other experiments.

If it is assumed that penetratién occurs normal to the initial
plane alone then this loss of anthracene will not have affected the
diffuaion process, providing that no great loss of activity has
occurred from the deposit.

The lgss of anthracene at this. temperature was so great that
it was decided that no purpose would be served in -attempting to

carry out experiments at higher temperatures with the existing



Table XIIb. Penetration of Activity into crystals G and H

No. of Thickness Depth of ﬁ? Specific Activity
crystal of section centre of cms.2 x of carbon dioxide

section cmiéjx g;czi:: 106 Ap::yg:? gz:;gig:te
x 10
Crystal G
1 4+70 2+35 55 34550 % 102
2 4-70 7-05 49+8 5628 13
"3 4-70 11-76  138-2 48+48 £  0-54
4 4-70 16-46  270+8 1961 £ 033
5 4-T0 21-16 4477 23-31 % 0-36
6 470 25.86 6688 4:03 £ 0-02
7 4-70 3056 9539 704 £ 0-17
8 4-70 35.26 1243 2:15 * 0-20
9 470 39:97 159 101 £ 0-19
10 470 - - - -
11 4-70 49°37 2437 0-30 * 0-20
Crystal H
) 470 235 5.5 1223 £ 9
2 4+70 7°05 498 596 £ 068
3 4+70 11-76 1382 208 0-24
4 4°70 1646 270+8 12-81 € 0-38
b 7°04 2235 4995 0:96 ¥ 0°-16
6 5-87 28°80  830°7 0-32% 0-27
7 5+87 34°68 1203 0°74 % 0-16
8 5+87 40-56 1647 0-13% o0-01

LogloA

454
375
1-69
1-29
1-37
0-61
0-85
0-33
0-01

-0+52

5+09
078
0-32
111
-0°02
~0+50
-0°13

-0-89




apparatus. It was decided to limit the experiments to the 123
temperature range 150°-190°C.
Both crystals were sectioned and the results are given in

Table XIIb.




Table XIIIb. Penetration of Activity into crystals I and J

No. of Thicness Depth of ¥, Specific Activity  ILog oA
crystal of section centre of cms. 6 ¥ of carbon dioxide
section CmS. X section 10° A counts per minute

100 X cms per cm. pressure
x 1l
Crystal I

1 3+53 176 3.10 129414 £ 266 5-11

2 3453 5-29 2802 3899 % 06 359

3 3°53 882 T1+84 7267 £ 3°5 2-86

4 553 12-34 1525 4446 = 0-59 1-65

5 3+53 15-87 2519 2:10 & 0+34 0-32

6 4-70 19-98 3992 560t 0-26 0+75

7 470 2469 609+6 1-58 £ 0-18 0-20

8 4+70 - - - - -

9 4-70 34.09 1162 195 £ 0-19 0-29
10 4-70 - - - - -
11 4-70 43-49 1891 2:54 ¢ 0-19 0-41

Crystal J

1 4-70 2-35 55 2678 % 49 3444

2 4470 7-05 49+8 24+37 ¥ 0.52 139

3 470 11:76  138-2 '11-72 £ 0.36 1-07

4 470 16+46 2708 32.26 £ 0-50 151

5 4°70 21°16 4477 543 % 0-31 0-74 |

6 4-70 25-86 668+8 - - -

7 4-70  30-56  933-9 0-13 % 0:17  -0.89

: 470 3521 1243 0:75% 0.22  -0.12




Experiment 6. . 124
In view of the low penetration of activity observed in experi-
ment 1 and the dissimilarity between the diffusion profiles for
these crystals and those of subsequent experiments,it was decided
to carry out another experiment at this temperature and to increase
the amount of radioactive anthracene deposited on the crystals,and
the heating period. Thus crystals I and J on each of which had
been deposited 0°2 mgms. of radioactive anthracene were heated for
231 hours at 153+5°C under a pressure of 200-250 lbs. per sq. in.

Table XIIIa. Effect of heating on crystals I and J

Activity of the deposit Total weight of the crystal
counts per minute mgms.
initial final initial final
I 2883 2578 473°2 340°4
J 2199 2099 388°1 -

On removal from the oven crystal J broke. in such a way that
the active portion of the crystal may have been a:ffeoteci and any
result calculated in the case of J must be regarded with suspicion.
The loss of activity in the case of I was comparable with previousl
experiments and was indicative of a good deposit_.

The diffusion profile for crystal I, plotted in figure 27, can
be compared with that for crystal A on the same page. In both
these cases the temperature of the experimept was approximetely the
same and the increased penetration resulting from diffusion over

the longer heating period for crystal I can be seen.



Table XIVb. Penetration of Activity into crystals M and N
-2

No. of Thipkn?ss Depth of X Specific.ke?ivity LogloA
crystal of section centre.of cms.6 x of carbon d10¥ide
section cm;de .;Pg:::n 10 Ab:gungpz::sﬁ;:ute
x 10
Crystal M
1 4-70 2-35 55 33330 = 93 4-52
2 553 6-47 41-7 1403 £ 4 5'i5
3 3.55 999 998 648 & 2.67  2.81
4 3.55  13.52  182.7 143.8 * 1.49  2.16
5 3.55  17-04  290-4 3003 063 148
6 5-53 20-57  423-1 8.57 ¢ 0.32 0-93
7 3.53 24-10 5808 6:22 & 0.25 0.79
8 3.53 27-62  761-8 351 % 051 0-55
Crystal N
.1 .4+70 235 55 56750 % 105 457
2 _ 353 6-47 41-7 1-59 & 0-24 0'20‘

3 3+55 9:99 99-8 - - -




Experiment 7. . 125
The results of this experiment in which crystals K and L were

héa.ted for 149 hours are not reliable because of a failure in the

temperature measuring system. This was recalibrated before the

next experiment.

Experiment 8. .

| Crystals M and N each with a deposit of 0°2 mgms. of radio-

active anthracene were heated at 160°C for 219 hours, under a

pressure of 200-250 1bs. per sq. in.

Table XIVa. .Effect of heating of crystals Mrand N

rLmer

Activity of the deposit Total weight of tﬁe crystal
counts per minute mgms .

initial final initial final

M 2136 2115 234 179

N 2275 1955 321 237

The losses of activity were smell and it was assumed that the
deposits were well formed. The crystals we.re sectioned.

In the case of N the activity which penetrated into the crys_tal
was mich lower than wouldlbe expected from: the value‘ of surface
activity given in Table XIVa. The onlsr reason which can be forwarded
is that the original deposit was badly formed. As can be seen from
Table XIVb the concentration of radioactive anthracene in the crystal
was so small that very long counting times were necessary to achieve

the desired accuracy and thé sectioning of crystal N was concluded

at this stage.




Table XVb. Penetration of Activity into crystals O, P and Q

No. of Thickness Depth of 'JE2 Specific Activity LogloA
crystal of section centre of cms. 6 x of carbon dioxide
section cmS. X section 10 A counts per minute

1 x oms, per cm. pressure
x 10 .
Crystal O
1 353 1-76 3410 2384 . t 4-1 338
2 3453 5+29 2802 626t 0-31 0-80
3 3°53 8+82 7784 '1:98 % 0:40  0°30
4 353 12:34  152+5 154 % 0:22 0°-19
Crystal P
1 353 - - - - -
2 353 529 28-02 11835 & 32 407
3 3°53 8-82 7764 9160 ¥ 0°+99 1°96
4 553 12°34  152°5 6180 073 179
5 353 15-87 251°9 59:65 ¥ 0-82 178
6 3453 19°40  376+7 87°10% 0-13 1-9%
7 3-53 22-92 5253 21-37 £ 0-47 1-33
Crystal Q '
1 353 1-76 3+10 3927 ¥ 9 5+59
2 553 5+29 28+02 916 ¥ 0°90 1-96
3 353 8-82  77-84 79-27 % 0-83  1-90
4 3°53 1234  152°5 46°80 £ 0-52 167"
5 355 15-87 2519 31-28 ¥ 0-37 1.50
6 11-76 - - - - -
(| 4-70  31-74 1007 13-28% 0.23 - 1-12 .
8 9-40 - - - - -
9 470 4584 2101 860 0-26 0-94
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2. Experiments carried out to determine the rates of diffusion

in a direction parallel to the cleavage (001) plane

Two experiments were carried out to ascerta.iﬁ whether any

diffusion anisotropy existed in this crystal. Because of the
difficulties in sectioning the crystal in this orientation the
results mist be rega..rd_ed only as indicative of the order of magni-
tude of the rate of diffusion in this direction. The experiments
' were carried out in triplicate.

Experiment 9.

Deposits of approximately 025, 0°3 and O-3 mgms. of radio-
active anthracene were evaporated on to crystals O, P and Q
respectively. The crystals were heated at 160°C for 170 hours
under the usual conditions of pressure. The results were as follows.

Table XVa. Effect of heating on crystals O, P and Q

Activity of the deposit Tdtal weight of the crystal
counts per minmute mgms.

initial final initial : final

0 3896 3169 563 497

P 42_76 3619 373 306

Q 2924 - 2458 304 249

The above information indicated that the deposits were well

formed duringfhe evaporation.



Table XVIb. - Penetration of Activity into orystals R and S

No. of Thicimess Depth of %2 Specific Activity LogioA‘
crystal of section centre of oms.. X of carbon dioxide .

section cmiésx q;cﬁi:; 10 éfgguzzf g::;:i::te
.. x10

C;ystal R
1 - - - - - -
2 3+53 5.29  28:02 5182 ® 2 2.71
5 5-53 882  T7-84 1533 * 1.2 2.19
4 353 12-34 1525 601 £ 0-71 1-78
5 3+53 15-87 251-9 565 % 0-63 1-75

‘Crystal S
1 5535 1-76 510 475 % 15 565
2 353 529  28-02 433-9 £ 1-9 2-64
3 353 8-82 7784 1073 £ 4-8 - 2:03
4 553 12-34 152-5 67:90 & 074 1-83
5 5-53 15-87 251-9 7337+ 0-74  1-87
6 5535 19:40  376-7 84-57 £ 0-80 1-93
7 3+53 22:92  525:3 62:5 * 0-62  1-80




_Expe'riment' 10 - T 127
On t® the surface of orystals R, S and T were evaporated

approximately 0°45, 0°4 and 0°45 mgms. respecti.v-ely. The three

cz;ysta.ls yeré heated at 174°C for 88 hours. The pressure was

maintained at 200-250 1bs. per sq. in.

