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ABSTRACT 

A study of s e l f - d i f f u s i o n i n anthracene single c r y s t a l s has 

been carried out using a radioactive tracer technique. 

A method was developed f o r the growth of large single c r y s t a l s 

of anthracene from the melt, s t a r t i n g from the Bridgman technique. 

On to one. surface of the c r y s t a l s was evaporated a deposit of 

anthracene - 9 - carbon-14, prepared by a seven stage synthesis 

from barium 14-carbonate, and the c r y s t a l s and t h e i r deposits were 

heated a t constant temperatures i n the range 150°-190°C for periods 

up to 230 hours. The c r y s t a l s were then sectioned p a r a l l e l to the 

i n i t i a l active face, using a calibrated, hand operated, lathe. The 

quantity of radioactive material which had diffused into each section 

was determined by quantitative combustion of the sections to carbon 

dioxide i n an "Empty Tube" rapid combustion apparatus, followed by 

the determination of the disintegration rate of t h i s gas i n a gas 

counting tube, using carbon disulphide as charge transfer agent. 
_2 

Penetration was found up to a depth of 4 x 10 cms. 

I t was found that two concurrent di f f u s i o n processes were 

occurring i n the c r y s t a l . One of these involved only a small 

proportion of the t o t a l d i f f u s i n g a c t i v i t y and may represent 

diffusion along int e r s e c t i n g dislocations i n the c r y s t a l . The 

second process involved most of the diffusing a c t i v i t y and was 

thought to represent bulk diffusion i n the c r y s t a l The temperature 



dependence of the dif f u s i o n c o e f f i c i e n t for the second process i s 

given by the equation 

D - (1.J1 * W 3 ) x 10"-e -'42.400 t 1,200)/RT ^ ^ ^ 

The pre-exponential factor and activation energy for t h i s process 

are unusually high. This leads to the conclusion that a co-operative 

diffusion phenomenon i s occurring i n the c r y s t a l , i n which diffusion 

occurs by way of vacant l a t t i c e s i t e s , and that the loosening or 

premelting of from four to s i x molecules occurs i n the neighbourhood 

of the vacancy during d i f f u s i o n . 

This i s one of the few studies of s e l f - d i f f u s i o n in molecular 

c r y s t a l s . 
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INTRODUCTION 



INTRODUCTION 1 

The quantitive study of diffusion i n solids can be said to have 

been initiated in 1896 when Roberts-Austen measured the rate of 

diffusion of gold in lead ( l ) . After the disoovery that diffusion 

proceeded at a measurable rate i n solids, i t was realised that such 

experiments might provide information about the basic metallurgical 

processes such as the oarburisation of steel, cold welding and 

alloying from metal powders, some of which had been known, i f not 

understood, for centuries. Not only was this aim realised, but 

many more useful metallurgical processes were discovered and, even 

more fundamental than th i s ; a great deal of information was obtained 

about the physics of crystals ( 2 ) . I t was from this beginning that 

this subject has grown and since the beginning of this century 

diffusion studies have been made in almost a l l types of solids. 

After the i n i t i a l work in metallic systems, many hundreds of 

which have been studied, the f i e l d was extended to inolude ionic 

crystals (2) and later s t i l l a few studies were carried out in 

valence (3-5) and inorganic molecular crystals-(6-8). 

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 i n the 

eluoidation of the mechanisms by which diffusion occurs in solids 



and have give rise to theories of the defect solid state (2). 

The value of ionic crystals for such studies i s that i t i s 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 generation of an equivalent number of vacancies, in order that 

el e c t r i c a l neutrality should be maintained in the crystal. The 

study of ionic crystals by direct and conductimetric methods has also 

led to a better understanding of the effect of crystalline fine 

structure on the diffusion process. 

The experimental determination of diffusion in solids i s 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 end 

of the experiment, and those which involve the determination of the 

concentration gradient resulting from diffusion of one component into 

a second. The latter process i s more useful in that i t can reveal 

the existence of several concurrent diffusion processes whioh may be 

occuring i n the solid, whereas the former measurement yields only an 

overall diffusion coefficient representing the combination of a l l 

processes occuring in the solid. 

Examples of the former process are the diffusion of gases out 

of solids ( 9 i and the diffusion of metals with relatively high 

vapour pressures at the temperature of the experiment out of alloys 

(e.g. zinc in at brass ( l O ) ) . The rates of diffusion are measured 



3 
by collecting the gases at the surface and measuring them 
volumetrically or, alternatively, changes in concentration are found 
by measuring the loss i n 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 concentration gradient i s 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 technique (2l>) 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 s e l f diffusion 

coefficient for the components of the l a t t i c e . The second method (11) 

makes use of the fact that radiations from radio-active substances 

are absorbed in solids. A radio-active material i s deposited on the 

crystal surface and an i n i t i a l count i s taken. As diffusion of the 

radio-active material into the crystal proceeds, the radiations from 

the diffused material w i l l be absorbed, and the oount rate at the 

same surface w i l l decrease. From the measurement of this decrease 

of count rate with time, the rate of penetration can be calculated. 

The method in which the concentration gradient i s determined 

unfortunately involves the destruction of the crystal during the 

determination, which means that a different crystal i s required for 

each experiment. This of course raises the question as to whether 

a l l the crystals used are comparable in properties. This i s an 



experimental d i f f i c u l t y which cannot be overcome. I t i s here 4 

that the conductimetric studies which can be made with i o n i c c r y s t a l s 

are advantageous because one c r y s t a l can be used for a number of 

studies, though even here re-application of the electrodes and 

continued heating and cooling may change the c r y s t a l s . 

The d i r e c t measurement of the diffusion c o e f f i c i e n t by measuring 

the concentration gradient i s usually carried out as follows:-

The two components, which may be identioal for s e l f - d i f f u s i o n studies, 

or which may d i f f e r , are placed i n intimate contact and the temperature 

of t h i s couple raised to a point where measurable penetration w i l l 

occur i n a reasonable time. On completion of t h i s diffusion period 

the couple i s accurately sectioned, p a r a l l e l to the i n i t i a l plane of 

contact, by use of a grinding machine, lathe, or microtome, and each 

section, which i s i n the form of shavings or powder, assayed f o r the 

d i f f u s i n g material. 

In t h i s way a p r o f i l e of concentration of the solute versus the 

depth of penetration can be b u i l t up, from which, using the integrated 

form of F i c k ' s equation corresponding to the geometry of the i n i t i a l 

state, the diffusion coe f f i c i e n t can be calculated. 

The method adopted for preparing the diffusion couple w i l l , of 

course, depend upon the physical properties of the materials 

concerned. In some cases i t has been found adequate to press the 

faces of two c r y s t a l s together or to press the powder of one 

component on to the surface of another. Somewhat more intimate con­

ta c t 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 i s s u f f i c i e n t l y high, by 

evaporation under vacuum. The author believes the l a s t named method 

to be the best where applicable, because t h i s presents l e s s p o s s i b i l i t y 

of damage to a non-metallic c r y s t a l surface- and i s most l i k e l y to 

r e s u l t in e p i t a x i a l deposition which, e s p e c i a l l y i n the study of s e l f -

d i f f u s i o n , i s to be preferred. Metallic c r y s t a l s are not as 

susceptible to such damage and these and other methods such as welding 

and electroplating have been used. 

In many of the e a r l i e r determinations, and i n experiments where 

a reasonable quantity of material diffuses into the c r y s t a l , the 

normal techniques of chemical a n a l y s i s have been used to separate 

the components and to determine the concentration of the d i f f u s i n g 

material i n cut sections. In a greater number of cases however the 

concentration of the d i f f u s i n g species i s low and t h i s method i s 

inaccurate. In some such cases the techniques of spectroscopic 

analysis have proved accurate and useful ( l 2 ) . 

Some al l o y s are known to have resistance to attack by certain 

chemical reagents and t h i s resistance depends upon t h e i r composition. 

In some cases where alloys are formed a s e r i e s of t e s t s on each 

section using such reagents has resulted i n a determination of the 

approximate concentration (13). 

Physical properties such as conductivity (14), cathodic 

emission (15), photo emission ( l 6 ) , and hardness (17), have a l l been 

shown to depend upon the purity of the specimen and the presence of 

even small amounts of impurity i n some cases i s 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 section 
of the heat-treated diffusion couple. 

A method of widespread application, and one of the most 

successful methods of a l l for the experimental evaluation of diffusion, 

i s the use of radio-active tracers ( 2 ) . Here use can be made of the 

highly sensitive methods of radiation detection to determine the 

concentration of the diffusing radio-active species. In this way 

accuracy of measurement can be obtained, even when the penetration 

distance i s very small and also when the concentration of the radio­

active species i s small. With the more widespread availability of 

natural and a r t i f i c i a l radio isotopes, this technique has come more 

and more into prominence and i s probably the most widely used method 

at the present time. For the measurement of self-diffusion (where 

movement of a latti c e component i n . i t s own lattice i s studied) the 

tracer technique presents the only possible direct method of study 

and the tracer self*diffusion studies have made valuable contributions 

to the better understanding of the solid state and the elucidation 

of the structure of crystalline solids. The isotope effect in such 

a study i s 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 to an 



Arrhenius type equation: 

E/HT D^e 1 

where D i s the diff u s i o n coefficient at temperature T and R the gas 

constant. D Q and E are substantially constant for p a r t i c u l a r systems. 

E i s taken as the energy of ac t i v a t i o n for the process. That the 

l a t t e r constant should be related to the mechanism by which diffusion 

occurs i s obvious,as i t w i l l represent the energy required to move 

an atom or ion from one equilibrium position i n the soli d to the 

next, but i t i s also accepted that the value of the pre-exponential 

factor which i s contained i n D 0 w i l l also depend upon t h i s mechanism. 

Attempts have been made to formulate theoretical expressions 

(18,19) for these two constants from which th e o r e t i c a l values for 

the diffusion c o e f f i c i e n t could be calculated, assuming the commonly 

accepted mechanisms of diffusion i n so l i d s ( i . e . by way of vacancies 

i n the l a t t i c e , i n t e r s t i c e s , or by the d i r e c t exchange of neighbouring 

atoms, molecules, or ions (2b). I t was hoped that the comparison 

of these t h e o r e t i c a l values with those determined experimentally 

would show the most probable path by which diffusion was taking 

place. "This approach has had a certain success where i t was 

possible to carry out the the o r e t i c a l calculations ( l 8 ) , but i t i s 

thought that a more exhaustive t h e o r e t i c a l treatment i s necessary 

before such a method for determining the diffusion mechanism i s 

f i n a l l y accepted. In the case of ionic c r y s t a l s probable mechanisms 

have been discovered by studying the ef f e c t of the generation of 



8 
cer t a i n defects upon the diffusion r a t e s . 

Most studies of dif f u s i o n have been oonfined to metals and io n i c 

s o l i d s because of the various methods available f o r study and 

comparison i n these cases. 3h spite of the great attention given 

to the s o l i d state i n general very l i t t l e attention has been paid 

to the study of valence and molecular c r y s t a l s . 

The study of diffusion i n valence c r y s t a l s has been reported 

for two oases, germanium (5), and natural (4) and a r t i f i c i a l (5) 

graphite. Work on the former substance was no doubt Inspired by 

i t s valuable semi-conducting properties and the need to discover 

a l l the relevant properties of the s o l i d s t a t e . 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 

theo r e t i c a l and experimental values f o r the constants i n the diffusion 

equation as described above. 

Comparatively l i t t l e information e x i s t s concerning the d i f f u s i o n 

process i n molecular s o l i d s and i n view of t h i s scant information 

i t was decided to explore t h i s f i e l d and to carry out a tracer study 

of s e l f d i f f u s i o n i n a molecular s o l i d . 

The f i r s t recorded investigation of di f f u s i o n i n a molecular 

s o l i d i s that of Cramer (6) who determined the Arrhenius type equation 

(equation l ) , f o r s e l f diffusion i n s o l i d hydrogen from kin e t i c data 

obtained from the study of the ortho-para conversion i n s o l i d hydrogen 

The constants i n Creator's equation are of rather limited accuracy 



because of the very small temperature range i n which the 

measurements were made (ll ° - 1 3°K), also such a measurement w i l l only 

provide an o v e r a l l diffusion equation which would not indicate the 

existence of more than one diffusion process. 

Later tracer studies by Guddeback and Driekamer (7) of s e l f -

diffusion i n ortho rhombic sulphur, and by Nachtrieb and Handler (8) 

of the same process i n oLwhite phosphorus, proved that diffusion 

i n t h i s 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 mechanisms of the 

diffusion process i n each case. 

The r e s u l t s of these two t r a c e r studies are open to c r i t i c i s m 

because of the methods adopted i n the preparation 01 the specimens. 

In the second case (8) the samples used were compressed powders and 

with such samples i t i s d i f f i c u l t to v i s u a l i z e the extent to which 

such a specimen resembles a single c r y s t a l . I t has been i o m (2b) 

that the r e s u l t s of s e l f - d i f f u s i o n experiments using polycrystals 

can be a usef u l indication of the approximate value of s e l f - d i f f u s i o n 

i n c r y s t a l s when single c r y s t a l s are not a v a i l a b l e , but the constants 

i n the Arrhenius equation are found to vary with degree of poly-

c r y s t a l l i n i t y , no doubt because the numerous boundaries between 

c r y s t a l l i t e s provide a very large number of short c i r c u i t i n g paths 

f o r d i f f u s i o n . 

In the former case (7) single c r y s t a l s were used but these were 

grown from solution, a method which may allow the inclusion of solvent 
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I n the c r y s t a l l a t t i c e during growth, and which could a f f e c t 
the diffusion process. 

Hiere was therefore a need to carry out a tracer diffusion 

study using a single c r y s t a l of high purity grown from the melt or 

vapour phase i n order to a s c e r t a i n whether the e f f e c t s described by 

the previous workers are s t i l l found in such a c r y s t a l . 

No t r a c e r d i f f u s i o n studies have been attempted using c r y s t a l s 

of organic molecular s o l i d s and what information i s available has 

been derived from nuclear magnetic resonance (N.M.R.) studies* 

Andrew and Sades (2) w h i l s t carrying out a N.M.R. study of 

s o l i d oyolohexane found evidence that wholesale molecular movement 

was occurlng near i t s melting point. They ascribed t h i s motion to 

s e l f diffusion and calculated the ac t i v a t i o n energy for t h i s process. 

Later, a comparison between N.M.R. s e l f d i f f u s i o n data f o r s o l i d 

sodium (21) with that obtained from a t r a c e r 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 s o l i d methane. 

Other studies (24) however show no onset of molecular motion, 

but such evidence must not be taken to mean that molecular motion i s 

completely absent. The N.M.R. Technique i s rather limited i n i t s 

application to such problems because i t w i l l only detect s e l f d i f f u s i o n 

when t h i s motion i s rapid enough to be detected I n s t a n t l y , and i t i s 

here that the t r a c e r technique i s superior because t h i s measures the 
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summation of a l l movements over the period of the experiment 
and w i l l therefore detect a much Blower rate of movement. 

The lack of information about t h i s p a r t i c u l a r c l a s s of s o l i d s 

and the need f o r tracer studies using single c r y s t a l s of molecular 

s o l i d s led" to the decision to attempt to open up t h i s f i e l d of 

study of s e l f d iffusion i n single c r y s t a l s of organic compounds. 

The main objects of such a study were thought to bet 

1. To a s c e r t a i n i n i t i a l l y whether diffusion does occur, 

2. I f t h i s i s the case, to determine whether d i f f u s i o n 

occurs by one process or by the combination of 

several concurrent processes, 

3. To determine the magnitude of the energy of 

act i v a t i o n for these processes, 

4. To compare the r e s u l t s with those of N.M.R. studies, 

i f such studies have been attempted on the substances 

used, 

5. To determine the mechanisms by which the d i f f u s i o n 

processes occur and whether these provide- any 

information regarding disorder i n the c r y s t a l . 

There was no obvious substance to choose f o r the present study because 

a l l nuclear magnetic resonance measurements, with which the r e s u l t s 

could be compared, had been ca r r i e d out on substances which were 

l i q u i d or gaseous at room temperatures (20,23) or i n s o l i d s a t low 

temperatures (24) where s e l f d i f f u s i o n was not apparent. The 
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choice of specimen was therefore dictated by the requirements 
of the experiment. 

The basic requirements were thought to be: 

1. The substance used should have a f a i r l y high melting 

point so that as wide a temperature range as 

possible could be used for the measurements. 

2. That i t should have a comparatively low vapour 

pressure at elevated temperatures so that losses 

by evaporation on heating should be low. 

3. I t should be easy to obtain pure i n reasonably 

large quantities and when pure should be stable 

to oxidation or other chemical change. 

4. I t should be possible to synthesise a radio­

a c t i v e form of the substance. 

5. I t should be possible to grow large s i n g l e 

c r y s t a l s of the substance. 

This l a s t requirement i s probably the most important of a l l . 

The consideration of these requirements iHedj to the choice of 

anthracene, because i t s high melting point (217°C_(25)) promised a 

wide range of temperature I n which measurements could be made, large 

single o r y s t a l s of the pure material had been grown for s c i n t i l l a t i o n 

oounting experiments and a method was devised for synthesising a 

radio-active form of anthracene l a b e l l e d with 1 4c. In addition to 

these properties the vapour pressure was not high compared to other 



s i m i l a r suitable organic s o l i d s . 

The d e t a i l s of the experimental work axe given i n the 

following chapter. 
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CHAPTER I 14 

EXPERIMENTAL TECHNIQUES 

1. The Growth of Single Crystals of Anthracene 

The numerous experimental techniques f o r the growth of single 

c r y s t a l s of chemical elements and compounds can be divided under 

three main headings s 

1. growth from the vapour phase* 

2. growth from a saturated solution. 

3. growth from the melt. 

A l l of these methods have been suc c e s s f u l l y employed i n the growth 

of. c r y s t a l s of organio compounds, but the s i z e and nature of the 

c r y s t a l s produced vary with the method adopted and the experimental 

requirements of the c r y s t a l s must be considered before a method of 

growth i s chosen. 

The present study required that * 

1. the c r y s t a l s grown should be approximately 

1 x 1 x 0«5 oms5 i n size,_ 

2. the rate of growth should be f a i r l y rapid, 

3• the c r y s t a l s should be very pure. 

The growth of organio c r y s t a l s from the vapour phase i n general 

r e s u l t s i n the slow growth of very t h i n c r y s t a l s (26-29) which would 

be unsuitable f o r a tra c e r diffusion study and hence t h i s method can 

be neglected. 
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Very large c r y s t a l s indeed have been produced by growth 

from saturated solutions but t h i s method a l s o proved unsuitable for 
the present purposes because of the conditions required for growth. 
The l i m i t i n g f a c t o r (30) i n growth from solution i s the s o l u b i l i t y 
of the s o l i d i n the solvent used and, i n order that tolerable growth 
rates w i l l r e s u l t , s o l u b i l i t i e s of 20-50% by weight are required. 
The s o l u b i l i t y of anthracene i n organic solvents i s very much l e s s 
than t h i s and beoause the rate of growth from solution decreases 
rapidly with decreasing s o l u b i l i t y such a method would have proved 
unfavourable i n the present case. A second important reason which 
a l s o leads to the r e j e c t i o n of t h i s method i s the possible inclusion 
of solvent i n the c r y s t a l l a t t i c e during growth; the presence of 
which could a f f e c t the process of diffus i o n . 

The t h i r d method, growth from the melt, has none of the 

disadvantages mentioned above. By t h i s method large single c r y s t a l s 

oan be grown at a reasonable rate and, as the c r y s t a l s can be grown 

under vacuum or i n an i n e r t atmosphere i f necessary, the purity of the 

or y s t a l depends upon the purity of the s t a r t i n g material alone. 

F o r these reasons the me.thod. of growth from- the melt was considered 

f o r use i n the present, study. 

Numerous reports (31-42) have been published over the past 

decade on the growth of very large single c r y s t a l s of organic 

compounds from the melt f o r the purpose of studying chemical and 

physical properties of these substances i n the s o l i d s t a t e . Not 

the le a s t of these studies have been the measurements of semi-
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conductivity and the p o t e n t i a l i t i e s of such c r y s t a l s as 
s c i n t i l l a t o r s for UBB i n radiation a n a l y s i s . Anthracene proved to 
be an excellent material f o r t h i s l a t t e r purpose and as a r e s u l t 
several reports of the growth of large single c r y s t a l s of t h i s 
substance have been published (36-42). The a v a i l a b i l i t y of t h i s 
information led i n part to the adoption of anthracene as the subject 
of the present study. 

There are three general methods of growth of crystals, from the 

melt which are the basis of a l l reported techniques t 

1. The Kyropoulos method (43,44) 

2. The moving ve s s e l technique (35,42,46-48) 

3. The stationary vessel technique (34,35*45)• 

I n the Kyropoulos method a seed c r y s t a l of the substance, 

attached to a water cooled chuck i s partly melted into a bath of the 

molten substance contained i n a furnace. The chuck and c r y s t a l are 

slowly and uniformly withdrawn and surface tension e f f e c t s cause the 

surface of 1fae melt to be drawn up with the seed. As the cooler 

regions of the furnace above the melt are reached, the material 

s o l i d i f i e s . I f the.correct rate-of withdrawal i s chosen the melt 

c r y s t a l l i s e s e p i t a x i a l l y upon the l a t t i c e of the seed c r y s t a l and a 

top shaped "boule" of sin g l e c r y s t a l r e s u l t s . 

So f a r as the author i s aware the Kyropoulos method has never 

been used f o r the preparation of single c r y s t a l s of organic compounds 

because of the p r a c t i c a l d i f f i c u l t i e s involved i n i s o l a t i n g the 

apparatus to prevent a e r i a l oxidation of the molten material and 

losses by v o l a t i l i s a t i o n . 
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la the other two methods (2 and 3 above) the melt can be 

completely i s o l a t e d during the growth process, under vacuum or i n e r t 
gas pressure, i n a closed vessel, and hence both these methods are 
su i t a b l e f o r consideration as methods f o r the growth of organic 
c r y s t a l s . 

Both method s require the construction of a growth oven i n which 

a temperature gradient with horizontal isothermals can be maintained. 

The temperature gradient u s u a l l y involves a t r a n s i t i o n from 20-30° 

above the melting point to an equivalent point below the melting 

point. The two methods d i f f e r i n the use of t h i s temperature 

gradient. 

Figure 1 represents diagrammatioally such a gradient i n which 

AB 1B the isothermal corresponding to the melting point. The 

material, i n the tube C, i s placed i n the upper part of the gradient 

and allowed to melt. 

I n method 2 the vessel containing the molten material i s 

attached to a lowering mechanism and Blowly lowered down the gradient 

i n the direotion of the arrow 2. As the t i p of the tube crosses 

the isothermal.AB c r y s t a l l i s a t i o n occurs, and continued lowering 

leads to the growth of these c r y s t a l s up the tube, the solid/melt 

i n t e r f a c e always l y i n g on the isothermal AB. 

Ifethod 3 can almost be regarded as the converse of t h i s because^ 

i n t h i s case, the v e s s e l containing the melt, C, is'kept stationary 

during growth.and the temperature gradient i s slowly and evenly 

oooled by the controlled reduction of the heating input. As 
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cooling occurs the isothermals i n the furnace move up the 
c r y s t a l l i s a t i o n vessel ( i n the d i r e c t i o n of the arrow 3 i n figure l ) 
a t a rate proportional to the rate of cooling of the furnace and 
c r y s t a l l i s a t i o n and growth occurs as the isothermal AB passes 
slowly up the tube. 

Although both these methods have been su c c e s s f u l l y used f o r 

the growth of single c r y s t a l s of organic compounds (34»35»4 2,46-48) 

there are limi t a t i o n s to the s t a t i c method (44) and i t was considered 

better i n p r i n c i p l e to construct a c r y s t a l growing oven i n which a 

steady temperature could be maintained and to lower the c r y s t a l 

growing vessel mechanically. I t was t h i s type of oven which was 

constructed and used f o r the growth of the anthracene c r y s t a l s f o r 

use i n t h i s srudy. 

As the work proceeded i t became apparent that t h i s design had 

many advantages because of the slow rates of growth necessary f o r 

the successful production of large single c r y s t a l s of anthracene and 

the d i f f i c u l t y isf seeding the s i n g l e . c r y s t a l s . Using t h i s b a s i c 

method i t was also found possible to construot an unlagged c r y s t a l 

growing oven i n which the c r y s t a l s could be watched during growth, 

a feature which l a t e r proved time saving and which would have been 

impossible had method 3 been employed. 

1. a. The C r y s t a l Growing Ovens. 

The temperature gradient necessary f o r c r y s t a l growth by the 

moving ve s s e l technique i s usually established between two heaters 

mounted on a tube and separated by a short distance. The ovens 
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are usually heated e l e c t r i c a l l y but i n the cases of the lower 
melting s o l i d s b o i l i n g vapour (32) and heated l i q u i d s (35) have been 
used, whether the tube supporting the heaters should be a good or 
bad conductor of heat seems to be of l i t t l e oonsequenoe. 

Very l i t t l e indication i s given i n the l i t e r a t u r e of the 

optimum slope of the temperature gradient to use and descriptions 

vary between two extremes, those which advocate a gradual change 

between the upper and lower l i m i t s (46,49) and those which produce 

a very steep gradient which i s almost a sharp discontinuity between 

the upper and lower temperature l i m i t s (36)• 

I t was therefore necessary to determine -the optimum temperature 
• 

gradient by experiment and the f i r s t c r y s t a l growing oven was 

constructed i n such a way that t h i s gradient could be varied. 

E l e c t r i c a l heating was used and the arrangement of the furnace was 

s i m i l a r to that used by Leininger (49). 

Two e l e c t r i c a l heaters of resistance 94 ohms and 14O ohms were 

wound, twelve inches apart, upon a four inch diameter iron tube. 

The heaters were wound using 15*7 ohms per yard "Nichrome" heating 

tape and were -Insulated from the i r o n pipe by asbestos paper. The 

slope of the temperature gradient could be varied by adjusting the 

input to the heaters and conduction of heat along the iron supporting 

pipe ensured that a l i n e a r gradient was produced. The tube and heaters 

were supported (the lower resistance heater uppermost) i n a large 

drum and the drum packed with magnesia asbestos lagging for thermal 
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i n s u l a t i o n . The two heaters were connected I n p a r a l l e l and 
operated from a constant voltage A.C. s t a b l i s e d supply. Tempera­
ture control was effeoted by use of a thermostat and regulating 
c i r c u i t s i m i l a r to that shown i n figure 3»a. 

At f i r s t the experiments i n c r y s t a l growth met with l i t t l e 

success because of the impurity of the anthracene used. The c r y s t a l s 

produced were very dark i n colour and a l l were poly c r y s t a l l i n e i n 

nature. 

As the purity of the anthracene was increased i t became obvious 

that there were two factors which might e f f e c t the growth of the 

c r y s t a l , 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 i n i t i a l experiments a gradual gradient was used (upper 

heater T - 220°C, lower heater T » room temperature) and a f a i r l y 

rapid rate of lowering (5 nuns per hour). Under these circumstances 

a mass of polycrystals was always produced. These parameters were 

varied separately and i t was found that (a) there was a c r i t i c a l 

lowering rate of 1-2 nuns per hour, above which polycrystals were 

always produced, and (b) much better c r y s t a l s were produced, when 

steep temperature gradients were used. At t h i s time a growth tube 

with a c a p i l l a r y drawn out a t i t s end (figure 4«b.) was being used. 

Following these experiments i t was decided to construct a c r y s t a l 

growing oven i n which a very steep temperature gradient could be 

produced. 

A big disadvantage of the type of furnace described above was 
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that i t 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 i t . quickly. This was found to have a 
very bad effect on the growth of any single crystal which nay have 
formed and this practice was discontinued and complete growth allowed 
to occur before removal. Using the slower rates of growth found to 
be necessary for the produotion of good quality crystals, periods of 
8-10 days were required to complete crystal growth. In cases where 
poly crystals 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 crystal 
could be studied in the oven. This was done by using pyxex glass 
for the heater formers. A second advantage of this design was that 
very l i t t l e 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 i s shown in figure 2. 

Two heating coils A and B of resistance 80 ohms and 130 ohms 

respectively, were wound from 33 ohm per-yard "Nichrome" heating tape 

(0*025" x -002") on the two 2 inch diameter pyxex glass tubes A and 

B. The heaters were wound with the coils closer together at the 

lower ends in order that an even temperature could be maintained 

along as much of the length of the ooil as possible. The two coils 

were separated by a "Sindanyo" asbestos baffle C, the central hole 

of which was just large enough 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 glasB tube D of that internal 
diameter would s l i p over this and l i e concentrically with A and B. 
On D was uniformly wound an 100 ohm heating coil using similar wire 
to that used for A and B. 

The tubes A, B and D were supported at top and bottom by two 

circular "Sindanyo" sheets, and were enclosed by the thick walled, 

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

sheet was cut a hole two inches i n diameter so that access could be 

gained to the oven. When the oven was in use this hole was closed 

by means of a l i d L, which also served as a support for the thermo­

stat T.S.I. The crystal growth tube T was supported by a fine wire 

which passed through a small hole in this l i d . 

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

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

the heaters and the lowering mechanism. The growing crystal could 

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

Operating Circuit. 

The heaters A and B were arranged i n parallel .and operated from 

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

series rheostats R-p I ^ , (figure 5b), which were adjusted so that 

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 c o i l to raise the temperature of the oven to that 

required and to maintain constant temperature. The current for 
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this oontxol c o i l was supplied through a "Sunvic" oirouit 
F102/3M, depicted i n figure 3 » incorporating a Sunvic normally 
closed thermostat T.S.I, energy regulator, and hot Tire vacuum 
switch. Connections to heater D were made via terminals X and Y 
(figures 3«a. and b.). 

Several different positions in the oven were tried for the 

thermostat T.S.l. but i t was found that the c i r c u i t operated most 

successfully when the thermostat was in the position indicated i n 

figure 2 and small fluctuations i n the temperature of the oven were 

readily adjusted by the controlling c i r c u i t . 

The thermostat circuit operated as followsa- -

When the oven temperature f e l l below the required value the thermo­

stat contacts closed causing the energy input to the circuit, 

controlled by the energy regulator and hot wire vacuum switch, to be 

increased, the ourrent passing in cycles as the energy regulator 

contacts were opened and closed by i t s controlling circuit. The 

cycling on/off time was determined by the position of the control 

knob of the regulator. As the system warmed up the thermostat 

contaolSLopened showing that the oven was above temperature. The. 

effect of the opening of the contacts on the input circuit was to 

reduce the cycling on/off time and the system cooled unti l the thermo­

stat contacts again closed and the cycle was repeated. The thermo­

stat and energy regulator were set so that very fine control of the 

input resulted and the d r i f t above and below the equilibrium 

temperature was small. Under these conditions the temperature 
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remained effectively constant. The neon Indicators and N 2 

showed when the energy regulator and thermostat contacts, respectively 
were open and aided the accurate setting of the control c i r c u i t . 
This method of control proved very effective indeed and after the 
i n i t i a l work in setting the circuit no more trouble was experienced 
i n the temperature control of the oven. 

I t 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 50°C 

over the thickness of the baffle (<~0*5 Inches). In this way a very 

steep gradient indeed was produced. 

This design of oven proved very successful Indeed. The fact 

that crystal growth could be reoommenced i f a single crystal was 

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

better crystal growing tubes evolved during the crystal growth 

programme and the purer anthracene which was produced during the 

latter stages of the work, some extremely fine crystals were produced 

_using this oven. - - -

l.b. The Bate of Lowering of the Crystal Growing Tube. 

In determining the rate at which the crystal growing tube i s 

to be lowered down the temperature gradient i t i s necessary to 

ascertain the rate of growth of the crystal from i t s melt. This 

rate of growth w i l l provide, an upper limit to the rate of lowering, 

since a more rapid rate w i l l result i n 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. I t i s therefore essential to measure this 
rate of growth before single crystals can be successfully grown. 

I t i s reported that for the satisfactory growth of organic 

crystals the rate of lowering of the crystal growing vessel should 

not exceed 1-2 mms. per hour (35) • This value indicates that the 

rate of growth of organic crystals i s very much less than that of 

metals, where rates of growth of up to 20 mms. per minute have been 

quoted (50), but i s similar to that of ionic crystals, where rates 

of 1-4 mms. per hour have been reported (44*51)* R» the present 

study experiments were carried out to determine whether such a slow 

rate of growth was necessary and to ascertain whether any improved 

crystal quality could be achieved by the use of lowering rates less 

than 1-2 mms. per hour.-

The crystal growing tube was lowered down the temperature 

gradient by means of a suitably geared down synchro-clock motor 

with a projecting axle.. The wire supporting the vessel was wound 

around the- axle. • A -series of' interchangeable axles of differing 

diameters allowed the rate of lowering to be varied i n 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)1 that rates of 

lowering 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 quality resulted from the use of slower 
lowering rates than this c r i t i c a l value. 

Previous workers (35) have shown that with Borne designs of 

growing vessel a reorientation of the crystal occurs during the 

growth process. I t was shown by them that the crystal produced 

after reorientation had occured was always polycrystalline in nature, 

but that i t was not possible to detect this u n t i l the crystal had 

been removed from the tube. I t has been suggested (35)i that poly­

crystalline growth occurs because the rate of growth of the crystal 

on the face presented to the melt after reorientation has occured, 

i s slower than 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. . I t would 

appear that slower lowering rates might obviate this-change to 

polycryatallinity and i t was with this purpose that a lowering rate 
• 

of one half the c r i t i c a l value was adopted, i.e. 0*5-1 mmst per 

hour. 

I t was later discovered that reorientation did occur.during . 

the growth of anthracene crystals in some types of crystal growing 

tube but this never resulted in the formation of polycrystals and 

i t i s 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 oould be 

produced. 
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I.e. The Initiation of the Single Crystal. 

The initiation of the seed crystal for growth, a factor which 

seems to present l i t t l e difficulty with other types of solids, i s a 

real problem in the case of organic crystals. A method devised by 

Tammann (52) at the end of the la s t century for the growth of crystals, 

was to seed from a long capillary attached to the lower end of the 

crystallisation tube. This type of tube i s depicted in figure 4*&* 

and was used for the i n i t i a l 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 G. (figure 

2), until the anthracene had melted and f i l l e d 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 and i t s 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 a small amount of solid polyorystalline anthracene 

remained 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 i t descended the small crystals grew up the 

capillary and 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. 
3a the present work i t was found impossible to produce less than 
twelve small crystals side by side i n the upper tube surrounded by 
polycrystalline anthracene. The result of such an experiment i s 
depicted in figure 4«&« 

In an effort to reduce this number of crystals, several experi­

ments were carried out using a crystal growing tube of the type shown 

in figure 4-b. with a small bulb at the lower end of the capillary. 

