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A study of self-diffusion in plastic crystale has been carried
out using radioactive tracer technigues, Single crystals of cyclohexane
and pivalic ecid were uged for the exzperiments,

The choice of the above compounds was made because of
the cubic symmetry of their crystal structures, and because activation
energy values for self-diffusion in them had elready been published.

It was hoped to compare these results, which had been obtained
from nuclear magnetic regonance measurements, with those of the
present study., The cuble symruetry of the ¢rystals would eliminete
the problem of diffusion anisotropy. ‘

Methods were developed for the growth of large single cryatals
of cycldhéxane and pivalic acid from the melt, based on the Dridgman
technique. Radioactive forms of the two compounds were evaporated
onto the end surfaces of eylindrical portions of their corresponding
single erystals and ellowed to diffuse. The radioactive cyclohexane
was a carbon-14 form, obtained commereially, Tritiated pivalic
acid was made by an exchenge technique, using pivalic acid and
tritisted water, The diffusion periods were, for cyclohexene, 2
to 50 hours in the temperature range -30°C to -60°C snd, for pivalic
acid, 1 to 2 hours in the range 7°C to 22°C, The ecrystals were
then sectioned patrallel to the initial active face, uging a calibrated
microtome, The guantity of radicactive materiel which had diffused
inte each section was determined by liguid scintillation counting

techniques, Penetration was found to o depth of 5 % 10 -2 Cin, , in
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some cages. The rote of self-diffusion in cyclohexane was also
measured by the surface-decrease technique, A thin end-windowed
G.M, counter was placed over the initially radioactive face of the
crystel and the decrease in surface activity with time was measured,

It was found that the diffusion processes in cyclohexane and
pivalie acid, within the temperature rongesg studied, could be

described by the equations:-

4
D = (6, + 3., ) x 106 T - [41.&5.@;9.:._1&9 2 -1

- RT cnT gec
and D = (2,25 1.26) mp - 10000 £3007c:,2 goon?

respectively. These equations were thought to represent bulk-diffusion
in both cases. The pre-exponential factor and activetion encrgy
for self-diffusion in cyclohexane are unusually high, This led to
the conclusion that a co-operative diffusion process occurs in this
crystal, It is considered that diffusion takes place by way of vacant
latticeh sites into which a number of adjacent molecules have relaxed,
In the casc (,}f/ pivalic ncid the preo-exponential factor and the activation
enerpy indicate that diffusion occurs by a 'simple' vacancy mechanism
with a much lesser degree of moleculnr relaxation than in cyclohexane,
Pivalic acid ig a much harder plagtic crystal than cyclohexene,
probably as a result of hydrogen-bonding in the crystal. The
hydrogen- bond might tend to create a more rigid lattice in pivalic

acid, thereby reducing the degree of relaxation about vacaneies in

the crystal, It is thought likely, therefore, that hydrogen-bonding



Inr
may be responsible for the apparent difference between the diffusion
mechanisms in the two solidg,

The activation energies obteined for self-diffusion in the
two compounds studied are higher than the corresponding results
celculated from nuclear magnetic resonance rmeasurements,
This fact, along with existing evidence, indicates that the nuclear
magnetic resonance technique is of limited scope for studying
diffusion in molecular solids,

This appears to be the only direct study of diffusion made in
organic plastic crystals and is one of the few studies of self-diffusion

in molecular erystals,
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A study of gelf-diffusion in 'plastic' crystals has been made
uging radioactive tracer technicgue\mk Single crystals of cyclohexane
and pivalic acid wore used for the experiments, |

Large single cryatals of cyclohexane and pivalic acid have
been grown from the melt, using methods baged on the :i%i*idgman
technique, Radioactive forms of the two compounds were evaporated
onto the end surfaces of cylindrical portions of their corresponding |
gingle crystals, and allowed to diffuse, The diffusion periods
weie. for cyclohexane, two to £ifty hours in the temperature range
=309 to ~-60°C and, for pivalié acid, up to two hours in the range
89 to 22_"@. After the diffusion periods the aryétma were gectioned
parallel to the initial radioactive surface, using a calibrated
microtome, The quantity of radioactive materiel which had
diffuged into each section was determined by scintillation counting,

The diffusion process in cyclohexane wes also followed by
measuring the rate at which the radioactivity on the surface of the
crystal decreased, a thin end-windowed G, M. counter was used
for the purpose,

It wes found that the temperature dependence of the diffusion

processes could be described by the equations

D = (6,31 £ 3,80 = 10° BxP - j&*ﬁ%m] em?sec™?
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10, 000 £ 300 2 1
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and D =(2.25%1,29 EXP - [

for cyclobexane and pivalic acid respectively.

The high valﬁes of the pre-expanentiél factor and activation
energy for the diffusion process in c:yélahexema led to the conclusion
that a co-operative d;ffusi@n mechanism ﬁcm?a in this sﬁild.
mﬁuamﬁ is thought to take place via vacant lattice sites associated
with a region of mnle#ulax relaxation,

In the case of pivalic acid which is a much harder plastic
crystal than eyclohekane, probably as a ¥esult of hydrogen bonding,
the pre- exponential factor and activation enerpy for self-diffusion
indicate that diffusion occurs by a 'simple! vacancy mechanism,
'i‘he degree of malem;}ar relaxation about & vacancy in pivalic acid
is thought to be slight compared with the corresponding case for
cyclohexane,

This appedrs to be the only direct study of seli-diffusion to
have been wmade in organic plastic crystals and is one of the few

studies of diffusion in molecular erystals,
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INTRODUCTION



There ave two mbin yeasons for studying diffusion n
golids,, One is that a knowledge of diffusion is fundpmental to

the understanding. of hiph temperature processes which ogeur in

solids,  Thug it is essential for a person making a kinetie study
of exveap, 'Miﬁzit?»‘?*?&f@*’?’*‘*@@ﬁg ete,, tobe ?&mm&r with the basie
cs,?me’:pt:s-@fj diffusion, . . |

- The second reagon for studying diffusion is to obtain
information about transport mechanisms of atorns in solids,

The basie laws gaveraing diffusion were flrst put forward
in 1855 by Adolf Fick,  The two familiay differential forms of
Fick's laws of diffusion sre _ . |

T -D$& - - - - )
€ = D¥S- - - - ()