Table XVIa. Effect of heating of orystals R, S and T

Activity of the deposit Total weight of the crystal
equnt‘e per minute _ mgms.
initial final initial : final
R 5510 3364 927 735
S 4339 4639 758 608
T © 4824 3618 713 ' 633

Crystal T was badly orackeéd during the heating process and
was discarded.
The z;esult of sectioning crystals R and S and the subsequent

counting are givan in Table XVIb.



3. Experiment to determine the rate of surface diffusion 128

An experiment was carried out to determine whether it was
poasible to detect surface diffusion on the cleaved surface of an
anthracene single crystal.

A line deposit of radioactive anthracene was evaporated on to the
centre of a cleaved crystal face and attempt was made to follow the
. diffusion along the surface with the apparatus previocusly described
(Chapter I, section 4.c.).

After heating the crystal and deposit for periods of

87 hours at 100°C

58 hours at 150°C
it was found that no apparent movement had occurred. Surface
diffusion is found -to be more rapid than bulk diffusion for most
solids and it is thought that some movement should have resulted
from the 150°C heating for the above period of time.

The experiments were discontinued at tﬁis stage and it was
found impossible to carry out further experiments for longei-

heating pefiods and at higher temi;eratures at a later time.



CHAPTER III

INTERPRETATION OF THE RESULTS




CHAPTER III | 129

Interpretation of the Results

1. The gholce of a diffusion equation.

- The exﬁer;i.mental results of diffusion experiments carried out
undez; .s imilar conditions to the present study} have usually been
interpreted from the viewpoint that the deposit is "infinitely"
thin compared to ._the overall depth of diffusion. The activity of
such a source would be diminished by diffusion immediateiy the
experiment £8' commenced and the experimental conditioms should be

'adju_sted.so that the 'd_iffuing activity does not reacﬁ the far
extfemit_y of the cérystal during the experiment.

When such conditions are applied to the experiment the diffusion
process is represented by the following solution of the diffusion

equation (2,91)

C represents the concentration of the activity located at a d_eptli x . '

“in the orystal after time t, D the diffusion coefficient and @ the

total activity é.epbaited on the surface. It can be seen that the
eicpression is symmetrical with respect to x and approaches zero
when x approaches infinity for all t's) o.

Taking logarithms to base 10 of the above expression t];te

following equation is obtained.
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Log % = 1%)0 _2 . loge ----- 3

211'])1;)' 4Dt
It will be seen from equation 3 that if equation 2 correctly
describes the diffusion process under c-c‘inﬁidézjalt-ion, then a plot of
the logarithm of the concentration of the diffusing species (in this
case the specific activity pf 1;ﬁe anthracene - 9 - carbon-14 present)
at.-any depth x-, versus the square of that depth (x2) should result
in a straight line graph of slope
logloe

4Dt

The heating period t is known from experiment and hence the diffusion
coefficient can bé calculated from the slope of this line.

Figure 30 depicts such a plot for ome of the experiments carried
out in this study and it can be seen that it does not conform to the
linear relationship exﬁected from equation 3. This graph is typical
for the majority of the experiments.

If the experimental points are regarded from the point of view
of the above equations, f.e. straight lines are expected from a 1.)“101;
.of equation.3). One.---ccul-d regaxrd- them as composing two straight lines )
" B9 and CD on the diagram,and that the point A is anomalous in that
it is high. From the geometry of the crystal eand deposit it would
be expected that this first point should be high in all cases.

The reason is as follows:- . \
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Fig. 31 - The Crystal aﬁé Deposit

‘ Figare 31 represents the crystal and deposit. C on the surface of

the deposit is the origim of the sectioning Process and.oxl, X XQ’.>
the thickness 6f the first“and second sections ;especti%ely.

If it is assumed that diffusion into the crystal takes place
only in fhe_cylin&er of diameter>equa1 to the diameter éf the
deposit it will be seen that the first section will comsist of the
deposited radioanthracene (diluted with a little inactive anthracene -

from back diffusion) plus the radioanth:acéne which has diffused into

- the crystal.as far astxz, with the inactive material surrounding it.

Phe secbﬁ@g section Xy Xp willhfonsist of diffused radio-
anthracene énd.surrounding inactiv; material, as will subsequent
sections. It will be séen_from the above diagram that, whereas .
sections 2 dnwards will contain egqual amounts of inactive anthraceﬁe
at thé edges thus moking their specific activities comparable, |

section 1 will contain an excess amount of radioanthracene. Because
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of this the specific activity of section 1 should be high 152
compa.red' to subsequent sections and hence on a-.11 graphs the fir-st
point should be "high" 'c'zompa.red to subsequent points. In spite of
the fact that the initial point can be accounted for there is, at
t.his stage, no reason to a:ssume that the remaining experimental
points are best represen.ted by two straight lines because it can
also be said that all the points (neglecting A for the above reasons)
lie on a curve (the dotted line in figure 30). If this were the
case, then it is obvious that equation .2 does not describe the present .
diffusion process and that more coné:li.dera.tion should be given to the
possibility that other conditions apply to the integration of the
diffusion equation than those quotediabove ,and that some other
equation to describe the diffusion process is necessary.

The. .former explanation of the experimental points can be justi-
fied however and the existence of two straight lines cduld be
accepted  as evidence of two concurrent diffusion process, one,
represented by the --portion CD, more rapid then the other (BC).

There are then two-l;ossible explanations of the type of ourve
depicted in figure 30 and before the experiments can be analysed it
is necessary to come to some coﬁclusion on these alternatives.

In practice an infinitely thin deppsit cannot be eva.ﬁora.ted on
to a crystal surface. Alse such a..deposit of radioactive material

would not give high enough counting rates in the crystal, after

d.iffusion,to. enable accurate determination of the radiocactivity to

be made in a reasonable time, .\mless an extremely radioactive sample



were used. It should however be possible to approximate to an 135
infinitely thin deposit in cases where the penetration of activity
is large compared to the deposit thickness. An upper limit must
however exist wﬁeze the -deposit can no longer be considered to be
infinitely thin and in cases where the thickness is comparable with
the depth of penetration other boundary' conditions will apply in -
the integration of the diffusion equation and a different solution
will result.

There exist three other possible descriptions which could
perhaps be applied.
(a) Where the deposit and crystal are infinite, or very large. in
extent compargd to the overall depth of diffusion and the deposit |
can be described as an "extendt_ad initial distribution of concentra-
tion" (2,91). The solution of ‘the diffusion equation in this case
is - ‘ _
C = 9.9. erfce _ X 4 L o m m h e e e - - 4

2 Zop?
1jvhere in addition to the previously mentioned abbreviations C, =
-the initial concentration in the deposit. In this case:-

C=0Cpx(% and C=o, 'i)o when t = o

and @ =Co/2 X=o0 t)o. |
It would be expectedlthat, _in cages where this equation held, the
concentration at the interface between the deposit and the crystal
would be constant throughout the experiment and equal to half the -

injtial concentration applied.
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(b) In which the deposit is finite in extent and the crystal

infinite or very large in extent, and that during the exper;i.ment
the diffusing species faile: to reach the boundary of the crystal
but at the same time back diffusion from the crystal does reach
the boundary of the deposit. Diffusion in such a case is repre-

sented by the equation (2,91)

CE%_ﬁerf-_%%#_ferfﬁ%g- _____ 5

where h represents the deposit thiclmess.
(c) Where the source can be regarded as of constant concentration.
This cen:readily be discounted in the present case because back
.diffusion of inactive anthracene from the crystal will immediately
lower the concentration of the diffusing activity and hence such a
condition could not hold. An actual experiment involving the use
of tlese conditions could perhaps be devised,studying the rate.of
diffusion into an anthracene crystal of radicactive anthracene from
a large volume of radiocactive anthracene wvapour.

The other two possibilities (a) and (b) can perhaps be ruled
out by comparison of the deposit thickness and the overall depth of
diffusion. |

In a case where miscroscopic examination of the radioactive
material deposited on the crystal surface showed that a comparatively
small number of "whiskers" had resulted, it was pos_sible to calculate

that approximately 0:04 mgms. of the active anthracene was deposited
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per 1 mgm. evaporated from the heater in the evaporator. The

diameter of the deposit was limited by the size of the template in
the evaporator and hence is known. From this data.. it was possible
to calculate that deposit should be approximately 2 x 1074 cms.
thick. This would represent a maximm thickness because,in most
cases,some of the evaporated anthracene forms whiskers on the
surface. If it is assumed that the decrease in surface activity
refefred to in tables VIII, IXa #=l XVIa is due to the rapid
evaporation of the whiskers during the heating of the crystals, then
the remaining material mast be most].,v an epitaxial deposit which
will take part in the diffusion. In most cases this loss was less

than 50% of the total and it can perhaps be said that the deposit

‘thickness was actually 1-2 x 10~4 cms. thick.

Reference to tables IXb-XVIb will show that the penmetration
depth of the major »psittion of the activity which has diffused into
the crystal is not less than 25 x ]_.0'5 cms. in tﬁe more accurate
determinations and the diffused activity continues to be measurable,
with a lesser degree of accuracy, in all ‘cases, to the end of thé

experimental determination,in which case the overasll penétration

should be regarded as greater than 40 x 1€)'5 cma. It can be said then,.

that the depth of penetration is more than 100 times greater than

)
the deposit thickness. It must be emphasised that this is not.an
accurate value but it does at least indicate the order of magnitude

of the ratio of the deposit thickness to the depth of penetration.
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This difference immediately rules out the possibility of 1

alternative mMism (a) where the essential conditions would
appear to be that the extension of each component of the diffusion
couple should be equelly large. Similarly if aiternative (b) is
applied in this case, the deposit thickness h is very much smaller
than the penetration depth, in fact, so small that it can be assumed
that

| he+x =2 x and h -x 2 -x
within the limits of experimental accuracy for most values of x,and

hence the express-ion becomes meaningless, i.e. equation 5 becomes

aiid as erf(-z) = -erfz the equation 51 reduces to zero if we make
the above assumption.