I t was hoped that the use of a bulb at the tip would allow the 

greater expansion of the crystallite seeds during the f i r s t part of 

their growth and hence increase the possibility that only one orystal 

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 i t was found possible to 

reduce the number of crystals, formed in the upper tube to about s i x , 

TbB most successful attempt however only produced three crystals 

and i t was obvious that further modification of the growth tube would 

have to be made before one single crystal could be initiated and 

grown in the wider part of the tube. 

The crystals obtained at this stage were of very good quality 

but were rather small for the requirements of the present study. 

whilst attempting to grow large single crystals of Stilbene by 

a similar growth technique Scott, Hutchinson and Lapage (35)» found 

that by bending the capillary as shown in figure 4«c. a single 

crystal was inevitably initiated at the upper end of the capillary 
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and this seeded the molten material in the upper wider tube. 
I t would appear that the bends i n the capillary tube must help i n • 
some way to remove a l l 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. I t 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 i t was known that a 

single crystal was generated on each occasion i t was possible to 

study the growth of this seed crystal into the melt i n the upper tube. 

When, in each of these experiments with the bent oapillary, the 

crystal was examined on removal from the tube i t 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 poly crystalline mass. The very low rate of lowering 

was used and i t was thought- unlikely that the lowering rate was 

exceeding the growth rate, i f this was the case no single crystal 

would have been produced at a l l , and that i t was more like l y to be 

the result of local cooling on the shoulders of the crystal tube, 

on each side of the oapillary causing nucleation and subsequent growth 

of polycrystals. The polyorystals 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 oocured as a result of small temperature fluctuations 
in the oven. 

I t was however possible that, although the lowering rate did 

not exoeed the rate of growth of the crystal in a vertical direction, 

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 continued to grow upwards i t did not grow outwards 

before the shoulders of the tube had desoended below the melting 

point isothermal, and thus polycrystals formed rapidly in the super 

cooled melt on each side of the single crystal and aoted i n the above 

mentioned manner. 

In order to allow more gradual growth of the seed into the wider 

tube a vessel of type 4«d. was used i n several experiments. I t was 

found that although some contribution to the formation of polycrystals 

did arise from the latter cause, nucleation of polycrystals s t i l l 

occurred and thus this must arise from local cooling.in the-oven. 

2h an effort to eliminate the formation of polycrystals the capillary 

was mounted on a baffle which rested loosely in the crystallisation 

vessel (figure 4.e.). 

This modification resulted in the formation of a much larger 

wedge of single crystal but nucleation of polycrystal now took place 

around the top of the baffle cone. The resulting crystal i s shown 



in figure 4.e. This experiment supported the view that 

nucleation occurred as 4he result of local cooling at the walls of 

the tube because in this case the single crystal had completely 

f i l l e d the wide part of the tube. I t 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• was con­

structed in which the growing crystal was surrounded "by anthracene. 

This type of tube therefore combines a l l the desirable features 

of a l l the previous tubes, the bent capillary, which aids i n the 

sebction of a Bingle crystal for growth, the thermal insulation 

effect of the surrounding anthracene, and the gradual shape of the 

cone which obviates "corner" effects as the single crystal spreads 

into the wider tube. The inclusion of a l l these factors proved to 

be the key to the problem of design of the vessel. 

This design of vessel proved to be a complete success and using 

this i t was found relatively easy to grow single crystals which 

completely occupied the central tube of the crystal tube. 

As the research into the design of the vessel proceeded so did 

the improvement in the purity of the anthracene and, using the very 

pure anthracene produced in the f i n a l stages of the work, crystal 

boules 4 cms. long x 2«5 cms. diameter were obtained, which 

completely occupied the inner tube of the crystal growing vessel. 

These large single crystals had a beautiful blue fluorescene and 

were quite large enough for the present purposes. 
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GROWING TUBE. 



l.d. Orientation of the Crystal after Growth. * 

In the previous section i t was stated that the crystals can be 

grown with the cleavage plane (001 plane) vertical or horizontal. 

This change of orientation only occurs when a tube with a bent 

capillary i s used, the straight capillary always yielding crystals 

orientated with the cleavage (OOl) plane vertical. I t can perhaps 

be assumed then that the growth rate i s greater with the cleavage 

plane vertical and also that reorientation occurs in the "zig zag" 

of.the capillary* That this latter i s the case has been proved for 

other materials (35) hy comparing the orientation of the crystals at 

the upper and lower ends of the zig zag capillary. 

Three factors w i l l decide whether the crystal w i l l grow with the 

cleavage plane vertical or horizontal. 

1. The rate of lowering which w i l l be equal to the 

rate of movement of the freezing level. 

2. The rates of growth 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 f V - the rate of movement of the freezing level 

v 0 - maximum rate of growth of the crystal 

v • maximum rate of growth along the inclined 

limb with the (OOl) plane vertical 

© = angle of inclination of the capillary to the 

vertical, 

then i f 

. v» there w i l l be no change in orientation / cos© 
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< v 0 conditions are favourable for this change cos 6 

but i f 

cos 0 v 0 polycrystalline growth w i l l result. 

Scott, Hutchinson and Lapage (35) found that the reorientation 
process resulted i n the formation of polyorystals. In this study 
i t was found that perfect crystals were produced no matter what the 
f i n a l orientation of the crystal and hence i t was not necessary to 
determine accurately these limiting conditions. I t can be said 
however that a tube with 6^45° always produced reorientation and 

G \ 45° inevitably resulted i n the growth of a orystal with the 
cleavage plane vertical. I t was found that crystals grown with the 
cleavage plane horizontal were easier to shape and i n the l a t t e r 
stages of the work an eff o r t was usually made to produce growth with 
this orientation. 
I.e. Purification of the Anthracene. 

The i n i t i a l attempts to grow crystals were carried out using 
commercially available pure anthracene (B.D.H. Blue Fluorescent). 
The powdered anthracene was sealed, in the. crystal growing tube (-type ~ 
4*a.) under the vacuum or an inert atmosphere and orystal growth 
attempted as described in section I.e. In spite of these precau­
tions against oxidation, etc., very dark brown crystals were produced, 
no doubt the result of impurity in the starting material. A small 
quantity of th i s impure material was purified chromatographically and 



34 
used for crystal growth. Very much clearer crystals were 
obtained and i t became obvious that purity of the starting material 
was one of the principle factors i n the growth of single crystals 
and i t was necessary to find a method for the preparation of extremely 
pure anthracene* I t was not u n t i l this had been achieved that any 
marked improvement In the quality of the crystals grown was noticed. 

Previous workers i n this f i e l d had used one of two methods for 
the purification of anthracene, one, a lengthy reorystallisation 
process involving as one of i t s steps a co-distillation with 
ethylene glycol (33)t and the second Chromatography (?8). I t was 
found possible to set up a continuous flow chromatographic purifica­
tion apparatus which would produce adequate quantities of pure 
material f o r the i n i t i a l stages of the work and thus this method of 
purification was adopted at the beginning of this study, 
(a) Chromatographic Purification. 

A continuous flow chromatographic column similar to that used 
by Leininger (33t49) for the purification of organic compounds was 
used for th i s purpose. The column was packed with grade 1 alumina 
and 40°-60°C petroleum, ether was used as the elut'riant.. 

Before the oolumn was packed the alumina.(B.D.H. for chromato­
graphic purposes) was re fluxed for two hours with 50$ acetic acid to 
remove a l l alkaline impurities and then washed with d i s t i l l e d water 
u n t i l the washings gave no acid reaction. The washed alumina was 
dried at 200°C on a glass tray and bottled while s t i l l warm. Prior 



to use i t was graded by dye adsorption tests (53) and i f not 
Grade I was reheated u n t i l a positive test was obtained* 

The column 1*5 inches diameter and four feet long was packed 
with the dry alumina and the petroleum ether passed for 24-48 hours 
before the column was used to allow the alumina to settle. The 
column was tapped at intervals during this period, i n order to release 
a i r bubbles and a i r channels trapped during the packing. 

Continuous elution was achieved as followss-
The column was attached at the lower end to a large flask containing 
the petroleum ether. The solvent i n the flask was boiled and the 
vapour asoended by way of a side arm to the top of the column where 
i t was condensed and allowed to f a l l on to the alumina. The l i q u i d 
petroleum ether then passed-down the column into the flask. A 
"head" of the l i q u i d approximately six inches high was usually b u i l t 
up at the top of the column. 

When the column was ready for use the anthracene was placed on 
top and the elution with petroleum ether commenced. The column 
was wrapped with thick paper to exclude l i g h t and a slow current of 
nitrogen gas was passed through the apparatus to stop diffusion, in. 
of atmospheric oxygen. These precautions were found to be necessary 
because the anthracene is very readily oxidised on the column, i n 
presence of sunlight, to anthraquinone. This reaction can readily 
be detected 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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absorbed 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 beoame saturated, the anthracene 
crystallised out i n flakes which had a bright blue fluorescence and 
could be removed when required. 

The anthracene purified by this method was of excellent purity 
but the rate of production was slow. As improvements were made in 
crystal growing techniques larger crystal growing tubes were .used, and, 
although two chromatographic columns were operated together, the rate 
of production of pure anthracene by this method was inadequate. 
The columns needed constant attention, i t being d i f f i c u l t an occasions 
to determine when break through of impurities was about to occur, 
and needed repacking every 8-10 days. The overall rate of production 
by^ this method was approximately 4O-5O gms. pure anthracene per week. 
When this method of purification was abandoned approximately 100 gms. 
of the pure material were required per week and i t was decided to 

• 1 

purify the anthracene by successive recrystallisations, a method 
which had the advantage that a large amount - of material could be 
purified i n a f a i r l y short time, 
(b) Purification by Becrystallisation. 

Hutchinson and Lapage (42) had purified commercial anthracene 
for the purpose of growing s c i n t i l l a t o r crystals by the following 
series of processes. 

1. Beorystallisation from acetic acid. 
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2 . D i s t i l l a t i o n under reduced pressure (three times)* 
3 . Recrystallisation from acetic aoid. 
4. Hecrystaliisation from toluene. 

Hutchinson and Lapage examined thei r starting material spectrosco-
pically and found that 4he impurities present were naphthaoene, 
perylene and carbazole together with some unidentified yellow 
impurity. 

Spectroscopic examination of the impure anthracene (5.D.H. blue 
fluorescent) used i n the present study showed that absorption 
occurred i n parts of the spectrum where l i t t l e or none would be 
expected i f the anthracene were pure, and where absorption would be 
expected i f the above mentioned impurities were present. These 
regions were 27O-300mp.. and 4OO-46Omjuu. As a result of this i t was 
decided to attempt to use thi s method f o r the purification of thi s 
anthracene. 

The improvement in the quality of the material was checked at 
each stage i n the purification process by measurement of the TT.V. 
absorption spectrum using a Unicam S.P. 500 spectrophotometer. The 
spectra of the I n i t i a l and f i n a l materials are depicted i n figure 
6.a. and b. Figure 6.a. depicts the decrease i n absorption of l i g h t 
in the region in which the carbazoie impurity should be apparent 
(270.300v\y^ and figure 6.b. that region where naphthacene and 
perylene impurity vould cause absorption (400-460"y*.). In figure 
6.b. i s included the absorption spectrum of the chromatographically 
purified material i n the range 400-460ay*., and i t 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 ( 4 2 ) , 
that the i n i t i a l recrystabilisation from acetic aoid removes the 
greater part of the oarbazole present, the d i s t i l l a t i o n , the 
naphthacene and pexylene and the second recrystallisation completed 
the removal of the carbazole. That the above was the case was 
assumed by comparison with the work of Hutchinson and Lapage (42) 
and Marrick (55). The yellow impurity reported by Hutchinson and 
Lapage was not detected. The f i n a l recrystallisation from toluene, 
used by those workers, to remove the yellow impurity, was continued 
however because i t 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 reerystallised anthracene over solid caustic 
soda i n a desiccator for 24 hours. 

The pure anthracene produced by this method was i n the form of 
white flakes which fluoresced blue in. daylight. -The-U.V.-absorption 
spectrum of the f i n a l product i n the range 290-380 mp. compares well 
with that reproduced by Friedel and Or chin (54) for pure anthracene 
and is depicted i n figure 7* 

The experimental details f o r the measurement of the U.V. spectra 
are given i n Appendix I . 

The quality of the crystals produced using th i s 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 anthracene, and using th i s material 
i t was found possible to detect the cooling effects which affected 
crystal growth (described i n the previous section), and to develop 
the design of the crystal growing vessel. 

when the growing vessel type 4.f. had been evolved and a l l 
major faults i n crystal growth eliminated another factor concerning 
the purity of the anthracene became apparent. When the crystal was 
removed from the crystal tube (figure 4.f.) after growth i t was seen 
that, after the seed crystal had been i n i t i a t e d at the upper end of 
the capillary tube, and growth had continued into the upper wider 
tube, the apparently perfect crystal gave way to an increasing 
density of faults, cracks and striatione. I t appeared as i f the 
impurities remaining i n the anthracene were concentrating i n the 
melt u n t i l a l i m i t was attained where they started to crystallise 
out and to disrupt the crystal!' l a t t i c e . 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 refining for the purification of the anthracene. I t was 
obvious that some improvement i n purity of the anthracene had 
resulted from a related process during the growth of the crystal 
and i t was therefore l i k e l y that zone refining would result i n the 
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production of anthracene of comparable purity to that i n the 
lower half of the growing tube after growth, 
(c) Zone Refining. 

Few reports of the application of this technique to the p u r i f i ­
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 anthracene. 

Powdered anthracene was packed into a thick walled pyrex tube. 
The tube was evacuated and the anthracene melted down to form a 
oompact mass. This process was repeated u n t i l a column of anthracene 
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 i n order to remove a l l traces of oxygen. Shorter 
evacuation periods resulted ini incomplete removal of oxygen as was 
shown by the charring of the anthracene on subsequent melting. The 
evaouation complete, 12 cms. mercury pressure of argon gas was 
admitted to the tube and the tube sealed o f f . This pressure of 
inert gas was necessary to prevent "bumping" of the molten anthracene. 

The sealed tube was held vertically i n a stand and a small 
cylindrical heater, of diameter slightly greater than the tube, end 
approximately 2 cms. i n length, was suspended over the tube so that, 
at the commencement of the experiment, the heater was level with the 
upper surface of the anthracene. The heater was wound from 2 yards 
of Nichrome resistance tape (35 ohms per yard), on a pyrex glass 
former. The input was controlled by a variac operated from the 250 
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FIG.8. A PHOTOGRAPH OF THE ZONE REFINING T U B E . 
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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 2*5 cms. per hour. As the heater passed down the 
tube the anthracene below i t melted and the molten anthracene above 
i t 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 to the passage of the heater. When the heater reached 
the lower end of the column i t was automatically returned to the 
top and the cycle recommenced. 

The impurities present i n 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 i n the purity of the anthracene i n the upper end of the 
column. I t was determined that after about ten passes of the 
heater the anthracene i n the upper three-quarters of the tube was of 
higher purity than that produced by the previous two methods. A 
photograph of a zone refining tube on completion of purification i s 
depicted i n figure 8. 

No more information about the purity of the anthracene could be 
gained from U.Y. 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 i n the previous samples 
during growth and were single and free from striations and other 
features associated with the presence of f a i r l y large quantities 
of impurity i n the crystal. The crystals were singular throughout 
the length of the growing vessel and crystals grown from th i s zone 
refined material were used for the diffusion measurements. 

The success of this method of purification led to i t s adoption 
and a l l the material for the l a t t e r stages of the work was purified 
in t h i s manner. 
l . f . The F i l l i n g of the Crystal Growing Tubes 

In early experiments (using tubes type, figure 4.a. and b.) 
the crystal growing vessels were f i l l e d with powdered anthracene, 
evacuated, and sealed under vacuum. This method was not very 
successful because a considerable number of small particles were 
included with the anthracene and these tended to block the capillary 
at the lower end and hence hinder growth. 

The larger particles were removed as followss 
After the crystal growing tube had been f i l l e d with powdered anthra­
cene a glass tube with two constrictions was glass-blown on to the 
upper end. The complete tube was evacuated and sealed at the upper 
of the two constrictions. The sealed tube was inverted and suspen­
ded i n a tube furnace and the anthracene allowed to melt. The 
larger particles f e l l to the bottom and were easily tapped into the 
space between the sealed and open constrictions. When a l l 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 
during growth but s t i l l l e f t a considerable number of smaller, 
floating particles which could cause nuoleation and spoil single 
crystal growth. In order to remove a l l such particles, both large 
and small, i t was found necessary to d i s t i l : the anthracene,under 
reduced pressure, into the crystal growing tube (32,35)*. The 
apparatus used for this purpose i s depicted i n figure 9« 

The anthracene i n the flask was melted under an atmosphere of 
argon gas. When this was complete the pressure i n the apparatus 
was reduced to 12 cms. mercury pressure of argon and maintained at 
this value by means of the argon bleed. The anthracene d i s t i l l e d 
quite rapidly into the crystal growing tube under these conditions. 

I t was found necessary to heat the connecting tubes of the 
apparatus with a hand torch during the d i s t i l l a t i o n to reduce the 
possibility of blockage of these tubes by anthracene, which tended 
to s o l i d i f y i n the cooler parts of the apparatus. Some anthracene 
solidified i n the a i r condenser during d i s t i l l a t i o n and this was 
melted into the crystal growing tube at_ the end of the d i s t i l l a t i o n . 

This technique was found to be very useful i n eliminating a l l 
small particles which could cause nucleation and was used for f i l l i n g 
the tubes types, figure 4»c, d, e. and f . 

Anthracene undergoes quite a large contraction on. solidification 
and because of this i t was found necessary to f i l l tubes of type f . 
(figure 4) so that the central tube was always covered with anthracene 
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d u r i n g the c r y s t a l g r o w t h . I f t h i s was no t done i t was found 
t ha t when the c r y s t a l growing tube was suspended i n the c r y s t a l 
g rowing oven d i s t i l l a t i o n o f t h e molten anthracene t o o k place f r o m 
the c e n t r a l tuba t o the ou t s ide tube (A t o B, f i g u r e 1 0 ) , no doubt 
as a r e s u l t o f the d i f f e r e n t vapour pressures o f anthracene vapour 
over each s u r f a c e . Before c r y s t a l g r o w t h had commenced, t h i s 
d i s t i l l a t i o n had l i t t l e e f f e c t because e q u i l i b r i u m c o u l d be main ta ined 
by f l o w through t h e c a p i l l a r y 6 . However, when the growing c r y s t a l 
had b locked t h e c a p i l l a r y t h i s was no t p o s s i b l e and the l e v e l o f 
mol ten anthracene i n the o u t s i d e space rose a t t he expense o f t h a t 
con ta ined i n the c e n t r a l t u b e . T h i s d i s t i l l a t i o n now caused two 
.undesirable e f f e c t s : 

1 . t h e p r o d u c t i o n o f a sma l l e r c r y s t a l than a n t i c i p a t e d 

because o f the lo s s o f anthracene f r o m A . 

2 . t he s t i r r i n g o f the mel t i n A as the l e v e l B rose t o 

t h e top o f the c e n t r a l tube and ove r f lowed i n t o A . 

As i t was found t h a t b e t t e r c r y s t a l s cou ld be grown f r o m a p l a c i d 

mel t t h i s l a t t e r e f f e c t was extremely h a r m f u l t o good c r y s t a l 

g rowth , and d i s t i l l a t i o n was c a r e f u l l y a v o i d e d , i n t h e way i n d i c a t e d 

above. 

When the tubes had been f i l l e d they were a t tached t o a h i g h 

vacuum l i n e , and evacuated a t " s t i c k i n g " vacuum f o r a t l e a s t two 

h o u r s . A t the end o f t h i s p e r i o d o f t ime 12 cms. mercury pressure 

o f argon gas was added t o the tube and the tube sealed o f f . The 

smal l pressure o f i n e r t gas was i n c l u d e d t o a v o i d "bumping" which 
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always occurred when the anthracene was mel ted under lower 
pressures than 8 cms. mercury . 

1 . g . The Annea l ing o f the C r y s t a l s a f t e r Growth . -

Organic c r y s t a l s a r e , i n g e n e r a l , ve ry s u s c e p t i b l e t o the rmal 

shock and must be t r e a t e d w i t h extreme care t o p revent damage f r o m 

t h i s source. D u r i n g the i n i t i a l a t tempts a t c r y s t a l growth the 

c r y s t a l g rowing tube was a l l o w e d t o descend s l o w l y t o the bo t tom o f 

the f u r n a c e , which was a t a i r tempera ture , and was g r a d u a l l y cooled 

i n t h i s way. Th i s method proved v e r y t ime consuming, pe r iods o f up 

t o f i f t e e n days be ing r e q u i r e d t o complete the growth o f one c r y s t a l , 

and a w e l l l a g g e d , e l e c t r i c a l l y heated, tube fu rnace was cons t ruc ted 

t o anneal the c r y s t a l s i n the c r y s t a l growing vesse l a f t e r removal 

f r o m the oven. 

The annea l ing fu rnace was wound f r o m 2 yards o f 33 ohms per 

ya rd Nichrome h e a t i n g tape on an i r o n fo rmer 2 inches i n diameter 

and 8 inches l o n g , p r e v i o u s l y wrapped w i t h asbestos paper f o r e l e c t r i ­

c a l i n s u l a t i o n . The i r o n fo rmer was supported i n a l a r g e t i n and 

w e l l lagged w i t h magnesia-asbestos l a g g i n g . C o n t r o l was e f f e c t e d 

by means o f a Sunvic energy r e g u l a t o r _operated , f r o m - t h e 250 v o l t 

A . C . mains. 

As soon as c r y s t a l g rowth was complete, the tube c o n t a i n i n g the 

c r y s t a l was t r a n s f e r r e d f r o m the g rowth oven t o the annea l ing fu rnace 

which had p r e v i o u s l y been heated t o the temperature o f the c r y s t a l 

( a » 1 8 0 ° C ) , and was annealed a t t h i s temperature f o r two t o th ree 

days. Annea l ing served t o ease s t r a i n i n the c r y s t a l . A t the end 
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o f t h i s p e r i o d the fu rnace and the c r y s t a l were s l o w l y cooled 
t o room temperature by gradua l and r e g u l a r r e d u c t i o n o f t h e energy-
r e g u l a t o r s e t t i n g over a p e r i o d o f approximate ly 48 h o u r s . Txi 
o r d e r t o ensure t h a t each o r y s t a l had a s i m i l a r h i s t o r y a l l c r y s t a l s 
grown f o r use i n the d i f f u s i o n experiments were annealed i n e x a c t l y 
the same way. 

l . h . Removal o f t h e C r y s t a l s f r o m the Tuba and C r y s t a l Shaping. 

A f t e r the o r y s t a l had been annealed and cooled t o room 

tempera ture , the c r y s t a l l i s a t i o n vesse l was c a r e f u l l y broken open 

and the c r y s t a l "boule" removed. The c r y s t a l thus obta ined was 

c y l i n d r i c a l i n shape and s i m i l a r i n cross s e c t i o n t o the i n t e r n a l 

tube o f the c r y s t a l l i s a t i o n v e s s e l . P la tes o f c r y s t a l s were r e q u i r e d 

f o r the d i f f u s i o n experiments and hence some shaping o f the o r y s t a l 

"boule 1 1 was necessary. 

I t was decided t o use the (00l) p lane o f t h e o r y s t a l as the 

zero face f o r the i n i t i a l d i f f u s i o n experiments because t h i s c o i n c i ­

ded w i t h the cleavage plane (59) and was e a s i l y l o c a t e d . 

Examinat ion o f t h a t end o f the "boule" which had broken away 

f r o m the seed c r y s t a l a t t h e upper end o f .the c a p i l l a r y tube showed 

the angle o f the cleavage plane t o the a x i s o f the c y l i n d e r o f 

c r y s t a l . I|y p re s s ing a r a z o r blade aga ins t the c r y s t a l a t t h i s 

angle the c r y s t a l was made t o cleave a p a r t . I n t h i s way the o r y s t a l 

was cu t i n t o sec t ions w i t h p a r a l l e l faces approx imate ly 0*75 cms. 

t h i c k . Only those s e c t i o n s cut f r o m the lower t w o - t h i r d s o f the 
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c r y s t a l c y l i n d e r were used i n the exper iments . The reason f o r 
t h i s was t h a t i t was thought t h a t any r ema in ing i m p u r i t y i n t h e 
anthracene used f o r c r y s t a l g rowth would have concentra ted i n the 
upper t h i r d and i n t h i s way reproduoable specimens cou ld be o b t a i n e d . 

Cleavage o f the anthracene c r y s t a l i s w e l l d e f i n e d but a smooth 

f l a t su r face was r a r e l y ob ta ined and i t was f o u n d necessary t o p o l i s h 

the c leaved face be fo r e the c r y s t a l was used i n the exper iments . 

For convenience the o t h e r faces o f the c r y s t a l were cu t square w i t h a 

sharp r a z o r blade and these were no t p o l i s h e d . 

Smal l p ieces o f c r y s t a l adher ing t o the cleaved sur face were 

removed w i t h a r azo r b lade and the su r face ground f l a t by r u b b i n g on 

a g lass p l a t e , u s i n g f i n e carborundum powder l u b r i c a t e d w i t h d i s t i l l e d 

wa te r as a b r a s i v e . G r i n d i n g i n t h i s way produced a f l a t mat t 

sur face which cou ld be p o l i s h e d w i t h benzene t o produce a m i r r o r - l i k e 

f i n i s h . At tempts were made t o p o l i s h these su r faces w i t h meta l 

p o l i s h but the a l c h o h o l con ta ined i n the p o l i s h a t t acked the c r y s t a l 

su r face and caused l o n g i t u d i n a l cracks i n the c r y s t a l . The a p p r o x i -

mate s ize o f the f i n i s h e d c r y s t a l s was 1*5 x 1*5 1 0*5 cms. 

I n o rde r t o determine whether the.anthracene c r y s t a l e x h i b i t e d -

d i f f u s i o n a n i s o t r o p y i t was de s i r ed t o c a r r y ou t two expe r imen t s , a t 

two d i f f e r e n t t empera tu res , to measure the r a t e s o f d i f f u s i o n i n the 

p lane p a r a l l e l t o the cleavage p l a n e . (The c r y s t a l s prepared above 

were t o measure r a t e s o f d i f f u s i o n pe rpend icu la r t o the cleavage 

p l a n e . ) There i s no d e f i n i t e cleavage i n any o t h e r plane than the 

(001) plane and some d i f f i c u l t y was experienced i n d e t e r m i n i n g the 
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FIG.11. THE LAUE DIFFRACTION PATTERN OF ANTHRACENE. 
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d i r e c t i o n . I t was f i n a l l y decided t h a t i t was n o t p o s s i b l e t o 
s e l e c t another c r y s t a l a x i s f o r the measurements and t h a t some 
a r b i t r a r y choice would have t o be made. I n o rder t h a t the r e s u l t s 
o f t he two experiments c a r r i e d out i n t h i s plane shou ld be i n 
r e l a t i o n t o one ano the r i t was, however, d e s i r a b l e t h a t they should 
be c a r r i e d out so t h a t d i f f u s i o n proceeded i n a s i m i l a r d i r e c t i o n i n 
each case. . That t h i s was the case was ensured i n t h e f o l l o w i n g 
manner: 

Befo re shaping, a . large anthracene c r y s t a l was set up w i t h the 

cleavage plane normal t o an "X" r ay beam and the r e s u l t a n t Laue 

d i f f r a c t i o n p a t t e r n recorded on a photographic p l a t e behind the 

c r y s t a l . A v e r y c h a r a c t e r i s t i c and unsymmetr ical p a t t e r n , a pho to­

graph o f which i s shown I n f i g u r e 1 1 , was ob t a ined . 

The p o s i t i o n o f t h e c r y s t a l r e l a t i v e t o the Laue p a t t e r n was 

known i n each case and hence,by comparing the c r y s t a l w i t h the 

d i f f r a c t i o n p a t t e r n , t h e c r y s t a l s cou ld a l l be shaped so t h a t the 

i n i t i a l f ace f r o m which d i f f u s i o n was measured was o r i e n t a t e d i n 

e x a c t l y the same d i r e c t i o n i n each case. 

The_ d i r e c t i o n chosen corresponded, t o_ the l i n e .AB _on_ f i g u r e . 1 1 . 

The c r y s t a l and d i f f r a c t i o n p a t t e r n were compared and a l i n e 

drawn on the cleaved c r y s t a l su r face which would correspond t o a 

l i n e p a r a l l e l t o AB on the p a t t e r n . A r a z o r blade was p laced on 

the c r y s t a l su r face and a cu t made p a r a l l e l t o t h i s l i n e and a t 

r i g h t angles t o the c leaved s u r f a c e . T h i s cu t face was taken as 

the zero face f o r the d i f f u s i o n experiments c a r r i e d ou t i n the 
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d i r e c t i o n p a r a l l e l t o the cleavage p l ane . 

Bather more t r o u b l e was experienced i n t h e p r e p a r a t i o n o f these 

c r y s t a l s f o r the measurement o f d i f f u s i o n p a r a l l e l t o the cleavage 

plane and a t t empts t o cut the c r y s t a l t o t h e s ize r e q u i r e d w i t h a 

r a z o r blade i n e v i t a b l y r e s u l t e d i n the f r a c t u r e o f the c r y s t a l . I t 

was found necessary t o take a c r y s t a l approx imate ly 1*5 cms. cube 

and t o reduce i t t o t h e s i z e r e q u i r e d by r u b b i n g the face o p p o s i t e - t o 

t h a t cut as descr ibed above ,wi th coarse emery paper . When the 

c r y s t a l had been reduced i n t h i s way t o 1*5 x 1*5 x 0*75 cms^ t h e cut 

face and t h a t oppos i te t o i t were p o l i s h e d i n the manner desc r ibed 

above. 

A l l c r y s t a l s used i n the at tempt t o measure d i f f u s i o n a n i s o t r o p y 

i n anthracene were photographed w i t h an "X" r a y beam, the i n i t i a l 

su r face determined and p o l i s h e d as desc r ibed above. 

The c r y s t a l s , a f t e r p o l i s h i n g , were c o l o u r l e s s and t r a n s p a r e n t , 

e x h i b i t i n g a b lue f luorescence i n d i r e c t d a y l i g h t . . Some o f the 

t h i c k e r c r y s t a l s appeared t o have a f a i n t y e l l o w c o l o u r which the 

au thor b e l i e v e s resu i t e f r o m the o p t i c a l p r o p e r t i e s o f the c r y s t a l 

r a t h e r t han -the presence o f i m p u r i t i e s - . -The- 8peciraens~used f o r ' t h e 

d i f f u s i o n experiments were t e s t e d f o r s i n g u l a r i t y by examina t ion w i t h 

the p o l a r i z i n g microscope and were f r e e o f a l l s t r i a t i o n s and v i s i b l e 

i m p e r f e c t i o n s . 

2 . The Synthes is o f Anthracene - 9 - Carbon 14 

There are c e r t a i n s p e c i a l f e a t u r e s connected w i t h the syn thes i s 

o f r a d i o - a c t i v e m a t e r i a l s wh ich make them d i f f e r e n t i n some ways t o 
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r o u t i n e o rgan ic syntheses: 

( a ) The s t a r t i n g m a t e r i a l s are u n u s u a l . 

( b ) The r e s u l t o f t h i s i s tha t ' the synthes is i s 

o f t e n l o n g . 

( c ) The m a t e r i a l s are c o s t l y . 

( d ) The s y n t h e t i c r ou t e adopted must have f a i r l y h i g h 

y i e l d s a t each stage and the amount o f d i l u t i o n o f 

the r a d i o a c t i v i t y throughout the syn thes i s must be 

small , so t h a t t h e s p e c i f i c a c t i v i t y o f the r a d i o ­

a c t i v e compound i s kept h i g h . 

Al though some . l a b e l l e d o rgan ic compounds are a v a i l a b l e these 

are c o s t l y and the usua l approach t o a r a d i o - a c t i v e syn thes i s i s 

the i n t r o d u c t i o n o f t h e carbon-14 f r o m barium 14-carbonate o r 

potassium 14-cyanide. 

The syn thes i s adopted f o r the present work was more o r l e s s a 

c l a s s i c a l syn thes i s o f anthracene and was based, except i n the f i n a l 

s tages , upon a syn thes i s desc r ibed by Stevens and H o l l a n d (60). 

Barium 14-carbonate was used as the source o f carbon-14 and as thiB was 

i n t r o d u c e d d u r i n g the e a r l y stages o f syn thes i s g r ea t care was t aken 

t o ensure t h a t maximum p o s s i b l e y i e l d s were ob ta ined a t each s t age . 

F i g u r e 12 shows an o u t l i n e o f the s y n t h e s i s , each stage o f 

which i s descr ibed i n d e t a i l be low. The Roman numerals a f t e r the 

va r ious compounds r e f e r t o f i g u r e 12. 

2.a. o - T o l u i c a c i d ( t i l ) 

o - T o l u i q a c i d c a r b o n y l - carbon-14 ( i l l ) - w a s prepared by 
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ca rbona t ing a f o u r - f o l d excess o f Gr igna rd reagent ( I I ) ob ta ined 

f r o m o - bromotoluene ( i ) w i t h 10 m i l l i m o l e s o f l a b e l l e d carbon 

d i o x i d e . T h i s r e a c t i o n was c a r r i e d ou t i n a h i g h vacuum appara tus , 

the procedure adopted be ing s i m i l a r t o t h a t descr ibed by Dauben, 

Raid and Yankwich (6l) w i t h s l i g h t m o d i f i c a t i o n s . The ca rbona t ion 

apparatus i s d e p i c t e d i n f i g u r e 13.. 

The Gr ignard reagent was prepared (62) f r o m 1 gm. magnesium 

and 6*8 gms. o f o - bromotoluene u s i n g 100 m i s . o f d r y d i - e t h y l 

e the r as s o l v e n t . The r e a c t i o n was c a r r i e d ou t under an atmosphere 

o f d r y n i t r o g e n t o prevent o x i d a t i v e and h y d r o l y t i c l o s s e s . 

The magnesium was placed i n a round bottomed f l a s k p rov ided w i t h 

a s t i r r e r , t o g e t h e r w i t h 50 m i s . o f the e i ther . H a l f t he o - bromo­

toluene was added and the mix tu re r e f l u x e d f o r h a l f an hour t o s t a r t 

the r e a c t i o n . A s m a l l c r y s t a l o f i o d i n e was I n e v i t a b l y needed t o 

i n i t i a t e t h e r e a c t i o n . A t the end o f t h i s t ime the hea t e r was 

removed, the s t i r r e r s t a r t e d and the r e s t o f the o - .b romoto luene , 

d i s s o l v e d i n 50 m i s . o f e t h e r , added s l o w l y over a p e r i o d o f h a l f an 

hour . The r e a c t i o n was a l lowed t o proceed w i t h s t i r r i n g u n t i l the 

r a t e s lackened. F i n a l l y the m i x t u r e was r e f l u x e d . to._c.omple.te . the- -

r e a c t i o n . 