- Bguation one gives the rate of permeation, iu the steady stote of

i

flow, through unit area of any medium, in terms of the
concentration pradient a¢ross the medium and a éan,stant, 2y
called the diffusion coefficient, The second equation refers to
the accumulation of matter at a given point in a medium as &

fudction of time, Thet 45 50 orers to a none stetionary state of

ii(}w.
Solutions of Ficit's laws of difiusion have been developed,
in order that practical measurements of diffusion coefficients can

be carried out under standard conditions, (1}

The first kinetic measurement of diffusion in the golid-state



" was made in 1896 when Roberts-Austen mensured the rate of
diftusion of gold in leud (), Followlng that initial work a vast
‘nurober of diffusion measurements have been made in metallic
é_;iétéiga}é and aléo in donie exystals, Move recently the field has
been extended to include valence éndi*xmiﬁcuiax crystals, o

C :"fTﬁé diffusion aaéfﬁiéiéﬁté'éaibﬁl'ataﬂﬁmm» enperimentnl
results werd found to vary with absolute temaperature mecording to
an Avrhenius €ype equation; |

B = Doemp [-RTF &0 0w . (3

where D {8 the diffusion coefficient at b temperature T and R is
!:héi gim constont, Do and %ﬁ"ﬁfe égbstammuy constont for given
Aystems, § is defined as the activation energy for the process
and is related to the diffusion mechanism, since it will
represent the energy 'm@ixed'tw mbve an atora {rom one
equilibrium position In the solid to the next, It is slso aceepted
that Do will be depeadent on the diffusion mechanism,

Thooretical intéxpretations of the values of B obtalned.
from diffusion éxperiments, have been made, in nn attempt to
deterraing probable diffusion mechanisms in porticulay cases,
The commonly accepted diffusion mechanismns in solids, are by
way of vacant lattice sites or interstices, or by direct interchange
of netghbouring atormsg, ions or molecules (3),

- Mueh of the theory of diffusion in the solid state has been

dertved from diffusion studies in ionie erystals, in which the



mi&ti«zm( be;wmn diffusion and »efiacta:»iqal:mncluctim hasg been.
important, - The: walatim;,; : Vc:.allézi:l,ﬂi;he “N:i’{‘it’lflﬁtll?;ii'l.ﬁtﬁiﬁkf {4, 5)
eyuation, is Y S PR !
= "%""ﬁ%f“ Ces st e O
where,” o is t&ze;émﬁﬁﬁ’twiﬁya of the don .
st oI e ts diffusion coefficient” N
G s the. contentration of the lon
coend g is M electronic charpe,
It was thus possible,; using this relationship, to malke indirect
méa‘am;ements-.bi;di.ffusimz .\cpeffi.gi.ent g in fonle solids from
conductivity data, .

One outstanding advantage enjoyed by lonic exystals for
such studies is that it is possible to generate knowa lattice
defecte and the offedt of these on conduetion and diffusion
properties can be studied (6), -

.. For exevaple the addition of ca' jons to the NaC1 lattice
causes the generation of an eqguivelent riumber of ¢ation vacancies
in oxder to preserve clectrical neutyality within the exvatal (7),

Such studies have led to an understending of diffusion
mechauisms in ionic solids and have been indireetly responsible
for the evolution . of the theory of the defect solidestate (8, 9).

In addition to the iwx‘.!sr. which his heen deveted to ionic
erystals moany studies have been made of metallic systems,

Theories of tranaport mechanisms in metals have heen



4
: 15{;@1;111&1;@& .illﬁ); and c&lﬁﬂi&timﬁﬁ. z*x:m;%a;c}in:m effort to foracast the
most probable diffusion meﬂmniém in.a specific case {11,

o g dn the ease of lonie solids it was possible to use the
results of electrical conductivity measurements to obtain
inforrnation conceriing diffusion dn metols, using quenching -
technicues. . \‘.Z!Z‘hg.‘la.tt@m-:iﬁ's;.rcaiva fhe rapid. coaling of speciéns
from bigh temperatures such-thet the high temperature
eguilibrivi congentration of defects is Mrozen in' at the lower
Ctemaperature,  The conductivity of the metal is a function of the
number of defects present and hence by quenching the metal from
different cquilibrinm teraperatures and mgasuring the subsequent
conductivities, ithas been possible to measure the heat of
formation of defects. in metals (12}, The rate at which the
defects anneanl out ot varieus tempevatures has also been
followed by conduetivity measyrements, which heve provided a
value for the hest of wmotion of these defects {13),

Initially all direct diffusion measurements in the solid
state were concerned with Impurity diffusion, in order that a _
ghemical or plyysicnl auelysis of the diffusing materisl could be
carried out, to provide a ¢oacentration profile, from which the
diffusion goefficlent could be calenlated, The increasing
availability of radionctive jsotopes and thelr use made it possible,
however, to employ the sezxsmm:m@ﬁmﬁs of radiation detection

for datevminiog the concentration of a diffusing species,



“The pse of radioactive ischopas also opened up the
porsibility of maldng direst studies of self-diffusion, which is the
‘translationsl motion of o component within its own latiite,
Hitherto this had only i“.sé@kx-i?'ﬂﬁﬁiblé- by indirect shudies, such *‘xs those
made {o lonie grystals and metals, using velations between:
diffusion and ‘eleﬁtricml.mndm*:tivity.-' S

In the ¢age of valénce snd moleculary crysgials one is
limited to divect studies of qiffusion using igotople tracers and
vary few measurements hove been made én these solids,  Tha
only measuvernents of diffusicn in valence érystalz have been made
on germaninm (14) end graphite (15, 16}, The result obtained for
self+diffusion in germeninm agrees well with a theory of
self«diffusion which hag been developed for valence crystals (17),

Radicaetive tracer studies of self«diffusion in molecular
solids have been made on dulpbur {18}, & »white phasphorus (19)
end aothracene (20} with widely diverging results, Mo theoretical
treatment hag been advanced, so far, which will pxplinin the
results available for selfwdiffusion in molecular ¢rystals and
furthey work in this fleld sveems necessary, to clarify the
situation,

The first determination of diffusion in o molecular solid
was made by Cremer (21), from the result of o kinetis study of
the orthorpara conversion of solid hydrogen.  He caleuloted

diffusion coefficients of the order of 10720 #::-m%/ se¢ near the



meltitg point, but the betivation enerpy for the proecess was
doubtfal,’ dus to the narrow temperature range studied and
exxﬁ‘émiﬁﬁemal seatter,