Because of this large difference between the approximaté deposit
thickness and the overall depth of penetration, it was decided that
the process is bpst deseribed by equation 2 and that the deposit can

”

be regarded as approximating to an "instantaneous" plane source.
2. Interpretation of the Experimental Results

Now that it has been decided that the deposit can be regarded
as an infinit.ely thin source and that the diffusion process should
be represented by equation 2 it remains to account for the deviatiens
from linearity in the graphs of 1ogloA versus x2. Equation 3
indicates that such a" pPlot should. yield & linear graph, from the slope

of which it should be possible to calculate the diffusion coefficient.



Because of this predicted linearity it seeﬁs reasonable to attem%{,
to draw straight lines through the experimental l;oints as suggested
at the beginning of the previous sectior;. This was carried out
(figure 30) and it was seen that the results were as follows:i-

two linear portions BC and CD and a point A, the initial point, which
lay above CB produced. The pos.ition of point A was accounted for on
consideration of the geometry of the diffusion couple. Before
proceeding with the calculation it is necessary to account for the
existence of the two linear portions when one only is predicted from
equation 3.

Reference to figures 26-29 and to tables IXb-XVIb will show
that the overgll activity represented by the portion CD is very small
compared to that of BC and it would appear that CD represents a small
scale phenomenen compared to BC. |

It is to be expected that the process which involves the
penetration of thehgreatest amount of the initial activity should be
bulk diffusion and it is suggested that the portion BC represents
this process. CD must then be the result of soﬁe small scale
secondary effect.

There are two possible explanations of CD.

| 1. That it is the result of contamination during the

experiment.
2. That it is a concurrent, more rapid diffusion

process than EC.



Tn the present study the author is inclined to reject the 138
former explanation. Several reasons have been forwarded by other
workers in this field to account for the presence of a "tail" to the
diffusion curve by contamination. Mapother, Crooks and Maurer (92)
discovered such & "tail" in their studies of self diffusion in sodium
chloride,in cases where the heating periods were low and little
penetration resulted. They ascribed this to_ contamination during
their sectioning experiments. Feldmanetal (4) claimed that
contamination ocourred during the application of the radioactive
deposit. In this latter case carbon-14 was applied in the form of
a slurry to compressed graphite specimens and the possibility that
the slurry would penetrate pores in the specimen is very likely.

Both these explanations are not thought to apply in the .present
.ca.se because the use of single crystals, and the method of applica~
tion of the dei;osit rule out the latter possibility and the care
taken to ensure that transfer of activity did not occur during
sectioning the former. The crystal was scrupulously and carefully
cleaned before and after each section was cut.

One further source of posdible contamination in this typ-e of
experiment a.rise-a' from. the émpomtiox; of the radioactive d—e-posit on
to other faces of the crystal than that under study, during the
application of the deposit and during the heating process. The

attempt to determine the existence of surface diffusion on anthracene

crystals showed this datter process to be unlikely but this possibi-



1ity was eliminated c;.,ompl'etely 'by trimning the edges of the . 139
crystal after deposition, and _afte:ir the heating progess before
sectioning was commenced. . '

In view of these preca{ztions the aut.h;:r believes that the.
tailing of the gr-aph (i.e. CD, figure 30) is more likely-to be the
result of a more rapid diffusion process. ,

Williams and Slifkin (93) have reported that such rapid
diffusion processes do occur, in addition to.the bulk diffusion
process, in the cases of low temperature diffusion of rare eatth
¥racers in lead and silver, and of gold in silver. Presumably .the
term “llow ten;perafure diffusion" implies cases in :i:rhich a low degree
of penetration results. Hart (94) has demonatrated theoretically
that this is the case, and he suggests that all diffusion studies
in single crysfals. should yield a va.iue for the diffusion coefficient
a few per o'ent. high._,.because of rapid diffusion along dislocations in
the crystals. Their work will be discuss-ed in the next section. |

If this is the case then the portion of the graph BC will-
represent the linear combination of this process and the bulk diffu-
sion process. The ideal treatment of the results would _involve. __
treating the two curves epa.i‘a.tely and subtracting the contributions
of CD from BC. TUnfortunately the values of the specific activity
represented bty CD are very low and the scatter of the’ experim;ntal '
points, and their low accuracy, render such a calculation impossible.

In most cases it is not possible to state with any accuracy that the



experimental points in this part of the curve obey a linear 140

equatién. A straight line was however drawn to comply with
equation 3. This a.ccepta:nce of linearity in this part of the graph
is thought to be not unreasonable. ' '

In one c-a.se where the lin;a.rity of CD was reasonably well
defined,it was shown by least squares calculation that,if the process
:nepresente.d‘ by CD was subtracted from that represented by Bc,no
difference was made, within the limits of experimental error, to the |
value- o;E' the diffusion coefficient: calculated on the basis that
BC represented a single process. As a result of this calculation it
was decided to neglect the "tail" and to determine the values o-f the
diffusion coefficien—ts from the portion BC of the curves J'.l‘hese
values are. regarded- as being values for the bulk diffusion ‘process
in anthracene. . '

When the experimental results for experiment 1, crystals A and
ﬁ, were plotted a:coording tq‘egguation '3 it was found that, whi1.3t
the curves were similar in_most respects to those of dher crystals,
the initial points lay on the étra.i_ght lines corresponding to BC
(figure 30) and not above it. ' This apparent snomaly is believed to
reé;;-l; fro;n the fa.;':;_i_;h;a.t—very lgw pene.jb:-ra:t—i;n-o:_f mdioact;.v;i.ty-—
occurré_d in this case,becz;,use of the comparatively low heating
periodza.nd that, when the results are plotted in the above manner,
the slope of the initial line (corresponding to BC, figure 30) is

-

steep and for this reason it is not possible to distinguish whether



the initial point lies above this line or mot. In other U1
respects these curves were similar to those of other crysté.ls and
were treated in the same way for the calculation of the diffusion
-coefficient .

3. Calculation of the Diffusion equation for self diffusion in

anthracene .

Values of the diffusion coefficient for self diffusion in
anthracene were calculated from 1:.he slope of the steep .linea:r
portion (BC) of ‘the log oA versus x? curve for each experimen'b..

The slopes were calculated from the experimemta._l points by the
method of mean least squates.  The results are given in Table XVII.

Table XVII.
Diffusion Coefficients perpendicular to the (001) plane

Crystal Diffusion Coefficient Heating Temperature loK x 103
D cms. per second TOK

A 1°732 x 10711 425-5 '2.356
B " 14679 x 10711 425+5 2.356
I 9067 x 10712 426°5 24350

M 2+286 x 10”11 433 2.309

c 1873 x 10~10 450 2.222

-F-- - - 1'113'x 10*10""‘ - 450" T 7 2%222 )
G 4-168 x 10°10 462 2+165

H . 4-188 x 10710 462 2°165

The Arrhenius type equation,' equation 1, for the variation of
the diffusion coefficient with absolute temperature can be written

in logarithmic form



pE=" - e T T e R T R RE T RT L ESR T T T T TR T T R mnAm T T e T

o,
O

D cms.2 per sec.
|

QL
O

| LR ITI'

|

T
’

rllllﬂ'

I6|2 1 1
. - - .
IIT"K'xIO3 23 2

FIG.32. GRAPH OF LO(';OD versus 1/ T.




D..Elog . 1 o = o - 1 142'
logyP = 1%8jg’0 - 2 1% el 1

It will be seen that if log;pD is plotted versus % a straight _line
should be obtained,f::"om the slope and intercept of which, E and D,
can be calculated. Figure 32 represerits such a plot for the
present study.

The points on the graph are the mean of 21l experimental values
for a given temperature. The point at T}:‘ = 2-356 x 1079%"1 ig
neglected ,because in this case the penetration of activity was small
and- this point is considered to be less accurate than subsequent
measurements. The slope and intercept of this line were determined
by a least squares calculation, and from these values were calculated
the constantsof the Arrhenius type equation. The results of this ™~
calculation show that the diffusion coefficient for self diffusion
in anthracene varies with the absolute temperature according to the

equation

D = (1-31¥1-13) x 101240051200/ ET -~ 6
cms .2 per second

The calculation is shown in Appendix II,

4. The Rate ‘of Self Diffusion parallel to the cleavage plane in
anthracene

When the analysis of Fick's laws is extended into three
dimensions the existence of diffusion anisotropy in érystals is
suggested.

Anthracene is an anisotropic crystal and the possible existence

of this phenomenon lead to the attempt to méa.sure the rates of



diffusion in a second direction. 143

Two experiments were carried out such that diffusion proceeded
in & direction parallel to the cleavage (001) plane and the re.sﬁlté
interpreted in the manner previously described. The diffusion
profiles had the same characteristics as those for experiments on
diffusion perpendicular to the (001) plane. The results of mean
least squares determinationsare given in Table XVIII,

Table XVIIT

Diffusion Coefficients parallel to the (001) plane
Crystal Diffus iog coefficient Heating temperature

D cms.® per second oK
o 1-122 x 10710 433
P 1°466 x 1071° 433
Q 8.1035 x 10-11 433
R 1-457 x 10710 447
5 4-165 x 10710 447

It will be seen that the diffusion-coefficients obtained vary over
guite a wide range at each temperature and hence must be regarded
with suspicion. The experimental diff:izcl:;lties invol;ed in these
particular experiments suggest that any results should be regarded
as ‘approximate results. It can be said howevar,tha.t-with.in the
limits of exper;lmentql error, the values cen be regarded as comparable
with the corresponding values of the diffusion coefficient obtained
in the previous section,a.nd on this basis the existence of diffusion

anisotropy must be doubted. More accurate determinations may

however show up the fallacy of this statement.
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DISCUSSION OF THE RESULTS

1. Summary of Previous Work

Before the present work was commenced the direct measurement
of self diffusion in molecular solids had been carried out in only
three cases. The systems investigated were solid hydrogen (6),
ortho-rhombic sulphur (7) and ol white phosphorus (8). It will be
seen that there is little basis for comparisen a.nd corellation of
results in this class of solids alone and previous workeré have been
forced to rely upon knowledge gained in the study of metals and ionic
crystals in order to attempt’' to explain their results. They have
faund that although by doing this some indication of the mechanisms
can be obtained, much more work in this field is necessary before
any absolute determinations of mechanisms and theoxry of diffusion in
this class of compound can be made. |

The first account of the detexmination of‘i‘diffusion coefficient
in a molecular solid was published by Cremer (6) in 1938. Cremer
assumed that the kinetics of 'I:I-le ortho-para conversion in solid
hydrogen is bimolecular in cliara.cte;' and becomes diffusion controlled
at low concentrations of the parahydrogen. Working on thé-basis of
this assumption he calculated the self diffusion coefficient of
solid hydrogen near its melting point and showed it to increase with

temperature according to the equation
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The measurements were made in the narrow temperature range 11°-13°K

and this and the experimental scatter of the points meke the acti-

vation energy quite uncertain. It can also be shown that the

constant A has a value of (very approximately) 10~7 cms.? per
second. |

Jost (95) iproposes that the activation energy would be
indicative of a bulk diffusion process involving vacancies, but the
value of A falls well below the value expected by comparison with
values for diffusion in metals, where it has been calculated that
the value of this constant should be in the region 0-1-10 (8).
However, in the case of metals the values cannot be said to comply
rigidly with this range; and also the experimental error on the
experimental ﬁlues for hydrogen could elevate the value of A to
nearer this region.