When the r e a c t i o n was complete 10 m i s . o f the either s o l u t i o n 

were taken by p i p e t t e ( w h i c h had p r e v i o u s l y been f l u s h e d ou t w i t h 

n i t r o g e n ) and were decomposed i n 50 m i s . o f w a t e r . Ten m i s . o f 

s tandard 2N s u l p h u r i c a c i d were added and the m i x t u r e shaken t o 

decompose the p r e c i p i t a t e d bas ic magnesium bromide . The e t h e r l a y e r 

http://_c.omple.te


was removed, and the aqueous s o l u t i o n , warmed on a h o t p l a t e t o 

complete the decompos i t ion . Care was taken t h a t t h e temperature 

d i d no t exceed 6 0 ° C , a s above t h i s temperature decomposi t ion o f t h e 

magnesium bromide occurs . The s o l u t i o n was oooled and t i t r a t e d 

aga ins t s tandard 2N sodium hydrox ide u s i n g me thy l orange as i n d i c a t o r . 

The y i e l d o f the Gr ignard reagent was c a l c u l a t e d and was u s u a l l y 

g r e a t e r than 90fo 

The remain ing s o l u t i o n o f the Gr igna rd reagent was t r a n s f e r r e d 

by p i p e t t e t o the r e a c t i o n f l a s k R o f the h i g h vacuum apparatus 

( f i g u r e 1?) which had p r e v i o u s l y been f l u s h e d w i t h n i t r o g e n ready 

f o r the t r a n s f e r . 

The t r a n s f e r complete, t h e apparatus was i s o l a t e d and t h e e t h e r 

s o l u t i o n o f the Gr igna rd reagent f r o z e n w i t h l i q u i d n i t r o g e n . The 

taps T-p T g , t o the vacuum l i n e , were then opened,and the apparatus 

evacuated, t o ' s t icking! 'vacuum. When t h i s s t a t e was a t t a i n e d T j and 

were c losed and the s o l u t i o n I n R a l lowed t o warm t o -25°C by 

r e p l a c i n g the l i q u i d n i t r o g e n ba th w i t h an ace tone / ice ba th a t t h a t 

t empera ture . T h i s a l l o w e d any n i t r o g e n " f r o z e n i n " d u r i n g t h e 

r a p i d f r e e z i n g o f the s o l u t i o n t o escape. The s o l u t i o n was then 

f r o z e n aga in and the apparatus re -evacua ted . 

When " s t i c k i n g " vacuum had aga in been a t t a i n e d the apparatus 

was i s o l a t e d f r o m the main vacuum l i n e . The r e a c t i o n vessel was 

i s o l a t e d f rom t h e r e s t o f the apparatus by c l o s i n g tap'JPj and the 

carbon-14 d i o x i d e was p repared . 

Ten mgms. o f bar ium 14-carbonate c o n t a i n i n g 2 m i l l i c u r i e s o f 
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r a d i o a c t i v i t y were ob ta ined f r o m the Radiochemical Cen t re . 

Th i s r a d i o - a c t i v e m a t e r i a l was d i l u t e d w i t h 1*97 ems. o f i n a c t i v e 

barium oarbonate . 

The l a b e l l e d carbon d i o x i d e was prepared by h e a t i n g an i n t i m a t e 

mix tu re o f the 1*97 gnu . o f bar ium oarbonate w i t h 18 gms. o f l e a d 

c h l o r i d e t o 350°C i n the pyrex tube A (90)* The p r e p a r a t i o n was 

c a r r i e d out under vacuum. 

The e v o l u t i o n o f the carbon d i o x i d e f r o m t h i s mix tu re i s r a p i d 

and q u a n t i t a t i v e a t t h i s t empera ture . The volume evolved was 

determined by s t u d y i n g the pressure produced i n t h e apparatus d u r i n g 

the process . The gas was passed th rough a t r a p D, cooled w i t h an 

a c e t o n e / s o l i d carbon d i o x i d e b a t h , • t o remove any condensable m a t t e r 

which may have been p r e sen t , and was c o l l e c t e d i n the storage b u l b 

B which was surrounded by l i q u i d n i t r o g e n . 

Attempts t o prepare the carbon d i o x i d e by r e a c t i o n o f concen­

t r a t e d s u l p h u r i c a c i d and bar ium carbonate ( 6 l ) always r e s u l t e d i n 

low y i e l d s o f the f i n a l product ( l e s s than 30?t y i e l d ) . The au tho r 

be l i eves t h i s low y i e l d t o be the r e s u l t o f r a p i d r e a c t i o n o f the 

Gr igna rd reagent w i t h i m p u r i t i e s p r e sen t ) probably t races o f w a t e r , 

wh ich i n i t i a t e t h e ' l n p i d ' d e c d m p b s i t i a a o f the Gr ignard reagent b e f o r e 

r e a c t i o n w i t h carbon d i o x i d e w i l l occur . T h i s e f f e c t was n o t 

e l i m i n a t e d by the i n c l u s i o n o f the t r a p D, cooled w i t h an a c e t o n e / s o l i d 

carbon d i o x i d e b a t h . 

When e v o l u t i o n o f carbon d i o x i d e was complete tap T^ was c l o s e d . 

Tap was then opened and the l i q u i d n i t r o g e n ba th removed f r o m 

around the s torage b u l b B . The carbon-14 d i o x i d e was a l l owed t o 
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condense on t o the su r f ace o f the f r o z e n e the r s o l u t i o n i n the 

r e a c t i o n f l a s k R. When t h i s was complete Tap T_ was c losed and the 
3 

s o l u t i o n i n the f l a s k a l l o w e d t o warm t o -25 C. The r e a c t i o n 

mix tu re was s t i r r e d v i g o r o u s l y f o r 30 minutes w h i l s t the Gr igna rd 

reagent r eac t ed w i t h the carbon d i o x i d e . The f r e e z i n g , m e l t i n g and 

s t i r r i n g cyc le was repeated t w i c e , by which t ime the r e a c t i o n was 

complete and the s o l u t i o n was a l lowed t o warm t o room tempera ture . 

The r e a o t i o n vesse l was removed f r o m the appara tus . 

The r e a o t i o n mix tu r e was hydro lysed by p o u r i n g i t on t o a 

m ix tu r e o f i c e and d i l u t e s u l p h u r i c a c i d . The o - t o l u i c a c i d : 

l i b e r a t e d i n t h i s way d i s s o l v e d i n the e t h e r l a y e r and was separa ted . 

The e the r l a y e r was e x t r a c t e d w i t h f o u r 10 m i s . p o r t i o n s o f N . 

sodium h y d r o x i d e . The a l k a l i n e e x t r a c t was cooled t o 0°C and the 

o - t o l u i c a c i d p r e c i p i t a t e d by adding concentra ted h y d r o c h l o r i c a c i d . 

The o - t o l u i c a c i d was f i l t e r e d , washed and r e c r y s t a l l i s e d f r o m ho t 

w a t e r . 0*891 gms. o f o - t o l u i c a c i d were o b t a i n e d , m e l t i n g p o i n t 

104°C (pure 104°-5°C) (72). 

2 .b. P h t h a l i c a c i d (17) 

The o - t o l u i c a c i d was conver ted t o p h t h a l i c a c i d by the o x i d a -

- t i o n o f - a - s o l u t i o n o f - the a c i d i n a t h r e e - f o l d excesB o f W. sodium 

carbonate , w i t h a lOjfe excess o f Jjo potassium permanganate s o l u t i o n 

(63). The r e a c t i o n m i x t u r e was heated on a water ba th a t 60°-70°C 

f o r t e n hou r s . 

A t t h e end o f t h i s p e r i o d the exoess permanganate was des t royed 

by the a d d i t i o n o f e t h y l a l c h o h o l and the s o l u t i o n f i l t e r e d f r o m 

the p r e c i p i t a t e d manganese d i o x i d e . 



The c o l o u r l e s s f i l t r a t e was t r a n s f e r r e d t o an evapora t ing 

bas in and t h e volume reduced t o about 5 mis* by h e a t i n g the s o l u t i o n 

i n a c u r r e n t o f a i r . The concentrated s o l u t i o n was cooled and the 

a c i d p r e c i p i t a t e d by a d d i t i o n o f concentrated h y d r o c h l o r i c a c i d . 

The p h t h a l i c a c i d was f i l t e r e d a t the pump. 

A more complete recovery o f the l a b e l l e d p h t h a l i c a c i d was 

e f f e c t e d by d i s s o l v i n g a sma l l q u a n t i t y (0*5 gms.) o f i n a c t i v e 

compound i n the h o t f i l t r a t e . A second q u a n t i t y o f l e s s a c t i v e 

m a t e r i a l was ob ta ined on c o o l i n g . The combined ac ids .were r e c r y ­

s t a l l i s e d f r o m w a t e r . A yieH. o f 0*75 gms. o f r a d i o a c t i v e 

p h t h a l i c a c i d was ob t a ined , m e l t i n g p o i n t ,206°C (pure 207°C) (72). 

The t o t a l we igh t i n c l u d i n g the i n a c t i v e m a t e r i a l was 1*25 gms. 

2 . c . o-Benzoyl Benzoic a c i d ( 7 1 ) . 

The convers ion o f p h t h a l i c a c i d t o o-benzoyl benzoic a c i d was 

made v i a p h t h a l i c anhydr ide ( V ) . E n t h a l i c anhydride was prepared 

(64) f r o m the pa ren t a c i d by r e f l u x i n g i t w i t h f o u r t imes i t s we igh t 

o f f r e s h l y d i s t i l l e d t h i a n y l c h l o r i d e f o r th ree hou r s . when 

r e f l u x i n g was complete three successive p o r t i o n s o f benzene were 

d i s t i l l e d . . f r o m the -anhydr ide - t o - f r e e i t - f r o m excess" t h i o n y l " c h l o r i d e , 

and the p u r i f i e d anhydride r e c r y s t a l U s e d f r o m benzene. Long needle 

l i k e c r y s t a l s were obta ined i n approx imate ly 90> y i e l d . 

o-Benzoyl benzoic a c i d ( V I ) was prepared (63) f r o m t h i s compound 

by a F r i e d a l - C r a f t type r e a c t i o n u s i n g 5 m i s . benzene and 1*9 gms. 

f r e s h l y sublimed anhydrous aluminium t r i c h l o r i d e . The p h t h a l i c 

anhydride and the benzene were p laced i n a sma l l round bottomed 

f l a s k and t h e f i n e l y ground aluminium t r i c h l o r i d e added s l o w l y . A 
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r e f l u x condenser was a t t ached and the r e a c t i o n mix tu r e a l l owed 
t o s tand a t room temperature f o r one h o u r . A t the end o f t h i s t ime 
the r e a c t i o n m i x t u r e was r e f l u x e d on a wa t e r ha th f o r a f u r t h e r two 
h o u r s . The apparatus was c a r e f u l l y d r i e d p r i o r t o use and the 
r e f l u x condenser p rov ided w i t h a d r y i n g tube a t the upper end, i n 
o rde r t h a t a tmospheric moi s tu re could n o t en te r the system. 

On comple t ion o f the r e a c t i o n . t h e crude a c i d was d i s s o l v e d 

i n d i l u t e ammonium hydroxide and the m i x t u r e f i l t e r e d . The 

ammoniacal s o l u t i o n was cooled and the a c i d p r e c i p i t a t e d by a d d i t i o n 

o f concentra ted h y d r o c h l o r i c a c i d ; The a c i d p r e c i p i t a t e s as an o i l 

w h i c h s o l i d i f i e s on be ing a l l o w e d t d s t a n d . I t was f i l t e r e d and 

r e c r y s t a l l i s e d f r o m w a t e r . The f i n a l y e i l d o f pure m a t e r i a l was 

1-188 gms. and the m e l t i n g p o i n t 95°C (pure 93°C) (72). 

2 .d . Anthraquinone ( V I I ) 

The p r e p a r a t i o n o f anthraquinone (66) was accomplished by 

r e f l u x i n g the o-benzoyl benzoic a c i d w i t h 60 m i s . $6$> s u l p h u r i c 

a c i d , o n an o i l ba th a t 120°C f o r two h o u r s . On comple t ion o f the 

r e a c t i o n the contents o f the f l a s k were poured i n t o an excess o f 

w a t e r . The anthraquinone p r e c i p i t a t e d as a s l u r r y which was 

d iges t ed on a h o t p l a t e . I t was then f i l t e r e d and washed w e l l 

w i t h d i l u t e ammonia t o remove t r ace s o f unchanged a o i d . T h i s 

p roduc t was r e c r y s t a l l i s e d f r o m g l a o i a l a c e t i c a c i d and d r i e d a t 

1 2 0 ° C . The y i e l d was 1*020 gms. and the m e l t i n g p o i n t 286°C 

(pure 286°C) (72). 



2 .e . Anthracene (EC) 57 

Stevens and H o l l a n d (60) recommend a two stage r e d u c t i o n o f 

anthraquinone t o anthracene v i a anthrone ( V I I I ) . I t was found by 

the a u t h o r however t h a t a l t hough the r e d u c t i o n t o anthrone (67) 

proceeds r a p i d l y and w e l l ( y i e l d 95%)» t h a t o f anthrone (68) r a r e l y 

y i e l d e d more than lOfi o f ve ry impure anthracene. 

The p o s s i b i l i t y o f r e d u c t i o n o f the anthraquinone d i r e c t t o 

anthracene was suggested by D r . E . C l a r (69). Th is method was 

at tempted and a l though the f i n a l y i e l d o f anthracene was low (40-

50?b) i t was a g r e a t improvement upon the method suggested by Stevens 

and H o l l a n d and was adopted f o r the f i n a l stage o f s y n t h e s i s . 

The anthraquinone f r o m the p rev ious p r e p a r a t i o n was heated under 

r e f l u x w i t h 6 gms. z ino dust and 20 m i s . o f p y r i d i n e . 5 m i s . o f 

QOfa a c e t i c a c i d were added t o the r e f l u x i n g mix tu re over a p e r i o d o f 

three h o u r s . React ion was complete when the c o l o u r o f the s o l u t i o n , 

which was o r i g i n a l l y y e l l o w , f a d e d , a change which took approx imate ly 

three h o u r s . 

When t h i s change was complete the r e a c t i o n s o l u t i o n was decanted 

i n t o 100 m i s . 5% h y d r o c h l o r i c a c i d . A z i n c c h l o r i d e - h y d r o x y 

anthracene complex was p r e c i p i t a t e d . The z inc residues were washed 

w i t h a l i t t l e wa te r and p y r i d i n e and the washings added t o the a c i d i c 

s o l u t i o n . The p r e c i p i t a t e was b o i l e d f o r twenty minutes and a l lowed 

t o s t and ove rn igh t i n a r e f r i g e r a t o r . 

Next day the complex was f i l t e r e d a t the pump, washed w i t h water 

and f i n a l l y w i t h ammonium hydroxide s o l u t i o n . This l a t t e r reagent 

des t roys the complex and removes the z i n c c h l o r i d e . The washings 
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and mother l i q u o r s were evaporated down t o increase the y i e l d o f 
m a t e r i a l . 

Excess ammonium hydrox ide was n o t removed f r o m the decomposed 

complex because i t h inde r s the p o s s i b l e f o r m a t i o n o f z i n c c h l o r i d e 

wh ich may s t i l l be present as an i m p u r i t y and could have a degreda­

t i v e e f f e c t d u r i n g the s u b l i m a t i o n process . 

The res idue a f t e r decomposi t ion o f the complex was d r i e d and 

subl imed i n a h i g h vacuum system. The sublimed produc t was 

r e c r y s t a l l i s e d f r o m t o l u e n e . B e a u t i f u l b lue f l a k e s o f anthracene 

( m e l t i n g p o i n t 217*5°C (pure 2170c)) (72) were ob t a ined . The y i e l d 

was 0«400 gms. 

2 . f . A c t i v i t y o f t h e Specimen 

The i n i t i a l sample o f barium 14-carbonate conta ined two m i l l i -

c u r i e s o f r a d i o a c t i v i t y . The f i n a l p r o d u c t , 0*277 gms. o f 

anthracene - 9 - carbon 14 had a s p e c i f i c a c t i v i t y o f 0*6 mic ro 

c u r i e s/mgmJw 

The r e l a t i v e amounts o f product a t each stage i n the syn thes i s 

and the y i e l d i n each stage are g i v e n i n t a b l e I . 

Table I . The percentage y i e l d s o f the compounds ob ta ined a t each 

stage o f the syn thes i s 

Compound Weight gms. Y i e l d % 

2.a. o -To lu i c a c i d ( i l l ) 0*891 65 

2 .b . o - E h t h a l i c a c i d (17) 0*750 69 

2 . c . o-Benzoyl Benzoic a c i d ( V I ) 1*188 70 

2 . d . Anthraquinone ( V I I ) 1.020 94 

2 .e . Anthracene ( I X ) 0*400 46 
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5. The Deposit i o n o f Rad ioac t ive Anthracene on the C r y s t a l S u r f a c e . 

I t i s d e s i r a b l e t h a t the r a d i o a c t i v e m a t e r i a l should be 

depos i ted on the c r y s t a l sur face i n such a way t h a t the depos i t i s a 

c o n t i n u a t i o n o f the c r y s t a l l a t t i c e . There are two methods which 

have been used i n o t h e r branches o f t h i s f i e l d o f research t o produce 

such an e p i t a x i a l d e p o s i t which a re a p p l i c a b l e t o t h e p resen t cases 

1. D e p o s i t i o n f r o m s a t u r a t e d s o l u t i o n . 

2. Evapora t ion o f the s o l i d oct tbltbe su r face i n a vacuum. 

There are two major o b j e c t i o n s t o the f i r s t o f t hese . E a r l i e r 

i n t h i s t h e s i s i t was p o i n t e d out that-some s o l v e n t s , when used f o r 

s o l v e n t p o l i s h i n g , caused cracks i n the c r y s t a l s u r f a c e . One 

e x p l a n a t i o n o f t h i s cou ld be t h a t the c r a c k i n g was the r e s u l t o f 

t he rma l shook due t o l o c a l c o o l i n g as the so lven t evapora ted . 

There i s t h e r e f o r e a p o s s i b i l i t y t h a t s i m i l a r e f f e c t s could r e s u l t 

f r o m the evapora t ion o f the s o l v e n t , f o l l o w i n g the a p p l i c a t i o n o f 

the sa tu ra ted s o l u t i o n , t o the c r y s t a l s u r f a c e . These c racks , i f 

produced, cou ld p rov ide a s h o r t c i r c u i t pa th f o r the p e n e t r a t i o n o f ' 

the m a t e r i a l i n t o the c r y s t a l s . 

.. The second o b j e c t i o n i s the p o s s i b i l i t y t h a t t h e s o l u t i o n may 

"creep" round the s ides o f t h e c r y s t a l and d e p o s i t the r a d i o a c t i v e 

substance there as w e l l as on the in tended f a c e , aga in causing 

i n t e r f e r e n c e w i t h the d i f f u s i o n exper iments . 

The above o b j e c t i o n s do not a r i s e i n c o n s i d e r a t i o n o f the second 

method, p r o v i d i n g t h a t care i s taken i n the des ign o f the evapora t ion 

apparatus t o obv ia te the p o s s i b i l i t y o f d e p o s i t i o n on o t h e r faces 
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than t h a t d e s i r e d , ..This, i s ea s i e r t o arrange f o r the evapora t ion . 
method than f o r d e p o s i t i o n f r o m s a t u r a t e d s o l u t i o n , and because o f 
t h i s advantage i t was decided t o i n v e s t i g a t e the p o s s i b i l i t y o f u s i n g 
t h i s l a t t e r method f o r the present s t u d y . 

P r e l i m i n a r y experiments c a r r i e d out t o determine whether 

anthracene could he evaporated i n t h i s way showed t h i s method t o be 

p r a c t i c a b l e , and i t was found t h a t powdered anthracene evaporated 

r e a d i l y f r o m a s m a l l ho t p l a t e on t o a ooo l e r su r face p laced 

immedia te ly above i t , t o f o r m a s a t i s f a c t o r y d e p o s i t . These e x p e r i ­

ments were no t c a r r i e d out under vacuum, bu t the r e s u l t s were 

p romis ing and a h i g h vacuum apparatus was cons t ruc t ed f o r the evapo­

r a t i o n o f the anthracene, as i t was thought t h a t evapora t ion i n vacuum 

would r e s u l t i n even b e t t e r d e p o s i t s b e i n g fo rmed . 

3.a. The Evapo ra t i on Appara tus . 

• The main requirements o f t h i s apparatus were* 

1 . A- sma l l hea t e r f r o m which the r a d i o a c t i v e sample 

cou ld be evaporated. 

2. The d is tance f r o m t h e h e a t e r t o the c r y s t a l should be 

low so t h a t a l a rge p o r t i o n o f the evaporated m a t e r i a l 

would reach t h e c r y s t a l s u r f a c e . 

. 3« s one f e a t u r e should be i nc luded t o c o n f i n e the r a d i o ­

a c t i v e m a t e r i a l so t h a t i t cou ld be e a s i l y recovered 

a t the conc lu s ion o f the exper iments . 

4. The o r y s t a l should n o t be s u b j e c t t o the rmal shock 

f r o m the p r o x i m i t y o f the h e a t e r . 

5. The evaporated anthracene should be depos i ted i n a 
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w e l l d e f i n e d area on the c r y s t a l su r f ace and t h a t 

i t should he prevented f r o m d e p o s i t i n g on any o t h e r 

su r face d u r i n g t h i s process . 

6. The apparatus cou ld he r e a d i l y t aken apa r t f o r c l ean ing 

and f o r the replacement o f the c r y s t a l . 

W i t h these ma jo r requirements i n mind the g l a s s and me ta l h i g h vacuum 

apparatus dep ic t ed i n f i g u r e 14 was cons t ruc t ed f o r the evapora t ion 

o f the r a d i o a c t i v e anthracene on t o the c r y s t a l s u r f a c e . 

The apparatus was designed i n two p a r t s , the lower p o r t i o n o f 

which conta ined the hea t e r and the upper, the c r y s t a l i n a h o l d e r . 

I n each h a l f o f the evapora to r the ground j o i n t s were h e l d t o g e t h e r 

w i t h Apiezan h i g h vacuum wax W100. The apparatus cou ld be r e a d i l y 

taken apar t a t ground j o i n t J wh ich was greased w i t h Apiezon N . h i g h 

vacuum grease,, f o r ease o f s epa ra t i on a f t e r each e v a p o r a t i o n . 

The brass c r y s t a l h o l d e r A cons i s t ed o f an upper and lower 

f l a n g e A j and A g . The upper f l a n g e A ^ , which had a h o l e 1«2 cms. 

d iameter i n i t s base, was screwed i n t o the bot tom o f the c o l d 

f i n g e r B . On t h i s f l a n g e r e s t e d the c r y s t a l C. The space between 

the c r y s t a l and B was packed w i t h s i l v e r wool which served a d u a l 

purpose . F i r s t l y , when the f l a n g e was screwed home the s i l v e r w o o l 

pressed the c r y s t a l aga ins t the base o f the f l a n g e and prevented the 

passage o f vapour between the c r y s t a l and the f l a n g e . Th i s removed 

the p o s s i b i l i t y o f d e p o s i t i o n o f r a d i o a c t i v e anthracene on any o t h e r 

p a r t o f the c r y s t a l su r face than the area d e f i n e d by the h o l e i n the 

f l a n g e . Secondly, i t p r o v i d e d e x c e l l e n t the rmal con tac t between 
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the c r y s t a l and the bo t tom o f B . Through B was passed c o l d 
wa te r which helped t o m a i n t a i n the c r y s t a l and the brass f l a n g e A 
a t a constant tempera ture . The lower f l a n g e was a t t ached t o the 
upper by f o u r l o n g screws and separated f r o m i t by means o f a pyrex 
g l a s s tube G o f d iameter 2 ems. and depth 1 cm., t h rough which t h e 
evapora t ion cou ld be watched . The hole ' i n the lower f l a n g e was j u s t 
l a r g e enough f o r the head o f the h o t p l a t e H t o pass t h r o u g h . 

The lower p o r t i o n o f the apparatus cons i s t ed o f a h o t .plate H 

and an e l e c t r i c a l h e a t i n g c o i l E wound on a pyrex g lass f o r m e r f r o m 

33 ohms, p e r yard "Nichrome" r e s i s t ance tape ( t o t a l r e s i s t ance 60 

ohms . ) . Connections t o the h e a t i n g c o i l were p rov ided by two t u n g ­

s t en t o g lass seals i n the su r round ing w a l l . The h o t p l a t e H was 

an a luminium rod, the end o f which had been t u r n e d t o f o r m a s m a l l 

cup. The ho t p l a t e s l i p p e d i n s i d e the g l a s s fo rmer o f the h e a t i n g 

c o i l as shown i n the d iagram. When the j o i n t J was sealed the cup 

o f the ho t p l a t e passed th rough the hole i n t h e lower f l a n g e o f the 

c r y s t a l h o l d e r t o l i e , enclosed by the c i r c u l a r glass window G, 

about 2-3 mms. f r o m the o r y s t a l i n the h o l d e r . I n t h i s way the 

requirement t h a t the hea te r and sample should be o n l y a s m a l l . . 

d i s t ance f r o m the c r y s t a l su r face was met, and also, the evapora t ing 

anthracene was c o n f i n e d t o the volume o f t h e g lass tube G. 

3 .b . The Evapora t ing Technique. 

A c r y s t a l was p laced i n the h o l d e r and packed w i t h s i l v e r w o o l . 

The h o l d e r was then screwed i n t o p o s i t i o n i n the base o f the c o l d 

f i n g e r , so t h a t the o r y s t a l was pressed t i g h t l y a g a i n s t the f a c e 
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o f the h o l d e r . 

The charge o f anthracene - 9 - carbon-14 was p laced i n the cup 

o f t he h e a t e r and apparatus assembled. The t ap t o the vacuum l i n e 

was opened and the evapora tor evacuated a t " s t i c k i n g " vacuum f o r two 

h o u r s . A t the end o f t h i s p e r i o d the apparatus was i s o l a t e d f r o m 

the vacuum l i n e and the hea te r t e r m i n a l s connected t o the 250 v o l t 

A . C . mains th rough a v a r i a c . The i n p u t t o the hea te r was a d j u s t e d 

t o 0*30 amps and the hea t e r a l l owed t o warm up over a p e r i o d o f 30 

minu te s . A t the end o f t h i s t ime the temperature o f t h e ho t p l a t e 

was j u s t below t h a t r e q u i r e d f o r r a p i d evapora t ion o f t h e r a d i o ­

a c t i v e an thracene . The temperature a t t a i n e d was 80OC . The i n p u t 

was then increased t o 0*35 amps w h i c h caused a sudden increase o f 

the temperature o f the h o t p l a t e t o 110°C, the temperature r e q u i r e d 

f o r r a p i d evapora t ion o f the anthracene. Rapid evapora t ion o f the 

anthracene f r o m the cup o f the h o t p l a t e occur red and anthraoene was 

depos i ted upon the f ace p l a t e o f the c r y s t a l h o l d e r and the w a l l o f 

the su r round ing g lass tube as w e l l as on the c r y s t a l s u r f a c e . The 

r a t e o f evapora t ion was approx imate ly 2 mgm. o f anthracene pe r 

minu t e . T h i s i n p u t (0*35 amps) was a p p l i e d . for_about.5-10 minutes 

depending upon the s i z e o f the o r i g i n a l charge and was then increased 

t o 0*40 amps t o complete the evapo ra t i on p rocess . 

I t was found t h a t a much b e t t e r depos i t r e s u l t e d f r o m the above 

r a t e o f evapo ra t i on than f r o m slower r a t e s . Slower r a t e s o f evapo­

r a t i o n u s u a l l y l ead t o the f o r m a t i o n o f dense whi ske r l i k e g rowth 

f r o m the su r face and no t an even depos i t over the su r face o f the 

c r y s t a l . 
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3 .c . The Nature o f the D e p o s i t . 

Mic roscop ic examinat ion o f the. c r y s t a l su r face a f t e r d e p o s i t i o n 

o f t he r a d i o a c t i v e anthracene shoved t h a t the d e p o s i t formed a 

t r anspa ren t r a i s e d s tep on the su r face o f the c r y s t a l , o f d iameter 

equa l t o the h o l e i n t h e face p l a t e o f the c r y s t a l h o l d e r . The 

su r face o f t h i s r a i s e d p o r t i o n was i n most cases covered w i t h a 

mass o f s m a l l e r c r y s t a l s which had grown out f r o m the su r face o f the 

d e p o s i t . 

A b l ank experiment was c a r r i e d ou t t o determine whether the 

r a i s e d s tep was the r e s u l t o f depos i ted anthracene o r whether i t was 

caused by pressure o f the c r y s t a l a g a i n s t the f ace pla te .accompanied 

by heat f r o m be low. T h i s experiment was c a r r i e d ou t w i t h no 

anthracene i n the cup o f the h o t p l a t e and i t was found t h a t , even 

a f t e r pe r iods o f severa l hours a t maximum hea te r tempera ture , no 

such s tep was fo rmed . I t was t h e r e f o r e concluded t h a t the t r a n s ­

paren t s t ep formed on the su r face was the depos i ted anthracene. 

That the depos i t was formed e p i t a x i a l l y on the sur face was shown by 

examinat ion o f t h e c r y s t a l and the depos i t w i t h the p o l a r i z i n g 

microscope. 

A v e r y good t e s t o f the e p i t a x i a l na tu re o f the depos i t was 

s u p p l i e d by s e v e r a l experiments i n which i n a c t i v e anthracene was 

evaporated on t o the su r f ace o f a p o l y c r y s t a l l i n e specimen. in which 

the c r y s t a l l i t e s were q u i t e l a r g e . A t r anspa ren t r a i s e d depos i t 

was produced as descr ibed above. When the c r y s t a l and d e p o s i t was 

viewed under the p o l a r i z i n g microscope and the c r y s t a l r o t a t e d , 
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a l t e r n a t e l i g h t and d a r k areas could be seen when the separate 
c r y s t a l l i t e s were o r i e n t a t e d so t h a t e x t i n c t i o n o f the beam o f 
p o l a r i z e d l i g h t r e s u l t e d . I t was found t h a t the evaporated depos i t 
f o l l o w e d the same p a t t e r n o f e x t i n c t i o n as the u n d e r l y i n g c r y s t a l l i t e s . 
A l l the s i n g l e c r y s t a l s and depos i t s used f o r the experiments were 
examined i n t h i s way. 

Whereas t h e g r e a t e r p a r t o f the r a d i o a c t i v e m a t e r i a l was found 

t o be depos i ted e p i t a x i a l l y , a sma l l f r a c t i o n always grew out' f r o m the 

su r f ace o f the depos i t I n the f o r m o f "wh i ske r s " The number o f 

whiskers formed seemed t o va ry w i t h t h e experiment and could n o t be 

s a i d t o be the same i n a l l oases. Hemoval o f the whiskers by 

s l i g h t r u b b i n g showed t h a t an e p i t a x i a l depos i t had always been 

produoed undernea th . I n a l l cases some o f the wh i ske r s were removed 

i n t h i s way. At tempts were made t o e l i m i n a t e the f o r m a t i o n o f 

these whiskers by v a r y i n g the r a t e o f evapora t ion o f the anthracene, 

but i t was found t h a t s lower r a t e s o f e v a p o r a t i o n l e a d t o the f o r m a ­

t i o n o f more w h i s k e r s , and f a s t e r r a t e s produced no marked d i f f e r e n c e . 

I t was l a t e r shown t h a t t h e e p i t a x i a l depos i t beneath the 

whiskers was s u f f i c i e n t l y l a r g e t o produce t h e d i f f u s i o n o f a measur-

~able amount o f r a d i o a c t i v i t y i n t o the c r y s t a l , and because o f t h i s 

t h e evapora t ions were c a r r i e d ou t i n t h e above descr ibed manner and 

no at tempt a t f u r t h e r improvement was made. 

The amount o f r a d i o a c t i v e anthracene depos i ted on the c r y s t a l s 

used f o r the d i f f u s i o n exper iments v a r i e d f r o m 2 mgms.to 15 mgms. 

depending upon the q u a n t i t y o f r a d i o a c t i v i t y r e q u i r e d i n the su r face 
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d e p o s i t . A l l c r y s t a l s and depos i t s were examined under the 
p o l a r i z i n g microscope before use and i t was found t h a t i n a l l cases 
a good e p i t a x i a l depos i t was produced. 
3«d. Approximate Thickness o f t h e D e p o s i t . 

The presence o f the whiskers on the c r y s t a l su r face prevented 

an accurate measurement o f t h i ckness o f the d e p o s i t by use o f a 

microscope. An e f f o r t was made t o r e l a t e the depos i t t h i ckness t o 

t h e amount o f r a d i o a c t i v e m a t e r i a l evaporated f r o m the cup o f the 

ho t p l a t e by d e t e r m i n i n g the w e i g h t o f the depos i t per we igh t 

evapora ted . 

I t was found t h a t the approximate weigh t o f the depos i t was 

0*04 mgms. per mgm. o f anthracene evaporated f r o m the ho t p l a t e . 

Now Radius o f the depos i t • 0*6 cms. 

. . Volume occupied by the depos i t =TTx (0*6) x t cms^. 

where t = t h ioknes s o f the d e p o s i t i n cms. 

d e n s i t y o f anthracene • 1*25 gms. p e r cc . (87)* 

, 0*04 x 10"3 cms. • . . , 
• • t 8 3 1.25 x t r x 0»?6 * > e r m 8 m * a n * n r a o e n e evapora ted . 

t = 2«8 x 10~^ cms. per mgm. anthracene evapora ted . 

- A l t h o u g h the amount o f anthracene evaporated on t o t h e c r y s t a l s 

v a r i e d , t h e most usua l we igh t evaporated was 8 mgms. and thus t h i s 

we igh t wou ld r e s u l t i n a depos i t app rox ima te ly 2 x lO**^ c m s . t h i c k . 

The d iameter o f the d e p o s i t was 1*2 cms. and t h e s i ze o f t h e 

c r y s t a l s . a p p r o x i m a t e l y 1*5 x 1*5 x 0*5 cms^. F igu re 15 shows a 

diagram o f a o r y s t a l and d e p o s i t . 



4. The D i f f u s i o n Exper iments . 67 

The ma jo r d i f f i c u l t i e s experienced i n the d i f f u s i o n experiments 

arose f r o m the r e l a t i v e l y h i g h vapour pressure o f anthracene. 