VO Tacdheir study of soltd aulphuri{l8), Cuddebaek and
Prichmuver prow Cerhonsbic grystels febm o satorated solution of
G8as  The radiosactive aulphiic’ was enited on to o aingle (m 1)
foce of the crystil and the diffupion rotes measured, They -
obtained two activation enexgies for the process over diffsrent
‘teliperatuie vanges, which {hey loteypreted in teyms of diffusion
anfsotropy.. Wachtrieb cad Hondler followed with a study of . .
gelf«diffasion in K swhite vhodphovus {19), besause this was a
clibie crystel and unlikely to exhibit diffusion wolsot¥opy. Tha
sxperiments were perforeaed using polyerystalline ¢compadts .
which were anneeled neay the melting point fok 24 howes, prior to
© the diffusion ey;:ge:i:‘izﬁema; to permit grain growths  The wesults
showed the sccurrence of two diﬁiﬁsiﬁm pricesses ond the
interpretaiion was that the low teroperatare process was normal .
Vacancy diffusichn, and that, at the bhighey temperatuve, was the
result of some fairly large scale cooperabive process, involving.
premelting,

Sherwood and Thomson (20) Lo thelr study of antlivagens
found evidense of two shouilianeous diffusion prodessess i this
cuse radioastive anthiacene was deposited on the 001 1ﬁlm;é face of

g single crystal,  Thaely resulls showed the oc¢urrente of a slow



aikediffusion plocess agotwmpanied by & miner papld diffusion,
which was considered to be the result of grain bousdexy diffusion,

Hnother experimental techainue which haig privided "
avidence of ‘s«sﬁ-ﬁ,ffééiifmzﬁu}a in molecular solidg is that of ‘xi_ﬁc}iéaa;r ‘«
megasiic resonance (ML MR (22}, In'this methed _é;;',a_ag;b“éé:txum
ot the megnetic inferastions beiweed nelghbouring nuclel is
obtained, from which nformstion regexding mslecular motions
can be devived, & list of obpanic compéunds which have bren’
shown, by MeM,R., to cuhible seli-diffusion has ban copiled by
Andrew (28,  Since bis st was published evidénze has heen
Cubtained, using the MJM.R. techaique, bf self~dffusion in
plyalic seid (240 and Kewlhite phosphiotus {25/, An lnteresting
chapacteristie of all the moleculay Holids which have besn shown
to exbibit selindiffusion by N, M, Re, i that they ave of the class
of solid known as plastic crystals (26).  Such solids have a low
‘enteopy of melting and the moplecules comprising theny abe
‘nlweys rouglly aplisrical in shape. They have ot least one
“solldmstate phase E¥tnsition, and, o the phase gtable immedintély
below the melting polat {phose 1), they have a cubic structure and
possess the ability to'undérgo molecuiar fotation (7). The
1aiter ;‘g:héj;{.&;}:ﬁﬁéxlmm has bagn sbaerved by dielectric studies {28)
and N, M. R, work {29},

#t had been noted thet the seeurrénce of selfwdiffusion, as

detected by M. M. R., sometimes does not sot in until some
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degrees abovethe trans mm b phage 1 {the plastic phasa), aé in
the case of eyclobexmne (30}, wherens With hewsmathyidicilane
(31), the N.M.R. Hoe width narrows bomediately ot the I « I
phase transition showing the ouset of nolecular self~diffusion gy
the transition fo the plastic phise,

Evidence of teanlaticnsl molettlar mobility in plastic
‘ergrsmis has been strengihened by the fadt thet they flow easily
wnder low pressure {32) and thot ihely Eeray diffeaclion patteing
in the plastic phase kdgome diffuse os the temperaturs of the
gample is raised (33).  More i;zfzaxé:énﬂy a technigue nvolviag
irradieilon of ésélié,a whd observing the life times of free radicals
fmmﬂei,ug electyon spin-regonsnce, bas fadicated the osourrénce
of seli«diffusion in some orgenic solids {34, Tn the plastic.
solids studiéd, which include ¢yclohesane, U has been found that
the exganic roadizals proeduged ai low téniperatures exipt uotil ihe
e X gransition, i.e. um;;ﬁ the transltieh to the plastiv phasge, ot
whieh point they rapidily disappear {34, In solids without phase
transitions the vadicals cont exief. right up to the wmealting polixt, in
the case of benwene, however, they digappear 50°C helow the .
wieliing %:mm&.
In agpite of nll the data now available illustrating the

pecurrente of selfedifiugion In molecular crystals, the amount
of detail regardiog the diffusion process Is slights The diffigulty

of analysing N, M. R, spectra with a view to obtaialny detailed
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inforination about self-diffasion, hes limited the caleulations, so
fox, to the evalualion of some activaiion energles for the
diffusion provess {35, %6, 3i7.

Since this work was commenced, Resing {25 bas
published o detailed analysis of self~diffusion inX ~wihite
phosphorus, from data obtained from an . M, R. experiment,
This appears to be the enly bublication of its kind so for
attempted, I his paper Resing does not flad a.a.gmér;:m;zt with the
traceyr results of Nachivieh and Handler {19) and he findes that one
diffusion process coutrels vight up to the meliing point. Resing
has suggested that the high tenperature vange found by traces
studies (19), could bave been caused by the melting out of grain
boundaries, which would not affect the N, W R, results,

From a swuparison of diffusion redults obtalned by the
Ne M, . tecbnique ond inforuiation availakle frovn other souvees,
there appear to be a number of diservepandies, Agveement
between M, M. R, snd tracer studies concerning self~diffusion has
been found for sedinm (38}, but in the ¢ase of moleeular solids
existing raports are in conflict, The sxample of KX-white
rhosphorus is a case in poiat,

M, M, Re studies made on anthracone (39 show no
evidence of self-diffusion, hut unfoltunately, the temperature
ronges govered by N, M. R, and tracer work {20) do not overlap,

se o definite comparison ig not possible, -In bhenzéne, however,
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M, M R studies wight up m""the rmeltivg point, do not reveanl any
evidence of self-diffusion (40}, yet the evidence of an irvadiation
expariment (30) sugpgests the escurrence of seli-diffusion ns
much as 5670 below the melting peint., - The latter result
mppears reasonable on the basls of traver work on anthrbcene
{20) and naphthalene {41).
(' The examples gueted above serve fo lndieate Brealiations
of the N, . technigue with regard to the defection of
peii~diffusion, Both Fowles (42) and Rusbworth (43) have
in;dimi:ec’i that a jurap freguency of 1@4"@/ 8 is regquired for
se}iadﬁiasﬁ.m before it will be detestad by i, MlRe  Tracer
studdies, which reveal the efiect of an integrated series of atom
mav'amanta-z, are uot, however, subjam't'é guch Hmitetions,

An émpixmai treatment of molecular self-diffusion has
been sugggeéstcs& by Machtrieb and Handler (19} on ihe bagis of &
theory postulaied for cuble metaly {44 asd the validity of thig
treatment has been supported by some N. M. R, activetion
energies for self~diffuaicn (24, 31, bt nnti) supporting tragey
dar s available no satisfactory sonclusion is pogsible,

Several methods are avallable for obtaining data
vegarding seli-diffusion, utilising tvacer teghnigques. These
methods gan be divided into two classes, those which involve a
divect determination of the diffusion profile awd those which

give an overall picture of diffasion. An hmportant vechnique of
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the latter class s the surisce~decrense method which is bused on
the fact thai the radiation feom an active source is ax;gzamém':iaiiy"
absorbed in the solid survoniding it.  Hence if o layes of
radionctive material is deposited on e sunisce of 4 specimen
and aliewed to diffuse ko 1, there will be a decrease dn the
coult rate measured from the s'uwfacaa.‘ which emi he f&éiaté&. o
the vate of diffusion of ihe lsctope.