It was not until 1951 that a second attempt was made to measure
the rates of diffusion in a molecular crystal. This time however
a tracer technique was employed which makes the method more easily
comparable with the present work.

Cuddeback and Drickamer (7) deposited radicactive sulphur
either from a saturated solution, or by evaporation, on to the (111)
face of a single crystal of rhombic sulphur and followed the progress
of the radioactivity into the crystal by meens of microtoming the

crystal and subsequent assay of the sections for radioactivity.



They state that, of the methods of deposition of the ra.clio-146
active material, the former gave a superior degree of contact.
'.l‘h_is method of deposition is thought by the present author to be of
doubtful reliability and where other methods are srailable, such as
‘that of evaporation, it is best-avoided. The objection is on the
grounds that considerable damage to a crystal surface can result
from the attack of solventand the local cooling resulting from rapid
evaporation of such a solvent. It is not possible to assess
whether this was the case in the work on sulphur, as the report is
brief, but it can perhaps be assumed that the results obtained by
both methods were. comperable as thé authors imply that they used
both evaporation and depo'sitim from solution.

Cuddeback and Driekamer (7) discovered that a rapid rise in
the diffusion coefficient oocurred 30° below the transition point to
monoclinic sulphur. Their interpretation of this phenomenon was
that, at the lower temperatures,the radicactive species diffuses
through the c;rystal by a norma.i vacancy mechanism and that diffusim
varies with temperature according to the expression

D = 832 x 10*1%¢3080/BT 5 2 Lor gecond - - - - 8

The authos suggest- ‘that this.represents difﬁ.mion perpendicular to
the (111) plane. At temperatures approaching the tré.nsitim point
to monoclinic sulphur diffusion in the direction parallel to the
(111) plane becomes important and diffusion anisotropy becomes
apparent. The ineaéured diffusion rates in this upper temperature

' range are regarded as the combination of two diffusion. processes
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expression for diffuaion‘ parallel to’ the' (111) plane as’
D=)1l.-78x 10363-78WRP cms.2 per second -« = = « 9

The great increase in the activation energy for the process is

.Ascribed to the greater jump distance in this direction.

This explanation see-mS quite reasonable and the magnitude of
the constants in the two equa.ti‘.ons can perhaps be said to be similar
to values of the é-ompa.rable' constants for the self diffusion of
_bismath (96) which is also reported to show diffusion anisotropy.
Very few examples of this phenomenon have been discover;d and little
is known of the process. Rhombic sulphur is anisotropic in nature.
and might be expected to exhibit such diffusion anisotropy.

After the work of Cuddeback and Drickamer a.'sj-.mila.r study was
made by Nachtrieb and Handler (8) usingowhite phosphorus. This
material was chosen because it has a cubic crystalline form and
hence would not be expected to show evidence of anisotropy in
diffusion. A tracer technique was employed, and again evidené of-
two diffusion processes obtained. One process which occurs singly
at temperatures below 35°C, the second process becoming important
at temperatures from 35°C to the metling point '(44-2°c). Their
analysis of the diffusion profile yields the following expression
for the temperature dependence of the diffusion coefficient.

D=107x 10"3e'9400/ RT , 2x 1046e-8°600/ B cms.2 pez.- second - 10

The second term on the right hand side of the equation being

negligible at temperatures below 55°C.
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In a previous paper Nachtrieb and Handler (97) showed that 14

for cubic metals there was e corellation between the activatién
ewergy for diffusion E,and the latent heat of fusion Lg, viz.
EaClLy [ 11
where C is a constant' and equal to 16°5. In the ensuing discussion
they propose that in crystals were this corellation obtains,diffusion
occurs by the r;ndom walk of relaxed vacancies and that the value of
the constant depem-'is upon the structure of the material concerned.
Phosphorus forms cubic crystals and has a latent heat of fusion of
601 cals.per mole, therefore on this basis the activation energy for
diffusion should be 9920 cals. per mole, which agrees reasonably
well with the experimental value of 9400 cals. per mole for self
diffusion below 35°C.

Thus Nachtrieb and Handler interpret the lower temperature
diffusion process as the random walk of relaxed vacancies and
conclude that P4 and its vacancies are the diffusing species.

On the assumption that the second term in the expression also
represents bulk diffusion the authors .propose that some large scale
co-operative phenomenon comes into prominence at 35°C. They show,
on the basis of Zeners theory of the fre-exponential factogli.(‘la),
that this second process possesses a very large entropy factor and
hence that the process involves many times the "‘Avogadio number of
molecules. Because of this the more simple mechanisms for diffusion

such as direct interchange, and interstitial diffusion can be ruled

out and the authors propose a large scale co-operative rumchanfism
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involving disordered or prémelted regions #ii the solid. 49

It would be expected them that a gradual transition from solid
stgte diffusion to liquid state diffusion might occur as the melting
point is approached. Evidence‘ for such a transition has been
reported for diffusion in Indium (98) near the meltting point, but
the region of transition is much smaller than in the case of
phospl.mrus.

Further experiments bty Nachtrieb and Lawson (99) on the effect
of hydrostatic préssure on diffusion in phosphorus,sﬁow that
increase of pressure decreases the rate of diffusion, and provides
evidence that lattice disordering end comparatively large scale
begins well below the melting point. |

Nachtrieb and Handler (8) suggest that perhaps the processes
described as diffusion anisoiropy in bismuth and sulphur could also
perhaps be explained in this way..

There must however remain some doubt as to whether the results
obtained by Nachtrieb and Handler can be said to express the rate of
movement in a single or polycrystal. The measurements were made
upon polycrystalline speciments formed by compression of powder, and
until further work is carried out upon the affect of the degree of
compression of the powder upon the final state of the diffusion
specimen, very little can be said upon this question; Previous
experiments with meté.llic crystals have shown that polycrystalline

specimens do present an approximate picture of behaviour in the
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single crystal state (2). In a pdlycrystalline specimen

however’the possibility of grain boundary diffusion must always be
considered, and this could give values of the diffusion coefficient
higher than those obtained in single crystal specimens if this
effect is not detected and allowance made for its effect upon the
bulk diffusion process.

Another source of information concerning the diffusion process
in solids im the magnetic maonance study of organic solids (20,24,
100). ‘Several such studies have been carried out on organic solids
but only two have yielded any definite informa.tioﬁ on this topic
(20,23).

It is found in these studies that the onset of molecular motion
in the crystal causes a na.rrgwing of the resonance line width. In
some cases it was found that, near the melting point, this line
width narrowed to zero,indicating very rapid translational motion
in the solid. . Tt was proposed by Andrew and Eades (20) that this
translational motion in the crystal was self diffusion. Later work
by Norberg and Slichter (21) on the nuclear magnetic resonance of
salum yielded values fir ;.he diffusion coefficient comparable with
the results' of a tracer study by Nachtrieb et al (22). This infor-
mation gave some confirmation to Andrew and Eades's statement that
the process was self diffusion.

As a.. result of these studies it has been ealoulated that the
activation energy for self diffusion in cyclohexane is 8000cals. per

mole,a value stated to be consistent with a vacancy mechanism for



- Pable XIX. The Pre-exponential Factors and Activation Energies for
gelf diffusion in molecular solids

Pre-exponential Factor Activation Energy

D, cms .2 per second cals.per mole

Methane (23) 7 =x 10'6 1500
Cyclohexane (20) - ' 8000
Hydrogen (6) ~107 790
o-Rhombic Sulphur (7) a. 83 x 10712 3080
v. 2 x 1056 78000

«White Phosphorus (8) a. 1-07 x 1073 9400
| b. 2 x 10% 80600

a represents the constants for the process which occurs at lower
temperatures, and, b, for the process which becomes important as

the melting point is approached.
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diffusion (20), and it has been shown that self diffusion in

so0lid methane (23) varies with temperature according to the
equation
D=T7x 10'69'1500‘/RT cms.Z per second - = - - - 12
Similar studies on solid benzene, naphthalene, and anthracene, at
temperatures up to room temperature (24) have revealed no evidence
of translational motion. This may however become apfarent in
naphthalene apd anthracene at higher temperatures. -

It should be understood that for translational motion to be
detected during nuclear magnetic resonance studies the frequency of
movement of the diffusing molecules from one lattice site to the
adjoining empt& site must be of the same order as the resonance line
width frequency, i.e. the nuclear magnetic resomance method provides
an instantaneous measure of movement. On the other hand’a tracer
study may deteét a diffusion process which proceeds at a much lower
rate than this, as it yields a sum of all movements during the
period of the experiment. |

Five studies therefore have been made on molecular sélids which
have yielded information about self diffusion. The resulis of |
these five studies are summarised in Table XIX. The tracer studies
show evidence that in molecular solids two concurrent diffusion
processes occur one of which only becomes apparent as the melting
point of the solid is approached. One group of workers suggest
that this is the result of diffusion anisotropy, the others that it

is the result of two different bulk diffusion mechanisms.
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The remaining three non-tracer studies can be taken as

giving an overall picture of diffusion in the solid and could be
_regarded as representing one of two possibilities:
(a) ‘a single diffusion process, or
(b) the sum of two concurrent diffusion processes
for solids near the melting point.