S o l i d anthracene has a vapour pressure o f 1 mm. a t 150°C . and t h i s 

r i s e s r a p i d l y t o 40 mms. a t the m e l t i n g p o i n t (217«0°C)tl<j. Such a 

h i g h vapour pressure i m p l i e s t h a t , under normal c o n d i t i o n s , t h e r a t e 

o f evapora t ion o f anthracene a t these temperatures would be h i g h 

and, i n a d i f f u s i o n exper iment , would r e s u l t i n the l o s s o f a n t h r a ­

cene f r o m the c r y s t a l and a l s o the los s o f r a d i o a c t i v i t y f r o m the 

d e p o s i t . 

The magnitude o f the f o r m e r l o s s was shown i n an experiment i n 

w h i c h a c r y s t a l o f the same s i ze as those t o be used i n the d i f f u s i o n 

experiments,was heated a t 100°C under atmospheric p re s su re . The 

c r y s t a l s u f f e r e d a SOjb l o s s i n weight over a p e r i o d o f 24 h o u r s . 

I t was proposed t o o a r r y ou t d i f f u s i o n experiments a t temperatures 

up t o t h e . m e l t i n g p o i n t and as the r a t e o f evapo ra t i on would increase 

w i t h temperature i t was obvious t h a t t h i s d i f f i c u l t y would have t o 

be overcome. 

The loss o f r a d i o a c t i v e anthracene f r o m the su r face could e f f e c t 

the experiments i n two ways.- - -

1 . The r a d i o a c t i v e m a t e r i a l , f o l l o w i n g e v a p o r a t i o n d u r i n g the 

d i f f u s i o n exper iments , c o u l d be depos i ted on o t h e r f aces o f the 

c r y s t a l thus r e n d e r i n g the subsequent e x p e r i m e n t r e s u l t s meaningless, 

because , in a d d i t i o n t o measuring the amount o f r a d i o a c t i v i t y which 

had d i f f u s e d i n t o the c r y s t a l f r o m the o r i g i n a l d e p o s i t , t h a t w h i c h 
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had been depos i ted on the o the r c r y s t a l faces d u r i n g the h e a t i n g 
process would a l so be measured. 

2. I f t h e los s o f the r a d i o a c t i v e depos i t was r a p i d then measure­

ment would be made o f the r a t e o f d i f f u s i o n f r o m a source o f d i m i n i ­

sh ing s t r e n g t h and some d i f f i c u l t y would be found i n f o r m u l a t i n g a 

d i f f u s i o n equa t ion f o r t h i s p rocess . 

For these reasons i t was necessary t o reduce the r a t e o f 

evapora t ion t o as low a value as p o s s i b l e . 

4>a. The Reduct ion o f l a r g e scale losses o f anthracene d u r i n g the 

d i f f u s i o n exper iments . 

Large scale losses o f anthracene were reduced by c a r r y i n g out 

t h e experiments under a pressure o f i n e r t gas i n a s t e e l a u t o c l a v e , 

a diagram o f which i s d e p i c t e d i n f i g u r e 16. The ves se l o f the 

au toc lave which was made f r o m a s o l i d s t e e l ba r had an i n t e r n a l 

d iameter o f 2«5 inches and a depth o f 6 i n c h e s . The w a l l t h i ckness 

- o f the v e s s e l was 0*5 i nches . 

I n the l i d o f the a u t o c l a v e , wh ich was o f s i m i l a r t h i ckness t o 

the w a l l o f the v e s s e l , was d r i l l e d a hole i n w h i c h was welded a 

t h i c k w a l l brass tube 10 inches l o n g wh ioh .p ro j ec t ed -upwards - f rom 

the l i d . To the upper end o f t h i s brass tube was a t tached a 

pressure gauge which i n d i c a t e d the pressure i n the au toc lave when 

i n use . Gas was admi t t ed t o the autoclave d i r e c t l y f r o m a l a r g e 

c y l i n d e r . The connections f r o m the autoclave t o the c y l i n d e r were 

made by t h i n bore copper t u b i n g and u n i o n connec t ions , and the 

pressure i n the autoclave when i n use was main ta ined by a h i g h 
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pressure needle v a l v e . 

The l i d was h e l d t o the bomb by e i g h t 5/l6" nu t s and b o l t s , the 

b o l t s b e i n g welded i n t o the bomb. A gas t i g h t seal was made as 

f o l l o w s t 

On the t op o f the vesse l was a l i p which f i t t e d i n t o a c i r c u l a r 

groove i n the l i d . Before the l i d was p laced i n p o s i t i o n mol ten 

lead was r u n i n t o t h e c i r c u l a r groove and a l lowed t o s o l i d i f y . The 

l i d was t hen placed over the p r o j e c t i n g b o l t s and the n u t s screwed 

on and u n i f o r m l y t i g h t e n e d . As the l i d was drawn t o the vesse l i n 

t h i s way the l i p on the vesse l " b i t " i n t o t h e lead r i n g . The sea l 

so formed proved ve ry e f f e c t i v e indeed a t pressures up t o 300 l b s . 

per s q . i n . and temperatures up t o 250°C. The i n e r t gas used 

d u r i n g the experiments was oxygen f r e e n i t r o g e n ( s u p p l i e d by the 

B r i t i s h Oxygen (rases L t d . ) . 

Experiments c a r r i e d out w i t h t h e au toc lave proved t h a t a p p l i e d 

pressure c o u l d s u c c e s s f u l l y reduce the l a r g e scale los s o f anthracene, 

even a t temperatures near the m e l t i n g p o i n t , t o a p o i n t where the 

losses i n v o l v e d would p robab ly have no e f f e c t on the d i f f u s i o n 

exper iments . _ __ _ _ _ - — — ~~ " 

P r e l i m i n a r y experiments on the measurement o f the r a t e s o f 

s e l f - d i f f u s i o n i n anthracene showed t h a t , i n o rder t h a t t h e p e r i o d s 

o f h e a t i n g f o r the c r y s t a l s should n o t be t o o l o n g , i t would be 

necessary t o use temperatures g r ea t e r t han 150°C. I t was found by 

exper iment , u s i n g the upper pressure l i m i t o f the apparatus (250 l b s . 

pe r s q . i n . ) , t h a t the r a t e o f l o s s o f anthracene f r o m a c r y s t a l i n 
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the autoclave was negligible at 150°C but Increased at higher 
temperatures. The rate of loss of anthracene became c r i t i c a l at 
190°C where, a f t e r the period required to produce measurable 
d i f fus ion into the crystal ( ^ 5 0 hours), a piece of the crystal not 
much greater i n size than the width of the deposit remained. I f 
i t is assumed that the radioactive material from the deposit only 
diffuses normally to the i n i t i a l surface and i n the cylinder of 
diameter equal to the diameter of the deposit, then i t could perhaps 
by said that even this loss of anthracene at 190°C would not a f fec t 
the experiment as that part of the crystal involved i n the d i f fus ion 
experiment s t i l l remained. I t i s thought therefore that the large 
scale losses of anthracene can be said not to affect the d i f fus ion 
experiments at temperatures up to 190°C under pressure of 25O lbs . 
per sq. i n . of inert gas. 

There now remains the question as to how loss of radioactivity 

from the deposit, which w i l l be at the same rate as from the rest 

of the crystal can be reduced. The dangers of such loss have been 

pointed out above and in order to minimise these effects i n experi­

ments at those temperatures where, even under pressure.,, the loss-of -

anthracene is rapid, i t is obvious that the deposit must be protected 

in some way. The way i n which this was achieved i s described i n the 

following section. 

4 . b . The Protection of the Radioactive Deposit. 

I n i t i a l l y , attempts were made to protect the deposit by evapo­

rat ing 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
ac t iv i ty during heating,.from a crystal treated in this way were 
s t i l l high because of the impossibility of complete ceverage. 

Next a method was attempted in which two crystals, each with a 

radioactive deposit,.were pressed face to face wi th the deposit 

between the common faces. I t was not possible however to at ta in a 

good enough degree of contact between the crystals and losses o f 

radioactivity on heating were s t i l l rather high. I t was decided 

that i f such a method was to be used some way of sealing o f f the 

common faces would have to be found. 

An-attempt to weld the crystals together at the edges with a 

heated wire f a i l e d because, when the wire was hot enough to melt 

the anthracene the sudden local heating at the touch of the wire 

cracked the crystal and spoiled i t . 

A more delicate technique attempted, was to hold the crystal on 

either side of a loop of resistance wire through which an electr ic 

current was passed. The current was gradually increased u n t i l the 

wire loop waB hot enoughi to melt into the crystal and seal o f f the. 

volume round the deposit. An excellent seal was produced in this 

way but the crystal surface was spoiled a& i t was d i f f i c u l t to 

separate the crystals without breakage a f t e r the experiment. 

I n the most successful method attempted f o r the protection of 

the deposit two crystals were placed deposit 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 i n figure 17* 
Enojjgh pressure was exerted to press the washer against the surface 
of the crystals and seal o f f the volume containing the deposits. 
In the heating experiments the crystals and washer^still i n the 
press,.were sealed inside the autoclave. The washer provided an 
excellent seal and reduced the losses of radioactive anthracene 
considerably. 

I t was found necessary to separate the crystals from the brass 

pressure device during the experiments by thin glass slips as there 

was a tendency f o r the crystals to stick to the ..metal on heating. 

There was s t i l l some loss of radioactive material from the 

surface but this was very much lower than from the open crystal 

and this method was adopted f o r the protection of the radioactive 

deposit during the heat treatment of the crystals. 

4 . c . Losses of Radioactivity during the Experiments. 

The ac t iv i ty of the surface deposit was measured before and 

a f te r the heat treatment of the crystals using a th in end windowed 

Geiger-Muller counting tube (type G.M.4) in a conventional lead 

castle arrangement. The results of these experiments are given i n 

Table I I where they are compared with the percentage of the to ta l 

ac t iv i ty which has penetrated into the crystal during the d i f fus ion 

experiment. -

I t w i l l be seen that a decrease i n surface ac t iv i ty resulted 

i n each case. Comparison of this decrease with values f o r the 

t o t a l ac t iv i ty which has diffused into the crystal during the 



Table I I . The decrease i n radioactivity of the surface deposit 

during the d i f fus ion experiments 

Oxystal Activity- counts Percentage decrease Percentage decrease 
per minute In surface ac t iv i ty in surface ac t iv i ty . 

Ini t ia l^- Finaj-

A 1183 972 18 20 

B 1769 1558 12 9 
C 2659 13 3 

D 2531 437 83 -
E 2120 620 71 

F 2563 2180 15 -
6 1230 900 27 16 

H 1763 720 59 2 

I 2883 2578 11 35 

J 2199 2099 5 3 
M 2138 2115 1 63 

N 2275 1955 14 <1 
0 3896 3169 19 4 

P 4276 3619 11 <1 
Q 2924 2458 16 6 

R 5510 3364 39 -
S 4339 4639 0 -
T 4824 3618 25 16 

1. Measured with an end window G.M. tube. 

2. Calculated from the results of the gas counting 

experiments given i n tables IXb-XVIb 
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experiment (Chapter U , Tables IXlb-XVIb) showed that i n most 
cases the loss of surface ac t iv i ty was greater than would be 
expected from the d i f fus ion of radioactive material into the 
crystal , and hence this decrease must i n part represent a loss from 
the surface. 

I t 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 effect of heating on such a 

deposit would be the more rapid evaporation of the "whiskers" 

because of the i r higher surface ares,.accompanied b$> the slower 

evaporation of the epitaxial portion. I t was also stated above 

that the number of whiskers varied in each case and hence i t would 

be expected that, i f this loss was representative of the rapid 

evaporation of the whiskers, the percentage loss should vary i n 

crystals heated at the same temperature. Reference to Table H 

shows this to be the case and the author proposes that this large 

scale 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 

controll ing factor i n this process w i l l be the epitaxial deposit 

and hence the effect of the loss of whiskers on the d i f fus ion 

process was negligible. 

Other evidence f o r the loss being representative of evaporation 

of the whiskers i s shown in cases where the loss is great. Such a 

loss should correspond to a large f ract ion of whiskers i n the 
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deposit and hence only a th in epitaxial deposit. I t w i l l be 
shown later thaib the concentration of diffused ac t iv i ty i n the 
crystal depends upon the quantity of radioactive material on the 
surface, thus the above conditions should result i n a low level of 
radioactivity i n the crystal . That a large surface loss was 
accompanied by a low level of diffused ac t iv i ty i n the crystal was 
shown by the preliminary experiments (Chapter I I , Experiment l ) 
and by crystals D and E which, although they were not sectioned 
accurately because of th is loss were shown to have only a very low 
level of diffused act ivi ty , and hence these experiments support the 
suggestion made above. In spite of the fact that losses of radio­
ac t iv i ty from such a cause would not affect the t o t a l strength of 
the d i f fus ion source i t was possible that the radioactive material 
which evaporated from the i n i t i a l surface would deposit on other 
faces of the crystal . An attempt which was made to measure surface 
d i f fus ion showed that this was not the case and the radioactivity 
on the crystal surface was confined.ito the deposit alone which might 
be expected i f i t i s considered that the crystal i s under isothermal 
conditions. -

The surface d i f fus ion measurements referred to above were made 

using a crystal with a l ine deposit of radioactive anthracene. 

The crystal surface with the line deposit was scanned with a th in 

end windowed G.M. counting tube mounted over a narrow s l i t . The 

crystal was moved.underneath the s l i t on a screw carriage. No move­

ment of the radioactivity on the surface was found to have occurred 
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even a f t e r beating f o r 160 hours at 150°C, and although some loss 
of radioactivity from the surface was observed during this time 
(l5/&>) none was observed to deposit elsewhere on the surface, the 
experimentally determined p ro f i l e of radioactivity on the surface 
remaining the same over th is period. 

This method of detection was f a r less sensitive than that used 

f o r the bulk d i f fus ion measurements and hence may not have detected 

small amounts of radioactivity deposited on the surface, therefore, 

as an added precaution a thin section of anthracene was removed, 

with a razor blade, from each of the four faces of the crystal at 

r ight angles to the i n i t i a l faoe pr io r to sectioning the crystal , 

thus removing entirely poss ibi l i ty of contamination from this 

source. 

4>d. The Experimental Technique. 

A wel l lagged, e leotr ical furnace i n which the bomb obuld be 

enclosed was constructed. Temperature control of the furnace was 

effected by a c i r cu i t similar to that described previously (figure 

3 .a . ) and was such that the temperature of the furnace could be 

controlled to an accuracy of ± 0 * 5 ° . -

The furnace was set to the required temperature and the sealed 

autoclave placed i n , and attached to., the nitrogen cylinder. The 

pressure i n the autoclave was raised to 200 lbs . per sq. i n . and 

released to help remove the a i r which was present a f t e r sealing. 

Af ter th is process had been repeated twice the pressure was raised 
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to 100 lbs. per sq. i n . and the autoclave allowed to at tain the 
temperature of the furnace, a process which usually took 3-4 hours. 
When the required temperature had been reached the pressure, which 
had increased on heating to 150-160 lbs . per sq. i n . was boosted to 
250 lbs . per sq. i n . by admitting gas from the cylinder and the 
apparatus was allowed to stand fo r the period of the experiment. 
Slow leakage of gas from the autoclave inevitably occurred during 
the course of the experiment and i t was found necessary to admit 
more gas at least once per day to maintain the pressure i n the range 
200-250 lbs . per sq. i n . 

On completion of the experiment the autoclave, s t i l l at f u l l 

pressure, was taken out of the furnace and allowed to cool. The 

pressuze was then released and the crystals which were in the small 

press removed. 

The experimental error i n the determination of the heating 

period, i . e . that time of the heating and cooling process, during 

which the rate of d i f fus ion could be considered rapid enough to 

have some effect upon the measured value, is considered to be less 

than 30 minutes. This period .of .time-represents the sum of "the 

times before and a f te r the experiment when the temperature of the 

autoclave was within 20-30°C of the required temperature, and was 

less than If* of the time when the furnace was at maximum tempera­

ture i n each case. I t 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. 
Preliminary experiments to determine the temperature inside the 
autoclave during heating,indicated that the temperature of the 
crystal would he determined by the temperature of the lower part of 
the w a l l . These experiments were carried out as foMowss 
The autoclave was placed in the hot furnace and a temporary l i d 
placed over the top. A calibrated thermocouple was attached to 
the side o f the bomb so that contact with the wal l was maintained 
but also so that i t could be moved up the w a l l . The temperature 
of the wal l was taken at regular small intervals from bottom to 
top. This reading was compared with that given by a second 
calibrated thermocouple moved inside the autoclave. I t 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 w a l l . 
The temperature was shown to be uniform f o r a distance of 4 inches 
from the lower end of the autoclave. Above this region the 
temperature decreased gradually. 

_ The. temperature- of- the lower wall of the autoclave," and hence 

the crystal , was measured during the d i f fus ion experiments using 

an accurately calibrated iron/constantan thermocouple^attached to 

the wal l o f the autoclave at the same height from the bottom of 

the autoclave as the enclosed crystal . 

The thermocouple was checked fo r consistency of reading before 



Table I I I . The temperature variation during a typical 

experiment 

T r i a l Experiment No. 1. 

Time 
hours 

Temperature 
°C 

Time 
hours 

Temperature 
°C 

1st day 17.30 151'5 3rd day 10-30 153-0 

19 "00 151*5 12-30 153*5 

20O0 153-0 15-00 152.5 

21-15 152.5 17-00 152.O 

2nd day 10.00 153-0 4th day 10.30 153-0 

11.15 153-0 11-15 152.5 

12.00 153-5 12.30 152.0 

13.30 152.5 15-30 153.0 

15.00 152.5 18-30 152.5 

16-15 152-0 2 L 3 0 153-0 

17-15 152.5 

21.00 152.5 

Temperature variation = 151-5 -153-5°G 

mean temperature = 152>5°C 

Thermocouple Check 

Thermocouple reads 

N.F.L. Thermometer reads 

150°C 

150°C 
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and a f te r each experiment and small deviations were correoted. 
Table I I I shows the temperature variation fo r a typical experiment. 
The readings were taken at irregular intervals over a period of 
76 hours. 

4>e. Periods of Dif fus ion. 

Preliminary experiments indicated that d i f fus ion periods of 

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

experiments showed this figure to be rather low, the resulting pene­

trat ion being small, and the time was increased accordingly. The 

periods of d i f fus ion were varied with temperature in order that the 

shortest possible heating period was used at the higher temperatures^ 

so that the loss of anthracene as a result of evaporation of the 

orystal was reduced to a minimum. The temperatures and periods of 

d i f fus ion f o r each experiment are given i n Table IV. 

Table IV. The temperatures and d i f fus ion periods f o r each experi­

ment. 

Experiment 1 2 3 4 . 5 6 7 9 10 

Temperature °C 150 152-5 177 177 189*0 153-5 160 160 174 

Diffusion Period 60 79 45.5 79.5 49 231 219 17° . 88 . 
hours _ - - - -

On removal from the autoclave crystals were checked fo r loss i n 

weight and radioactivi ty and sectioned as described below. 

5. The Crystal Sectioning Technique. 

The quantity of radioactive material which has diffused into the 

crystal during the heating period can be determined i n two ways* 



1. The deorease i n radioactivity at the i n i t i a l 

face, as the radioactive material penetrates 

into the crystal , can be studied. 

2. The crystal can be sectioned parallel to the 

i n i t i a l face and the concentration of ac t iv i t y 

i n each section determined. 

The former method makes use of the fact that radioactive 

radiations are absorbed i n solids and hence, as the radioactive 

material penetrates into the crystal , the radiations w i l l no longer 

reach the surface and the to ta l ac t iv i ty at the surface w i l l be 

reduoed. A surface count before and a f te r heating w i l l therefore 

indicate the quantity of radioactive material which has diffused 

into the crystal during the heating period. 

This method i s rather l imited in practice because i t presents 

only an average picture of the d i f fus ion process over the period 

of the experiment and yields only one overall d i f fus ion coef f ic ien t . 

The use of such a method f o r the present study was thought to 

be inadvisable because, i n addition to the above l imi ta t ion , the ^ 

radiation emitted by oarbon-14 has a very low energy (Eg max * 

0*156 Hfev. (89)) and therefore the corrections fo r self absorption 

and back scattering which have to be applied w i l l be very large and 

also the method of detection used i n this technique, an end 

windowed counter or similar arrangement must be used, i s not very 

sensitive f o r the detection of such small ac t iv i ty changes in soft 
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{3 radiation as were expected i n the present study and this method 

was rejected. 

The technique involving the sectioning of the crystals i s of 

wider application than the above because,after sectioning the most 

suitable method available can be used f o r the determination of the 

diffused radioactivity i n each section, and thus i n the present study 

the most sensitive method of detecting the low energy f!. radiation 

from carbon-14 can be used. 1 

A fur ther advantage of the second method is that i t results i n 

the determination of the d i f fus ion prof i le of radioactive material 

which has diffused into the crystal . This d i f fus ion p ro f i l e can 

often indicate whether one, or several d i f fe ren t , d i f fus ion processes 

are occurring i n the crystal and thus, i n addition to being more 

adaptable to the detection of soft p radiation this method is l i k e l y 

to furnish a greater amount of information about the d i f fus ion 

process than the f i r s t technique and fo r these reasons this method 

was adopted fo r use i n the present study. 

The three methods most commonly used f o r the sectioning of 

crystals area __. - -- -- -

1 . Microtoming ( 7 l ) 

2 . Grinding (3 ) 

3 . Turning on a lathe ( 73 ) • 

lh the f i r s t method the crystal is fastened i n the chuck of a 

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



usually by an optical method. A piece of transparent adhesive 81 

tape i s stuck to the upper surface of the crystal and the knife 

moved across the crystal at the correct depth of cut. The cut 

section, which is sometimes in the form of powder adheres to the 

tape and. i s not spread about on impact of the knife and los t . 

Attempts were made to section the anthracene crystals using this 

instrument but i t was found that the crystal inevitably fractured 

on impact of the knife and also, only a small f rac t ion of the resulting 

powder adhered to the tape. After a number of attempts to section 

the crystals i n this way this method was abandoned. 

Grinding i s 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. Although 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 i t s use In the 

present case. F i r s t l y , i t would be d i f f i c u l t to remove the powder 

from the abrasive paper and the section would probably have to be 

counted, whilst s t i l l on the paper, under an end windowed counting 

tube. As stated previously this method is not suitable for the 

detection of small quantities of low energy £ radiation. Secondly, 

i f such a counting method was used small variations in the thick­

ness of the material on the abrasive paper would, beoause of the 

large self absorption corrections involved, spoil the accuracy of 
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the sof t p. counting and successive oounts nay not be comparable. 

There is also more possibi l i ty of contamination of one slice 

by material from the preceding slice i n this method than i n the 

other two. 

The th i rd method was found to be the most satisfactory f o r the 

present study because, when attempts were made to section the 

anthracene crystals on a large machine lathe, i t was found that the 

crystals could be accurately and easily sectioned. Each section 

was "turned o f f " as a f ine powder which could a l l be collected on 

a piece of black paper held under the crystal , and was then 

available for counting by any suitable method. Although some of 

the powder from the out section adhered to the crystal surface and 

cutting tool, the poss ib i l i ty of contamination o f subsequent slices 

could be eliminated by carefully removing this powder with a 

small brush. A special, hand operated, lathe was constructed f o r 

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 exercised over 

the section cutt ing than that allowed by other methods. 

5. a. The lathe. 

The lathe, a plan of which i s shown in figure 19, was construc­

ted from the base and cross feed slides of a small machine lathe. 

At one end of the base slide was mounted the crystal holding device 

depioted i n figure 18. 
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The crystal holding device consisted of a brass plate 

mounted on an axle A which was held in b a l l races R^, R 2 f ixed i n 
the p i l l a r 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 brass plate Bg which acted as the 
crystal holder. B^ was separated from B^ by a steel ba l l and 
attached to i t by three screws S g , S^. The angle of B g could 
be adjusted by use of the three screws, B 2 pivoting on the steel 
b a l l . In the centre of the f ront face of Bg was f ixed a small 
"Polythene" disc D to which was attached the crystal C. The 
purpose of the "Polythene" disc was to raise the crystal above the 
heads of the screws so that these did not interfere with the cutting 
tool during sectioning. 

The cutting too l , a conventional lathe too l , was mounted on the 

cross feed s l ide . The base slide allowed movement of the cutt ing 

tool into the crystal and the cross feed sl ide, movement of the tool 

across the face of the orystal . 

5.b. The Sectioning Technique. 

The crystal was stuok on to the "Polythene" disc with a low 

melting wax and the three level l ing screws adjusted u n t i l the face 

of the crystal was perpendicular to the axis of rotation of the 

crysta l . The cutting tool was then moved towards the crystal 

(direction Y, f igure 19), using the base feed slide, u n t i l the 

cutting edge of the tool was almost coincident with the face of the 
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crystal . The tool was withdrawn to the side (direction X) , using 
the cross feed sl ide, and again moved towards the crystal , a small 
distance at a time, moving the tool across the face of the crystal 
( i n the XX1 direction) a f t e r each forward (?) movement u n t i l a f a i n t 
scratch on the crystal surface indicated that theedge of the cutting 
too l was coincident with the surface. 

Attached to the handle of the inward feed (base slide) was a 

d i a l , calibrated i n degrees, to indicate the number of turns made 

by the handle during the sectioning of the crystal, from this the 

thickness of each section removed could be determined. I t was 
the 

calculated, from the pitch of /inward screw feed, that one degree on 

the d i a l was equivalent to a movement of the tool of M l l«8^*. . 

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

the crystal the d i a l was set to zero and sectioning was commenced. 

I t was found necessary to section the crystal by cutting into 

the crystal from the edge (XX^ direction),, i n th is way a smooth cut 

was always produced. Attempts to cut from the face of the crystal 

(Y direction) always resulted i n the fracture of the orystal at the 

edges. The cutting tool was withdrawn.to the side, and advanced a 

distance equal to the thickness of the section to be out. The 

crystal was rotated at a speed i o f approximately 60 r.p.m. and the 

tool moved slowly into the crystal from the edge. The section was 

turned o f f as a f ine powder which was collected on a piece of black 

paper held under the crystal . The powder was transferred to a 
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small platinum boat and was stored in a desiccator u n t i l required. 
The crystal surface was very carefully cleaned with a camel hair 
brush before and a f te r each cut was made, to prevent the contamina­
tion of subsequent sections. The camel hair brushes, several of 
which were kept for this purpose, were also careful ly cleaned before 
use. 

Af t e r the crystal had been cleaned the tool was advanced and the 

next section cut. 

6. The Determination of Radioactivity i n the Crystal Sections 

The radioactive isotope of carbon of mass 14 used i n these 

experiments decays by the emission of a |3 part icle to form the 

stable nitrogen isotope of mass 14. The very long half l i f e of 

carbon-14, 5600 years (89), makes i t a very suitable tracer i n 

reactions involving carbon because, i n the course of any particular 

study, no measurable decay of the isotope w i l l have occurred and as 

in addition to this i t forms a non-radioactive daughter substance 

no decay corrections are.necessary to the determined ac t iv i ty of the 

product and this can be direct ly compared with that of the start ing 

state. These properties, have le.d_to the widespread use o f t h i s 

isotope f o r the study of reactions and processes which involve 

carbon. 

The very low energy of the /J radiation (Ejj max = 0*156 Me v. 

(89)) from carbon-14 makes substances labelled with this isotope 

safe to handle, providing reasonable precautions are taken to avoid 
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direct contact with the labelled material. This low energy 
however causes some d i f f i c u l t i e s i n the detection of '•tibSt |3 
radiation from carbon-14 and,when i t i s required to determine the 
ac t i v i t y of carbon-14 labelled compounds,a method appropriate f o r 
the detection of soft JJ radiation must be used. This is particu­
l a r l y the case when samples of very low specific ac t i v i t y are to be 
measured. 

Of the several methods available fo r the counting of carbon-14» 

the counting of this isotope i n the sol id state is probably the 

most widely used. The accuracy of the method is however severely 

l imited by the large, corrections which must be made f o r self 

absorption and back scattering of the low energy £ radiation, and 

this w i l l be unsuitable f o r the counting of samples of very low 

specific a c t i v i t y . 

Greater accuracy can be attained by the internal counting of 

the radioactive species i n the form of a gas or by the use of 

s c i n t i l l a t i o n counting techniques. The l a t t e r method,which requires 

the ava i l ab i l i ty of specialised equipment involves the dissolution 

of the sample i n a l iqu id sc in t i l l a to r , , such as terphenyl. " Inter­

action o f the radiation from the sample with the s c in t i l l a to r 

results i n the emission of l i g h t which can be detected by the photo 

sensitive electrode of a photomultiplier tube placed close to the 

solution and recorded by an electronic counting device. This 

method is very sensitive fo r the detection of low energy radiation-' 



87 
such as that emitted by carbon-14 because a large proportion of 
the radiation emitted w i l l be detected and recorded. 

The gas counting technique requires the conversion of the 

sample to a gas of suitable characteristics for use as a G.M. tube 

f i l l i n g . Af ter preparation, this gas is transferred to a counting 

tube and is counted internal ly . The great advantage of this method 

is that almost a l l the a c t i v i t y inside a cyl indrical cathode is 

recorded and this can be arranged to be almost 100$> of that i n t ro ­

duced. In cases where the t o t a l a c t i v i t y of the specimen is low 

this method of counting therefore provides a method of measuring 

the t o t a l radioactivi ty of the samite and can be regarded as a highly 

sensitive method of ^ radiation detection. This method is rather more 

convenient than the sc in t i l l a t i on counting method because conven­

t ional counting and scaling equipment can be readily modified.for use 

with this type of counting tube. 

I t was expected that the low rates of d i f fus ion , characteristic 

of the type of solid under study and the specifio ac t iv i ty of the 

radioactive anthracene deposited on the crystal, would result i n the 

d i f fus ion .of only a re la t ively small amount of radioactivity -into -

the" crysta l . I t was therefore advantageous to choose as sensitive 

a method as possible f o r the detection and assaying of this 

a c t i v i t y , and one which would count as much as possible of the 

radioactivity present in each s l ice . The last discussed method 

sat isf ies these requirements and was used fo r the determination of 
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the radioactivity of the crystal sections. Several comprehensive 
accounts of the gas counting of carbon-14 i n the form of carbon-14 
dioxide have been published (74-78). Organic oompounds can be 
readily and quantitatively converted to oarbon dioxide by controlled 
oxidation and thus th is gas is an obvious choice as the counter 
f i l l i n g gas when the ac t iv i t y of carbon-14 labelled compounds i s to 
be determined by this method. The sections of the anthracene 
crystals were therefore converted to carbon dioxide and counted i n 
this manner. 

The method used f o r the quantitative combustion of anthracene 

to carbon dioxide is described in de ta i l in the following section 

and the technique used fo r the counting of this gas described in 

section 8* 

7. The Combustion of the Crystal Sections. 

The most commonly used method f o r the quantitative combustion 

of organic materials is that devised by Pregl (79)* 3h this method 

the organic compound is vapourized i n a slow stream of oxygen and 

carried by this stream over heater copper oxide where quantitative 

oxidation occurs. . The. oxidation products, -usually"carbon dioxide 

and water, are carried forward by the oxygen stream and can be 

condensed by passing the gases through a trap surrounded by a su i t ­

able coolant or absorbed on suitable solid reagents. This method 

although very rel iable has the disadvantage that 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 i n the method, 
such as the contamination of the copper oxide, which can be reduced 
but not eliminated* 

The desire fo r a more rapid method of combustion lead Belcher 

and Spoonsr (8 l ) to invent the "Empty Tube" method. In th is method 

the rate of combustion is considerably increased without any loss of 

accuracy. The combustion of the sampb is carried out in an empty 

quartz reaction tube which i s maintained at a temperature of 900°C 

f o r 25 cms. of i t s length. The sample i s vapourized i n a fas t 

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

and i s oxidised. The heated tube i s provided with baffles (80) 

to ensure the mixing and complete combustion of the organic vapour 

and oxygen. The products of combustion are carried away into the 

stream and can be removed in the same way as described above. 

A c r i t i c a l comparison of this method with the Pregl method 

(82) has shown that the errors involved are less than those found 

with Pregl's Universal f i l l i n g and that the method can be confidently 

used f o r the combustion of a l l types of organic compounds. 

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

t ion of 10 mgms. of material can be completed in 15-120 minutes 

compared with an hour f o r the same amount of material by the Pregl 

method. In the present study i t was necessary to burn and "count" 

a number of sections of the crystal i n as short a time as possible 

and because of the apparent r e l i a b i l i t y and speed of the "Empty Tube" 

method i t seemed ideal fo r use i n the present case. The poss ib i l i ty 
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of i t s use was investigated and i t was found to be suitable fo r 
th is study. The experimental method was adapted s l ight ly f o r use 
in conjunction with a high vacuum apparatus and the apparatus and 
technique as used are described below. 
7.a. The combustion apparatus. 

A high vacuum apparatus was b u i l t f o r the combustion of the 

anthracene crystal sections and the f i l l i n g of the gas counting tube 

with the resulting carbon dioxide. The principle features of the 

complete apparatus are depicted i n the block schematic diagram shown 

i n figure 20. ThiB present section describes that part of the high 

vacuum aparatus used fo r the combustion of the anthracene. A l ine 

drawing of the combustion apparatus is shown i n figure 21. 

The majority of taps and standard joints incorporated i n the 

apparatus were greased wi th Apiezon N high vacuum grease. Those 

taps and jo in ts near the Furnaces were greased with Silicone grease. 

Each section of the combustion apparatus is described i n de ta i l 

below. 

( i ) Oxygen pur i f ica t ion system. 

The oxygen used f o r the combustions was_supplied-in large 

cylinders by Br i t i sh Oxygen Co. Ltd. The gas as obtained from the 

cylinder is l i k e l y to contain traces amounts of organic matter, 

water and perhaps carbon dioxide and was pur i f ied as follows. (The 

le t ters refer to figure 2 j . ) 

Primary 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 f ine control 
of the rate of. flow was achieved by the use of a needle valve N. 
After passing through the flowmeter the gas passed through the 
preheater P, which consisted of a s i l i c a tube, 25 cms. long, packed 
with platinised asbestos and maintained at a temperature of 700°C 
by means of a "Kanthal".tube furnace. The temperature of the f u r ­
nace was measured by means of a calibrated chromel/alu™ 8! thermo­
couple held inside the furnace. The purpose of th is preheater was 
to oxidise any organic matter present i n the cgcygen 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 TJ-tubes A and B containing 

soda asbestos and anhydone respectively. 

A th i rd U-tube packed with granulated manganese dioxide i s 

sometimes included to remove traces of nitrogen oxides which may be 

present i n the gas stream (83). This reagent was not included i n 

the present apparatus because the type of oxygen used has been shown 

to be free of such impurity (84)• 

The gas, a f t e r pur i f ica t ion , passed into the combustion tube, 

( i i ) The Combustion Tube. 