The metbosd whewsby a direct debermination of the
concantration prciile of the iﬁﬁataj?w is measured end from w%‘iﬁ&x
the diffusion gradient g x'}!,a%aaiféaci,. has the advaatage of being |
able to reveal the prosence of concurrant diffusion PPOCR S5 S,

A moathernatical extension of Ficlk's laws of diffusion héa.xs baan |
carried out such thai diffusion govificients may be readily
determined using .-syé’m—:—ms:; of standomd geometry (1.

The aystem which has been mnost eukensively e‘:mpioyeﬁ is
that in which ae infipitely thin layer of as isctopie tracer is
deposited on to an end surface of a vight ayiinder i allowed to
diffuse inwards, until the tracer hagz reached a suitable depth,
afier which, the specimen is sectioned. The sections are
teken perallel to the initiel face aud ave of consiant cross
section., by meaa'm*a:mg}lm isotope couceniration in.each
section it is possible to construct a congentration versus depth of
penetration, curve, frows which a diffusion plot can be cbtalned

and hence the diffusion ¢osfiicient for a given temperature,
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One unfortunate consequence of the vsectiﬂning metheod isl that §t
automatically involves destruction of the sample, This
precludes the pnésibllny of carrying out more than one
diffusion experiment on each specimen, an advantage enjoyed by

the indirect method employing conductivity measurements, In

'the case of the procedure described above, it is obviously

desirable that each specimen of the same solid should be as
similar as possible to the next, in order that conditions for
diffusion within the samples are similar, One of the best ways
of achieving this end is to use single crystal specimens grown
from one batch of pure material under standard conditions, In
this way side-effects which might arise from using cq{mpreassed
polycrystalline samples would be avoided, The latter
specimens would be liable to provide short-circuiting psths for
self-diffusion, as a result of the many gxam-bgund&#ies which
they would contain, and this could seriously affect the measurement
of bulk-diffusion,

In view of the very lmited state of knowledge concerning
seli-diffusion processes in molecular solfds, and because of the
conflicting evidence which exists between results obtained from
N, M. R. studies and those derived from other techniques,
regarding molecular mobility, it scemed desirable that further
tracer work in this field should be carried out, Since most of

the evidence for self-diffusion in molecular crystals has been
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derived from N.M,R, studies of plastic crjrstals, it was
decide& to make a radio-tracer study of one or more of these
solids, Such a study would be facilitated by the fact that in the
plastic phase all these crystals have a cubic structure and hence
the problem of di.t‘iuslgﬁ anisotropy would not occur, The

purpose of such a study would be as follows:~

1. - To ascertain the occurrence of self-diffusion,

2. To determine the activation energy for the diffusion
process,

3, " To ascribe possible mechgnisms to the gelf-diffusion
process,

4, - To compare the results obtained with existing N, M, R,
results,

At the commencement of this work all the compounds
which had been shown by N,M,R. to exhibit self-diffusion, had
low melting points, and only a few activation energies were
available for some of these solids, In an effort to avoid undue
experimental difficulties it was decided to choose a compound
with a reletively high melting point and one which was readily
obtainable, Since the temperature range whiéh was available
for study ley between the melting point and the températuré of
the II - I phase transition, it was desirable that this interval
should be wide enough to permit a reasonable range of diffusion

measurements to be made, ‘Thus it was considered that the
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compound to be studied should fulfil the undernoted requirements,

1.

2.,'

3.

4o

5.

The compound should exist in the plastic phase through
a sufficiently wide temperature range,

There should be, in existence, an activation energy for
- self-diffusion, derived f‘,rpm N, M. R, data of the
compound, | |

It should be possible to grow large single crystals
of the compound,

It should be possible to gbfain reasonable quantities of
the compound in a very pure form,

There should be a ready ;ynthesis of a radioactive form
of the compound, or such a form should be commercially
available,

Initially cyclohexane was chosen for study because it

possessed most of the praperties described above, Later,

data became available for pivalic acid and s second study was

made of this compound,
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L] 1.A.

The.prowth of single erystels of gyclohexene,

- The single crystels reguired for the diffusion expertments
had to be very pure and of o reasondble size, dimensions of the
order of centimetres heh‘agir.ecguired,.g . Huch requirements limited
the. methods .of erystal growth which could be employed,

The methods available for growth of organic erystols ave: -
growth from a saturated soelution,. g:mmh frorn the vapour phase
and growth frow the melt, .

. -Growth of organic, crystals from the vapour phase
generally results in the formation of very thin crystals of limited
dimensions (45, 46, 47), Due to the excessive solubility of
eyclohexane in most solvents, the problem of obtuining a sultably
saturated solution {(48) from whicki to grow erystals:could be
complex, 'The latter method slso presents the possibility of
solvent in¢lusion in the c¢rystal, which would render the pgrowth of
very pure crystals dmpossible, The final method, nemely,
growth from the melt, has been vsed with success for the growth
of large ningle ¢rystals of organic compounds (49) in the past, and
is not subject to the disadvantagers of the previous methods, I
was decided, therefore, to udopt this latter technique,