The present author is of the opinion that the latter possibi-
lity is unlikely. When the pre-expomential factors for diffusion
in these solids are examined, it is seen that the values for-

" hydrogen and methane, no value is given for cyclohexane, are nearer
to the values found for sulphur and phosphorus,where diffusion is
thought to be by vacancy diffusion, than to the value e.xpected by
the linear combination of the high and low temperature processes.

Many theories have been postulated regarding the significance
of the pre-exponential factor (101) and its bearing upon the
mechanism whereby the diffusion process occurs. The activation
energy should also help in the elucidation of the mechanism because
it represents the ease with which the diffusing molecule moves
through the lattice and hence the value of the activation energy
should depend upon the path by which the movement occurs.

It has been possible in the case of some metalé, to éa.léulate
values 6f the pre-exponential factor and the activation energy for
the various mechanisms by which diffusion could take place. These

values have been compared with the experimental value in order to



determine the most likely mechanism by which diffusion in the 177
solid occurs. This method has met with a certain amount of success
in some cases. The lack of the neceasary physical data for the
molecular crystals studied, render it impossible to carry out compar-
able calculations. Comparison of the experimental values can
however be made with values calculated for metals. Calculation of
the pre-exponential factor for metallic systems yieldivalues of the
order of 0°1-10 (8). If it is accepted that sdmething out of the
ordinary is occurring in the higher temperature terms of the sulphur
and phosphorus self diffusion equations and that the low temperature
terms are representative of normal bulk diffusion-then the range of

values of the presexpopential. factor is

-12 | 10°3 cms. per second,

D, = 10

a wide range, but sufficiently different to the walues calculated for
motals to suggest that this systém should perhaps not be compared
with the metallic system. It should be added that the experimental
values for the metals do not all lie within the theoretical rqngel

One .point which should be noted is that these values are
comparable with pre-exponential factors for liquid diffusion (102).
This leads to speculation about the nature of the mechanism aﬁd the
possibility of a link between self diffusion in molecular solids and
their liquids.

In metallic systems several corellations have been found between

the activation energy and constants which might be expected to have
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some association with the diffusion mechanism. Whereas such
corellations may not show the same agreement for molecular crystals
as for metels it may be that in the class of molecular solids alone
some oomparison can be made.

One such corellat.ion mentioned previcusly (97), suggests a
linear relationship between the activation energy for diffusion and
the iatent heat of fusion. Th:_'Ls was shown to hold for phosphorus
in the seme way as for cubic metals but,as it involves a structural
factor and is thought to be related to cubic metals alone it would
not be widely applicable. Further work may however show that other
crystal classes have a similar interrelationship.

Other correlations which should have a mo‘re widespread applica-
tion are those relating - : the activation energy and the latent he_at
of sublimation, and the activation energy and the melting temperature.
These will be discussed at a later stage when the case of anthracene
will be included.

2. The Experimental Expression for Self Diffusion in Anthracene.

The exper:}menta.l determination of the rate of self diffusion in
anthracene in the temperature range 150°-190°C shows evidence of two
concurrent diffusion processes. The more rapid of these processes
was very difficult to characterise, because the penetration of only
a very small proportion of the deposited radiocactive anthracene was
involved, and the resulting count rate was so low that the errors

involved in the counting experiments rendered its analysis impossible.



The second, slower, process was very well defined and 155

involved almost all of the diffusing activity. It was shown that
the variation of diffusion coefficient for this process with
absolute temperature could be represented by the following
equation

D = (1-31 : 1-13) x 1011e"(42’4o° * 1’20(»_/35_1' ’cﬁ'ls.zper second.. 6

It now remains to attempt to formulate the mechanism by which
these processes occur, and if possible, to corellate the beha.vio.ur
of this solid with the existing information about the other mole-
cular solids. |

The discovery that two concurrent diffusion processes occur in
anthracene suggests a similarity between the diffusion processes in
this solid and those in swiphur and phosphorus (7,8). In order to
meke such a comparison the more rapid diffusion process found in
anthracene mist be compared to those described as vacancy diffusion
processes in these other solids. The author is however inclined
to the opinion that this diffusion process constitutes a different
type of diffusion to those described in the previous section. A
study of these publications led to the conclusion that in sulphur
and phosphorus both processes must be regarded as fairly large scale
processes ’ea.ch involving a fairly large proportion of the active
material diffusing into the bulk of the crystal, otherwise they
would not have been so easily detected. When the secondary process
becomes apparent, each muét affect the other to a marked extent,’

because the overall result of the combination of these two.processes



is a suddenielevatian in the wvalue determined for the diffusio%56
coefficient. This is shown by & discontimuity in the log) ;D
versus.% plot for these solids. Theé discontinuity occurs at the
temperature at which the penetra#ed activity due to the second
process achieves sufficient magnitude to affect the first process.

In anthracene the opposite is the case, and the activities
resulting from the rapid diffusion process are too small to affect
greatly the apparent rate pf the slower major process. Because of
the comparatively small scale effect of the rapid process it is
proposed that it represents diffusion along intersecting disloca-
tions in the crystal. This process will be discussed later in the
thesis.

Thus only one major self diffusion process is observed in the
anthracene crystal and it is thought that this can be considered
to represent diffusion through the bulk of the crystal. It must
be remembered however,that the measurements were carried ou¥ in only
a8 very limited temperature range,and that the extension of this
range WAy réyeal that there is actually more than one bulk diffusion
process in anthracene and that the one observed iﬁ this study is
the predominant process in the temperature range studied.

If it is accepted that the major diffusion process represents
bulk diffusion in the crystal then this process can be compared with

other studies made by previous workers in this field. A comparison

of the pre-exponential fagtor.and energy of activation with those
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for other molecular solids may yield some evidence for the o

mechanism ‘of the diffusion process in anthracene.
3. Comparison of the pre-exponential factor for Self Diffusion in
Anthracene with values determined for other molecular solids.

Studies of self diffusion in molecular solids have revealed
the existence of two types of bulk diffusion process, one involving
diffusion via vacant lattice sites in the solid and the other, a
process which becomes apparent as the melting point of the solid
is approached. Theexperimental values for the pre-exponential
factor D, obtained in these studies are given in Table XIX.

The values of the pre-exponential factor for what is considered
to be vacanqy diffusion in these solids are small and lie in the
Trange 10']-2-10"5 cms.2 per second. The experimental value of the
Pre-exponential factor for anthracene is very much higher than this
(20% cms.2 per second) and therefore this suggests that something
other than normal vacancy diffusion is taking place in anthracene.

The other typé of diffusion which was found to occur in sulphur
and phosphorus near the melting points is characterised by wvery
large experimental values of the pre-exponential factor (1036 and
1046 oms.2 per second). These are much higher than that of
anthracene and agein it would appear that the mechanism of diffusion
in anthracene will be by a different process than these, however, it
is possible th;.t a similar process to these upper temperature
processes may occur in anthracene but perhaps on a smaller scale

than in phosphorus.



The two explé.nations put forward to account for these veuryls8

high values of the pre-exponential factor for diffusion in sulphur
and phosphorus near the melting point are diffuion anisotropy (7),
and pretransitional effects in the crystal (8). _

The former wxplanation is not thought to apply to seli;
diffusion in anthracene because an attempt to determine whether
diffusion anisotropy was detectable in this solid indicated that
this was probably not the éa.se.. The experimental accuracy of the
method adopted was however low, and more accurate experiments may
show this comclusion to be wrong.

The pretransitional effects described by Nachitrieb and Handler
are pro‘pa.bly more likely to account for the high walue. of.the.pre-
exponential factor. These effects involve large scale I;remelting
::Ln the crystal just below the melting point and subsequent diffusion
by way of these liquid like clusters. This process was suggested
to account _for the very high entropy factor for diffusion which is
:Eo;md for the upper temperature diffusion mechanism in phosphorus.
In the case of anthracene.the logloD versus .,i', plot gives a straight
line over the temperature range of the experiments. This indicates
that the mechanism which is appropriate must exist over the
temperature range 150° to the melting point, a range of 70° compared
to that of 10° for the range in which the second, upper, temperature
process 1s predominant in phosphorus. Such a wide range might be
said to eliminate this possible mechanism, but it is possible that

if such pretransitional effects did exist in anthracene and they were
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on a much smaller scale than in phosphorus, that is if fewer 79

molecules were involved, then it might be expected that it could
predominate over a somewhat wider temperature range. A smaller
scalé co=operative process of this type might also be expected to
have a pre-exponential factor higher than that for normal vacancy
diffusion but lower than that quoted for diffusion in white phosphorus
near the melting point. This possibility will be discussed later.

In spite of the disagreement between the pre-exponential factor
for self-diffusion in anthracene and those for vacancy diffusion in
other molecular solids, the possibility cannot be neglected that the
experimental expression does represent a normal vacancy diffusion
process and that the apparently high experimental value fqr the
pre-exponential factor is characteristic of anthracene. It is
therefore interesting to attempt to calculate & value of this factor
for anfhracene and to compare it to the experimentally obtained
value.

4. Calculation of the Pre-exponential Factor for Self-Diffusion in

Anthracene.

Several attempts (103) have been made to calculate theoretical
equations for self-diffusion in solids. These expressions were in
the main part formulated for metals and ionic crystals, and it is
doubtful whether théy are strictly applicable to molecular solids,
but, even if this is the case, it may be possible, by application

of these methods of calculation to the case of anthracene, to obtain



an approximate value of the pre-exponential factor for self 160
diffusion in this solid.

One of the more recent attempts was made by Zener (18) who,
using a statistical mechanical approach, calculated that, for
diffusion in me£als _

D = caloedS/R-B/RT _ _ _ _ _ e ee- 13
where, in addition to previously defined terms,

¢ = a constant ,the value of which depends upon the
mechanism whereby diffusion occurs and is related
to the availability of adjacent sites to which the
atom can move.

a = the jump distance.