The combustion tube C was supplied by Messrs. B a i r d 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, made of clear quartz glass, was mounted i n the 

apparatus i n a horizontal posit ion. ( i t is shown in the ver t ica l 
plane i n figure 21 f o r the convenience of the i l l u s t r a t i o n . ) I t 
consisted of a 9 mm. bore tube C(i) with the oxygen in le t situated 
3 cms. from the open end. The in le t and the open end were f i t t e d 
with B.14 ground joints for attachment to the apparatus and closure 
respectively. The sample to be burned was placed in this arm of 
the tube. A small bunsen burner H was mounted under the tube so 
that the sample could be vapourized into the gas stream. The 
bunsen could be moved the length of the tube. 

The combustion chamber C ( i i ) , 2*5 cms. 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 nun. bore tube i n which 5 

baf f le plates 2*2 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 i t was attached by means of a r ing seal and 

protuded outwards f o r 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 ( i i ) was enclosed in a Kanthal tube 

furnace and was maintained at 900°C during the combustion experiments. 

The furnace temperature was measured by means of a calibrated chromel/ 

alumel thermocouple, which was attached to the tube inside the 

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

Using a similar apparatus but incorporating a Pregl combustion 

tube,Thomson and Walton (85) have shown that the water vapour and 

carbon dioxide resulting from combustion could be quantitatively 

trapped in a glass spiral containing 1 metre of glass tubing, 

immersed i n a l iqu id oxygen bath. In the present case a very much 

faster flow of oxygen was being used (75 mis. per minute) and i t 

was found that a similar spiral to that used by Thomson and Walton 

was insuf f ic ien t to remove!all 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. 

Water vapour was removed by condensation i n the spixal 

which was surrounded with an acetone/solid carbon dioxide bath at 

-78°C. This one trap served to remove quantitatively a l l water 

vapour produced by combustion. 

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

were passed through a series of traps (Sg, TĴ , Ug) immersed i n 

l i qu id oxygen to remove the carbon dioxide present. 

I n i t i a l l y an attempt was made to remove the carbon dioxide by 

condensation in the spiral S 2 alone. The dimensions of Sg were 

similar to those of S ,̂ used fo r the removal of water vapour. This 

proved inadequate however and only 92-95^ recovery of the carbon 

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

combustion of the samples used. Some improvement was made by 
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adding the f i r s t XT-trap and losses were reduced by this to 0-3%* 
The f i n a l addition of the second U-trap and the packing of Voth 
with glass beads resulted i n the quantitative condensation of a l l the 
carbon dioxide formed by combustion. 

From the end of the condensation system the oxygen was led into 

an aspirator bott le i n i t i a l l y f u l l 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 bot t le . The maintenance of a steady rate of 

flow was found to be essential to the good performance of the 

combustion apparatus, 

( i v ) Oxygen Flow Bate 

For the semi-micro combustion of organic compounds by the 

"Empty Tube" technique Ingram and Lonsdale (86) have suggested that 

a rate of flow of oxygen of 150 mis. per minute should be used and 

f o r micro-combustion a rate of 50 mis. per minute. Experience 

with the apparatus i n the form used in the present study snowed that 

the optimum flow rate was 75 mis. per minute. Higher and lower 

rates than this produced lower yields of carbon dioxide from combus­

t ion than expected. The author believes that because-of the size 

of the sample used (2-10 mgms.) the lower flow rates resulted i n 

incomplete combustion i n the hot zone of the. combustion tube, and 

higher rates i n incomplete condensation of the carbon dioxide formed. 

When smaller samples were used ( ^2 mgms.) i t was found that 

quantitative combustion was s t i l l attained i f the flow rate was 
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reduced to 50 nils, per minute and t h i s f low ra te was used i n 
such cases. 

I t was found that f luc tua t ions of the oxygen f l o w rate during 

the course of the experiment resul ted i n incomplete combustion and 

hence very accurate measurement and cont ro l of the f low rate was 

necessary. The method of cont ro l used i n the present apparatus has 

been described above. 

7 .b. The Experimental Technique. 

When the two furnaces had at tained the working temperature 

the oxygen f low was commenced and regulated t o the f low rate 

appropriate to the weight o f the sample t o be burned (usual ly .75 

mis. per minute). The sample, i n a platinum boat, was placed i n 

arm C ( i ) of the combustion tube a t a distance of 5 cms. from the 

entrance to the combustion chamber and the end of the tube closed. 

The coolants were placed around the condensation t raps . 

The small bunsen burner H, mounted under the tube C ( i ) and 

attached to a wire gauze wrapped round t h i s tube was moved i n t o 

pos i t ion j u s t behind the boat. The gas was i g n i t e d and the flame 

adjusted so that i t was j u s t not luminous and so tha t the t i p o f 

the flame was playing on the wire gauze. The burner could be moved 

the length o f the tube C( i ) by a screw arrangement, the gauze moving 

w i t h the bunsen burner. 

When the gauze had been heated t o a d u l l red heat the bunsen 

burner was moved up to the handle of the platinum boat and the 
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anthracene i n the boat sublimed on to the wal ls of the tube. 

When t h i s operation was complete the burner was moved slowly towards 

the furnace d r i v i n g the anthracene before i t i n to the combustion 

chamber. 

During the combustion of h ighly v o l a t i l e substances a carbon 

f o g i s sometimes formed when v o l a t i l i z i n g the sample from the boat . 

This carbon f o g would, i f allowed, pass through the hot"zone of the 

combustion tube and be l o s t . This p o s s i b i l i t y i s prevented by 

placing a plug of s i l i c a wool 2 at the entrance to the combustion 

chamber t o t rap these p a r t i c l e s . These can then be oxidised to 

carbon dioxide beforethe completion of the experiment by heating the 

s i l i c a wool plug to red heat i n the oxygen stream. 

When the anthracene had been driven i n to the combustion chamber, 

a procedure which should take 5-10 minutes, the burner was returned 

to a pos i t ion beneath the platinum boat and the flame adjusted to 

give maximum heat. A f t e r the boat had been heated f o r about one 

minute the burner was moved s teadi ly towards the entrance o f the 

combustion chamber heating the tube t o a d u l l red heat as i t passed. 

The burner was allowed to stand under Hie s i l i c a wool plug and the 

plug was heated to red heat f o r one minute t o oxidise any carbon 

which may have been trapped there. The bunsen was then extinguished 

and the oxygen f low continued f o r two minutes to sweep any res idual 

combustion products out o f the combustion chamber. The oxygen f low 

was then arrested and a l l the taps on the apparatus closed. 

With the l i q u i d oxygen baths s t i l l i n pos i t ion , the taps T , T 
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and were slowly opened to the main vacuum l i n e and the traps 
S 2 , U-̂  and TJ2 were evacuated to " s t i c k i n g vacuum". When t h i s state 
was at ta ined t h i s section was isola ted from the main vacuum l i n e and 
the l i q u i d oxygen baths removed from the three t raps . The 
condensed carbon dioxide evaporated r ap id ly and was t ransferred by 
means of the Toepler pump T t o the volume V of the counter f i l l i n g 
apparatus ( f i g u r e 22). The volume o f V had been previously c a l i ­
brated by gas expansion methods using the bulb Q ( i t s e l f ca l ibra ted 
by weighing w i t h mercury) as a standard volume. 

When t rans fe r was complete the mercury i n Toepler pump T was 

raised t o cut o f f X. The mercury i n Toepler pump T was raised to 

cut o f f E before the t r ans fe r was commenced. The pressure of the 

gas i n the volume V, registered on the manometer Mj, was then read, 

using a cathetometer and the N.T.P. volume o f the carbon dioxide 

could be calculated. The y i e l d of carbon dioxide from the combus­

t i o n of the anthracene sample was then determined by comparing t h i s 

value w i t h tha t calculated for quant i ta t ive conversion of the anthra­

cene to carbon d iox ide . 

The carbon dioxide was then t ransferred to the counting tube 

and the a c t i v i t y measured. The technique used f o r the f i l l i n g o f 

the counting tube i s described i n section 6 .c . 

7«c. Results of the Combustion Experiments. 

The above described technique f o r the combustion o f anthracene 

and measurement of the resul tant carbon dioxide proved t o be 



Table V . Yields of Carbon Dioxide 

Weight of 
anthracene 

sample 
rngms* 

Volume of 
carbon dioxide 
( theore t i ca l ) 
mis . N.T.P. 

Volume o f 
carbon dioxide 

(measured) 
mis. N.T .F . 

Yie ld 

% 

2-0 3*5 3*5 100 

2'5 4'4 4*5 102 

2-6 A'6 • 4*6 100 

2*8 4'9 4*9 100 

3-3 ' • •7 5'8 102 

3-4 6*0. 5-9 99 

4-9 8*7 8-7 100 

4*9 8-7 8-8 101 

5*1 9-2 9-3 101 

5-6 9*8 9*8 100 

7-4 13'1 13-3 101 

8-7 15-3 15*4 100 

9-2 16* l 15-7 98 

9-4 16-6 16-6 100 

11*7 21-0 21 »6 103 

17*8 32*0 31*4 98 
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extremely sucoessful . The resul ts of a number of t y p i c a l 
combustions are given i n Table V . 

The small va r i a t i on i n the y i e l d of carbon dioxide can be 

ascribed to the e r ror i n measuring the volume of the product. . 

Since 100J& y i e l d was obtained I n the combustion of every c rys t a l 

section there was no p o s s i b i l i t y of isotope e f f ec t s occurring 

dur ing the combustions. 

7 .d . Blank Experiments. 

As the y i e l d of carbon dioxide from the combustion of the 

anthracene was measured volumetr ica l ly , blank experiments were 

carr ied out to determine whether any source of e r ror i n t h i s 

measurement would arise from contamination of the oxygen stream, or 

slow leakage o f the- apparatus during the course of the combustion. 

The apparatus was switched on and the furnaces allowed t o 

a t t a i n maximum temperature. The coolants were placed around the 

condensation tasaps and the oxygen f low maintained at 75 mis. per 

minute f o r a period o f 6 hours. At the end o f t h i s period the gas 

which had condensed i n the t raps was t ransfer red t o the cal ibra ted 
of 

volume and measured. I n t h i s .period, 0*7 mis . (N.T.F.)^condensable 

gas was co l l ec ted . This volume of gas corresponded to the 

accumulation of 0*04 mis. during the period of combustion and as a t 

least 4 mis. o f carbon dioxide were being col lected as a resu l t of 

the combustions t h i s e r ror was considered to be n e g l i g i b l e . 

7.e. Contamination of the combustion apparatus by oarbon-14* 

A f t e r t r ans fe r o f the carbon d ioxide , and before the next 



combustion was commenced, the combustion tube and condensation 

traps were evacuated at " s t i c k i n g vacuum". No contamination of 

the tube by radioact ive mater ia l was ever found to have occurred 

a f t e r the section had been evacuated f o r 5-10 minutes, even a f t e r 

the combustion o f h ighly act ive samples. I n the i n i t i a l experiments 

tes ts f o r contamination were made by carrying out the combustion of 

a small amount of inac t ive anthracene f o l l o w i n g the combustion of 

each radioactive sample. The resul ts o f one such check are shown 

i n table V I . 

Table V I . Test f o r radioact ive contamination of the Combustion 

Apparatus 

Spec i f ic a c t i v i t y i n counts per 
min. per cm. mercury pressure of 
carbon dioxide i n counting tube 

Background 75*2 

Slice No. 1 2736 

Inactive sample 72*4. 

Slice No. 2 383 

Inactive sample 72*8 

.Sl ice No. 3 110 

Inact ive sample 70*9 

(Background 69*6 

The d i f fe rence i n the background counts can be a t t r i bu t ed to the 

f a c t that t h i s p a r t i c u l a r experiment was car r ied out over a period 

of two days. I t w i l l be seen from the resul ts o f t h i s p a r t i c u l a r 



experiment that no contamination occurred at a l l . 100 

A f t e r evacuation, pure oxygen was allowed in to t h i s section of 

the apparatus and allowed to f low a t the required rate f o r 5 minutes 

before the next combustion was commenced so that steady conditions 

were achieved. 

7. f . Conclusions. 

The 8peed a t which a combustion and determination can be carr ied 

out using t h i s apparatus renders i t invaluable to the present study. 

This speed coupled w i t h the f a c t tha t quant i ta t ive conversion t o 

carbon dioxide i s r ead i ly obtained, a f ac to r which would eliminate 

possible isotope e f f e c t s during combustion, renders the technique 

sui table f o r a l l determinations of the isotopic content of organic 

materials used i n t racer studies, and much superior to the slower 

Pregl method. 

Although i n the present study use has been made o f the apparatus 

to determine carbon-14 content, the author believes that the technique 

could be readi ly extended f o r use i n the determination o f t r i t i u m i n 

t r i t i a t e d organic compounds,by the inc lus ion o f some method f o r the 

reduction of the water vapour trapped i n s p i r a l to hydrogen. 

8. The In te rna l Gas Counting of Carbon-14. 

The need f o r a simple and sensi t ive method f o r the determination 

o f carbon-14 led ' to the consideration of the p o s s i b i l i t y of counting 

the species' inside a counter i n the form of a gas. This technique 

resul ts i n a counting e f f i c i e n c y of almost 100$ and obviates the 

many errors involved i n the counting o f carbon-14 i n the s o l i d fo rm. 



The most sui table gas f o r t h i s purpose would appear to be 101 

carbon dioxide because the carbon-14 l abe l led specimen can be 

eas i ly and quan t i t a t ive ly converted to t h i s gas and also the 

r e l a t i v e weight of carbon i n the gas i s f a i r l y h igh . There are, 

however, some objections to the use of t h i s gas but these can be 

overcome. 

Carbon dioxide has been extensively used as an ion i sa t ion 

chamber f i l l i n g and i s a very u s e f u l gas f o r t h i s purpose because of 

i t s high co l l i sbn cross section to low energy electrons, and i t s 

i n a b i l i t y to form negative ions by e lect ron attachment. On the 

other hand i t has a great tendency to form posi t ive ions which 

behave pecu l i a r ly on c o l l i s i o n w i t h metal surfaces. When these 

pos i t ive ions co l l i de w i t h the cathode, to which they are a t t r ac t ed , 

there i s a great tendency to extract two electrons and,form a 

negative i o n . This process w i l l of course give r i se to spurious 

counting e f f ec t s and therefore must be reduced i n some way. Before 

negative ion formation w i l l occur, the ion i sa t ion po ten t i a l of the 

molecule .plus the 'e lect ron a f f i n i t y o f the molecule must exceed 

twice the work func t ion of the cathode surface (76). For carbon 

dioxide the ion i sa t ion po ten t i a l = 14'4 v o l t s and the electron a f f i n i t y 

=> 3*8 v o l t s , therefore the work func t ion of the cathode must be less 

than 9*1 v o l t s . The usual cathode metals, copper, s i l v e r and brass, 

have a work func t ion of 4-5 vo l t s and w i t h these metals the probabi­

l i t y tha t a negative ion w i l l be formed on impact w i t h the cathode i s 

a JUL 1059 
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reduced to 10"5-10~4 negative ions per pos i t ive i o n . The f o r m l ^ 

t i o n of these negative ions cannot however he eliminated completely. 

Some method must therefore be employed whereby the ion can be 

prevented from reachingAhe cathode. 

I t has been shown (76) that the cumulative ion isa t ion from the 

discharge i n i t i a t e d by the ion i s ing p a r t i c l e resul t s i n the formation 

of a pos i t ive ion sheath around the centra l wire anode. This sheath 

lowers the e l e c t r i c f i e l d between the electrodes and discharge ceases 

The pos i t ive sheath i s then expelled from the anode and a t t rac ted 

towards the cathode. As i t traverses the gap, i t w i l l s u f f e r 

approximately 105 co l l i s i ons w i t h neighbouring gas molecules and i f 

there i s mixed w i t h the carbon dioxide a gas, the ion i sa t ion poten­

t i a l o f which i s less than that o f the main gas, then there w i l l be 

a very high p r o b a b i l i t y tha t c o l l i s i o n w i l l r esu l t i n the formation 

of new ions a t the expense o f the charge on the carbon dioxide i o n , 

and thus the carbon dioxide ion w i l l be prevented from reaching the 

cathode. 

A study o f possible charge t r ans fe r gases by Brown and M i l l e r 

(76) has shown carbon disulphide t o be the most e f f i c i e n t gas f o r 

t h i s purpose and also tha t excel lent counter character is t ics can be 

obtained w i t h carbon dioxide - carbon disulphide f i l l e d counters. 

8.a. The gas counting tube. 

The counting tubes were constructed- from pyrex glass i n the 

form usual ly adopted f o r "gas counting". 
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The cathode of the counting tube was a polished copper 

cyl inder 12 cms. long and 2 cms. i n t e r n a l diameter. An a x i a l 
tungsten wire (lOO^L diameter) served as the anode. Pr io r t o 
assembly the wire and cyl inder were polished t o remove a l l points 
which could give r i se to discharges at the high voltages at which 
the tube operates. The anode and cathode were mounted i n a glass 
tube by means of tungsten to glass seals. The tube was f i l l e d by 
way of a 2 mm. bore vacuum stopcock, greased w i t h Apiezon N high 
vacuum grease. 

Before use the tube was evacuated at high vacuum and heated 

under vacuum t o remove a l l adsorbed mater ia l from the cathode and 

anode. 

One pa r t i cu l a r tube was characterised and used f o r a l l exper i ­

ments t o ensure reproducabi l i ty o f counting. 

8,b. The counter f i l l i n g apparatus. 

The f i l l i n g of the gas counting tube was car r ied out on a 

section of the high vacuum apparatus ( f i g u r e 20) part o f which, the 

combustion apparatus, was described i n section J.&.. The essent ia l 

features of the. counter- f i l l i n g apparatus are shown i n f i gu re 2 2 , — 

and are described below. 

The radioactive gas from the combustion apparatus was trans­

fe r red t o the cal ibra ted section V of the counter f i l l i n g apparatus 

by means o f the Toepler pump T. The pressure of gas i n V could be 

read on the manometer M l t b y means o f a oathetometer. Attached to 
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V were fou r large bulbs, three of which 0, P and Q, are shown i n 
the diagram. The volumes of these bulbs were approximately 5° m i s . , 
500 m i s . , 800 mis. and 1,000 mis . , and the volume of V was 110 mis. 
These bulbs were used f o r reducing, the pressure o f gas i n V by 
expansion, or f o r storage of radioactive gases. The radioactive 
gas i n V could be d i l u t e d w i t h inact ive carbon dioxide contained i n 
the storage bulbs R and S. The counter C, i n t o which could be 
passed carbon disulphide from the v e n t i l W, was f i l l e d w i t h the 
radioactive carbon dioxide from V by means of the Toepler pump T 1 . 

The inact ive carbon dioxide i n bulbs R and S was prepared by 

evaporation of s o l i d carbon dioxide ( " D r i k o l d " ) . The gas was passed 

over anhydrone, t o remove traces of water, and passed i n t o the bulbs 

by way of the No. 4 poros i ty s in t e r U. TraceB o f a i r which may have 

been included were removed by condensing the carbon dioxide on the 

w a l l of the bulbs, and pumping the non-condensable gases away. This 

inact ive gas was used t o d i l u t e specimens, the a c t i v i t y o f which was 

too high to be measured by the counting tube and e lec t ronic c i r c u i t , 

and also to increase the volume o f samples which were too small t o be 

counted d i r e c t l y . 

Whenever the samples of radioactive gas were d i l u t e d w i t h 

inac t ive carbon dioxide the gas mixture was condensed i n to the small 

bulb B by surrounding i t w i t h l i q u i d oxygen. This was to ensure 

that the gases were thoroughly mixed. The volume o f inact ive gas 

added on such occasions was calculated from the changes o f pressure 

indicated by the manometer M^. 
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When the radioactive gas i n V was ready f o r t rans fe r to the 

counting tube, the counter C and v e n t i l W were evacuated to s t i ck ing 

vacuum and isolated from the main vacuum l i n e . The carbon d i s u l ­

phide, which was contained i n the reservoir of the v e n t i l was frozen 

by p lac ing a bath of l i q u i d oxygen around i t . The v e n t i l was lowered 

and the frozen carbon disulphide allowed to warm u n t i l the manometer 

1&7 indicated that the pressure of carbon disulphide vapour i n the 

counting tube was approximately 2 cms. mercury. The v e n t i l was 

closed and the oounter i so la ted from the v e n t i l by c los ing the tap 

T l -

The act ive gas contained i n the cal ibrated volume 7 was then 

t ransferred to the counting tube by f i v e strokes of the Toepler 

pump T 1 . When the t r ans fe r was complete the carbon dioxide/carbon 

disulphide mixture was s t i r r e d by r a i s i n g and lowering the l e v e l o f 

the mercury i n the pump. The mercury was f i n a l l y raised t o the 

cut o f f D, which was a No. 4 porosi ty sintered d isc . 

The r e l a t i v e volumes o f the counter section and the ca l ibra ted 

volume V had been determined previously,and the pressure of gas i n 

"the counter" could be" determined from the pressure which the sample 

o f gas had exerted when i t occupied the volume V . 

I n order that the pressure o f carbon'dioxide i n the counting 

tube should exceed 8 cms. mercury, a value found t o be the minimum 

required f o r r e l i ab l e working of the counting tube, i t was necessary 

that the pressure of gas i n the volume V should be greater than 5 
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cms. mercury. The pressure of gas i n V was therefore adjusted to 
6-7 cms. mercury before i t was t ransferred to the counting tube. 
This adjustment was made by expanding the gas from V i n to the c a l i ­
brated b u l b s , i f the pressure was greater than t h i s value, or by 
d i l u t i n g i t w i t h inact ive carbon d i o x i d e , i f the pressure was too 
low; sometimes a combination of both these methods was necessary. 
I n most cases a sample of anthracene was burned which yie lded a 
volume of carbon dioxide which, when t ransfer red to V, exerted a 
pressure of .6-7 cms. mercury and t h i s adjustment was avoided. 

When the counting tube had been f i l l e d i t was isolated from 

the apparatus by closing tap T g and was t ransferred t o a lead cas t le . 

The sample was counted. 

8 .c . The Counting C i r c u i t . 

Several modif icat ions had to be made t o the type of counting 

c i r c u i t used f o r rout ine counting experiments w i th conventional G.M. 

counting tubes, because o f the p a r t i c u l a r character is t ics o f carbon 

dioxide gas counting. These modif icat ions were occasioned becauses 

1 . the counter was non s e l f quenching and an external c i r c u i t f o r 

t h i s purpose had to be included. 

2 . the working voltage range o f the tube was i n the region o f 2,300 

v o l t s upwards, and i t was necessary to use a power pack which 

produced a higher voltage than that normally used (2,000 vo l t s 

maximum). An Ecko Power Uni t type N5704> which provided a maximum 

output voltage of 3,000 v o l t s , was used i n the c i r c u i t . The thresh­

old voltage of the counting tube varies w i t h the pressure o f the gas 
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i n the tube and the above power un i t allowed the counting of samples 
o f i n t e rna l pressures up t o 18-20 cms. mercury. 
3- i n order that the pos i t ive sheath should have time to d i f f u s e 
away from the anode a f t e r the discharge produced by the r a d i a t i o n , i t 
was necessary t o inorease the "dead time" f o r the external quenching 
c i r c u i t . t o approximately 1,000JkBecs, by modifying the "time 
constant" of the type 110A probe un i t used. This modi f ica t ion 
involved the replacement of one of the res i s tors used to cont ro l 
the dead time o f the c i r c u i t , by one rated a t 15 M. ohms. A f t e r 
t h i s modif ica t ion had been made the "dead" time of the c i r c u i t was 
determined by the method of superposition of sources and found to 
be 115Cyisecs. 

4. the counter character is t ics obtained,even a f t e r t h i s increase i n 

dead t ime, had rather short , steep, plateaux. These character is t ics 

can be improved by feeding an increased voltage to the g r i d o f the 

valve i n the quenching c i r c u i t . Henson (75) suggests that an 

increase i n voltage o f 120 v o l t s w i l l r e su l t i n an increase i n the 

pulse height by 100 v o l t s and the plateau length by 50 v o l t s . 

This increase was e f fec ted by breaking the mains lead t o the 

probe u n i t and i n s e r t i n g a high tension bat tery such tha t the voltage 

increases by 120 v o l t s . The bat tery was replaced when the output 

voltage f e l l below 100 v o l t s . 

i n agreement w i t h Henson i t was found tha t improved counter 

character is t ics resu l ted . 

Pulses from the tube were recorded on a Dynatron Scaling Unit 
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type 1009d and were read on a scale of 100 and a recorder. 108 

When the above modifications had been made the counter was capable 

of measuring count rates of up to 3000 counts per minute. I f 

attempts were made t o count specimens of higher a c t i v i t y the counter 

went in to a continuous discharge. 

8 .d . Counter charac te r i s t i c s . 

The counter was f i l l e d i n the manner desoribed i n section S . c , 

inserted i n the lead castle and the terminals connected t o the H.T. 

supply. The e lec t ron ic apparatus was switched on and was allowed 

to stand f o r 20 minutes before use. 

The counter character is t ics were determined i n two ways. 

1. Using an inact ive f i l l i n g and an external"!* 

r ad ia t ion source. 

2. Using an act ive f i l l i n g . 

I n both cases the applied voltage was slowly increased u n t i l 

the threshhbld 1 voltage was attained and then the countc •_• rate 

determined, t o an accuracy of 3$>, at i n t e rva l s of 25 vo l t s u n t i l the 

counter "raced". 

Graphs were drawn of the a c t i v i t y i n counts per minute versus 

applied vol tage. A' t y p i c a l r e su l t i s shown i n f i g u r e 23. 

I t was found that the counter character is t ics obtained by e i the r 

of the above methods were s i m i l a r . 

When the pressure of carbon dioxide i n the tube was greater than 

8 cms. mercury, plateaux o f approximate length 150 v o l t s and o f 

slope approximately 2fo per 100 v o l t s were obtained. 
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8.e. Conditions used f o r the measurement o f the count rate of 
the act ive samples. 

A f t e r the in t roduc t ion of the sample t o the counter i t was 

placed i n the lead castle and thelength of the plateau determined, 

by increasing the applied voltage and observing the d i f fe rence 

between the threshhold and "racing" voltages. This was usually 

approximately 200 v o l t s . The voltage was then adjusted to 100 

vo l t s above the threshhold voltage and the count rate measured. 

The count rate o f a l l specimens was measured t o an accuracy 

o f at least lf> ( i . e . a t o t a l of 10,000 counts). 

8 . f . E f f e c t o f the I n t e r n a l Pressure on the Counting rate and 

counter charac te r i s t i cs . 

Before the counter could be used f o r comparative experiments 

i t was necessary to determine how var ia t ions i m the pressure o f the 

radioactive gas contained i n the counter would a f f e c t the r e l i a b i ­

l i t y and reproducabi l i ty o f the observed count r a t e . 

A series of experiments were carr ied out i n which the counter 
the 

was f i l l e d to d i f f e r e n t pressures wi th / same samples of radioactive 

gas and the counter character is t ics determined as described above. 

Some of the resu l t s are reproduced i n f i g u r e 24. 

The main features of the character is t ics were that, as the 

in te rna l pressure was increased 

( i ) the threshold voltage increased, 

( i i ) the slope o f the plateaux decreased and the 

length of the plateaux increased. 



( i i i ) the count rate of the sample, as indicated 110 

by a pos i t i on one-third of the way along the 

plateau, increased. 

( i ) The v a r i a t i o n i n threshold voltage has been reported by other 

workers (74-78) and t h i s has been found to have mo e f f e c t a t a l l 

on the reproducabi l i ty of the count r a t e . 

( i i ) l t i s essential that a counter should have a charac te r i s t i c w i t h 

a f a i r l y long plateau and tha t the slope o f t h i s plateau should be 

reasonably low. I f the slope i s steep, then small var ia t ions i n 

working voltage w i l l r e s u l t i n large var ia t ions i n the measured 

a c t i v i t y of the sample and hence the counter i s not r e l i a b l e . I n 

the present case i t was found that counter character is t ics w i t h 

steep plateaux were obtained at low values of the i n t e r n a l pressure. 

As the pressure was increased, the slope o f the plateaux decreased, 

and the length increased u n t i l at i n t e r n a l pressures of 8 cms. 

mercury and above .the slopes of the plateaux were approximately 2$> 

per 100 v o l t s , a value of the slope usual ly accepted as producing 

r e l i a b l e and reproducable count ra tes . I t was obvious therefore 

tha t f i l l i n g pressures of greater than 8 cms. mercury should be used 

~ i f r e l i a b l e resu l t s were- to be obtained. This lower l i m i t of the 

f i l l i n g pressure f o r use w i t h t h i s type of counter i s i n accord w i t h 

the value suggested by Brown and M i l l e r (76). Brown and M i l l e r also 

found that r e l i a b l e and comparable . resul ts were obtained w i t h 

i n t e r n a l pressures as high as 40 cms* mercury.. Although i t was not 

possible to measure count rates at such high pressures i n the present 
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case , because of the upper l i m i t of the high voltage supply 

(3000 vo l ' t s ) , measurements using i n t e r n a l pressures of up to 15 cms. 

mercury showed that reproducable resu l t s were obtained i n the range 

8-15 cms. mercury pressure and a l l measurements were made i n t h i s 

range. 

( i i i ) A v a r i a t i o n i n the count rate of the sample w i t h the f i l l i n g 

pressure would be expected, because an increase i n pressure corres­

ponds t o a greater number o f radioact ive molecules i n the counter, 

and hence a higher count rate would r e s u l t . I f t h i s were the only 

reason f o r an increase i n count rate w i t h i n t e r n a l pressure then a 

l i n e a r re la t ionsh ip should ex i s t between these var iables , and f o r 

any pa r t i cu la r sample the spec i f i c a c t i v i t y i n counts per minutes 

per cm. mercury pressure would be constant. I t was possible however 

tha t the increase i n pressure could a f f e c t the counter i n some other 

way. I t was therefore necessary to examine the v a r i a t i o n of count 

rate w i t h i n t e r n a l pressure f o r a p a r t i c u l a r sample o f the gas,,to 

determine i f the counting tube was r e l i a b l e over a range of pressures 

The counting tube was f i l l e d t o various pressures w i t h the same 

sample of radioactive gas, and accurate .measurement- of--the- count 

rate f o r each pressure was made i n the way described i n section 8.c. 

The resu l t s are p lo t t ed i n f i g u r e 25. I t was found that the count 

rate varied l i n e a r l y w i t h the pressure o f gas i n the counting tube. 

This indicated that the counting tube was r e l i a b l e over the 

range measured and i t could be used f o r the determination o f the 

a c t i v i t i e s of the samples i n the present work. A l l a c t i v i t i e s were 



112 
expressed as spec i f i c a c t i v i t i e s i n the un i t s quoted above and, 
as these were d i r e c t l y re la ted to the concentration of r a d i o a c t i v i t y 
i n the o r i g i n a l sample of anthracene, were used as a measure of t h i s 
concentration i n the d i f f u s i o n ca lcu la t ions . 
8 . g . .Background counting ra tes . 

The background rates were measured by f i l l i n g the counting tube, 

i n the way described above, but w i t h inac t ive carbon d ioxide . The 

operating voltage of the counting tube was determined as described i n 

section 8 .e . An external TT-ray source was sometimes used to deter­

mine the length of the plateau. 

The values of the background rate were f a i r l y constant. Table 

V I I shows some of these values which were determined over a period 

of several months. A l l counts were measured to 1% accuracy. . 

Table V I I . Background Counting Bates measured during the experiments. 

Background counting rates i n counts per minute 

71*4 68*6 68*0 

69-7 69-9 69-3 
70-3 70-5 68*7 
71-1 68-1 70*2 

7°*° -7Q'6...._ 71-3 
68*2 68-3 70-7 
68*8 72.7 71*4 

67*8 70-6 66-7 
70* 1 69*8 70-1 

67»8 69-7 67*8 

I n any p a r t i c u l a r experiment the v a r i a t i o n i n the background rate was 



r a re ly more than ± 2 counts per minute. I t was therefore • L i 3 

assumed that the v a r i a t i o n i n t h i s rate i n any one day would he 

neg l ig ib le and only one measurement o f the background rate was made 

per day. 

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

The counting tube and f i l l i n g section were evacuated to s t i ck ing 

vacuum f o l l o w i n g each determination. A f t e r t h i s had been car r ied 

out no evidence was every found o f contamination o f the apparatus 

by carbon-14• This p o s s i b i l i t y was checked by the combustion o f 

inact ive material^especial ly a f t e r very active specimens had been 

measured, and the count rates of such samples were always s imi l a r 

to the background rates (Table V ) . The small va r i a t i on i n the 

background counting rates (Table V I I ) over the several months during 

which the apparatus was being used also shows that no contamination 

o f the f i l l i n g section and counting tube ever-, occurred dur ing t h i s 

pe r iod . 

8 . i . Conclusions. 

The in te rna l gas counting o f carbon dioxide has been found to 

be successful and r e l i a b l e w i t h counter f i l l i n g s of .2 cms., mercury 

pressure of carbon disulphide and pressures of carbon dioxide 

varying from 8-15 cms. The counting tube character is t ics obtained 

were s imi l a r to those observed by previous workers w i t h t h i s type 

of tube and had plateaux of length 130 v o l t s and slope 2% per 100 

v o l t s . 



114 
No contamination of the counting tube, or high vacuum apparatus, 

by carbon-14 was ever detected a f t e r reasonable precautions to avoid 
t h i s p o s s i b i l i t y had been taken. 



CHAPTER I I 

THE RESULTS OF THE DIJPUSION EXPERIMENTS 
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THE HESUIffS OF THE DIFFUSION EXPERIMENTS 

1. Experiments carr ied out t o determine the rates of d i f f u s i o n 

perpendicular to the cleavage (OOl) plane. 

This chapter deals w i t h the de t a i l s of the deposition o f the 

radioactive mater ia l and the behaviour of the deposit on being 

heated. The resul ts of the sect ioning of the crystals and the 

subsequent determination of the s p e c i f i c a c t i v i t y o f each s l i c e are 

g iven . The radioactive anthracene used i n a l l experiments was 

calculated to have a spec i f i c a c t i v i t y o f 0*6 microcuries per m i l l i ­

gram. 

The conditions f o r the i n i t i a l experiment were obtained by 

determining the approximate depth of penetration of a c t i v i t y i n t o a 

c rys ta l |p revious ly used i n the attempt to determine the rates of 

surface d i f f u s i o n . This c ry s t a l had been heated a t 100°C f o r 87 

hours and a t 1§0°C f o r 58 hours. I t was shown by c u t t i n g sections 

w i t h a razor blade and determining the s p e c i f i c a c t i v i t y o f each., 

s l i ce that some penetration had occurred to a depth of about 10 

cmB. I f the d i f f u s i o n i s an act ivated process, the greater par t 

of t h i s penetration would have occurred dur ing the 150°C heating 

period and, as the penetration was small , i t seemed that very l i t t l e 

had occurred at the lower temperature. As a resul t of t h i s deter­

mination i t was decided to carry out the i n i t i a l experiment at 150°C. 