Grovth of crystals from the melf can be carried out in one
of three general methods, These are the Kyropoulous (50)

technique and the moving and stationary vessel techuiques (51, 52),
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in'the first 'of thegk methods o covled seed crystal is |
suspendéd into & mielt and slowly withdrawn, Siirface tension
eifects cause the ddliesioh of material froma the'taelt to the seed,
which grows, s it is reized from the hot region of the thelt, ¥
the rate of withderawal is slow enough' the drypstal. x%iii»g*faﬁa%‘ |
epitaxislly on to the lettice of the sddd eryatel forming o lasgs
single cryctal, - This wiethod would be anlikely to suceeed for =~
orgenic erystals due ‘to the high vapour pressure which such a melt
would often hiave and also to the low surfata tension of the Hauid,
. The remaining methoils,in which the melt' ¢an be
completely isplated during the growth proceis, have both been
Suc?:essﬁill? evhployed for the growth of single cvystuls of
organic ¢m¢iﬁ§$muiﬁs {53,
| Both methods requireé s growth chamber in which o
temperature pradient with horizontel inotherwals con be
maintained, The temperstures of the isotheimals usually vary
from about 30° above the melting point of the solid erystal to 30°
below it, ' The methdds differ in application of the temperature
gradient to the melt, Tig. (1) ¥epresents the temperature
gradient schematically, in which AB représents the melting
point isctherwmal,” Tm. The mdterial is put in the tube (V) avd
allowed to melt it the upper pext of the crystalliser, i.e. above
AB, | |

T or the moving vessel technique the tomperature
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conditions iu the crystallisey remaill stati¢ and the tubs, V, id

slowly lowered down the gradient in the direction M, causing
crystal gmsmi;ﬁ to privedd ap the tube, with the solidfmelt fnterinee
-alway's lying on ABy ¢

~The stationary véssel techilque differé thom the sbove in
 that here the vésdel eonthinivg the melt Ls held gta‘&iﬁf aod the
melting point Lsothermal AB iy allowed 'to move upWwards past the
veszel, V, 'Byilwfé‘xiﬁg* the heat i:;m%:;%!‘:v the prowih chambér, seo
arrows in fig, (1, T e

It was decided that the sttainment of statid termperature

conditions and variation of the growth rate by mekhanical meaus,
as required by the moving vessel technique, would be moreé
veadily dchioved, ‘and hence thet method was employed,

' Since the meliing point of cyclohexane ig below room
tempersture [ 6.55°C, {54 7, the establishinent of & suitable
temperaturé pradient required the use of a cobling misture, or a
- vefrigeration unit, ‘The forvaer was eventunlly found to be
adeguate,

(13

T OF 4, TEMPURATURE GRADIENT,

The formation of & teimperature pradient was established’

inside = pyrex glass tube (&), 45 ¢ms,, loug and 2,6 ems,., in
diavagter, which was mounted 4 o vestical position, The upper
half of the tube was warmed by a nichrome heating coil (1) of 900

resistance and insulated by & éoncentric plass sleave, while
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wmxm‘g’ of the lower half wes achieved by suspending ftih a.
suitable freesing mixture, [ sse fig, (2) Ji ' The temperature
gradient was Veried by altering the voltage applied to the hlchrome
)- heﬁt‘egﬂ*}"mm by changing the coolaut surrounding the lower holf of A,

L Breley to. ey stal giowth the tube Gontidining the ‘eyclohexane
wag guspended in the uppes holf of &,  until it bad veaghed a 0
temperatire souilibrivm with its sureoudings, It was then
slowly 3%@@& dovi the tdmpernture gradient by vadens of an
electric click motor fitted with wivariable goar systom, which
allowed & wide range of growth fates to be studied,

. The fuisial temperature conditions cmployed,were

cbtoined by suspending the lower phart of A i1 an ii:iéfsjfmtéryf S
malzture and verying the temperature of ‘the top section from Pooin
temperature {167C) to 50%2." In spite of the slow growth rates -
emploved, often'less thap 1 mam, per hour, no evidence of single
erystal growth was found, After seversl attempts at crystal
growth using a vaviety of Gooling minturds, partial success was
achleved using a very steep temperature gradient, The lattey
was obtained by dipbing the lowes half of A into 4 two litve Dewar
flask filled with ‘an acetone/Drikold slurry (+78°C), [ Temperatures
below «739C were undesivable because ¢yelohexane undergoes a
erystallographic phose tronsition st «86°C. 7 The upper’ holi of
the tube A'was héated to a temperature of 40°C, . With this -

arrongement and o growth rate of 1 vamy ‘ped houw, swmall éleayr
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FIG.3. THE CRYSTAL
. GROWTH
APPARATUS.




pidces ol exryatal were fodmed af the basé of the growth tube, the 19
remnainder béing 8 white polyeryvstalling ronss,

P Whe babde of the growth tube, whicthhad been rounded, wos
now didavar out £o forra v taperiny capillary which it was hoped .
‘w&)‘iﬂ&ﬁ@lj@j*ﬁuéliminata" polyerystal geowths (55 . Rwas folind .
that loweiing of the prowth thbe did now result in the {ormation, -
at the mhouth of the :mg:s‘iﬁarw of & siagle trystal portion which
tended to g¥ow into the wisla papt of ‘thie’ tube, Although theie had
 heen ol Idoprovémeit of the crystal portion at the foot of the . -+
prowth tube the quelity of thiz erystal varied congiderably and it
wag decided at this stape to'tr¥y to buprove the terapevature
“stability of the apparatus, -

The thermal capacity of the ¢ooling section was incrensed
with the aid of & fifteon litre Dewar flask;,such that continual
replenishuient of the goolant duaving crystal growth was not
vequired, The Uewar flask was bouded in & large wooden hox,
the 1id of which served ms & support for A and = tall two litee
beaker, {fig. 3} which wan suspended iu the aedtone/Drikold
slarrys The lowew half of A dipped into the two litre beaker
- which was filled with acetone, the lattey was stirred, abd cooled
by the surronnding sluyry. This iawrgﬁgﬁmam resulted in & mobe
even temperature control of the mdﬁiixl:g‘,l pettion and: xé&‘s"uii:écil i
the prodiction of better arystals, the guality of which, still

varied somdwhat. In order to stabilise the héating aystem, whith
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was subject tofluctuntions of room tempereture and of the meins
voltege to the heater transformer, another meons of heating was
emﬁloﬁred.