¥ = the frequency of-{r'ibra.tion of the moving atom or
molecule in the direction of movement.

AS = the entropy change involved in movement.

k = the Boltzmann constant.

This method of calculation has proved quite promising in its
use, but so far it has been applied to only a few cases of diffusion
in metals and cannot be said to have widespread application.

The calculation is based upon the concept that the entropy of
diffusion is associated with the deformation of the lattice on
diffusion. Zener suggests that the entropy is related to the
activation energy for diffusion by an equation

ASN OE ----------- 14
Tm
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where Tm is the melting temperature,AS and E are the entropy

and activation energy for the process, a.nd. P a constant for the
particular substance, which is related to the temperature:. coefficient
of the elastic modulus.

Doubt has been expressed as to whether such an assumption, i.e.
that the whole of the entropy of the process is associated with the
deformation of the lattice on diffusion,is correct and it is thought '
that this approach is perhaps a iittle ovérs:l.mplified.

A search of the available literature revealed that no work had
been carried out on the measurement of the temperature coefficient
of i;he elastic modulus of anthracene and hence a calculation of the
above type was impossible. Similar problems arise in conaideration
of the other calculations mentioned above (103) which render their
use for the calculation of a value for the pre-expomential factor
impossible.

A more general, if somewhat less rigorous approach to the
prroblem of diffusion in solids is based upon classical rate theory
(104) and it is possible by appl:'_.lcation of this theory tc; the pz;oblem
of diffusion in solids to calculate an approximate value for the
p;'e-exponentia.l factor for self diffusion in. anthracene.

Rate theory leads .to_an equation of the following form for
diffusion in solids |

' D= az'Die"E/ R ... - = 15
where a = tl_;e distance between successive equilibrium positioms.

V.o vibrat_ional frequency of the molecule in the direction
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of movement 16

Comparing equation 15 to the Arrhenius type equation for diffusion
in solids it will be seen that the pre-exponential factor is
Dy = 829V e mmme-- ;6‘

This theory has been applied to the calculation of the pre-
exponential factors for self diffusion in a number of m;tal;ic
systeus and some disagreement is found between the experimental and
calculated values. The values predicted by the theory are in the
rogion of 10'3 oms .2 per second, whereas the experimentally determined
values lie in the range 10-5-10 cms.? per second. It is suggested
(104) that this disagreement results from an oversimplification in
the calculation of the above equatiqubecauae the effect of atoms,
other than those directly involved in movement, have been neglected.
In spite of this it can perhaps be said that the calculation
provides an approximate guide to the values of the pre-exponential
factor and such a calculation for anthracene may give some indicg-
tion of the possible mechanism for diffusion in this solid. '

The anthracene crystal has been the object of much X-ray
crystallographic work (105) and the successive refinements of its
" structure have lead to the very accurate evaluation of inte;molecular
distances in the crystal. Recent work by Cruikshank (106) has also
provided data from which the Dehye Characteristic Temperature can be
calculated. From the data given in these publications the values
of a and V in equetion 16 can be evaluated and hence the pre-

exponential factor calculated.
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If 60 represents the Debye Characteristic temperature at 163

the absolute zero then.

D =% .90.% ______________ 17

where 't and f\ are Boltzmann's and Planck's constants respectively.

8o = 108%K (106).

'-‘\>=%x l—%g—i-}—%-_-z-r sec,”l - = = = = - 171

and & = 11-06 x 1078 cms. in the direction of the (001) plane (105),
U ) :

i.e. along the'c axis of the crystal. Figure 33 represents the

arrangement of the anthracene molecules in the unit cell.

Thus we have

16

- . 11
D, = 125 x 10 x.z. x 108 o 1°62 x 107" ¢ms.? per second
Dy = 2°08 x 10'2 cms .2 per second = = = = = = = - 18

The calculation which leads to equation 15 does not take into
account the possibility of limiting conditions to diffusion. The
calcuiated value for the pre-exponential factor therefore represents
‘unlimited diffusion in the solid and hence the maximum value that
the pre-exponential factor can have. Thus it is necessary to
consider what effect the various possible di_ffusibn mechanisms will
have upon this value.

The more generally accepted mechanisms for diffusion in solids
are, diffusion by direct interchange of neighbouring atoms, diffusion
via vacancies in the lattice and diffusion via interstitial positions.
To these can be added the ring mechanism of Zener (18).

Diffusion by direct interchange can occur with any neighbouring



atom of molecule. In the anthracene crystdl,. if movement 164
e g )
along the ¢ axis alone is considered, each molecule in the OAB

plane will have 4 nearest neighbours and thus these are 4 equivalent
<

movements the molecule could make, only one of which is possible,

and thus the value of the pre-exponential factor calculated in

equation 18 will be reduced by this amount and

D, direct interchange =1x 2.08 x 10"2 cms .2 per second
4
=-5201:1()3 persecond---19

In other classes of solids however this mechaniam is usually
rejected on energetic grounds and as there is no reason why it
should occur in molecular so]_.ids when it does not in others,it will
not be considered here.

The ring mechanism of Zener is related to the direct interchange
mechanism. Zener proposed that the direct interchange mechanism
could be likened to two atome in a ring changing places by rotation
of the ring, and showed that by increasing the size of the ring to
include four atoms a resultant lowering of the activation energy by
40% was achieved. Cons:i.dera{:ion of Zener's argument shows that the
factor ¢ in equation 13 is integral for this mechanism and thus it
might be expected that qn increase in the above value for D, would
result if this mechanism were considered; -however such a factor
will not increase the calculsated valt;e by more than one power of .ten.
Zener has also concluded from his analysis that such a mechanism
might only operate for metal lattices with a body centre_d cubic

structure and hence it is unlikely that this mechanism could be



- considered to apply to the case of anthracene. 165

The remaining two mechanisms will both limit the movement of
the diffusing particle and hence will result in a reduction of the
calculated value of the pre-exponential factor. The limitations,
which are similar in the case of both mechanisms,are that diffusion
mist occur to an adjaceﬁt lattiee site or interstitial position and,
in order that diffusion will occur, this site or position must be
empty. Thus the calculated value of the pre-exponential Factor
for diffusion by_ direct interchange will be reduced by a factor equal
to the probability that -the site or position will be empty. This
will be equal to the fraction of vacancies in the crystal or the
fraction of empty interstitial sites in the crystal, whichever
mechanism is considered. These factors will both b fractional and
hence the actual value of the pre-exponential factor for these
mechanisms will be smaller than that calculated for the direct inter-
change mechanism.

Methods have been formulated for thé calculation of these
fractions (107) but these methods require the knowledge of physical
data for the anthracene crystal which is unavailable, and hence the
calculation of the pre-exponential factors for the above mechanisms
is impossible. It can however be concluded that for vacancy and
interstitial diffusion in anthracene the pre-exponential factors
associated with these processes will be less than 5-20 x 10-3 cms.?

per second, and hence might lie in the range of experimental values
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found for the pre-exponential factors for vacancy diffusion in

other molecular solids.

It can also be seen that the éxperimentally determined value
for the pre-exponential-factor for pulk diffusion in anthracene is
much bigger than the calculated value for diffusion by a vacancy
ior. interstitial mechanism and hence a more complex diffusion
mechanisx;n must exist in this solid.

5e ‘The Calculation of the Entropy Factor Associated with self-

diffusion in Anthracene.

The more precise calculations of the di:ft_‘usion equation by
Zene;:' (18) and Le Claire (108) involve the consideration of free
energy changes in the diffusion process. This efféctively results
in the replacement of the term E in equation 15 by/AG, the change in
free energy associated with diffusion, and hence in the subsequent
incorporation of an éntropy term in the expression for the pre-
exponential factor D,. If Le Claiws treatment is applied to the
present case then an expression for Dy can be obtained, whicl'; con-
tains the entropy term referred to above, and the comparison of this
expression with the experimentally determined value for Dy should
result in the calculation of the entropy involved in the diffuéit;n .

process. Le Claire's treatment is as follows:"

. If it is considered that the most Iikely method of self diffusion in

anthracene is the vacancy mechanism, then ifAGl is the change in

free energy involved in the formation of a vabancy"the concentration

of vacancies in the crystal is



Lot us assume that forward movement for diffusion can only take
lpiuace along lines parallel to the\c'axis, then- each molecule in
| ‘the plane OAB has four near neighbours (see figure 33). It will
"'be seen later that this simplification.does not affect the
"a.rgument. .
Now -
Dagla  mm--mmma-n-- - 2
. T
where ' D is_the diffusion coefficient, ol a geometric factor depending
upon the lattic-e, in this case o_l.=%, and V7 is the average time of
successive jumps of each molegule. In the aqthracene crystal the
probability that a molecule has a neighbouring vacant site into
which it can move will be 6V and hence, if n is the jump rate into

vacant sites ~

R R 23
where ¥ is the vibration frequency of the molecule a.ndA‘G2 is the

isothermal work required to move a molecule from its equilibrium

position to the top of the potential barrier separatiﬂg it from the

neighbouring equilibrium position. The appropriate combination of

the above equations leads to the expression

D = a20o(@51*8YR)  _(amea 325 p

The terms (AS]+ASy) and (AH;+AH,) can be identified with the

entropy change AS and activation energy E assoeciated with vacancy



diffusion and thus 168

Dy = a.z'\).eAs/R - = -- .- 25
The term 8D has already been evaluated when attempting to
determine the theoretical value of Dy from rate theory calculations

(equations17,18) and it will therefore be seen that

D, = 2:08 x 10™2 eAS/R ------- 26

The value obtained by experiment for Dy, was 1-31 x 1011 cms.2 per
second and e_quating this with equation 25 we have
2.08 x 10-2 AS/R - 131 x 1011

AS/R

X 6°30 x 1032

AEE"- = 29+47 and AS = 58¢4 cal. per degree - - - = 27.
and thus in spite of any simplification in the calculation of Dg,it
can be seen that the entropy change for self diffusion in anthracene’

by a vacancy mechanism is surprisingly large. This very large value

for the entropy factor is suggestive of & diffusion process in the

crystal in which many molecules a.::e'involved. A gimilar suggestion

was put forward by Nachtrieb and Handler (8) when considering the
case of diffusion in white phosphorus near the melt:.ng po:.nt. ©In
this case they found an_:ven— ;igher ;r:txgr-;‘actor than that above.
They proposed that about 130 molecules weré involved in the diffusion
process and that a premelted région of this size was formed in the
crystal. Tﬁis propoéal is in agreement with the concepts of ];Henkel
who points out in his book "The Kinetic Theory of Liquids" (109) that

elements of fluidity exist in crystals near the melting point, and
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that the smallest number of molecules required to form such a 169

liquid like region in the solid is 150 molecules (11_6). Nachtrieb
and Handler iﬁ theirl treatment suggest that the free energy of
formation of an n molecular disordered or premeltefl cluster at any
temperature T is given by

AF, = nLe(1-T/Tm) = = = = = = = = = = 28
where Ly is the latent heat of fusion and Tm the melting temperature,

and that on this supposition the diffusion coefficient will be °

_‘nL(Tm-T)) -
D = Ke RfTm e e e - - - 29

The logarithmic form of this equation is

1og10D = 1og10K - E%%:—-E) 1ogloe ----- 56

and thus a plot of logjoD versus (Tm-T)/T should be linear. Figure
54 re.presents this plot for the experimental results obtained in the
present- study and it will be seen that this is the case. The slope
of the line corresponds to a value of n = 6.