Experiment 1 . 1 1 0 

Two mgms. of radioactive anthracene were placed i n the evapora­

t o r and evaporated on to the c rys t a l surface t o give a deposit o f 

approximate weight 0*08 mgms. This was carr ied out f o r each of two 

c rys t a l s . The crystals were heated i n the d i f f u s i o n furnace f o r 60 

hours,under a pressure of 150 l b s . per sq. i n . of ni trogen gas. The 

changes i n the c rys ta l during the experiment are recorded i n Table 

V I I I . 

Table V I I I . E f f e c t o f heating of c rys ta l s 1 and 2 

A c t i v i t y o f the deposit i n counts per minute* 

i n i t i a l f i n a l 

Crysta l 1 816 206 

Crystal 2 982 820 

x 

A l l counts o f the crys ta ls and deposits were made using a t h i n end 

windowed counting tube, type G.M.4. 

I t can be seen that a considerable amount of a c t i v i t y was l o s t 

f rom the surface of c rys ta l 1 during the heating per iod . The reason 

f o r t h i s loss i s discussed i n Chapter I and the loss i s assumed to be 

due to bad deposit ion of the act ive material. . The -change i n count 

rate over the heating period was much lower f o r c rys t a l 2 and t h i s •• 

change might reasonably be expected to r e su l t from d i f f u s i o n o f the 

radioact ive anthracene i n to the c r y s t a l . 

Sectioning of the crys ta ls and measurement of the a c t i v i t y which 

had penetrated i n t o the crystals showed t h a t , i n the case of c r y s t a l 1 

the concentration of a c t i v i t y was very low indeed and because t h i s low 

a c t i v i t y would have necessitated disproport ionately long counting 
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times few sections of t h i s c ry s t a l were cut . 

The experiment was more successful i n the dase of c rys t a l ,2 

and i t was found that measurable a c t i v i t y had penetrated t o a depth 

of approximately 3 x 10 cms. 

In view o f the comparative success of t h i s f i r s t experiment i t 

was decided to carry out a more accurate experiment at the same -

temperature,using a bigger deposit o f radioactive anthracene i n order 

to increase, i f possible, the a c t i v i t y , a r i s i n g from d i f f u s i o n i n t o 

the c r y s t a l . 
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Table K b . Penetration of A c t i v i t y i n to the crys ta ls A and B 

No. of Thickness Depth o f x 5 Spec i f ic A o t i v i t y . 'LoSlQ

A-
c rys t a l of section centre of cms.]? x of• carbon dioxide 
section cms. x section 10° A counts per minute 

l(y x cms. per cm. pressure 

Crysta l A 

ns. 
x 10 5 

1 3-53 1-76 3-10 5431 dfc 15 3-74 

2 3-53 5-29 28*02 1373 ± 9 3-14 

3 3-53 8*82 77-84 22-78 ± 0.33 1.36 

4 3-53 12-34 152-5 2.01 ± 0-20 O.30 

5 3-53 15-87 251-9 1-15 ± C 1 5 0.06 

6 4-70 19-99 399-7 5.9O ± 0-15 0-77 
1 

7 4-70 24.69 6O9.5. O.63 ± 0.10 .0.20 

8 4.70 29.39 864.6 0*82 ± 0.07 -0.09 

9 4.70 34-09 1162.0 0*82 ± 0-07 -0-09 

3 t a l B 

1 3'53 1-76 3*10 20610 ± 188 4*31 

2 2-35 4-70 22-14 2078 ± 8 3-32 

3 3-53 7-64 58-45 39-77 ± 0«84 1-60 

4 3-53 11-17 124-8 6-35 ± 0-22. 0-80 

5 3*53 14-70 216-2 10-25 + 0-19 1-01 

6 5*87 19-41 376-7 - - -
7 4.70 24.70 610-1 ,3-12 + s 0-07 O.49 

8 4-70 29-40 864*6 0-86 ± 0-13 -O.07 

9 4.70 34-11 II64 0.20 0.06 -0-70 



Experiment 2. 118 

On to two crys ta ls A and B was evaporated 0*15 and 0*20 mgms. 

of radioactive anthracene. The crystals were mounted i n the holder 

and placed i n the pressure vessel i n the furnace and the temperature 

raised t o 152'5°C The pressure was increased to 150 l b s . per sq . 

i n . and the crystals heated f o r 79 hours. The resul ts o f the 

experiment are given i n Table IXa. 

Table IXa. E f f e c t of heat ing the crys ta ls A and B 

A c t i v i t y o f the deposit i n counts per minute 

i n i t i a l f i n a l 

A 1183 972 

B 1769 1558 

The loss i n a c t i v i t y was small and the a c t i v i t y in the sections 

showed that penetration had taken place. Some evaporation however 

d i d occur f o r radioactive anthracene was deposited on the cooler 

par ts of the pressure vessel . 

Figure 26 shows the d i f f u s i o n p r o f i l e f o r Crystal A . The 

ordinate i s p lo t t ed on a logar i thmic scale because o f the very h igh 

values o f the s p e c i f i c a c t i v i t y . 
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Table Xb. Penetration of Activity into the crystal G 
No. of Thickness Depth of ' x ^ Specific Activity Log,0A 
crystal of section centre of cms., x of carbon dioxide 
section cms. x section 10 A counts' per minute io3 x cms. per cm. pressure x 10-3 

1 3*55 1*76 3*10 48138 " ± 435 4*68 
2 3-53 5*29 28-02 ~1345 - - o/3'l3 
3 3*53 8-82 77*84 100*7 * 2*4 2*00 
4 3*53 12*34 152*5 15'11 * 0*42 1*18 
5 3'53 15*87 251-9 16*66 ± 0*17 1*22 
6 3*53 19*40 376*4 4"78 * 0-29 0-68 
7 4*70 23*51 552-7 1*31 * 0-12 0*12 
8 4*70 . ̂ 28-22 796*4 0*88 * 0*09 -0*06 
9 4-70 - -
10 4*70 37*63 1416*0 1*07 ± 0*09 0*03 
11 4*70 42»34 1793-0 1*04 ± 0*11 0*02 



Experiment 3. 119 
2*5 mgrns. of radioactive anthracene was evaporated on to each 

of crystals G and D. The crystals were heated at 177°C for 45*5 
hours. In this experiment the pressure was maintained at 200-250 
lbs. per sq. i n . during the heating process i n order to minimise 
losses from the crystal,,due to the increased vapour pressure of 
anthracene at this higher temperature. This pressure was adopted 
as a standard during the remaining experiments. 

The effect of heating the crystal i s shown i n 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 mgms. 
i n i t i a l f i n a l i n i t i a l f i n a l 

C 3055 » 2659 774-0 616.5 
D 2531 437 §03«0 416'3 

Reference to the above table w i l l show that the deposit on 
crystal D must have been badly formed. This was again indicated 
by the considerable loss of ac t i v i t y from the deposit during the 
heating of the crystal. Because of the low f i n a l activity,crystal 
D was not sectioned. An inaccurate experiment which was carried 
out to determine the t o t a l a c t i v i t y which had diffused into crystal 
D showed this a c t i v i t y to be only slightly greater than the back­
ground counting rate. Ja the case of crystal C however the 
comparatively small loss showed that a well formed deposit resulted 
from the evaporation. 

The diffusion profile f o r crystal C is drawn i n 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 i n 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°C for 79*5 
hours. The pressure i n the vessel was maintained at 200-250 lbs. 
per sq. i n . during the experiment. The effect of the heating at 
this temperature on the crystals i s recorded i n Table XIa. 

Table XIa. The effect of heating on crystals E and F 
Activity of the deposit Total weight of the crystal 

counts per minute mgms. 
i n i t i a l f i n a l i n i t i a l f i n a l 

E 2120 620 441<6 
F 2563 2180 591.6 

The decrease i n a c t i v i t y in the case of crystal E was again so 
great that the concentration of ac t i v i t y in the crystal would be 
small and the crystal was not sectioned. The a c t i v i t y which had 
diffused into crystal E was later shown to be very low and only 
sli g h t l y greater than the background counting rate, thus 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 f i n a l weight i s not given in Table 



Table Xlb. Penetration of Activity Into the crystal F 
No. of Thickness Depth of x 2 Specific Activity ^B10^ 

crystal of section centre of cms.? x of carbon dioxide 
section cms.,x section 10 A counts per minute 

10 x oms. per cm. pressure 
x 105 

1 & 2 12-93 - - - - -
3 3-53 14-70 216-2 114.90 ± 1-50 2-06 

4 3-53 18-23 332-4 6-16 ± 0-17 0-79 
5 3-53 21-76 473-6 3-85 ± 0-24 0-59 
6 3-53 25-28 639-5 1-20 ± 0-17 0-08 

7 3-53 28-82 830-6 0-49 * 0-15 -0-31 
8 4-70 32-93 1084 0-71 ± 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 1-01 ± 0-12 0-00 
12 5*87 52-33 2738 0-21 * 0-09 -0*68 
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XIa because a true f i n a l weight could not be obtained. 

Crystal F was sectioned and the results are given i n Table 
Xlb. The f i r s t two slices were spoiled because the crystal 
fractured as sectioning was commenced. 

The results are plotted as log l 0A versus x i n figure 29 and 
can be compared with those for crystal C on the same page. This 
comparison shows the increase i n penetration with increase of 
heating time, the temperature being the same f o r both crystals. 
Comparison of figures 26 and 29 shows the effect of increase of 
temperature on the overall penetration. The heating period for 
both these experiments was 79 hours but the temperature differs 
(A 152.5°C and F 177°C). I t w i l l be seen that for crystal A 
(figure 26) the penetration i s lower than for crystal F (figure 29) 
showing that the rate of diffusion has increased with increasing 
temperature. 



Experiment 5. I 2 2 

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 18@'Q°C under a pressure of 200-250 lbs. per sq. i n . 

Table Xlla. Effect of heating on crystals G and H 
Activity of the deposit Total weight of the crystal 

counts per minute mgms. 
i n i t i a l f i n a l i n i t i a l f i n a l 

G 1230 900 368*2 

H 1763 720 313*4 
Again no f i n a l weight i s 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 l i t t l e more was l e f t of the crystal than a cylinder of 
diameter equal to that of the 'JfeOton separating washer. Because of 
the method used to protect the. deposit very l i t t l e loss appeared to 
have occurred from the face. The losses of radioactivity are 
comparable with other experiments. 

I f i t is assumed that penetration occurs normal to the i n i t i a l 
plane alone then this loss of anthracene w i l l not have affected the 
diffusion process, providing that no great loss of act i v i t y has 
occurred from the deposit. 

The loss of anthracene at th i s temperature was so great that 
i t was decided that no purpose would be served i n attempting to 
carry out experiments at higher temperatures with the existing 



Table XHb. Penetrati< 
No. of Thickness Depth of 
crystal of section centre of 
section cms.,x section 

l ( r "3c cms, 
x HT 

Crystal G 
1 4*70 2-35 
2 4.70 7-05 

3 4-70 11-76 

4 4-70 16-46 

5 4-70 21-16 
6 4-70 25*86 

7 4-70 30-56 
8 4-70 35-26 

9 4-70 39-97 
10 4-70 -
11 4-70 49-37 

Crystal E 

1 4*70 2-35 
2 4*70 7-05 

3 4-70 11-76 

4 4*70 16-46 

5 7-04 22-35 

6 5*87 28-80 

7 5-87 34*68 
8 5-87 40-56 

n of Activity into crystals G and H 
_p 
x Specific Activity LOS^QA 

cms.I x of carbon dioxide 
10" A counts per minute 

per cm. pressure 

5.5 34550 ± 102 4-54 
49-8 5628 13 3-75 
138-2 48-48 ± 0-54 1-69 
270*8 19-61 ± 0-33 1-29 

447-7 23-31 ± 0-36 1-37 
668*8 4-03 ± 0-02 0-6l 

933-9 7*04 ± 0-17 0-85 

1243 2*15 ± 0-20 0-33 
1598 1-01 O-19 0-01 

2437 0-30 ± 0-20 -0-52 

.5.5 1223 ± 9 3-09 
49-8 5-96 ± 0-68 0-78 
138-2 2-08 + 0-24 0-32 
270-8 12-81 * 0-38 1-11 

499*5 0-96 + 0-16 -0-02 
830-7 0-32 ± 0-27 -0-50 

1203 O-74 ± 0-16 -0-13 

1647 0-13 + 0-01 -0-89 



apparatus. I t was decided to l i m i t the experiments to the 
temperature range 1§Q°-190°C. 

Both crystals were sectioned and the results are given i n 
Table XHb. 



Table X n i b . Penetration of Activity into crystals I and J 
No. of 
crystal 
section 

Thickness 
of section 
cms .x 

Depth of 
centre of 
section 
x cms ̂ 
x 105 

cms., x 
106 

Specific Activity 
of carbon dioxide 
A counts per minute 
per cm. pressure 

Log10A 

Crystal I 
1 3-53 1-76 3-io 129414 ± 266 5-11 
2 3*53 5-29 28*02 3899 . * 0-6 3*59 
3 3*53 8*82 77*84 726-7 ± 3-5 2-86 

4 3-53 12-34 152*5 44.46 ± 0*59 1-65 
5 3'53 15-87 251-9 2-10 ± 0*34 0-32 
6 4-70 19-98 399*2 5-60 ± 0-26 0-75 
7 4-70 24-69 609*6 1-58 ± 0-18 0-20 

8 4-70 - - - - -
9 4-70 34-09 1162 1*93 * 0-19 0*29 
10 4.70 - - - - -
l i 4-70 43-49 1891 2-54 * 0-19 0.41 

Crystal J 
1 4.7O 2-35 5-5 2678 ± 49 3-44 
2 4.70 7.05 49-8 24-37 * 0-52 1-39 
3 4-70 11-76 138.2 11-72 ± O.36 1.07 

4 4.70 16*46 270-8 32-26 * O.50 1-51 

5 4-70 21-16 447*7 5*43 * 0-31 0-74 
6 4-70 25-86 668-8 - - -
7 4-70 30.56 933-9 0-13 ± 0-17 -C89 
8 4-70 35-27 1243 0-75 ± 0.22 -0.12 



Experiment 6. *24 
In view of the low penetration of a c t i v i t y observed i n experi­

ment 1 and the dissimilarity between the diffusion profiles for 
these crystals and those of subsequent experiments, i t 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 
2̂ 1 hours at 153*5°C under a pressure of 200-250 lbs. per sq. i n . 

Table X l l l a . Effect of heating on crystals I and J 
Activity of the deposit Total weight of the crystal 
counts per minute mgms. 

i n i t i a l f i n a l i n i t i a l f i n a l 
I 2883 2578 473*2 340*4 
J 2199 2099 388*1 

On removal from the oven crystal J broke, i n such a way that 
the active portion of the crystal may have been affected and any 
result calculated in the case of J must be regarded with suspicion. 
The loss of a c t i v i t y i n the case of 1 was comparable with previous 
experiments and was indicative of a good deposit. 

The diffusion profile for crystal I , plotted i n figure 27, can 
be compared with that for crystal A on the same page. In both 
these cases the temperature of the experiment was approximately the 
same and the increased penetration resulting from diffusion over 
the longer heating period for crystal I can be seen. 



Table XETb Penetration of Activity into crystals M and N 
No. of Thickness Depth of 
crystal of section centre of 
section cms.,x section 

l ( r "X" cms* 
x 103 

Crystal M 

1 4-70 2-35 
2 3.53 6-47 

3 3-53 9-99 

4 3-53 13-52 
5 3-53 17-04 

6 3-53 20-57 
7 3-53 24-10 
8 3.53 27.62 

Crystal N 
.1 .4-70 2.35 
2 3.53 6-47 

3 3-53 9-99 

"TT Specific Ac t i v i t y Log A 
is.? x of carbon dioxide 
10 A counts per minute 

per cm.pressure 

5-5 33330 ± 93 4.52 

41-7 1403 ± 4 3-15 
99-8 648 2-67 2-81 

182'7 143-8 ± 1-49 2-16 
290 -4 30-03" ^ OV63 1-48 
423-1 8-57 ± O.32 0-93 

580-8 6-22 ± 0*25 0-79 

76l«8 3-51 ± 0-51 0-55 

5-5 36750 105 4-57 
41-7 1-59 ± 0-24 0-20 

99-8 



125 Experiment 7, . 

The results of this experiment in which crystals JL and L were 
heated f o r 149 hours are not reliable because of a failure i n 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 l60°G for 219 hours, under a 
pressure of 200-250 lbs. per sq. i n . 

Table XlVa. Effect of heating of crystals M?.and N 
Activity of the deposit Total weight of the crystal 

counts per minute mgms. 
i n i t i a l f i n a l i n i t i a l f i n a l 

M 2138 2115 234 179 

N' 2275 1955 321 237 

The losses of ac t i v i t y were small and i t was assumed that the 
deposits were well formed. The crystals were sectioned. 

Tn the case of N the ac t i v i t y which penetrated into the crystal 
was much lower than would be expected from-the value of surface 
acti v i t y given i n Table XlVa. The only reason which can be forwarded 
is that the original deposit was badly formed. As can be seen from 
Table XlVb the concentration of radioactive anthracene i n the crystal 
was so small that very long counting times were necessary to achieve 

i 

the desired accuracy and the sectioning of crystal N was concluded 

at this stage. 



Table XVb. Penetration of Activity into crystals 0, P and Q, 

No. of Thickness Depth of A Specific Activity L <«10 A 

crystal of section centre of cms., x of carbon dioxide 
L <«10 A 

section cms. x section 10° A counts per minute 
io5 x cms* per cm. pressure 

x 105 

Crystal 0 
1 3*53 1-76 3-10 2384 • * 4*1 3-38 
2 3-53 5-29 28-02 6 -26 ± 0-31 0-80 
3 3-53 8-82 77-84 1-98 ± 0-40 0-30 
4 3-53 12-34 152-5 1-54 * 0-22 0-19 

Crystal P 
1 3*53 - - - - -
2 3-53 5-29 28-02 11835 ± 32 4-07 
3 3-53 8-82 77*84 91-60 ± 0-99 1-96 
4 3*53 12*34 152-5 61-80 ± 0*73 1-79 
5 3'53 15-87 251-9 59-65 ± 0-82 1-78 
6 3*53 19-40 376-7- 87-10 ± 0-13 1-94 
7 3-53 22-92 525-3 21-37 ± 0-47 1-33 

Crystal Q 
1 3-53 1-76 3-10 3927 ± 9 3-59 
2 3*53 5-29 28*02 91-6 ± 0-90 1-96 
3 3-53 8-82 77-84 79-27 * 0-83 1-90 
4 3*53 12-34 152-5 46-80 ± 0-52 1-67 
5 3-53 15-87 251-9 31-28 ± 0-37 1-50 
6 11-76 - - - -
7 4-70 31-74 1007 13-28 ± 0-23 1-12 
6 9-40 - - - - -
9 4-70 45*84 2101 8-60 ± 0-26 0-94 



126 2. Experiment carried out to determine the- rates of diffusion 
i n a direction parallel to the cleavage (OOl) plane 

Two experiments were carried out to ascertain whether any 
diffusion anisotropy existed i n this crystal. Because of the 
d i f f i c u l t i e s i n sectioning the crystal i n this orientation the 
results must be regarded only as indicative of the order of magni­
tude of the rate of diffusion i n this direction. The experiments 
were carried out i n t r i p l i c a t e . 
Experiment 9* 

Deposits of approximately 0*25, 0*3 and 0*3 mgms. of radio­
active anthracene were evaporated on to crystals 0, P and Q 
respectively. The crystals were heated at l60°C for 170 hours 
under the usual conditions of pressure. The results were as follows. 

Table XVa. Effect of heating on crystals 0, P and Q 
Activity of the deposit Total weight of the crystal 

counts per minute mgms. 
i n i t i a l f i n a l i n i t i a l f i n a l 

0 3896 3169 563 497 

P 4276 3619 373 306 

ft 2924 2458 304 249 

The above information indicated that the deposits were well 
formed duringfaie evaporation. 



Table XVIb. Fenetratii 
No. of Thickness Depth of 
crystal of section centre of section cms. x section 

10* x cms* 
. x 10P 

Crystal R 
1 - -

2 3-53 5-29 

3 3-53 8-82 

4 3-53 12-34 

5 3-53 15-87 
Crystal S 

1 3-53 1-76 

2 3-53 5-29 

3 3-53 8-82 

4 3-53 12-34 

5 3-53 15-87 
6 3-53 19-40 

7 3-53 22-92 

m of Activity into crystals R and S 
x^ 2 Specific Activity Logjo^ 

cms.g x of carbon dioxide 
10 A counts per minute 

•per cm. pressure 

28'02 518-2 2 2-71 

77-84 153-3 ± 1-2 2-19 

152-5 60-1 ± 0-71 1*78 

251-9 56-5 ± 0.63 1-75 

3-10 4475 15 3-65 

28*02 433-9 ± 1-9 2-64 

77-84 107-3 ± 4-8 2«03 

152-5 67.90 ± O.74 1-83 

251-9 73-37 ± 0-74 1-87 

376-7 84-57 ± 0*80 1-93 

525.3 62-5 0*62 1-80 



Experiment 10 

On t o the surface o f orystals R, S and T were evaporated 

approximately 0*45, 0*4 and 0*45 mgms. respect ive ly . The three 

crysta ls were heated at 174°C f o r 88 hours. The pressure was 

maintained at 200-250 l b s . per sq. i n . 

Table XVla. E f f e c t of heating on" crys ta ls R, S and T 

A c t i v i t y of the deposit To ta l weight o f the c ry s t a l 
counts per minute mgms. 

i n i t i a l f i n a l i n i t i a l f i n a l 

R 5510 3564 927 735 

S 4339 4639 738 608 

T 4824 3618 713 633 

Crystal T was badly cracked dur ing the heating process and 

was discarded. 

The resul t o f sectioning crys ta ls R and S and the subsequent 

counting are given i n Table XVlb. 



3. Experiment to determine the rate of surface d i f f u s i o n 1 0 

An experiment was carr ied out to determine whether i t was 

possible t o detect surface d i f f u s i o n on the cleaved surface of an 

anthracene single c r y s t a l . 

A l i n e deposit o f radioactive anthracene was evaporated on to the 

centre o f a cleaved c rys t a l face and attempt was made to f o l l o w the 

d i f f u s i o n along the surface w i t h the apparatus previously described 

(Chapter I , section 4*c>)« 

A f t e r heating the c ry s t a l and deposit f o r periods o f 

87 hours at 100°C 

58 hours a t 150°C 

i t was found that no apparent movement had occurred. Surface 

d i f f u s i o n i s found t o be more rap id than bulk d i f f u s i o n f o r most 

sol ids and i t i s thought that some movement should have resul ted 

from the 1$0°C heating f o r the above period of t ime. 

The experiments were discontinued a t t h i s stage and i t was 

found impossible t o carry out f u r t h e r experiments f o r longer 

heating periods and a t higher temperatures at a l a t e r t ime. 



CHAPTER I I I 

INTERPRETATION OF THE RESULTS 
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In te rpre ta t ion o f the Results 

1. The Shoice of a d i f f u s i o n equation. 

- The experimental resul t s of d i f f u s i o n experiments carr ied out 

under s imi l a r conditions t o the present study^have usua l ly been 

interpreted from the viewpoint tha t the deposit i s " i n f i n i t e l y " 

t h i n compared to the overa l l depth of d i f f u s i o n . The a c t i v i t y of 

such a source would be diminished by d i f f u s i o n immediately the 

experiment ia commenced and the experimental conditions should be 

adjusted so tha t the d i f f u s i n g a c t i v i t y does not reach the f a r 

extremity of the c rys ta l dur ing the experiment. 

When such conditions are applied to the experiment the d i f f u s i o n 

process i s represented by the fo l lowing so lu t ion o f the d i f f u s i o n 

equation ( 2 f 9 l ) 

C - . 1_ 8 2 
(2TTDt)^ 

C represents the concentration of the a c t i v i t y located at a depth x . 

~in the c rys t a l a f t e r time t , D the d i f f u s i o n c o e f f i c i e n t and Q the 

t o t a l a c t i v i t y deposited on the surface. I t can be seen that the 

expression i s symmetrical w i t h respect t o x and approaches zero 

when x approaches i n f i n i t y f o r a l l t ' s } o. 

Taking logarithms t o base 10 o f the above expression the 

f o l l o w i n g equation i s obtained. 



A. cp.m. per cm. pressure. 

to 
I 

in 8 
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I t w i l l be seen from equation 3 that i f equation 2. cor rec t ly 
describes the d i f f u s i o n process under consideration, then a p l o t o f 
the logari thm of the concentration of the d i f f u s i n g species ( i n t h i s 
case the spec i f i c a c t i v i t y o f the anthracene - 9 - carbon-14 present) 
at any depth x , versus the square of that depth ( x 2 ) should resu l t 
i n a s t r a igh t l i n e graph of slope. 

_ l o g i o e 

4Dt 

The heating period t i s known from experiment and hence the d i f f u s i o n 

c o e f f i c i e n t can be calculated from the slope of t h i s l i n e . 

Figure 30 depicts such a p lo t f o r one o f the experiments carr ied 

out i n t h i s study and i t can be seen that i t does not conform to the 

l i nea r re la t ionship expected from equation 3 . This graph i s t y p i c a l 

f o r the ma jo r i t y of the experiments. 

I f the experimental points are regarded from .the point of view 

of the above equations, i.e. s t ra igh t l ines are expected from a p l o t 

. o f equation-3) one-could -regard-them as composing two s t ra igh t l i ne s , 

£9 and CD on the diagram ,and that the point A i s anomalous i n tha t 

i t i s h igh . From the geometry of the c r y s t a l and deposit i t would 

be expected that t h i s f i r s t point should be high i n a l l cases. 

The reason i s as f o l l o w s : - \ 
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Inac t ive region \ , Anthracene single- c rys t a l 

Active 
anthracene 

A c t i v i t y due 
!to d i f f u s i o n 

f 
I 

Tl.-rrT-rr-rrrr 

F i g . 51 • The Crysta l and Deposit 

Pigare 31 represents the c r y s t a l and deposi t . 0 on the surface of 

the deposit i s the o r i g i n of the sectioning process and ox^, z-̂  x 2 7 

the thickness o f the f i r s t and second sections respect ive ly . 

I f i t i s assumed that d i f f u s i o n i n to the c r y s t a l takes place 

only i n the cyl inder of diameter e<£oal t o the diameter of the 

deposit i t w i l l he seen that the f i r s t section w i l l consist of the 

deposited radioanthracene (d i lu t ed w i t h a l i t t l e inact ive anthracene 

from "back d i f f u s i o n ) plus the radioanthracene which has d i f f u s e d i n t o 

the c rys ta l as f a r as z 2 , w i t h the inac t ive mater ia l suj?rounding i t * 

She second: section x n w i l l ^consist of d i f f u s e d radio­

anthracene and surrounding inact ive mater ia l , as w i l l subsequent 

sections. I t w i l l be seen from the above diagram t h a t , whereas . 

sections 2 onwards w i l l contain equal amounts of inac t ive anthracene 

at the edges thus making t h e i r spec i f i c a c t i v i t i e s comparable, 

section 1 w i l l contain an excess amount o f radioanthracene. Because 



o f t h i s the s p e c i f i c a c t i v i t y of section 1 should be high 

compared to subsequent sections and hence on a l l graphs the f i r s t 

po in t should be "high" compared to subsequent po in t s . I n spi te of 

the f a c t that the i n i t i a l point can be accounted f o r there i s , a t 

t h i s stage, no reason to assume that the remaining experimental 

points are best represented by two s t r a igh t l ines because i t can 

also be said that a l l the points (neglect ing A f o r the above reasons) 

l i e on a curve (the dotted l i n e i n f i g u r e 30)» I f t h i s were the 

case, then i t i s obvious that equation .2_ does not describe the present 

d i f f u s i o n process and that more consideration should be given t o the 

p o s s i b i l i t y tha t other conditions apply to the in teg ra t ion of the 

d i f f u s i o n equation than those quoted£above ,and that some other 

equation to describe the d i f f u s i o n process i s necessary. 

The. .former explanation of the experimental points can be j u s t i ­

f i e d however and the existence o f two s t ra igh t l ines could be 

accepted as evidence of two concurrent d i f f u s i o n process, one, 

represented by the - portion CD, more rapid than the other (BC). 

There are then two possible explanations of the type of curve 

depicted i n f i gu re 30 and before the experiments can be analysed i t 

i s necessary to come t o some conclusion on these a l t e rna t ives . 

I n practice an i n f i n i t e l y t h i n deposit cannot be evaporated on 

to a c rys t a l surface. Also such a deposit o f radioact ive mater ia l 

would not give h igh enough counting rates i n the cry sta],, a f t e r 

d i f f u s i o n , t o enable accurate determination o f the r a d i o a c t i v i t y to 

be made i n a reasonable t ime, unless an extremely radioact ive sample 



were used. I t should however be possible to approximate to an 

i n f i n i t e l y t h i n deposit i n cases where the penetration of a c t i v i t y 

i s large compared to the deposit thickness. An upper l i m i t must 

however ex i s t where the deposit can no longer be considered t o be 

i n f i n i t e l y t h i n and i n cases where the thickness i s comparable w i t h 

the depth of penetration other boundary conditions w i l l apply i n 

the in tegra t ion of the d i f f u s i o n equation and a d i f f e r e n t so lu t ion 

w i l l r e s u l t . 

There exis t three other possible descript ions which could 

perhaps be appl ied. 

(a) Where the deposit and c ry s t a l are i n f i n i t e , or very la rge ; i n 

extent compared to the overall depth of d i f f u s i o n and the deposit 

can be described as an "extended i n i t i a l d i s t r i b u t i o n of concentra­

t i o n " (2,9l). The solu t ion of the d i f f u s i o n equation i n t h i s case 

i s 
C ^ 

C = - 2 e r f c . x • 4 

2 2 ( D t ) 8 

where i n addi t ion to the previously mentioned abbreviations C 0 = 

the i n i t i a l concentration -in the deposit . I n t h i s case:-

G = C 0 , x ^ b' and C = o, "x y o when t = o 

and 0 • ^o/2 x = o t ^ o. 

I t would be expected t h a t , i n cases where t h i s equation held , the 

concentration at the in te r face between the deposit and the c rys t a l 

would be constant throughout the experiment and equal t o ha l f the ' 

i n i t i a l concentration appl ied. 
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(b) Izi which the deposit i s f i n i t e i n extent and the c rys ta l 
i n f i n i t e or very large i n extent , and that during the experiment 
the d i f f u s i n g species fa i l©, t o reach the boundary of the c rys t a l 
but a t the same time back d i f f u s i o n from the c rys ta l does reach 
the boundary of the deposit . D i f f u s i o n i n such a case i s repre­
sented by the equation (2 ,9 l ) 

P ( e r f h + x i + e r f h - n ) • -
c T I . 2 ( D t ) s K W r ) — 5 

where h represents the deposit thickness. 

(c) Where the source can be regarded as of constant concentration. 

This cam-readily be discounted i n the present case because back 

d i f f u s i o n o f inact ive anthracene from the c rys ta l w i l l immediately 

lower the concentration of the d i f f u s i n g a c t i v i t y and hence such a 

condit ion could not ho ld . An actual experiment invo lv ing the use 

of tlsse conditions could perhaps be devised,studying the r a t e . o f 

d i f f u s i o n i n t o an anthracene c rys ta l of radioactive anthracene from 

a large volume o f radioactive anthracene vapour. 

The other two p o s s i b i l i t i e s (a) and (b) can perhaps be ruled 

out by comparison of the deposit thickness and the ove ra l l depth of 

d i f f u s i o n . 

3h a case where miscroscopic examination of the radioactive 

material deposited on the c r y s t a l surface showed that a comparatively 

small number of "whiskers" had resul ted, i t was possible to calculate 

that approximately 0*04 mgms. o f the act ive anthracene was deposited 
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per 1 mgm. evaporated from the heater I n the evaporator. The 
diameter of the deposit was l i m i t e d by the size of the template i n 
the evaporator and hence i s known. From t h i s data i t was possible 
to calculate that deposit should be approximately 2 x 10"̂  cms. 
t h i c k . This would represent a maximum thickness because,in most 
case Sj some of the evaporated anthracene forms whiskers on the 
surface. I f i t i s assumed tha t the decrease i n surface a c t i v i t y 
re fe r red to i n tables V I H , ECa XVla i B due to the rapid 
evaporation of the whiskers during the heating o f the c rys ta l s , then 
the remaining mater ia l must be mostly an e p i t a x i a l deposit which 
w i l l take part i n the d i f f u s i o n . I n most cases t h i s loss was less 
than 50$ o f the t o t a l and i t can perhaps be said that the deposit 
thickness was ac tua l l y 1-2 x 10"4 cms. t h i c k . 

Reference to tables IXb-XVIb w i l l show tha t the penetration 

depth o f the major pert ion of the a c t i v i t y which has d i f f u s e d i n t o 

the c rys t a l i s not less than 25 x 10"̂  cms. i n the more accurate 

determinations and the d i f f u s e d a c t i v i t y continues to be measurable, 

w i t h a lesser degree of accuracy, i n a l l oases, t o the end of the 

experimental determination^in which case the o v e r a l l penetration 

should be regarded as greater than 40 x 10"̂  cms. I t can be said then, 

that the depth of penetration i s more than 100 times greater than 

the deposit thickness. I t must be emphasised that t h i s i s not.an 

accurate value but i t does a t least indicate the order of magnitude 

of the r a t i o o f the deposit thickness to the depth of penetrat ion. 
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This d i f fe rence immediately rules out the p o s s i b i l i t y of 

a l t e rna t ive mechanism (a) where the essential conditions would 
appear to be that the extension of each component of the d i f f u s i o n 
couple should be equally l a rge . S imi l a r l y i f a l t e rna t ive (b) i s 
applied i n t h i s case, the deposit thickness h i s very much smaller 
than the penetration depth, i n f a c t , so small that i t can- be assumed 
tha t 

h 4* x 9S, x and h - x » - x 

w i t h i n the l i m i t s of experimental accuracy f o r most values of x»and 

hence the expression becomes meaningless, i . e . equation 3 becomes 

r _ C o ( e r f x- . ^ e r f - x J L ) r i 

and as e r f ( - z ) =» - e r f z the equation 5I reduces to zero i f we make 

the above assumption. 

Because of t h i s large d i f fe rence between the approximate deposit 

thickness and the overa l l depth of penetrat ion, i t was decided that 

the process i s best described by equation 2 and that the deposit can 

be regarded as approximating t o an "instantaneous" plane source. 