“The final deoign Hlustroted in fig., (3) incorporated what
wos esgeatially a water joeket hebter for the upper section of A
and a cooling wait for the lower half, &g previously described,
The pyrex tube A wao sealed thesugh the base of a two litre
beakex B, 'The tube A was 45 ¢mas. long and 2, 6 cme, in
diameter end the top of A was level with the rim of B which was
20 ¢ms, high, The beakewr (B) filled with water was hieated with
a Y00V, immersion heater and the temperature of the water was
;:'bmréilaﬂ“by a toluene regulator and associated eloctronic relay
to ¥ ,1°0,

The lowex half of A proiiuded 25 crap. through the
suppoting board ¢, into the tall two lifre pyrex beakewr, 12,
which contained the cooled acatone,

The slope of the ismperature gradient which proved most
successtel wos obteined by heoting the water in B to a temperature
of 50°%C, This gave rise to o temperature drop of 128C° between
the hot and gold stages of the apparatus, The temperature
gradient obteined is shown in fig., {4, and represents o slope of

15 deg el at the melting point of cyclohexane,

Under the conditions good quality ciystals wexe obtained

o2



in the lower portion of thé growth tube which was about 15 cm.,,
long, 2 cm., in diameter and had s tapering capillary tip of 3 em.,
length, It appeared obvious that the reason for the deterioration
of the crystal quality was the result of impurities being concentrated
in the melt as crystallisation proceeded, until a point was reached
when single crystal growth was no longer possible, (56) Melting
point determinations on such a crystal showed thet the impurity
content in the single crystal portion wes low, reaching a
concentration of , 46 mole % at the interface betwéen single

crystel and polycrystal sectims. Since very pure crystals were
required it was necessary to purify the starting material
rigorously,

The starting material for the crystals had been McIarlans'
"peagent grade' cyclohexane, melting point, 2.41°G, with an
’impurity content of 1,73 mole %, This was purified by recrystallising
four litres of it slowly, in a deep freeze, and retaining the first
solid fraction of two litres, melting at 4, 1°C. This was melted
and scrubbed with & 3 : 1 mixture of concentrated sulphuric and
nitric acids at 10°C to remove unsaturated impurities, After
separation from the acid layer the cyclohexane was washed with
sodlurgl hydroxide solution followed by distilled wate:;:'. The
cyclohexane was then distilled through a long packed column to
yield 500 mils., of dry distillate (melting point, 5°C) which wasg

stored over sodium wire. Further recrystallisations at this



¢ ptage shidwed ittle irprovement in ‘the purity of the product;
| after four recrystallisations the cyclohexane melted at 5.4°C, . .
‘Becauss the single erystal pieces obtained from growth of
 the oripinal starting meaterial had shown such a marked refinewient,
it was dedided to use this technique to purify further the oo
© eyclohékane mielting af 5°C, It wae felt that this'would obviate
“the long and'teédious series of recrystallisations which would
dtheérwise be negesdary to obtain the desired puréd material,
Using the purified material it was found thet the éxg‘rst:aits which
- were ‘grown wexe alinost completely ¢lén¥, only a small fraction
" near thé i:dpﬁf"th‘eg&?b%h‘ tube was polycrystalline, - It was
" déeided to return the upper half of these crystals for repurification
and retain the'lower half which melted at 6, 48°C {impurity
" Gontent ;03 mole %) for growth of the final specimens, The
ceystals grown from the latter material had o melting point of -
6. 53°C (impurity centent . 01 miole %)a -
| It wae never found necessary to degas the ¢yclohexane
prior to ¢rystal growth, The capillary tip of the prowih tube was
filled by gently boiling a small quentity of cyelohexane at the foot
of the tube sfter which the remainddy of the tube was charged,
The tube was sealed off with a cork end-suspended in the
chamber, A, (figure 3) by means of a thread connected to the
spindle of the lowe®ing maotor.

N

The final crystal specimens were completely clear and
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ime of all visibla defet:tsr. Theéy were gtared m a deep ireeze at

..35 f.’::. ’I"he crystals ware ngver absexveﬁ ta suffér thermal
shock as & Fesult of ;t?w?e.%’jm% conditions at ~78°C to =25 C~ |

. The size of the crystals was from 8 to 10 cm,, long anc! |
N e T N T A S LR R

i‘h' LA
.

| a Cmmey i diameter. | They were remwed iram a:heir gr@awth
| tubes bv warming the side.u.» af th& tube ana sii&ing the cxysmls cmt.
_The aolid gylin&rieal cryatals were, kept in ® aealed storage jox in
the deep freesae*, until requized, .
mue te the aize raatrictiqnﬁ furceﬂ ‘upen the grmm:h tubes
‘ by the dimensions of the apparatus as mriginully canstrut:ted, and
| a.lsu becausa of thé tendency of the $eai between 4 anc’é B to crack,
an enlarged version of the spparatus described in iis:-g 3wag
cmatructeﬁ. » The heakex I% was replaced by 8. mppér can, 25 cm,
| high ami m cmg. in ﬁiameter. the pyrex tube, By was mplaced by
a Qimilar tube 50 em, img and 5 e, in dimneter,which was
ggglgd by Araldite into the base qfvt,hg copper can, This enlarged-
versi,cm g!'i..lqwe;digxémh ofhbig;'geg‘ crystals and enabled & more
xgg;d gtpﬂ.f@;:gt;ipn of qyizlohex‘g:}g to be made, It vafafs(igunq. o
however, that with :g:xys;tal grgwthxtt‘zl?gs having an inside diameter
in excess of gpgrox;maggly 3 c:m. that "thg ;:#‘yatal_s tended to
become polycrystalline, This could pgxhapé have bagn due to the
mability ei the grystalnsing melt to dissigate its heat mpidly
enough tc the solld crystal balaw it. The wider the crystal the

slower Wﬂll be its rate of heat transfer from the centre to the



walls of ﬂ*e gx't:xwth mbe anti ham:e there may F:xe 2 critical 24
diameter heyond which single cryatal gmwth ie nmt pcaaible. -
Lhe« rsim of t}ze g.géswﬂz tubev useﬁ :‘c‘cs.r purifying the cycl«bhemna

~was usually abcmt 20 em,. lc:ng by— 3 erie in ﬁiamnmr.

| An appam;.ﬂ;u; ,imﬂar m that alremy deacribefl foy |
eyalnhezmm crystal gruwth was usad, | the main dﬁferencf&
between the two c;wstaniaem being the replacement af the
m:amne/drikwld slush bath by @ mzzmspwater rmulaai bat!z. The
latter ﬂ.{i}ilﬁii»:tﬁﬁi of a weter filled, insuleted gl:m ﬂmx%nastat‘mnk,
in which was immersed a long copper cr;iledatube through which
maima-water was cﬂmtantly passeds It was found that the
temperature fpf the water in this Fbath.l when stirred, fluctvated
little, tzncll wag sufficiently stable for t?m purpose rgcgui;;egi,‘ The
. temperature of the cold section of A under these conditions was
1;!,_”@ : o2 ,;:“_3. Heat for the top section of the tube, &, was
supplied from a thermostatted water bath ag p:t;eviwsly vdesgxf;bed.
the t@mmratiwe now being maintained ot 60“@. The ireezing
ismhemml for thac, nm!ten y&valie aéid (3?5. 63) lay about 1 em,
above the surface of the ecold water la?gl inf., |