This value for the number of molecules involved in the diffusion
process is much lower than that quoted by Nachtrieb and Handler for
the size of the premelted clusters in white phosphorus, and thus .
diffuéion in anthracene cannot l;e said to I;roceed by ;r;y 1arge sca:-Le“
melting in the crystal, but more probably by the loosening of a
number of molecules in the vicinity of the diffusing molecule.

The entropy of melting for anthracene will be given by

As =.L_f. .Eﬂ_ az 14 cals. per degree - - - - 31’
Tm 490 .

-
.
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and the entropy for the diffusion is about 58 cals. per degree,

on this basis then some loosening or melting of about four molecules
of anthracene would be predicted. This figure is about the same
as tha.'t..derived for tl.ne number of molecules associated with the
diffusion process above and indicates that this interpretation is
fairly c;onaistent.

Thus the probable diffusion mechanism seems to be, not a process
dependent upon large scale fusion of the type proposed by Nachtrieb
and Handler for self diffusion in white phosphorus, but a process
dependent upon a vacancy mecha.nis:_n:;in which the large entropy of
activation results from a loosening of the lattice in the neigﬁbour-
hood of the vacancy,during the diffusion process, to the extent of
about four to six molecules.

6. The Activation Energy for Self Diffusion in Anthracene.

An accurate calculation of the: activation energy regquired for
diffusion by  the various mechanisms in anthrascene is not possible,
but it is_ possible to obtain an order of magnitude of the energy
required for diffusion hy these mecha.nisms,a.nd in this way some
information about the diffusion process in anthracene can be gained.

Studies of diffusion in metals has shown that for the usually
accepted mechanisms for self diffusion

E direct interchange-> E vacancy ) E interstitial
and there is ;m reason to suspec1; that a similar order should not

exist for molecular solids. Of these three mechanisms, that of
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direct interchange will not be considered for reasons given T

. previo‘ysly. Another mechanism which should perhaps be considert_ed
hawe-ver' is ‘the "Relaxion" mechanism proposed by Nachtrieb and
Handler (97). These authors suggest that the formation of a vacancy
is followed by the inward relaxation of atoms or molecules around
the vacancy to form a small region of disorder in which the rate

: limiting molecular movements occur. This inwaird relaxation process
is associated with a negative energy of formation and thus the
overall energy required to form the "relaxion" will be less than
that to form a vacancy alone and hence the energy of activation for
movement of such a defect would be less-than that required for
vacancy diffusion.

Mott and Gurney (107) have shown that the energy of actiwation
for self-diffusion b{a. vacancy mechanism in a molecular solid should
be approximately eﬁﬁ;l to the latent heat of sublimation of the
solid, since this will be the amount of energy required to form a
vacancy in the lattice. It can be said therefore that energy of
activation for vacancy diffusion in anthracene is 23,300 cals. per
mole and that for the alternative mechanisms will be less than this.

The experimentally determined activation energy for self .
diffusion in a.nthi‘acene is 42,400 cals. per mole, almost twice that
expected from diffusion by a vacancy mechanism and therefore the
other possible mechanisms can be rejected.

Since the experimentally determined activation energy is so much

higher than the latent heats of sublimation and fusibn,it seems


http://fusion.it

likely that more than ome molecule is taking part in the 172
diffusion process and, considering the mechanism proposed in the
last section, it seems reasonable to suggest that a vacancy mechanism
accompanied by the loosening, or prengalting of four to six molecules
in the neighbourhood of the vacancy during diffusion,would give the
necessary high activation energy.

It should also be pointed out ' that. a large activation energy
for self diffusion in anthracene might be expected,on the basis that
diffusion along the length of the carbon chain in an organic crystal
would become more and more difficult as the length of the chain was
increased,until, when the chain was very long, as in a linear
polymer, diffusion along the chain direction would be impossible.

In the present stuly diffusion was measured along the long chain of
the molecules of anthracene and hence a high activation energy is
not unexpected. It is not possible to determine the magnitude of
this effect in anthracene,but, if the vacancy mechanism suggested
above is accepted, the major part of the activation energy required
for movement of -the vecancy will arise from the energy required for
the formation of .the vacancy and the er."erg;y required to premelt or
loosen the molecules in the lattice, and hence it seems unlikely
that any major contribution to the activation energy for diffusion
would come from this source in the present case.

It is difficult to compare the activation energies for self
diffusion in other molecular solids with the present study)beca.use

no direct comparison is possible. In studies of metallic solids
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however, various corellations have been discovered between the 175
energy of activation for self diffusion and the latent heats of
sublimation (101) and fusion (8) and the melting temperature (101)
of the. solids studied. The prevalent mechanism in the solids
gtudied was thought to be via va.oa.ncies.‘ It may not be that mole-
cular solids would show the same corellations as metals but it is
iﬂtemsti'ng to see whether any similar corellation holds. These
are depi‘c;ted in Table XX.

The values of the activation energy for gelf diffusion in
sulphur and phosphorus near the melting point are not included and
thus with the expgeption of anthracene the activation energies quoted
are those for what is thought to be diffusion by a vacancy mecﬁanism.

It will be seen that very little corellation at all exists,

except perhaps in the column% Here the values of the ratioi for
S-

cyclohexane, methane___and phosphorus are similar and comparable with
that value found for diffusion in metals. This may mean that energy
of activation for self diffusion in a molecular solid is better
represented by a lgrac.tion (a.ppro:_cima,tely 0+75) of the latent heat.of .
sublimation and not by the latent heat itself. The wvalues for

' hydrogen and anthracene do not agree with this but, in the ease of
hydrogen, the value for the activation energy is of limited accuracy
as a result of the very narrow temperature range in which the
measurements were carried out, and it has already been suggested that

something other than normal vacancy diffusion is occurring in

anthracene. This particular comparison does not help in the



determination of the diffusion mechanism except that it suggest%'m
the possibility thet in a co-operative mecha.nism,the contribution
to the activation energy of diffusion from the energy required to
form a vacancy, might be less than the latent heat of sublimation,
thus leaving an even bigger balance of energy to be accounted for hy
the possible loosening of the lattice.

No definite con;slusions can be drawn from the above comparison
and it is sugéested, as stated previously, that the high value of
fhe activation energy can best bhe explained on the basis that
diffu'sion is by a vacancy mechanism,and that movement of the vac;a.ncy
is accompanied by a loosening of the- lattice so that several molecules

are faking part in the diffusion process.

T The Rapid Diffusion Process_in Anthracene.

It was proposed, because of the comparatively low values of
diffused activity resulting from this rapid process, that this
process is characteristic of some small scale diiffusion phenomenon
in the crystal.. This cannot be the result of grain boundary diffusion
because single crystals of anthracene were used for all experiments..
The author believes that it may be the result of diffusion along
intersecting dislocations in .the crystal. Such a process would be
expected to proceed at a faster rate than bulk diffusion. The
magnitude of _the process will depend upon the relative concentration
of dislocations in the crystal. Since the area of these dislocations
presented to the radioactive deposit at the surface of the crystal

will be small, compared to the total cross sectional area of the
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crystal on which the deposit is evaporated, it could be expected

that such a procéss would involve only a very small fraction of the
toﬁal deposited radioactivity compared to that available for the
bulk diffusion process.

Evidence for the existence of this type of process has been
reported for diffusioﬁ in metals wﬁere the total penetration due to
bulk diffusion is small.

Williams and Slifkin (93) noted this effect whilst studying the
rates of diffusion of Rare Earth tracers in silver and lead. In
order to determine whether such a phenomenon was only characteristic
of the system they were studying they carried out further experiments -
in a "more well-behaved systém", that of diffusion of gold in silver
single crystals. The same effect was reported for low values of
penetration and they showed that diffusion coefficients calculated
from the initial portion of their diffusion profiles (equivalent
to the portion BC in figure 30 in the present case) were in agree-
ment with values obtained by previous workers, withiﬁ the experi-
mental error.

They also report that Hart (94) suggests that low temperature
diffusién measurements in single crystals should yield values of
the diffusion coefficient elevated a few per cent. by the effect of
dislocations,and state that Tomizuka (116) has demonstrated this
efchy for the diffusion of antimony in silver.

Williams and Slifkin attribute this tailing effect to diffusion

along dislocations.
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Such a scheme of diffusion would be characterised by lower 7

energies of activation and greater rapidity of movement than bulk
diffusion. Experimental difficulties made it impossible to deter-
mine these values in the present study and a new design of experi-
ment would have been necessary for the elucidation of this process.

Mention was made earlier in this thesis of such & "tail" for
sodium chloride self diffusion studies (92). 1In this case the
workers attributed the cause of this tail to contamination during
the ;ectioning process. The above informations leads ome to
wonder whether perhaps a reassessment of their statement should be
made.