2. In t e rp re t a t ion of the Experimental Hesuits 

Now tha t i t has been decided that the deposit can be regarded 

as an i n f i n i t e l y t h i n source and tha t the d i f f u s i o n process should 

be represented by equation 2 i t remains to account f o r the deviations 

from l i n e a r i t y i n the graphs of log^^A versus x 2 . Equation 3 

indicates that such a p lo t should, y i e l d a l i n e a r graph, f rom the slope 

of which i t should be possible to calculate the d i f f u s i o n c o e f f i c i e n t . 



Because o f t h i s predicted l i n e a r i t y i t seems reasonable to attempt 

t o draw s t r a igh t l ines through the experimental points as suggested 

at the beginning of the previous sect ion. This was carr ied out 

( f i g u r e 30) and i t was seen that the resu l t s were as fol lowss-

two l i nea r port ions BC and CD and a point A, the i n i t i a l po in t , which 

l ay above CB produced. The pos i t ion o f point A was accounted f o r oh 

consideration o f the geometry of the d i f f u s i o n couple. Before 

proceeding w i t h the ca lcu la t ion i t i s necessary t o account f o r the 

existence of the two l inea r portions when one only i s predicted from 

equation 3. 

Reference to f igures 26-29 and to tables ETb-XVIb w i l l show 

that the overa l l a c t i v i t y represented by the por t ion CD i s very small 

compared to that of BC and i t would appear that CD represents a small 

scale phenomenon compared t o BC. 

I t i s to be expected tha t the process which involves the 

penetration o f the greatest amount o f the i n i t i a l a c t i v i t y should be 

bulk d i f f u s i o n and i t i s suggested that the por t ion BC represents 

t h i s process. CD must then be the r e su l t o f some small scale 

secondary e f f e c t . 

There are two possible explanations o f CD. 

1. That i t i s the resul t o f contamination during the 

experiment. 

2. That i t i s a concurrent, more rap id d i f f u s i o n 

process than BC. 



I n the present study the author i s inc l ined to r e j ec t the 

former explanation. Several reasons have been forwarded by other 

workers i n t h i s f i e l d to aocount f o r the presence o f a " t a i l " t o the 

d i f f u s i o n curve by contamination. Mapother, Crooks and Maurer (92) 

discovered such a " t a i l " i n t h e i r studies o f s e l f d i f f u s i o n i n sodium 

c h l o r i d e , i n cases where the heating periods were low and l i t t l e 

penetration resu l t ed . They ascribed t h i s to oontamination during 

t h e i r sectioning experiments. Feldman>«tal (4) claimed that 

contamination occurred during the appl ica t ion of the radioactive 

deposit . I n t h i s l a t t e r case carbon-14 was applied i n the form of 

a s lu r ry t o compressed graphite specimens and the p o s s i b i l i t y tha t 

the s l u r r y would penetrate pores i n the specimen i s very l i k e l y . 

Both these explanations are not thought to apply i n the present 

case because the use o f single c rys t a l s , and the method of appl ica­

t i o n of the deposit ru le out the l a t t e r p o s s i b i l i t y and the care 

taken to ensure tha t t r ans fe r o f a c t i v i t y d id not occur during 

sectioning the former. The c rys t a l was scrupulously and c a r e f u l l y 

cleaned before and a f t e r each section was cut . 

One f u r t h e r source of possible contamination i n t h i s type of 

experiment arises from the evaporation of the radioactive deposit on 

to other faces of the c rys ta l than that under study, during the 

appl ica t ion of the deposit and dur ing the heating process. The 

attempt to determine the existence of surface d i f f u s i o n on anthracene 

crysta ls showed t h i s {Latter process to be u n l i k e l y but t h i s poss ib i -



l i t y was eliminated completely by trimming the edges of the • 139 

c rys t a l a f t e r deposi t ion, and! a f t e r the heat ing process before 
i 

sectioning was commenced. 

In view o f these precautions the author believes tha t the 

t a i l i n g of the graph ( i . e . CD, f i g u r e 30) i s more l i k e l y * t o be the 

resu l t o f a more rap id d i f f u s i o n process. , 

Will iams and S l i f k i n (93) have reported tha t such rap id 

d i f f u s i o n processes do occur, i n addi t ion to . the bulk d i f f u s i o n 

process, i n the cases of low temperature d i f f u s i o n of rare earth 

tracers i n lead and s i l v e r , and of gold i n s i l v e r . Presumably the 

term "low temperature d i f f u s i o n " implies cases i n which a low degree 

of penetration r e s u l t s . Hart (94) has demonstrated t heo re t i c a l l y 

that t h i s i s the case, and he suggests tha t a l l d i f f u s i o n studies 

i n single crystals, should y i e l d a value f o r the d i f f u s i o n c o e f f i c i e n t 

a few per oent. highjbecause of rapid d i f f u s i o n along dis locat ions i n 

the c r y s t a l s . Their work w i l l be discussed i n the next sect ion. 

I f t h i s i s the case then the po r t i on of the graph BC w i l l 

represent the l i nea r combination of t h i s process and the bulk d i f f u ­

sion process. The idea l treatment of the resul t s would .involve. — 

t r e a t i n g the two curves separately and subtract ing the contr ibut ions 

of CD from EC. Unfortunately the values of the s p e c i f i c a c t i v i t y 

represented by CD are very low and the scat ter o f the experimental 

poin ts , and t h e i r low accuracy, render such a ca lcu la t ion impossible. 

I n most cases i t i B not possible to B t a t e w i t h any accuracy that the 
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experimental points i n t h i s par t of the curve obey a l i nea r 

equation. A s t ra igh t l i n e was however drawn to comply w i t h 

equation J . This acceptance of l i n e a r i t y i n t h i s par t of the graph 

i s thought t o be not unreasonable. 

I n one case where the l i n e a r i t y of CD was reasonably w e l l 

de f ined^ i t was shown by least squares ca lcula t ion t h a t , i f the process 

represented by CD was subtracted from that represented by BC^no 

d i f fe rence was made, w i t h i n the l i m i t s o f experimental e r r o r , t o the , 

value- o f the d i f f u s i o n coef f i c ien t s calculated on the basis that 

BC represented a s ingle process. As a r e su l t o f t h i s c a l c u l a t i o n ' i t 

was decided t o neglect the " t a i l " and t o determine the values of the 

d i f f u s i o n coeff ic ient? from the por t ion BC of the curve r. These 

values are. regarded- as being values f o r the bulk d i f f u s i o n process 

i n anthracene. 

when the experimental resul ts f o r experiment 1, crystals A and 

B, were p lo t ted acoording t o equation 3 i t was found t h a t , w h i l s t 

the curves were s imi l a r i n most respects to those of other c rys ta l s , 

the i n i t i a l points lay on the s t ra igh t lines corresponding to BC 

( f i g u r e 30) and not above i t v This apparent anomaly i s believed to 

r e su l t from the f a c t that very low penetration of r a d i o a c t i v i t y 

occurred i n t h i s casejbecause of the comparatively low heating 

period.and tha t , when the resu l t s are p l o t t e d i n the above manner, 

the slope of the i n i t i a l l i n e (corresponding t o BC, f i g u r e 30) i s 

steep and f o r t h i s reason i t i s not possible to d i s t ingu i sh whether 



the i n i t i a l point lies above this line or not. In other ^ 
respects these curves were similar to those of other crystals and 
were treated i n the same way for the calculation of the diffusion 
- coefficient. 
3. Calculation of the Diffusion equation for self diffusion i n 
anthracene .• 

Values of the diffusion coefficient for self diffusion i n 
anthracene were calculated from the slope of the steep linear 
portion (EC) of the log l 0A versus x 2 curve for each experiment. 
The slope8 were calculated from the experimental points by the 
method of mean least squares. The results are given i n Table XVTI. 

Table XVIi:' 
Diffusion Coefficients perpendicular to the (00l) plane 

Crystal Diffusion Coefficient Heating Temperature lo^r1

 n3 
D cms. per second T°K T x 1 U 

A 1*732 x 10" 1 1 425-5 2.356 
B 1'679 x 10" 1 1 425*5 2*356 
I 9*067 x HT 1 2 426*5 2.350 
M 2*286 x 10" 1 1 433 2.309 
C 1*873 x 10" 1 0 450 2-222 

-F-'- - •ilO 
1*113 x 10 450 2*222 

G 4*188 x 10~ 1 0 462 2*165 
H 4*188 x 10" 1 0 462 2*165 

The Arrhenius type equation, equation 1, for the variation of 
the diffusion coefficient with absolute temperature can be written 
i n logarithmic form 
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lo* 1 0D = * V " f 1 0 8 e i 
I t w i l l be seen that i f log^QD is plotted versus 1, a straight line 
should be obtained,from the slope and intercept of which, E and DQ 

can be calculated. Figure J2 represents such a plot for the 
present study. 

The points on the graph are the mean of a l l experimental values 
for a given temperature. The point at J L = 2*356 x lO"^ 0^" 1 i s 

T 
neglectedjbecause i n this case the penetration of a c t i v i t y was small 
and this point i s 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 constants of 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 - 6 

cms.̂  per second 
The calculation i s shown i n Appendix I I . 
4. The Bate of Self Diffusion parallel to the cleavage plane i n . 
anthracene 

When the analysis of Pick's laws is extended into three 
dimensions the existence of diffusion anisotropy i n crystals is 
suggested. 

Anthracene i s an anisotropic crystal and the possible existence 
of this phenomenon lead to the attempt to measure the rates of 



diffusion i n a second direction. 143 
Two experiments were carried out such that diffusion proceeded 

i n a direction parallel to the cleavage (00l) plane and the results 
interpreted i n the manner previously described. The diffusion 
profiles had the same characteristics as those for experiments on 
diffusion perpendicular to the (00l) plane. The results of mean 
least squares determinations are given in Table XVIII. 

Table XVIII 
Diffusion Coefficients parallel to the (OOl) plane Crystal Diffusion coefficient Heating temperature 

D cms. per second T°K 
0 1-122 x 10" 1 0 433 
P 1'466 x 10" 1 0 433 
Q 8*103 x 10" 1 1 433 
R 1-457 x 10" 1 0 447 
S 4-165 x 10 - 1 0 447 

I t T i l l be seen that the diffusion coefficients obtained vary over 
quite a wide range at each temperature and hence must be regarded 
with suspicion. The experimental d i f f i c u l t i e s involved i n these 
particular experiments suggest that any results should be regarded 
as'approximate results. I t can be said however^that within the 
limits of experimental error^the values can be regarded as comparable 
with the corresponding values of the diffusion coefficient obtained 
in the previous section,and 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 i n only 
three cases. The systems investigated were solid hydrogen (6), 
ortho-rhombic sulphur (7) and oLwhite phosphorus (8). I t w i l l be 
seen that there is l i t t l e basis, for comparison and corellation of 
results i n this class of solids alone and previous workers have been 
forced to rely upon knowledge gained In the study of metals and ionic 
crystals i n order to attempt to explain their results. They have 
found that although by doing this some indication of the mechanisms 
can be obtained, much more work i n this f i e l d i s necessary before 
any absolute determinations of mechanisms and theory of diffusion i n 
this class of compound can be made. 

a 

The f i r s t account of the determination of/diffusion coefficient 
in a molecular solid was published by Cremer (6) i n 1938. Cremer 
assumed that the kinetics of the ortho-para conversion i n solid 
hydrogen i s bimolecular i n character and becomes diffusion controlled 
at low concentrations of the parahydrogen. Working on the.-basis of 
this assumption he calculated the self diffusion coefficient of 
solid hydrogen near i t s melting point and showed i t to increase with 
temperature according to the equation 



S - Ae* 9 0 * ̂  --. 7. 
The measurements were made In the narrow temperature range 11°-13°K 
and this and the experimental scatter of the points make the a c t i ­
vation energy quite uncertain. I t can also be shown that the 
constant A has a value of (very approximately) 10-? cms.** per 
second. 

jost (95)/proposes that the activation energy would be 
indicative of a bulk diffusion process involving vacancies, but the 
value of A f a l l s well below the value expected by comparison with 
values for diffusion i n metals, where i t has been calculated that 
the value of this constant should be in the region 0*1-10 (8). 
However, i n the case of metals the values cannot be said to.comply 
ri g i d l y with this range, and also the experimental error on the 
experimental values for hydrogen could elevate the value of A to 
nearer this region. 

I t was not u n t i l 1951 that a second attempt was made to measure 
the rates of diffusion i n 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 radioactive sulphur 
either from a saturated solution, or by evaporation, on to the ( i l l ) 
face of a single crystal of rhombic sulphur and followed the progress 
of the radioactivity into the crystal by means of microtoming the 
crystal and subsequent assay of the sections for radioactivity. 



They state that, of the methods of deposition of the radio^ 
active material, the former gave a superior degree of contact. 
This method of deposition is thought by the present author to be of 
doubtful r e l i a b i l i t y and where other methods are available, such as 
that of evaporation, i t is best avoided. The objection is on the 
grounds that considerable damage to a crystal surface can result 
from the attack of solvent and the local cooling resulting from rapid 
evaporation of such a solvent. I t i s not possible to assess 
whether this was the case in the work on sulphur, as the report is 
brief, but i t can perhaps be assumed that the results obtained by 
both methods were comparable as the authors imply that they used 
both evaporation and deposition from solution. 

Cuddeback and Driekamer (7) discovered that a rapid rise i n 
the diffusion coefficient occurred 30° below the transition point to 
monoclinic sulphur. Their interpretation of this phenomenon was 
that, at the lower temperatures,.the radioactive species diffuses 
through the crystal by a normal vacancy mechanism and that diffusion 
varies with temperature according to the expression 

D = 8*32 x i o ^ V 5 0 8 0 / ^ 'cms.2 per second 8 
The authois suggest:-' that this represents diffusion perpendicular to 
the ( i l l ) plane. At temperatures approaching the transition point 
to monoclinic sulphur diffusion i n the direction parallel to the 
( i l l ) plane becomes important and diffusion anisotropy becomes 
apparent. The measured diffusion rates in this upper temperature 
range are regarded as the combination of two diffusion processes 



along different axes. Analysis of this region yields the 147 
expression for diffusion parallel to' the ( i l l ) plane as 

*6 -7800/BT 2 D - 1'78 x l ( r e cms. per second 9 
The great increase in the activation energy for the process is 
.ascribed to the greater jump distance i n this direction. 

This explanation seems quite reasonable and the magnitude of 
the constants i n the two equations can perhaps be said to be similar 
to values of the comparable constants for the self diffusion of 
bismuth (96) which i s also reported to show diffusion anisotropy. 
Very few examples of this phenomenon have been discovered and l i t t l e 
i s known of the process. Rhombic sulphur is anisotropic i n nature 
and might be expected to exhibit such diffusion anisotropy. 

After the work of Cuddeback and Drickamer a similar study was 
made by Nachtrieb and Handler (8) usingoLwhite phosphorus. This 
material was chosen because i t has a cubic crystalline form and 
hence would not be expected to show evidence of anisotropy i n 
diffusion. A tracer technique was employed, and again evidence of' 
two diffusion prooesses 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 = 1-07 x 10-3e-94OO/BT + 2 x lo46e-80600/HT ^ 2 ^ g e c Q n d . l Q 

The second term on the right hand side of the equation being 
negligible at temperatures below 35°C. 



In a previous paper Nachtrieb and Handler {91) showed that 
for cubic metals there was a corellation between the activation 
energy for diffusion E^and the latent heat of fusion L f, viz. 

£ ° C L f 11 
where C i s a constant' and equal to 16-5- In the ensuing discussion 
they propose that i n crystals were this corellation obtains,diffusion 
occurs by the random walk of relaxed vacancies and that the value of 
the constant depends 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 P̂  and i t s vacancies are the diffusing species. 

On the assumption that the second term i n 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 pre-exponential factorjL(l8), 
that this second process possesses a very large entropy factor and 
hence that the process involves many times the • Avogadro number of 
molecules; Because of this the more simple mechanisms for diffusion 
such as direct interchange, and i n t e r s t i t i a l diffusion can be ruled 
out and the authors propose a large scale co-operative pmechanism 



involving disordered or ipBimelted regions d>n' the solid. 
I t would he expected then that a gradual transition from solid 

state diffusion to liquid state diffusion might occur as the melting 
point is approached. Evidence for such a transition has been 
reported for diffusion i n Indium (98) near the melting point, but 
the region of transition is much smaller than in the case of 
phosphorus. 

Further experiments by Nachtrieb and Lawson (99) on the effect 
of hydrostatic pressure on diffusion i n phosphorus,show that 
increase of pressure decreases the rate of diffusion, and provides 
evidence that l a t t i c e disordering onei comparatively large scale 
begins well below the melting point. 

Nachtrieb and Handler (8) suggest that perhaps the processes 
described as diffusion anisotropy 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 poly crystal. The measurements were made 
upon poly crystalline speciments formed by compression of powder, and 
u n t i l further work is carried out upon the affect of the degree of 
compression of the powder upon the f i n a l state of the diffusion 
specimen, very l i t t l e can be said upon this question. Previous 
experiments with metallic crystals have shown that polycrystalline 
specimens do present an approximate picture of behaviour i n the 



single crystal state (2) . In a pd'ly crystal line specimen 
howeverjthe possibility of grain boundary diffusion must always be 
considered, and this, could give values of the diffusion coefficient 
higher than those obtained i n single crystal specimens i f this 
effect is not detected and allowance made for i t s effect upon the 
bulk diffusion process. 

Another source of information concerning the diffusion process 
in solids i s the magnetic assonance study of organic solids (20,24, 
100). Several such studies have been carried out on organic solids 
but only two have yielded any definite information on this topic 
(20,23). 

I t is found in these studies that the onset of molecular motion 
in the crystal causes a narrowing of the resonance line width. In 
some cases i t was found that, near the melting point, this line 
width narrowed to zerojindicating very rapid translational motion 
in the solid. I t was proposed by Andrew and Eades (20) that this 
translational motion in the crystal was self diffusion. Later work 
by Norberg and Slichter (2l) on the nuclear magnetic resonance of 
solium yielded values fi r the diffusion coefficient comparable with 
the results of a tracer study by Nachtrieb et a l (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 " i t has been calculated that the 
activation energy for self diffusion i n cyclohexane i s 8000cals. per 
mole,a value stated to be consistent with a vacancy mechanism for 



Table XIX. The Pre-exponential Factors and Activation Energies for 
self diffusion i n molecular solids 

Pre-exponential Factor Activation Energy 
DQ cms.** per second cals.per mole 

Methane (23) 7 x 10"6 1500 
Cyclohexane (20) - 8000 
Hydrogen (6) . v i o " 7 790 

12 
o-Rhombic Sulphur (7) a. 8'3 x 10 3080 

b. 2 x 1036 78000 
*.White Phosphorus (8) a. 1*07 x 10~3 94OO 

b. 2 x 10 4 6 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 i t has been shown that self diffusion i n 
solid methane ..(25) varies with temperature according to the 
equation 

D - 7 x i < r 6
e " 1 5 0 0 / R T cms.2 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 apparent in 
naphthalene and anthracene at higher temperatures. 

I t 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 la t t i c e site to the 
adjoining empty site must be of the same order as the resonance line 
width frequency, i.e. the nuclear magnetic resonance method provides 
an instantaneous measure of movement. On the other hand a tracer 
study may detect a diffusion process which proceeds at a much lower 
rate than -this, as i t yields a sum of a l l movements during the 
period of the experiment. 

Five studies therefore have been made on molecular so'lids which 
have yielded information about self diffusion. The results 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 I s the result of diffusion anisotropy, the others that i t 
is the result of two different bulk diffusion mechanisms. 



The remaining three non-tracer studies can be taken as 
giving an overall picture of diffusion i n 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 i s of the opinion that the la t t e r possibi­

l i t y i s unlikely. When the pre-exponential factors for diffusion 
in these solids are examined, i t is seen that the values f or 
hydrogen and methane, no value is given for cyclohexane, are nearer 
to the values found for sulphur and phosphorus, where diffusion i s 
thought to be by vacancy diffusion, than to the value expected by 
the linear combination of the high and low temperature processes. 

Many theories have been postulated regarding the significance 
of the pre-exponential factor (lOl) and i t s bearing upon the 
mechanism whereby the diffusion process occurs. The activation 
energy should also help i n the elucidation of the mechanism "because 
i t represents the ease with which the diffusing molecule moves 
through the la t t i c e and hence the value of the activation energy 
should depend upon the path by which the movement occurs. 

I t has been possible in the case of some metals, to calculate 
values of 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 i n order to 



determine the most l i k e l y mechanism by which diffusion i n the ^ 
solid occurs. This method has met with a certain amount of success 
i n some cases. The lack of the necessary physical data for the 
molecular crystals studied, render i t 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 yields'values of the 
order of 0*1-10 (8). I f i t i s accepted that something 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 pre-sexponential. factor is 

-12 ""i D0 • 10 - lO"-' cms. per second, 
a wide range, but sufficiently different to the values calculated for 
metals to suggest that this system should perhaps not be compared 
with the metallic system. I t should be added that the experimental 
values for the metals do not a l l l i e within the theoretical range. 

One.point which should be noted i s that these values are 
comparable with pre-exponential factors for liquid diffusion (102). 
This leads to speculation about the nature of the mechanism and the 
possibility of a l i n k between self diffusion i n 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 



some association, w i t h the d i f f u s i o n mechanism. Whereas such 

corenat ions may not show the same agreement f o r molecular crystals 

as f o r metals i t may be that i n the class of molecular sol ids alone 

some pomparison can be made. 

One such co re l l a t i on mentioned previously (97), suggests a 

l i nea r re la t ionship between the ac t i va t i on energy f o r d i f f u s i o n and 

the la tent heat of f u s i o n . This was shown to hold f o r phosphorus 

i n the same way as f o r cubic metals but, as i t involves a s t ruc tu ra l 

f a c t o r and i s thought to be re la ted to cubic metals alone i t would 

not be widely appl icable . Further work may however show that other 

c rys t a l classes have a s imi l a r i n t e r r e l a t i onsh ip . 

Other correlat ions which should have a more widespread applica­

t i o n are those r e l a t i n g - . the ac t i va t i on energy and the la tent heat 

of sublimation, and the ac t iva t ion energy and the melting temperature 

These w i l l be discussed at a l a t e r stage when the case of anthracene 

w i l l be included. 

2. The Experimental Expression f o r Self D i f f u s i o n i n Anthracene. 

The experimental determination of the rate of s e l f d i f f u s i o n i n 

anthracene i n the temperature range 150°-190°C shows evidence o f two 

concurrent d i f f u s i o n processes. The more rap id of these processes 

was very d i f f i c u l t t o characterise, because the penetration of only 

a very small proport ion of the deposited radioactive anthracene was 

involved, and the r e s u l t i n g count rate was so low that the errors 

involved i n the counting experiments rendered i t s analysis impossible 



The second, slower, process was very w e l l defined and 

involved almost a l l o f the d i f f u s i n g a c t i v i t y . I t was shown that 

the v a r i a t i o n of d i f f u s i o n c o e f f i c i e n t f o r t h i s process w i t h 

absolute temperature could be represented by the f o l l o w i n g 

equation 

D * (1-31 - 1-13) x io lM42,400 ± l,200yBT ^ . 2 ^ s e c o n d . . 6 

I t now remains to attempt to formulate the mechanism by which 

these processes occur, and i f possible, t o core l la te the behaviour 

of t h i s s o l i d w i t h the e x i s t i n g informat ion about the other mole­

cular so l ids . 

The discovery that two concurrent d i f f u s i o n processes occur i n 

anthracene suggests a s i m i l a r i t y between the d i f f u s i o n processes i n 

t h i s s o l i d and those i n sulphur and phosphorus (7 ,8 ) . In order to 

make such a comparison the more rapid d i f f u s i o n process found i n 

anthracene must be compared to those described as vacancy d i f f u s i o n 

processes i n these other s o l i d s . The author i s however i nc l ined 

to the opinion tha t t h i s d i f f u s i o n process consti tutes a d i f f e r e n t 

type of d i f f u s i o n t o those described i n the previous sect ion. A 

study of these publ icat ions led to the conclusion tha t i n sulphur 

and phosphorus both processes must be regarded as f a i r l y large scale 

processes?each invo lv ing a f a i r l y large proportion of the active 

material d i f f u s i n g i n t o the bulk of the c r y s t a l , otherwise they 

would not have been so easi ly detected. When the secondary process 

becomes apparent, each must a f f e c t the other to a marked extent, ' 

because the ove ra l l r esu l t o f the combination of these two processes 



i s a saddeni.elevation i n the value determined f o r the d i f f u s i o n 

c o e f f i c i e n t . This i s shown by a d i scon t inu i ty i n the l o g ^ D 

ve r sus^ p lo t f o r these s o l i d s . The d i scon t inu i ty occurs at the 

temperature a t which the penetrated a c t i v i t y due to the second 

process achieves s u f f i c i e n t magnitude t o a f f e c t the f i r s t process. 

la anthracene the opposite i s the case, and the a c t i v i t i e s 

r e s u l t i n g from the rapid d i f f u s i o n process are too small t o a f f e c t 

grea t ly the apparent rate of the slower major process. Because of 

the comparatively small scale e f f e c t of the rapid process i t i s 

proposed that i t represents d i f f u s i o n along in te r sec t ing dis loca­

t ions i n the c r y s t a l . This process w i l l he discussed l a t e r i n the 

thes i s . 

Thus only one major s e l f d i f f u s i o n process i s observed i n the 

anthracene c rys t a l and i t i s thought that t h i s can be considered 

to represent d i f f u s i o n through the bulk of the c r y s t a l . I t must 

be remembered however,that the measurements were carr ied out i n only 

a very l i m i t e d temperature range,and that the extension o f t h i s 

range may reveal that there i s ac tua l ly more than one bulk d i f f u s i o n 

process i n anthracene and that the one observed i n t h i s study i s 

the predominant process i n the temperature range s tudied. 

I f i t i s accepted that the major d i f f u s i o n process represents 

bulk d i f f u s i o n i n the c rys ta l then t h i s process can be compared w i t h 

other studies made by previous workers i n t h i s f i e l d . A comparison 

of the pre-exponential faetervand energy of ac t iva t ion w i t h those 



f o r other molecular sol ids may y i e l d some evidence f o r the 

meonanism o f the d i f f u s i o n process i n anthracene. 

5. Comparison o f the pre-exponential f a c t o r f o r Self D i f f u s i o n i n 

Anthracene w i t h values determined f o r other molecular so l id s . 

Studies o f s e l f d i f f u s i o n i n molecular sol ids have revealed 

the existence of two types of bulk d i f f u s i o n process, one invo lv ing 

d i f f u s i o n v ia vacant l a t t i c e s i tes i n the s o l i d and the other, a 

process which becomes apparent as the melt ing point of the s o l i d 

i s approached. The experimental values f o r the pre-exponential 

f a c t o r D Q obtained i n these studies are given i n Table XIX. 

The values of the pre-exponential f a c t o r f o r what i s considered 

t o be vacancy d i f f u s i o n i n these sol ids are small and l i e i n the 

range l0~-^-10~' cms. 2 per second. The experimental value o f the 

pre-exponential f ac to r f o r anthracene i s very much higher than t h i s 

( 1 0 ^ cms. 2 per second) and therefore t h i s suggests that something 

other than normal vacancy d i f f u s i o n i s taking place i n anthracene. 

The other type of d i f f u s i o n which was found to occur i n sulphur 

and phosphorus near the melt ing points i s characterised by very 

large experimental values of the pre-exponential f a c t o r ( 10^ and 

10^ c m 8 < 2 p e r 8 econd). These are much higher than that of 

anthracene and again i t would appear that the mechanism of d i f f u s i o n 

i n anthracene w i l l be by a d i f f e r e n t process than these, however, i t 

i s possible that a s imi l a r process to these upper temperature 

processes may occur i n anthracene but perhaps on a smaller scale 

than i n phosphorus. 



The two explanations put forward t o account f o r these v e r y 1 " 

high values of the pre-exponential f a c t o r f o r d i f f u s i o n i n sulphur 

and phosphorus near the mel t ing point are d i f f u s i o n anisotropy (7)* 

and p re t r ans i t i ona l e f f ec t s i n the c rys ta l ( 8 ) . 

The former explanation i s not thought to apply to s e l f 

d i f f u s i o n i n anthracene because an attempt to determine whether 

d i f f u s i o n anisotropy was detectable i n t h i s s o l i d indicated tha t 

t h i s was probably not the case. The experimental accuracy of the 

method adopted was however low, and more accurate experiments may 

show t h i s conclusion to be wrong. 

The p re t r ans i t iona l e f f e c t s described by Nachtrieb and Handler 

are probably more l i k e l y t o account f o r the high v^alue.of...the pre-

expbnential f a c t o r . These e f f ec t s involve large scale premelting 

i n the c rys ta l j u s t below the melt ing point and subsequent d i f f u s i o n 

by way of these l i q u i d l i k e c lus te rs . This process was suggested 

to account f o r the very high entropy f a c t o r f o r d i f f u s i o n which i s 

found f o r the upper temperature d i f f u s i o n mechanism i n phosphorus. 

I n the case of anthracene the log-^D versus ^ p lo t gives a s t r a igh t 

l i n e over the temperature range of the experiments. This indicates 

that the mechanism which i s appropriate must exis t over the 

temperature range 150° to the melt ing p o i n t , a range of 70° compared 

to that of 10° f o r the range i n which the second, upper, temperature 

process i s predominant i n phosphorus. Such a wide range might be 

said to eliminate t h i s possible mechanism, but i t i s possible that 

i f such p re t r ans i t i ona l e f f ec t s d i d ex is t i n anthracene and they were 



on a much smaller scale than i n phosphorus, that i s i f fewer 

molecules were involved, then i t might he expected tha t i t could 

predominate over a somewhat wider temperature range. A smaller 

scale co-operative process of t h i s type might also he expected to 

have a pre-exponential f a c t o r higher than that f o r normal vacancy 

d i f f u s i o n but lower than that quoted f o r d i f f u s i o n i n white phosphorus 

near the melting p o i n t . This p o s s i b i l i t y w i l l be discussed l a t e r . 

I n spi te of the disagreement between the pre-exponential f a c t o r 

f o r s e l f - d i f f u s i o n i n anthracene and those f o r vacancy d i f f u s i o n i n 

other molecular so l ids , the p o s s i b i l i t y cannot be neglected that the 

experimental expression does represent a normal vacancy d i f f u s i o n 

process and that the apparently high experimental value f o r the 

pre-exponential f a c t o r i s charac ter i s t ic o f anthracene. I t i s 

therefore i n t e r e s t i ng to attempt t o calculate a value of t h i s f ac to r 

f o r anthracene and to compare i t to the experimentally obtained 

value. 

4. Calculat ion of the Pre-exponential Factor f o r S e l f - D i f f u s i o n i n 

Anthracene. 

Several attempts (103) have been made to calculate theore t i ca l 

equations f o r s e l f - d i f f u s i o n i n so l id s . These expressions were i n 

the main par t formulated f o r metals and ion ic c rys t a l s , and i t i s 

doubt fu l whether they are s t r i c t l y applicable to molecular so l id s , 

but , even i f t h i s i s the case, i t may be possible, by appl ica t ion 

of these methods of ca lcu la t ion to the case of anthracene, to obtain 



an approximate value of the pre-exponential f ac to r f o r s e l f 160 

d i f f u s i o n i n t h i s s o l i d . 

One of the more recent attempts waB made by Zener (18) who, 

using a s t a t i s t i c a l mechanical approach, calculated tha t , f o r 

d i f f u s i o n i n metals 

where, i n addi t ion t o previously defined terms, 

c a a constantjthe value of which depends upon the 

mechanism whereby d i f f u s i o n occurs and i s re la ted 

to the a v a i l a b i l i t y of adjacent, s i tes to which the 

atom can move, 

a - the jump distance. 

= the frequency of v i b r a t i o n of the moving atom or 

molecule i n the d i rec t ion of movement. 

A.S o the entropy change involved i n movement, 

k = the Boltzmann constant. 

This method of ca lcu la t ion has proved quite promising i n i t s 

use, but so f a r i t has been applied to only a few cases of d i f f u s i o n 

i n metals and cannot be said to have widespread app l i ca t i on . 

The ca lcula t ion i s based upon the concept that the entropy of 

d i f f u s i o n i s associated w i t h the deformation of the l a t t i c e on 

d i f f u s i o n . Zener suggests that the entropy i s re la ted to the 

ac t iva t ion energy f o r d i f f u s i o n by an equation 

D = c a 2 * e A s A e - ^ R T 13 

P E 
Tm 

14 



where Tin i s the melt ing temperature,AS and E are the entropy 

and ac t iva t ion energy f o r the process, andj5 a constant f o r the 

p a r t i c u l a r substance, which i s related t o the temperature;, c o e f f i c i e n t 

of the e las t i c modulus. 

Doubt has been expressed as t o whether such an assumption, i . e . 

tha t the whole of the entropy of the process i s associated w i t h the 

deformation of the l a t t i c e on d i f f u s i o n ^ i s correct and i t i s thought 

that t h i s approach i s perhaps a l i t t l e ove r s impl i f i ed . 

A search of the avai lable l i t e r a t u r e revealed that no work had 

been carr ied out on the measurement of the temperature c o e f f i c i e n t 

of the e l a s t i c modulus of anthracene and hence a ca lcula t ion of the 

above type was impossible. Similar problems arise i n consideration 

of the other calculat ions mentioned above (103) which render t h e i r 

use f o r the ca lcula t ion of a value f o r the pre-exponential f a c t o r 

impossible. 

A more general , i f somewhat less rigorous approach to the 

problem of d i f f u s i o n I n so l ids i s based upon c lass ica l rate theory 

(104) and i t i s possible by appl ica t ion of t h i s theory t o the problem 

of d i f f u s i o n i n sol ids to calculate an approximate value f o r the 

pre-exponential f a c t o r f o r s e l f d i f f u s i o n i n anthracene. 

Rate theory leads to an equation of the f o l l o w i n g form f o r 

d i f f u s i o n i n sol ids 

D = a2T>'e-E/HP 1 5 

where a = the distance between successive equi l ib r ium pos i t ions . 

"T̂  • v ib r a t i ona l frequency of the molecule i n the d i r ec t i on 



of movement 

Comparing equation 15 t o the Arrhenius type equation f o r d i f f u s i o n 

i n sol ids i t w i l l be seen that the pre-exponential f a c t o r i s 

D 0 - a 2 i > 16 

This theory has been applied to the ca lcu la t ion of the pre-

exponential fac tors f o r s e l f d i f f u s i o n i n a number of me ta l l i c 

systems and some disagreement i s found between the experimental and 

calculated values. The values predicted by the theory are i n the 

region of 10""' cms. 2 per second, whereas the experimentally determined 

values l i e i n the range 10~5_i0 cms. 2 per second. I t i s suggested 

(104) that t h i s disagreement resul ts from an ove r s imp l i f i ca t i on i n 

the ca lcu la t ion of the above equationybecause the e f f e c t of atoms, 

other than those d i r e o t l y involved i n movement, have been neglected. 