Using these conditions and employing a growth rate of

1.2 mmfhour, as with the cyclohexane, it was found possible to
grow gpnﬂ sinpgle ::.rystg,lé every time, The apparatus in which

the pivalic acid crystals were grown was of oll glass construction
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P c#ysiiﬁia' of pivalic acid thas obtatned were optically
cldar and éﬁﬁjﬁ:ﬁﬁwﬁd imﬁ#ﬁﬁi&ﬁ thipough tie j}@l@iﬁi&kg‘g’ &:&f&i@i‘ﬁiﬁi‘ﬁﬁ@j@@.'
they werd m.:a;,r to cut st roon temperature, but were not as soft
aa the cycloloxans crystals, e abivlous cleovnpe plases were
ﬁaaum‘i to exist, but it was poasible to frbcture the erystals by
dedppming Wieny onte s Bl sﬁrfa;:‘e‘:r.' the fractures oocreed in a

Ceorapldtaly rosidom feslion,
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The Preperation of Cyclohexane«1-014 for Deposition.

The radivactive cyclohexene used for the tracer studies
was obtained from the "Radiochemical Centre’, Awmersham., .
The cyclohexane was conteined as a vapour in a breakseal tube,
which contained .1 mc (miilit;ixries) of cyclohexane«1-Cl4, The
bateh number of the sample was - P/N No,, 014342 CFA 131,

In prder to obtain a Yeasonable working concentration of the
radioactive materinl which wé,rs supplied at a concentration of
. 1 me/m mole, & theoretical estimate was made of the specific
activity which would yield a good penetration of activity into a

eyclohexane ¢rystal from a thin surface deposit,

248, 1.Caleulotion of the Desired Activity for the Radioactive Cyclohexane,

The ¢alculation was based on the assumptions -
(1) ‘I‘hm’: measurable diffusion would occur to a depth of 100 microns.
{2) That & self~diffusion coefficient of the order of 10710 cm®/ sec.
would prevail,
{3 Thet the surface layer of the active cyclohenane would be
1 micron deep.
{4) That a count rate of 20d/s would be obtained froem a slice
10 mierons thick at a depth of 100 microns from the erystal
surface,
{5) That the conditions would allow the valid application of a

diffusion equation derived for an infinitely thin source

diffusing from a right end face into o semi~-infinite cylinder,
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The supposition of a diffusion ¢oefficient e>f v].ﬁ""m éa:aﬁa/ sec, .
seemed reasonable on the basis of existing diffusion coefficients which
have been published for malerm‘lar solids (18,192, 20), Assumption
numnbey :Ecmr was ma&e in order tlmt A masamblf accurate
measukement of activity could be mmie in a fa;rly short time usinﬂ' an
efficient counting system,

The estimote of the desired activity is based on an equaticon
whicii xelateﬂ'the' concentration of a diffusing species at a distance,

x (cm). from the ﬁmzxm siter o given time, ¢ {seconds), to the

diffusion cagiﬂciem. D, of the species (1}, The eguation is:-

2
S« B I A
Q m exp [ mt ‘,. « » e Enlo

in which Q2 is the initiel agtwity of the source,.
Gonsidering a diffusion time of 48 hours and & Aiffusion coefficient of
10710 cmaj seg., the eguation becomesniw
G = 100.Q. exp - (% % 109,
If X is 100 microns:e
= 100.Q. exp - [(10002 x 1078 % 10%5
= 370,

L

Allowing for a count of 20d/s from the last slice 10 mthick, the
volume of the slice is, Tf:ttzi‘a = 10 x 10'4 % 1 {assuming a ¢, 8.0, of 1 cm?‘)

= 1673 ems.
and the number of counts from the slice = C x 1@3'3, the value of C becomes
2 x 10 (&:lﬁ)lﬁma

This leads to an activity of 500c/s for , or . 01uC,

G

1
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FIG5.  DILUTION OF G4 CYCLOHEXANE



¥ the surface layer is LMthiek, then the concentration of the -

BGHO
s = PoYg-4 (G/8) fem®

= 100 Gfem?

\ | = o} ﬁm@/cma
Heance o emmemz:atian of lﬁﬁ/&‘ / gm?’ would provide sufficient activity
for the surface layer to iuli‘\;il the conditions assumed, Jt was
thérfeiarﬁe decided to dilute the eyelohexane to this level for the
experiments, | | |
Dilution of Cyclobenone«1-C14,
| The apparatus used for the dilution of the ¢y¢lohexanes)-C1l4

is shown in figure 8. 1 ml. of pure cyclobexane (v p. 6. 539C) was
pipetted into the storsge bulb (C), which was connected to & vacuum
system uged for the depositions of the radicactive cycichexene, as in
ﬁgure 8., The plass neck, B, (figure 5) used ?Qr- entry of the pipette
wag then s";:eéa.lfed off and the evelohexane in C degnsed by copling C
with Youid nitvogen and pum;@ing on-the cyclohexane, closing off bulb G
and allowing it to warm up, before recooling it and pumping sgain,
This eycle wos mmmeﬁ severel times until no further gos could be
detected, |

With the mereury seal closed tﬁe stecl ball (B} was lifted over
snd dropped on to the breakseal of &, thus allowing the radioactive
vapour to condense into G at lguid aitrogen temperature, The

constriction at the top of C was gsealed off leaving the radiosctive
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cyclohenane in ¢ veady for usd, when réduired, ~The radicactive

stréngth ' of the ‘cycloliexdne in G was later chiecked and was, ih.

T

it found tobe J1mG parvalyt it e

The Preparation of R adfoactive Pivalic Acid.