8. The absence of surface diffusion on anthracene crystals.

It was pointed out in the section containing experimental
results that surface diffusion was investigated and found to be non-
i existant at the temperatures employed. It should be pointed out
that studies at higher temperatures may show this process to be
present. It is usually found that surface diffusion is more rapid
then bulk diffusion and, as measurable bulk diffusion occurs at
~1500C, it is peculiar that no evidence of surface movement was
discovered.

Similar work by Hoodlews (117) who attempted to study surface
self diffusion using cleaved sodium chloride crystals also yielded
a negative result. It is thought that the absence of surface

diffusion is probably a function of the surface structure of the
crystals. Unfortunately time did not permit a more exhaustive
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9. Conclusioms.

The tracer method of studying self diffusion in the solid state
shows that self diffusion does occur in this molecular crystal.

~ In the te-mperature range studied evidence was found that two

diffusion processes were occurring in the crystal, one of which
accounted for most of the observed diffusion; tﬁe.second was a very
small scale process.

The major diffusion process, which can be represented by the

equation

D = (131 * 1.13) x 1011e-(42,400 ¢ 1200)/RT
cms.2

per second
was found to possess an unusually high entropy factor. This higzh
value of the entropy factor leads to the conclusion that a
co-operative diffusion phenomenon involving four to six molecules
is taking place in the crystal.

The activation energy for this diﬁ'usion process was also
unexpectedly high, and this again can be ascribed to a co-operative
phenomenon ihiwhiech more than one molecule is .participating.

The probable diffl-zsion mechanism appears .to be a process
dependent upon a vacancy mechanism which is accompanied by a
loosening of the crystal lattice in the neighbourhood of the vacancy
to the extent of four to six molecules, and not as might be expected

a process dependent upon large scale premelting.

The minor process may be the result of diffusion of the radio-

active material along intersecting dislocations in the crystal.
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In the further study of the major process it is thought that
the temperatu?e range of the measurements should be extended to
higher temperatures, to ascertain whether any large scale premelting
effects become apparent nearer the me.llting point thai already
investigated, and also,a study of self diffusion in molten anthracene
should be carried out to determine whether any sharp boundary exists
" between the rates of diffusion in the liquid and solid states. More
accl;.:;ate experiments should be carried out to determine the rates of
diffusion parallel to the (001) plane in anthracene, in order to
ascertain whether diffusion anisotropy can be detle_cted in this way.
The posibility of a nuclear magnetic resonance study of anthracene
should be investigated so that the results of such a study can be
compared with those of the present tracer study.

The primary problem associated with the minor process is to
prepare & sample of radicactive anthracene of much higher specific
activity,in order that this process can be investigated at lower
temperatures. T_he possibility of generating dislocations in the
crystals by iriﬁdiation, or the incorporation of impurity, should
be considered ,:fn..order to determine whether an increase in the
concentration of these defects has a significant effect upon the
magnitude of this minor process.

A detémination of the teinperature coefficient of the elastic
modulus for anthracene would enable a value for the pre-exponential

factor to be calculated from Zener's equation (equation 13) which

could be compared with the present results.
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single crystals should be made so that this apparently anomalous
behaviour can be examined.

These studies should also be extended to other molecular
solids in order that the results of such studies can be compared
with each other, and a better understanding of the diffusion process

in these solids can be achieved.
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APPENDIX I

Experimental details concerning the determination of Absorption

Spectra (55)

The determinations were all carried out with a Unicam S.P. 500
Spectrophotometer. .
A. 270-300mpu.
' " 35 mgms. of the sample were accurately weighed into a small
bt;,:aker of weight approximately 1 gm. This small beaker containing
the sample was placed in a larger one containing about 125 mls. of
normal heptane, and the anthracene dissolved in the cold by
continuous stirring using a magnetic stirrer. The sojution was then
transferred to a 200 mls. standard flask care being taken to remove
all the solution from.the beakers with fresh normal heptane and the
solution made up to the mark. The measurement of the absorption
spectrum of the solution was usually taken shortly after the solu-
tion had beeniprepared, ;l:ut if this was not possible the solution
was stored _in the dark until required.

The absorption spectrum of the solution was measured using 1 cm.
silica cells. Three readings were taken and averaged at intervals
of 2 mph A matched cell containing solvent only was used as the

zero density standard of comparison.



B. 400-460 ny_a.

0500 gms. of the sample were weighed into a small beaker
weighing approximately 12 gms. The sample was washed through a
funnel into a 100 mls. standard flask with 50 to 60 mls. toluene
and dissolved by continuous stirrinz in the cold, using a magnetic
stirrer. The solution was made up to the mark wi%h toluene, the
flask having previously been re-calibrated to allo; for the volume
of the rotor. The solution was transferred to a 10 cms. absorption
cell by means of a 10 mls. pipette and the optical density measured,
from 400 to 460 Tvu Readings were taken &t intervals of 2 E’H
three readings being taken and averaged at each wave length. A
ﬁatched cell containing solvent only was used as the zero density
comparison cell.

It is essential,between determinations, to clean the 10 cms.,
¢ylindrical type, absorption cells wvery thordughly with concentrated
sulphuric acid. It has been found that washing with organic
solvents was not sufficient to give consistent cell coqstants.-

C. 260-390 M
When measurements in this range were required the solutions

used for section A were diluted ten times.



APPENDIX TI

Calculation of the constants for the Arrhenius Type Equation for

self-diffusion in Anthracene

The logarithmic form of the Arrhenius type equation is

E 1 1
logyoD = logygPo - 3 logyge. g - - - - 1

.% should be linear. This was the case

for the experimental values determined in this present study, and

and a plot of 1ogloD versus

_ this appendix shows the least mean squares calculation which was
used to determine the best straight line which could be fitted to
these experimental points. .

In the following tables the terms log)gD amd.%.are represented
as y and x respectively. Where two values were obtained for any
particular temperature these have been averaged. The experimental

values for crystals A, B and J have been omitted as these are
thought to be inaccurate. The reasons for their omission haye
been given previously.

The remaining abbreviations have their usual meaning (.88).



y X x 103 x2 x 106 Xy x 103

-11°043 2350 5523 -25°951

-10-641 2.309 5332 ' -24-570

-9.826 2.222 4+937 -21.834

-9-378 2:165 4687 -20-303

L= -£40-888 9-046 20479 -92:668
n=4

m = z X 2 - nﬂ
Iltx)E - nﬁg
_ (9:046 x 1073 x -40.888) - 4(-92-668 x 10~3)
(9-046 x 10 - (4 x 20479 x 107
= \=—- 69-8 » 0-672 x 103
%81-830 - 81-916)

: 3
= - 079 3 o~ 9°291 x 10
0-006 * 10

o Balty - Tab2
Ix)° - nlx

-6

- (9:046 x 107 x _ 92.668 x 1073)-(-40.888x204B x 10 )

-0+086 x 10-°

- -838:275 + 837-345
-0-086

= 0-930 _ 10-814
0-086



L

Goodness of fit:-

y x x 107 mx mx + ¢ d = y-(mx+e) a?
-11-043 2-350 -21°834 -11-020 -0°023 0000529
-10-641 2309  -21:453 =10+639 -0+002 0000004

~9-826 24222 . -20'645 =9-831 +0+005 0°000025
© _9-378  2:165  -20:115 _ -9-301 -0-071 000541 _
- -0°095 0+005968
r, = 0-6745 E;%;}é'a 0+6745 {?9-682x 10-4}%~

D= nsz - (2!)2

error inm = By =

error in ¢ = Pc¢

= 06745 (29-84 x 10~4)%

0+0369

0-086 x 10~6

¥ _o. [ 4 3
reE%] 0-0369 0086 x 10

= 0-0369 . (46-511 x 106)%

06745 x 5°463 x 10-2

L
2

= 00369 x 6°82 x 10°

= 0+252 x 103

- Bt

. the equation to the line is

-
] 20°479 x 10
0-0369 ‘ 0-086 x 10-2}

0:0369 x (27381 x 10%)

00369 x 15°543

0-574

y = =(9-291 % 0-252) x 10°x + (107814 * 0+574)

b
=
2



" Comparing this equation with equation 11 above .we have

log, Do = 10°814 * 0.574

'0.252) x 107

1+

v E _ ..
and Elog!@e = (9-291

11 2

Do = (1.31 % 1.13) x 10" cms.® per second

E = 42,400 £ 1,200 f:als_. per mole.
Therefore the Arrhenius Type equation for self diffusion in anthracene
is
D=(131%1-13) x 1011e'(0’2’400 * I’ZOQYRT cms.2 per second.

“



APPENDIX III
The Calculation of the Diffusion Coefficient

The logarithmic form of the diffusion equation which represents

the process of diffusion in the present case is

Loaad? = %10 gyt - Sae 2 - - - - - - ’

and a plot of log)oC (in this case the specific activity) versus
x2 ghould be lineer. This was the case and the diffusion
coefficient was calculated from the slope of this line

i.e.slope = ~10g10e

4Dt
This appendix shows a typical calculation. The slope was calculated

by the least mean squares method using those points which lay on the
steep initial portion of the experimental plot of equation 3. The
following calculation is for erystal C.

In the calculation the terms log'loA and %2 are represented by

x and y respectively.



x x 106 y x? x 1012 Xy x 106
71784 2+00 6059 1557
152.5 1.18 23256 180.0
251+9 1.22 63454 3073
37644 0-68 141677 2560
552°7 012 305477 663
L= mus 5°20 539923 965+3
n=>5
m=LxXy ~n - (14.11 x 1074 x 5:20) - 6 x 9-65 x 10-4)
¥x)¢ - nix (14-11 x 1002 - (5 x 55°99 x 10°9)
_ (73.37 - 48-25) x 1074
- (199-09 - 269.95) x 1078
- = 25°12 3
= 7.09 x 10
= = 354 x 107
_ logype _ . 3.54 x 10°
4Dt
and in this case t = 45+5 hours

4343

D =
4 x 354 x 107 x 455 x 3600

-8 JUL 9Y9

Tenon,

=10
= 1-873% x 10

cms.

2

per second.