I n Bpite of t h i s i t can perhaps be said that the ca lcu la t ion 

provides an approximate guide to the values o f the pre-exponential 

f a c t o r and such a ca lcu la t ion f o r anthracene may give some indica­

t i o n of the possible mechanism f o r d i f f u s i o n i n i ihis s o l i d . 

The anthracene c rys t a l has been the object of much X-ray 
t 

crystal lographic work (105) and the successive refinements of i t s 

s tructure have lead to the very accurate evaluation of intexmolecular 

distances i n the c r y s t a l . Recent work by Cruikshank (l06) has also 

provided data from which the Debye Character is t ic Temperature can be 

calculated. From the data given i n these publ icat ions the values 

o f a and i n equation 16 can be evaluated and hence the pre-

exponential f ac to r calculated. 
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I f Go represents the Debye Character is t ic temperature at 

the absolute zero then 

= 1 . ® ° . ^ 17 

where K and ft are Boltzmann's and Planck's constants respect ively . 

So - 108°K (106). 

' . v J x

 1 0 8 x j ' l * * ffjy sec." 1 - - - - - - 17 1 

4 6-62 x 10- £ \ 

and a = 11-06 x 1 0 - 8 cms. i n the d i r e c t i o n of the (OOl) plane (105), 
* f 

i . e . along t h e e axis of the c r y s t a l . Figure' 33 represents the 

arrangement o f the anthracene molecules i n the u n i t c e l l . 
1 

Thus we have 

D q = 123 x 1 0 - 1 6

 x I x x x 1 0 1 1 cms.2 p « r a e c o n d 

-2 o 

D 0 •=• 2*08 x 10 cms. per second 18 

The calcula t ion, which leads to equation 15 does not take i n t o 

account the p o s s i b i l i t y o f l i m i t i n g conditions to d i f f u s i o n . The 

calculated value f o r the pre-exponential f a c t o r therefore represents 

unl imited d i f f u s i o n i n the s o l i d and hence the maximum value that 

the pre-exponential f a c t o r can have. Thus i t i s necessary t o 

consider what e f f e c t the various possible d i f f u s i o n mechanisms w i l l 

have upon this value. 

The more generally accepted mechanisms f o r d i f f u s i o n i n sol ids 

are, d i f f u s i o n by d i rec t interchange of neighbouring atoms, d i f f u s i o n 

v i a vacancies i n the l a t t i c e and d i f f u s i o n v i a i n t e r s t i t i a l pos i t ions . 

To these can be added the r i n g mechanism of Zener (18 ) . 

D i f f u s i o n by d i r ec t interchange can occur w i t h any neighbouring 



atom or molecule. I n the anthracene c r y s t a l , . i f movement 164 

along the c axis alone i s considered, each molecule i n the OAB 

plane w i l l have 4 nearest neighbours and thus these are 4 equivalent 
< 

movements the molecule could make, only one of which i s possible , 

and thus the value o f the pre-exponential f a c t o r calculated i n 

equation 18 w i l l be reduced by t h i s amount and 

D 0 d i r ec t interchange •» JL x 2*08 x 10" cms. 2 per second 
4 

a 5»20 x 10~' cms. 2 per second 19 

I n other classes of so l ids however t h i s mechanism i s usual ly 

re jected on energetic grounds and as there i s no reason why i t 

should occur i n molecular sol ids when i t does not i n o t h e r s , i t w i l l 

not be considered here. 

The r i n g mechanism o f Zener i s re la ted t o the d i r ec t interchange 

mechanism. Zener proposed tha t the d i r ec t interchange mechanism 

could be l ikened t o two atoms i n a r i n g changing places by r o t a t i o n 

of the r i n g , and showed that by increasing the size of the r i n g to 

include f o u r atoms a resul tant lowering of the ac t i va t i on energy by . 

4C#> was achieved. Consideration of Zener 1s argument shows that the 

f a c t o r . c i n equation 13 i s i n t e g r a l f o r th i s mechanism and thus i t 

might be expected that Qn increase i n the above value f o r D Q would 

resul t i f t h i s mechanism were considered; however such a f a c t o r 

w i l l not increase the calculated value by more than one power of t e n . 

Zener has also concluded from his analysis tha t such a mechanism 

might only operate f o r metal l a t t i c e s w i t h a body centred cubic 

structure and hence i t i s u n l i k e l y that t h i s mechanism could be 



• considered to apply t o the case of anthracene. 

The remaining two mechanisms w i l l both l i m i t the movement of 

the d i f f u s i n g pa r t i c l e and hence w i l l resul t i n a reduction o f the 

calculated value of the pre-exponential f a c t o r . The l i m i t a t i o n s , 

which are s imi l a r i n the case of both mechanisms,are that d i f f u s i o n 

must occur to an adjacent l a t t i c e s i te or i n t e r s t i t i a l pos i t ion and, 

i n order that d i f f u s i o n w i l l occur, t h i s s i t e or pos i t i on must be 

empty. Thus the calculated value of the pre-exponential f a c t o r 

f o r d i f f u s i o n by d i r ec t interchange w i l l be reduced by a f a c t o r equal 

t o the p r o b a b i l i t y that the s i t e or pos i t i on w i l l be empty. This 

w i l l be equal to the f r a c t i o n o f vacancies i n the c rys t a l or the 

f r a c t i o n of empty i n t e r s t i t i a l s i tes i n the c r y s t a l , whichever 

mechanism i s considered. These fac tors w i l l both lie f r a c t i o n a l and 

hence the actual value of the pre-exponential f a c t o r f o r these 

mechanisms w i l l be smaller than that calculated f o r the d i r ec t i n t e r ­

change mechanism. 

Methods have been formulated f o r the ca lcu la t ion of these 

f r ac t ions (l07) but these methods require the knowledge of physical 

data f o r the anthracene c rys t a l which i s unavailable, and hence the 

ca lcu la t ion of the pre-exponential factors f o r the above mechanisms 

i s impossible. I t can however be concluded that f o r vacancy and' 

i n t e r s t i t i a l d i f f u s i o n i n anthracene the pre-exponential fac tors 

associated wi th these processes w i l l be less than 5*20 x 10"^ cms. 2 

per second, and hence might l i e i n the range of experimental values 
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found f o r the pre-exponential fac tors f o r vacancy d i f f u s i o n i n 
other molecular so l ids . 

I t can also he seen that the experimentally determined value 

f o r the pre-exponential f a c t o r f o r bulk d i f f u s i o n i n anthracene i s 

much bigger than the calculated value f o r d i f f u s i o n by a vacancy 

tor- i n t e r s t i t i a l mechanism and hence a more complex d i f f u s i o n 

mechanism must exis t i n t h i s s o l i d . 

5. The Calculat ion of the Entropy Factor Associated w i t h s e l f -

d i f f u s i o n i n Anthracene. 

The more precise calculat ions of the d i f f u s i o n equation by 

Zener (18) and Le Claire (108) involve the consideration of f r e e 

energy changes i n the d i f f u s i o n process. This e f f e c t i v e l y resu l t s 

i n the replacement of the term E i n equation 15 by/\G, the change i n 

f r ee energy associated w i t h d i f f u s i o n , and hence i n the subsequent 

incorporation of an entropy term i n the expression f o r the pre-

exponential f a c t o r D Q . I f Le Cla ims treatment i s applied to the 

present case then an expression f o r D 0 can be obtained, which con­

ta ins the entropy term refer red to above, and the comparison of t h i s 

expression w i t h the experimentally determined value f o r D 0 should 

resu l t i n the ca lcu la t ion of the entropy involved i n the d i f f u s i o n 

process. Le C la i r e ' s treatment i s as f o l l o w s : 

I f i t i s considered that the most l i k e l y method of s e l f d i f f u s i o n i n 

anthracene i s the vacancy mechanism, then i f A G ^ i s the change i n 

f r ee energy involved i n the formation of a vacancy^the concentration 

of vacancies i n the c rys t a l i s 
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Let us assume that forward movement f o r d i f f u s i o n can only take 

place along l ines p a r a l l e l t o the c axis , then-each molecule i n 

the plane OAB has f o u r near neighbours (see f i g u r e 33) . I t w i l l 

be seen l a t e r that t h i s s impl i f ica t ion .does not a f f e c t the 

argument. 

Now 

D -o<a 2 21 
T 

where D i s the d i f f u s i o n c o e f f i c i e n t , cL a geometric f ac to r depending 

upon the l a t t i c e , i n t h i s case ac= 1 , a n d f i s the average time of 
6 

successive jumps of each molecule. I n the anthracene c rys t a l the 

p r o b a b i l i t y tha t a molecule has a neighbouring vacant s i t e i n t o 

which i t can move w i l l be 6Vand hence, i f n i s the jump rate i n to 

vacant s i tes v 

1 = 6Vn 22 

and n - ^ e ^ / E D ) _ 2 J 

where $ i s the v ib ra t i on frequency of the molecule and&G 2

 i s t n e 

isothermal work required t o move a molecule from i t s equi l ib r ium 

pos i t ion to the top of the po ten t i a l ba r r i e r separating i t from the 

neighbouring equi l ib r ium pos i t i on . The appropriate combination of 

the above equations leads t o the expression 

D - a W ^ ^ . e - < A H 1 + A H 2 ) / B T . ^ 

The terms (ASj+AS2) and. (AH1+AH2) c&n D e i d e n t i f i e d w i t h the 

entropy change/IS and a c t i v a t i o n energy E associated w i t h vacancy 



d i f f u s i o n and thus 

D 0 = ^O.e^R 2 5 

The term a 2 ^ has already been evaluated when attempting t o 

determine the theore t i ca l value of D Q from rate theory calculat ions 

(equations 17,18) and i t w i l l therefore be seen tha t 

D 0 o 2.08 x 10"2 e A S / R - 26 

The value obtained by experiment f o r D Q was 1*31 x 10 1* cms. 2 per 

second and equating t h i s w i t h equation 25 we have 

2*08 x 10- 2 e* S / R = 1'31 x 1 0 1 1 

e* 8/* = 6-30 x 10*2 

= 29.47 andAS = 58«4 c a l . per degree 27. 

and thus i n spite of any s i m p l i f i c a t i o n i n the ca lcu la t ion of D 0 l } i t 

can be seen that the entropy change f o r s e l f d i f f u s i o n i n anthracene' 

by a vacancy mechanism i s su rp r i s i ng ly . l a rge . This very large value 

f o r the entropy f a c t o r i s suggestive of a d i f f u s i o n process i n the 

c ry s t a l i n which many molecules are involved. A similar, suggestion 

was put forward by Nachtrieb and Handler (8) when considering the 

case of d i f f u s i o n i n white phosphorus near the mel t ing point . I n 

t h i s case they found an even higher entropy f ac to r than that above. 

They proposed tha t about 130 molecules were involved i n the d i f f u s i o n 

process and that a premelted region of t h i s size was formed i n the 

c r y s t a l . This proposal i s i n agreement w i t h the concepts of Eiankel 

who points out i n h i s book "The Kine t i c Theory o f Liquids" (109) that 

elements of f l u i d i t y ex is t i n crystals near the mel t ing po in t , and 
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169 that the smallest number of molecules required to form such a 
l i q u i d l i k e region i n the s o l i d i s 150 molecules ( l l Q ) . Nachtrieb 
and Handler i n t h e i r treatment suggest that the free energy of 
formation of an n molecular disordered or premelted cluster at any 
temperature T i s given by 

A F n - nL f(l-T/Tm) 28 

where Lf i s the laten t heat of fusion and Tm the melting temperature, 

and that on t h i s supposition the d i f f u s i o n coefficient w i l l be 

fnL(T-T)) n D = K e iKETm J 29 

The logarithmic form of t h i s equation i s 

log 1 0D - log l QK - S l f e * ) l o g e 30 
10 10 RTTm 1 0 

and thus a p l o t of logjQD versus (Tm-T)/T should be li n e a r . Figure 

34 represents t h i s p l o t f o r the experimental results obtained i n the 

present study and i t w i l l be seen that t h i s i s the case. The slope 

of the l i n e corresponds t o a value of n = 6. 

This value f o r the number of molecules involved i n the d i f f u s i o n 

process i s much lower than that quoted by Nachtrieb and Handler f o r 

the size of the premelted clusters i n white phosphorus, and thus 

d i f f u s i o n i n anthracene cannot be said t o proceed by any large scale 

melting i n the c r y s t a l , but more probably by the loosening of a 

number of molecules i n the v i c i n i t y of the d i f f u s i n g molecule. 

The entropy of melting f o r anthracene w i l l be given by 

As = — • ^ 8 9 ° 14 cals. per degree 31 
Tin 490' 
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and the entropy f o r the d i f f u s i o n i s about 58 cals. per degree. 

01 t h i s basis then some loosening or melting of about four molecules 

of anthracene would be predicted. This figure i s about the same 

as that derived f o r the number of molecules associated w i t h the 

d i f f u s i o n process above and indicates that t h i s i n t e r p r e t a t i o n i s 

f a i r l y consistent. 

Thus the probable d i f f u s i o n mechanism seems t o be, not a process 

dependent upon large scale fusion of the type proposed by Nachtrieb 

and Handler f o r s e l f d i f f u s i o n i n white phosphorus, but a process 

dependent upon a vacancy mechanism^in which the large entropy of 

activ a t i o n results from a loosening of the l a t t i c e i n the neighbour­

hood of the vacancyjduring the d i f f u s i o n process, to the extent of 

about four to six molecules. 

6. The Activation Energy f o r Self Diffusion i n Anthracene. 

An accurate calculation of the a c t i v a t i o n energy required f o r 

d i f f u s i o n by the various mechanisms i n anthracene i s not possible, 

but i t i s possible to obtain an order of magnitude of the energy 

required f o r d i f f u s i o n by these mechanisms^and i n t h i s way. some 

information about -the d i f f u s i o n process i n anthracene can be gained. 

Studies of d i f f u s i o n i n metals has shown that f o r the usually 

accepted mechanisms f o r s e l f d i f f u s i o n 

exist f o r molecular solids. Of these three mechanisms, that of 

> > £ direc t interchange E vacancy E i n t e r s t i t i a l 

and there i s no reason to suspect that a similar order should not 



d i r e c t interchange w i l l not be considered f o r reasons given 

previously. Another mechanism which should perhaps be considered 

however .is the "Belaxion" mechanism proposed by Nachtrieb and 

Handler (97)* These authors suggest that the formation of a vacancy 

i s followed by the inward relaxation of atoms or molecules around 

the vacancy to form a small region of disorder i n which the rate 

l i m i t i n g molecular movements occur. This inward relaxation process 

i s associated with a negative energy of formation and thus the 

overall energy required to form the "relaxion" w i l l be less than 

that t o form a vacancy alone and hence the energy of a c t i v a t i o n f o r 

movement of such a defect would be less-tthan that required f o r 

vacancy d i f f u s i o n . 

Mott and Gumey (107) have shown that the energy of ac t i v a t i o n 

f o r s e l f - d i f f u s i o n by a vacancy mechanism i n a molecular s o l i d should 

be approximately equal t o the latent heat of sublimation of the 

s o l i d , since t h i s w i l l be the amount of energy required to form a 

vacancy i n the l a t t i c e . I t can be said therefore that energy of 

act i v a t i o n f o r vacancy d i f f u s i o n i n anthracene i s 23,300 cals. per 

mole and that f o r the alternative mechanisms w i l l be less than t h i s . 

The experimentally determined activation energy f o r s e l f 
• 

d i f f u s i o n i n anthracene i s 42,400 cals. per mole, almost twice that 

expected from d i f f u s i o n by a vacancy mechanism and therefore the 

other possible mechanisms can be rejected. 
Since the experimentally determined ac t i v a t i o n energy i s so much 

higher than the laten t heats of sublimation and f u s i o n . i t seems 

http://fusion.it


l i k e l y that more than one molecule i s taking part i n the ' 

di f f u s i o n process and, considering the mechanism proposed i n the 

last section, i t seems reasonable to suggest that a vacancy mechanism 

accompanied by the loosening, or premelting of four t o s i x molecules 

i n the neighbourhood of the vacancy during diffusion,would give the 

necessary high a c t i v a t i o n energy. 

I t should also be pointed out t h a t . a large activation energy 

f o r self d i f f u s i o n i n anthracene might be expected,on the basis that 

d i f f u s i o n along the length of the carbon chain i n an organic crystal 

would become more and more d i f f i c u l t as the length of the chain was 

increasedjUntil, when the chain was very long, as i n a l i n e a r 

polymer, d i f f u s i o n along the chain di r e c t i o n would be impossible. 

In the present study d i f f u s i o n was measured along the long chain of 

the molecules of anthracene and hence a high ac t i v a t i o n energy i s 

not unexpected. I t i s not possible to determine the magnitude of 

t h i s e f f e c t i n anthracene ?but, i f the vacancy mechanism suggested 

above i s accepted, the major part of the ac t i v a t i o n energy required 

f o r movement of the vacancy w i l l arise from the energy required f o r 

the formation of-the vacancy and the energy required to premelt or 

loosen the molecules i n the l a t t i c e ; and hence i t seems unli k e l y 

that any major contribution t o the act i v a t i o n energy f o r d i f f u s i o n 

would come from t h i s source i n the present case. 

I t i s d i f f i c u l t t o compare the ac t i v a t i o n energies f o r s e l f 

d i f f u s i o n i n other molecular solids w i t h the present study^because 

no dire c t comparison i s possible. In studies of metallic solids 
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however, various corellations have been discovered between the 

energy of acti v a t i o n f o r s e l f d i f f u s i o n and the latent heats of 

sublimation ( l O l ) and fusion (8) and the melting temperature ( l O l ) 

of the solids studied. The prevalent mechanism i n the solids 

studied was thought t o be via vacancies. I t may not be that mole­

cular solids would show the same corellations as metals but i t i s 

inter e s t i n g t o see whether any si m i l a r core11ation holds. These 

are depicted i n Table XX. • 

The values of the act i v a t i o n energy f o r self d i f f u s i o n i n 

sulphur and phosphorus near the melting point are not included and 

thus with the exception of anthracene the activation energies quoted 

are those f o r what i s thought t o be d i f f u s i o n by a vacancy mechanism. 

I t w i l l be seen that very l i t t l e c o r e l l a t i o n at a l l exis t s , 

except perhaps i n the column — Here the values of the ra t i o , f o r 
Ls. 

cyclohexane, methane, and phosphorus are si m i l a r and comparable with 

that value found f o r d i f f u s i o n i n metals. This may mean that energy 

of a c t i v a t i o n f o r s e l f d i f f u s i o n i n a molecular so l i d i s better 

represented by a f r a c t i o n (approximately 0«75) of the laten t heat of . 

sublimation and not by the laten t heat i t s e l f . The values f o r 

hydrogen and anthracene do not agree with t h i s but, i n the ease of 

hydrogen, the value f o r the ac t i v a t i o n energy i s of l i m i t e d accuracy 

as a r e s u l t of the vary narrow temperature range i n which the 

measurements were carried out, and i t has already been suggested that 
something other than normal vacancy d i f f u s i o n i s occurring i n 
anthracene. This p a r t i c u l a r comparison does not help i n the 



determination of the d i f f u s i o n mechanism except that i t suggests 

the p o s s i b i l i t y that i n a co-operative mechanism^the contribution 

t o the ac t i v a t i o n energy of d i f f u s i o n from the energy required to 

form a vacancy, might be less than the l a t e n t heat of sublimation^ 

thus leaving an even bigger balance of energy to be accounted f o r by 

the possible loosening of the l a t t i c e . 

No d e f i n i t e conclusions can be drawn from the above comparison 

and i t i s suggested, as stated previously, that the high value of 

the ac t i v a t i o n energy can best be explained on the basis that 

d i f f u s i o n i s by a vacancy mechanism,and that movement of the vacancy 

i s accompanied by a loosening of the l a t t i c e so that several molecules 

are taking part i n the d i f f u s i o n process. 

7. The Rapid Diffusion Process i n Anthracene. 

I t was proposed, because of the comparatively low values of 

diffused a c t i v i t y r e s u l t i n g from t h i s rapid process, that t h i s 

process i s characteristic of some small scale d i f f u s i o n phenomenon 

i n the c r y s t a l . This cannot be the r e s u l t of grain boundary d i f f u s i o n 

because single crystals of anthracene were used f o r a l l experiments. 

The author believes that i t may be the r e s u l t of d i f f u s i o n along 

intersecting dislocations i n the c r y s t a l . Such a process would be 

expected to proceed at a f a s t e r rate than bulk d i f f u s i o n . The 

magnitude of the process w i l l depend upon the r e l a t i v e concentration 

of dislocations i n the c r y s t a l . Since the area of these dislocations 

presented t o the radioactive deposit at the surface of the cr y s t a l 

w i l l be small, compared to the t o t a l cross sectional area of the 



175 crystal on which the deposit i s evaporated, i t could be expected 
that such a process would involve only a very small f r a c t i o n of the 
t o t a l deposited r a d i o a c t i v i t y compared t o that available f o r the 
bulk d i f f u s i o n process. 

Evidence f o r the existence of t h i s type of process has been 

reported f o r d i f f u s i o n i n metals where the t o t a l penetration due t o 

bulk d i f f u s i o n i s small. 

Williams and S l i f k i n (93) noted t h i s e f f e c t whilst studying the 

rates of d i f f u s i o n of Bare Earth tracers i n s i l v e r and lead. In 

order to determine whether such a phenomenon was only characteristic 

of the system they were studying they carried out f u r t h e r experiments -

i n a "more well-behaved system", that of d i f f u s i o n of gold i n s i l v e r 

single crystals. The same ef f e c t was reported f o r low values of 

penetration and they showed that d i f f u s i o n coefficients calculated 

from the i n i t i a l portion of t h e i r d i f f u s i o n p r o f i l e s (equivalent 

t o the portion BC i n figure 30 i n the present case) were i n agree­

ment w i t h values obtained by previous workers, w i t h i n the experi­

mental error. 

They also report that Hart (94) suggests that low temperature 

d i f f u s i o n measurements i n single crystals should y i e l d values of 

the d i f f u s i o n c o e f f i c i e n t elevated a few per cent, by the e f f e c t of 

dislocations,and state that Tomizuka ( l l 6 ) has demonstrated t h i s 

e f f e c t f o r the d i f f u s i o n of antimony i n s i l v e r . 

Williams and S l i f k i n a t t r i b u t e t h i s t a i l i n g e f f e c t t o d i f f u s i o n 
along dislocations. 



Such a scheme of d i f f u s i o n would be characterised by lower 

energies of ac t i v a t i o n and greater r a p i d i t y of movement than bulk 

d i f f u s i o n . Experimental d i f f i c u l t i e s made i t impossible t o deter­

mine these values i n the present study and a new design of experi­

ment would have been necessary f o r the elucidation of t h i s process. 

mention was made e a r l i e r i n t h i s thesis of such a " t a i l " f o r 

sodium chloride s e l f d i f f u s i o n studies (92). In t h i s case the 

workers a t t r i b u t e d the cause of t h i s t a i l t o contamination during 

the sectioning process. The above informations leads one to 

wonder whether perhaps a reassessment of t h e i r statement should be 

made. 

8. The absence of surface d i f f u s i o n on anthracene crystals. 

I t was pointed out i n the section containing experimental 

results that surface d i f f u s i o n was investigated and found to be non­

existent at the temperatures employed. I t should be pointed out 

that studies at higher temperatures may show t h i s process to be 

present. I t i s usually found that surface d i f f u s i o n i s more rapid 

than bulk d i f f u s i o n and, as measurable bulk d i f f u s i o n occurs at 

1500c, i t i s peculiar that no evidence of surface movement was 

discovered. 

Similar work by HoodieBS ( l l 7 ) who attempted t o study surface 

s e l f d i f f u s i o n using cleaved sodium chloride crystals also yielded 

a negative r e s u l t . I t i s thought that the absence of surface 

d i f f u s i o n i s probably a function of the surface structure of the 
crystals. Unfortunately time did not permit a more exhaustive 



study of t h i s process. 1 

9. Conclusions. 

The tracer method of studying s e l f d i f f u s i o n i n the s o l i d state 

shows that s e l f d i f f u s i o n does occur i n t h i s molecular c r y s t a l . 

In the temperature range studied evidence was found that two 

d i f f u s i o n processes were occurring i n the c r y s t a l , one of which 

accounted f o r most of the observed d i f f u s i o n ; the.second was a very 

small scale process. 

The major d i f f u s i o n process, which can be represented by the 

equation 
D - (1.31 ± 1.13) x io ne -^2,400 * 1200)/BT 

cms.^ per second 

was found to possess an unusually high entropy fac t o r . This high 

value of the entropy factor leads to the conclusion that a 

co-operative d i f f u s i o n phenomenon involving four to six molecules 

i s taking place i n the c r y s t a l . 

The act i v a t i o n energy f o r t h i s d i f f u s i o n process was also 

unexpectedly high, and t h i s again can be ascribed t o a co-operative 

phenomenon dh.:.whieh more than one molecule i s p a r t i c i p a t i n g . 

The probable d i f f u s i o n mechanism appears t o be a process 

dependent upon a vacancy mechanism which i s accompanied by a 

loosening of the crystal l a t t i c e i n the neighbourhood of the vacancy 

to the extent of four to s i x molecules, and not as might be expected 

a process dependent upon large scale premelting. 
The minor process may be the result of d i f f u s i o n of the radio­

active material along intersecting dislocations i n the c r y s t a l . 



Future Work. 178 

In the f u r t h e r study of the major process i t i s thought that 

the temperature range of the measurements should be extended t o 

higher temperatures, to ascertain whether any large scale premelting 

effects become apparent nearer the melting point thah already 

investigated; and also^a study of s e l f d i f f u s i o n i n molten anthracene 

should be carried out t o determine whether any sharp boundary exists 

between the rates of d i f f u s i o n i n the l i q u i d and s o l i d states. More 

accurate experiments should be carried out to determine the rates of 

d i f f u s i o n p a r a l l e l t o the (001) plane i n anthracene, i n order t o 

ascertain whether d i f f u s i o n anisotropy can be detected i n t h i s way. 

The p o s s i b i l i t y 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 i s t o 

prepare a sample of radioactive anthracene of much higher specific 

a c t i v i t y j i n order that t h i s process can be investigated at lower 

temperatures. The p o s s i b i l i t y of generating dislocations i n the 

crystals by i r r a d i a t i o n , or the incorporation of impurity, should 

be considered^in order to determine whether an increase i n the 

concentration of these defects has a s i g n i f i c a n t e f f e c t upon the 

magnitude of t h i s minor process. 

A determination of the temperature coefficient of the e l a s t i c 

modulus f o r anthracene would enable a value f o r the pre-exponential 

fa c t o r to be calculated from Zener 1s equation (equation 15 ) which 
could be compared w i t h the present r e s u l t s . 



A more detailed study of surface d i f f u s i o n on anthracene 1 7 

single crystals should he made so that t h i s apparently anomalous 

behaviour can be examined. 

These studies should also be extended to other molecular 

solids i n order that the results of such studies can be compared 

wit h each other, and a better understanding of the d i f f u s i o n process 

i n these solids can be achieved. 
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APPENDIX I 

Experimental d e t a i l s concerning the determination of Absorption 

Spectra (55) -

The determinations were a l l carried out with a Unicam S.P. 500 

Spectrophotometer. 

A. 270-300nyjL 

35 mgms.. of the sample were accurately weighed i n t o a small 

beaker of weight approximately 1 gm. This small beaker containing 

the sample was placed i n a larger one containing about 125 mis. of 

normal heptane, and the anthracene dissolved i n the cold by 

continuous s t i r r i n g using a magnetic s t i r r e r . The solution was then 

transferred t o a 200 mis. standard f l a s k care being taken t o remove 

a l l 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 a f t e r the solu­

t i o n had beenvprepared, but i f t h i s was not possible the solution 

was stored i n the dark u n t i l required. 

The absorption spectrum of the solution was measured using 1 cm. 

s i l i c a c e l l s . Three readings were taken and averaged at intervals 

of 2 my*. A matched c e l l containing solvent only was used as the 

zero density standard of comparison. 



0*500 gms. of the sample were weighed i n t o a small beaker 

weighing approximately 12 gms. The sample was washed through a 

funnel i n t o a 100 mis. standard f l a s k w i t h 50 t o 60 mis. toluene 

and dissolved by continuous s t i r r i n g i n the cold, using a magnetic 

s t i r r e r . The solution was made up to the mark w i t h toluene, the 

f l a s k having previously been re-calibrated to allow f o r the volume 

of the r o t o r . The solution was transferred t o a 10 cms. absorption 

c e l l by means of a 10 mis. pipette and the o p t i c a l density measured, 

from 400 to 46O imv* Readings were taken at intervals of 2 mjt, 

three readings being taken and averaged at each wave length. A 

matched c e l l containing solvent only was used as the zero density 

comparison c e l l . 

I t i s essential^between determinations, t o clean the 10 cms., 

c y l i n d r i c a l type, absorption cells very thoroughly w i t h concentrated 

sulphuric acid. I t has been found that washing w i t h organic 

solvents was not s u f f i c i e n t t o give consistent c e l l constants. 

C. 260-590 m-A. 

When measurements i n t h i s range were required the solutions 

used f o r section A were di l u t e d ten times. 



APPENDIX I I 

Calculation of the constants f o r the Arrhenius Type Equation f o r 

s e l f - d i f f u s i o n i n Anthracene 

The logarithmic form of the Arrhenius type equation i s 

log 1 QD = l o g l 0 D 0 - | l o g 1 0 e . 1 l 1 

and a plot of log^D versus ^ should be l i n e a r . This was the case 

f o r the experimental values determined i n t h i s present study, and 

t h i s appendix shows the least mean squares calculation which was 

used to determine the best straight l i n e which could be f i t t e d to 

these experimental points. 

In the following tables the terms log^gD and i are represented 

as y and x respectively. Where two values were obtained f o r any 

part i c u l a r temperature these have been averaged. The experimental 

values f o r crystals A, B and J have been omitted as these are 

thought t o be inaccurate. The reasons f o r t h e i r omission have 

been given previously. 

The remaining abbreviations have t h e i r usual meaning ( ; Q8) . 



y x x 10 5 x 2 x 10 6 xy x 10^ 

-11*043 2-350 5.523 -25*951 

-10-641 2-309 5.332 -24.570 

-9-826 2-222 4-937 -21-834 

-9-378 2-165 4-687 -20-3.03 

-440-888 9-046 20-479 -92*668 

m = _ E x Ev - nfl: Li x fay r- nnxy 
(Ex)* I nfcc* 

. (9-046 x IP" 3 x =4Q-888) - 4(-92-668 x l 0 - | j 
(9-046 x l O - ' ) ' - (4 x 20-479 x 10"°) 

- (-369.873 + 370-672) x 1 0 3 
(81*830 - 81-916) 

= _ 0-19,9 x 1 03 =, - 9-291 x 10 3 

0-086 

(5x) 2 - n fix2 

(9-046 x 10" 5
 x - 92-668 x 10"3)-(-40-888x20-4Sx]0"6') 

-0-086 x 10-t» 
-838-275 + 837-345 

-0-086 

0-930 = 10-814 
0-086 



Goodness of f i t : -

y x x 105 mx mx + c 

-11-043 2-350 -21-834 -11-020 

-10-641 2-309 -21-453 -10-639 

-9-826 2-222 . -20*645 -9*831 

'-9-378 2-165 -20-115 -9*301 

d = y-(mx+c) 

-0-023 

-0-002 

+0*005 

-0-071 

d* 

0-000529 

0-000004 

0*000025 

0*00541 

D = n&c 2 - (£x)2 

e r r o r i n 

-0*095 

r - 0-6745 E^ l * a 0-6745 f59*68 x lQ - 4 ] ^ 
e In-2) t 2 J 

. - 0-6745 (29*84 x l O - 4 ) * 

= 0-6745 x 5*463 x 10~2 

- 0-0369 

0*086 x 1 0 - 6 

••*"«^*-°-°;69 U e 6 4 x i ^ f 
- 0-0369 . (46-511 x l O 6 ) ^ 

- 0-0369 x 6-82 x 10 3 

= 0-252 x 103 

= 0*0369 x (2*381 x 10 2) 

= 0-0369 x 15*543 

- 0*574 

- the equation t o the l i n e i s 

y = -(9*291 - 0*252) x IO'x + (10*814 i 0*574) 

0*005968 

error i n c = Po = r. 

2 A 



Comparing t h i s equation with equation l 1 above .we have 

l o g 1 0 D 0 = 10-814 ± 0.574 

and l l o ^ f = (9-291 ± 0-252) x lO? 

D 0 = ( l - 3 i - 1*13) x 10 1 1 cms.2 per second 

E =» 42,400 ± 1,200 cals. per mole. 

Therefore the Arrhenius Type equation f o r s e l f d i f f u s i o n i n anthracene 

is 
D = (1-31 ± 1-13) x iolle^2'4°0 * l,200yRT 

cms.2 per second. 



APPENDIX I I I 

The Calculation of the Diffusion Coefficient 

The logarithmic form of the d i f f u s i o n equation which represents 

the process of di f f u s i o n i n the present case i s 

l ^ - ^ O ^ t - ^ o e x S 3 

and a p l o t of log-j^C ( i n t h i s case the spe c i f i c a c t i v i t y ) versus 

x 2 should be li n e a r . This was the case and the d i f f u s i o n 

c o e f f i c i e n t was calculated from the slope of t h i s l i n e 

i.e.slope = - l o g l O e 

4Dt 
This appendix shows a t y p i c a l calculation. The slope was calculated 

by the least mean squares method using those points which lay on the 

steep i n i t i a l portion of the experimental plot of equation 3« The 

following calculation i s f o r crystal C. 

In the calculation the terms log' l 0A and x are represented by 

x and y respectively. 



x x 10 6 y x 2 x 1 0 1 2 xy x 101 

77-84 2-00 6059 155-7 

152.5 1.18 23256 160-0 

251-9 1-22 63454 307-3 

576-4 0-68 141677 256-0 

552-7 0-12 305477 66-3 

1411'3 5-20 539923 965-3 

,6 

n = 5 

m = £xjy - nfccy - (14-11 x 1Q-4 x 5-20) - (5 x 9-65 x 1Q-4) 
( E * r - n£x^ (14.11 x 10-4)* - (5 x 53'99 x 10"°) 

_ (73-57 - 48-25) x 10"4 
~ (199-09 - 269-95) x 10"° 

= - 25_0| x 1 03 
7.09 

- - 3-54 x 105 

_ l o g 1 0 e = - 3-54 x 10 5 

4Dt 
and i n t h i s case t • 45-5 hours 

D = ~A TTTA—°lr&fi c TZZF, = 1'873 x 10" 1 G cms.2 per second. 
4 x 3 54 x 10? x 45*5 x 3600 