U T hé obvigus raethod of préparutich of vadivactive pivalie
acid was to moke 20 14 lebelled form, - iHowever it had been shows

thiat ai orpanis acid lubelled with B> dhowed similes diffusion rates

~ to a carbon=14 lobelled forin (57}, The dleetrical donductivity of
"dolidl pivalle siid in the plastic phdse has been shown to be |

| negligible and the abssnce of proton diffusion s inferred (58}, - It

thus appeared that a tiitium lebelled forva of pivalic acid would

dutiice for the seli~diffusion studies Lutended,

“Thé wmethod of tritiation was siaply to allow a specific
quantity of fritiated watey to undergo eachange with o known amount
of pivalic acid in a suitoble vessel. The apparetus used for the
tritiotion is shown in figure 6.

| The sourte of the tritiuted water was retained in bulb & and

" had a conéentration of 1 curie per grawm, - It was cut off frowm the

remainder of the appuaratus by a mercury seal, 1,° The transfer of
tritiated water weas carried out by allowing the vapour pressure of
the water in A to saturate the evacuated volume of bulb €, with
valves 1 and 2 open and 3 shut, The vapoulr pressure was recorded
on the manometer, 13, and henc¢e the quantity of weter in the Luown

volume of ¢ could be calculated, Taps 2, 4 and 5 vere closed and
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the capillary, 0, was cooled with acetone/Drikold., tap 3 was then
‘opened and the vappur from G allowed to condense into B aftex which
tap 3was closed, )'Theglengﬁx'{bﬁ the water ¢oluemn in D provided a

secondary meansg of measuring the water-tronsferred from. A,  The
water in D was used for tritiction in'E by opening the mercury seal {4)
cand allowing the watsr to condense into B .
The tritintion of the iﬁivalic acid was eavrried out so follows.
b plece of 3 mwns bore tubing was drown out at one end to form a
- sealed: capillary tip and the othexr end of the tube (F) 10 cme long,
waw jeined to & 1 e, glass tube by means of a constriction.  To
. thig lotter tubing was also joined the exchange bulbh (%), 15 ems long
by 2 evny in dismeter, and 8 Bl4 cone, A sample of pivalic acid
(m.pe 35, 3"«:‘;_} snd welighing aypm:s}s:imateiy 1 pramy, was put into
bulb, ¥, and the gide extension wos joined to the vacwwn line by the
B14 cone and socket (9.
D and T wepe then cooled in liguid nitrogen and valves 4 and
5 opened to allow the evacuation of the extension, after which tap B
was shut snd D was warmed vp, thereby sllowing the contents of ®
o condense into B, The mercury seel {4 was closed and B brought
to room temperature; on further warming of T the contents
vapourised and condensed in a thin layer over the walls of B, - The
acid and water were left in contact for several hours with oecasional
warming of © to melt the acid, At the end of the exchange period

the acid was a1l distilled into © by warming the rest of the extension,
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Valve 4 was opened and the watér vapour pumped off from ¥, by
allowing that bulb to warm up ubtil the scld storted to condense on |
‘the tubing outwith &, ot which polit velve 4 was closed, The
pivalic acid was then distifled into tube T, which was removed from
the line by fusing the constriction above ¥ formiing & small hook st o
the top of ¥,

It was noted, s the pivalic acid watimad 'J,iz)kixwi&e'th@ sealed
tube, that it tended to claxify in the solid state.  The tube was
transterred to a erystel growing epporitus and a single crystal was
giown froi the seid thorein, The ¢rystal obtained was perfectly
clony and melted at 35,3°C, ' Caly the centre pmtim of the crystal
wag ietained for use in tracer experiments, The specific activity

of the scid thus obtaived was « BuG foag.




Deposition of a Thin Film of Gyclohexane-1~G14 on to a Single
Crystal of Gyc:lohéxane.

Two methods of depositing a thin film of cyclohexane on to
cyclohexane crystal, appesred possible, The first was to 'smear' o
thin ﬂli.m. of liguid eyclohexane on to the surface. This method
suffexrs from two principal disadvantages one results from the high
volatility of cyclohexane end the second from its very low hest of

fusion, [, 63 hecals/mole (54)], The latter would probably cause

pitting or dissolution of the crystal surface by the liguid, an

occurrence which would almost certainly affect the results of a
diffusion experiment, It was decided, therefore, to concentrate on
the second method which was based on the condensation of
cyclohexane vapour on to the cold surface of a crystal, This
technique could utilise the high volatility of cyclohexane nnd would
be more likely to produce an even surface film without the
disadvantages of the first method,

Because solid cyclohexane exerts a considerable vapour
pressure hear its mﬁlt,,ing point, (6, .%56(2‘:). it was necessary to cool
the crystal to a low temperatuﬁ:e. but not less than -86°C, at which
point cyclohexane undérgées a crystallographic phase transition,

In initinl experiments carried out at atmospheric pressure,
cyclohexane was evaporated onto a crystel cooled with powdered
Drikold, The crystal was mounted in a byess holder which was

seated in a socket at the top of a glass tube containing some liquid
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cyclohéxane, an aluminium tray fitted round the holder, wis used to -
retain the Drikold, On waraing the liquid ¢yclohéxane it
evapordted, but when the vapour Peached the crystal thie Iatter
tended t6 melt with the leat from the 'condensing cyélohiexdane,

It wels decided thet deposition undér vacuum would give better
‘results since thé heat réquired for evaporation of the ’é:fél‘bli‘e:daﬁe'
could be reduced, An epparatus was constructed for this purpose
(fig., 7,) and seme improévernent was noticed, An outer brass
casing (&) was made for the crystal holder (D), such that only a
well~defined ares (B) -of the crystal surfsce wis exposed to the
condensing vepour, The casing also sefved ns & contact between
the crystal holder and the flat glass flange (F) of the evaporation
unit, Contact between the brass holder and the greased flange was
secured by two thick-gauge aluminium plates held together by four
retaining screws, the lower plate served as a holder for the Drikold
coolant, When the crystal had been vhounted and ¢ooled, the lqguid
cyclohexane in G was iﬁfuzéﬂ and the apparatus evacuated with tape 1
and 2 open, tap I was then closed and the g‘:‘y‘ciahexaﬂe' in G, warmed
up., Tyaporation occurred, but it was found that the lquid in' €
tendéed to boil and spattey, Sowie cyclohexane was deposited on B,
but sublirnation had also taken place from the crystal during the
evacuation, and theé seal between A and D tended to leak, A more
efficient system was obviously required, and the following

conditions were now considered desirable for the deposition
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. teehnigue,
1. The evaporation should be ca¥iried out under vacuur,
2e - The eyclohexane erystal should be cooled to a temperature

of the order of a?i)“@, ot which tempeérature its vapour
pressure is , 084 mm, |

34 - The eyclohexane should be stored as a vapour prior to
deposition,

.. The last condition was possible betause of the high vapour
pressure which eyclohexane has at room tempereture, 6,5 cmg, at
15%C, An apparatus of the type illustrated in fig,, 8 was
constructed ns a means of transferring desired amounts of
cyclohexnane from a source to the erystal surface,

The source was contained in bulb A and was sealed off from
the remainder of the system by a mercury flost valve, 1, which
served to prevent contamination of the eyclohexane by stopcock
grease and vice versa, When a sample of eyclohexane was
required for deposition, taps 2, 3 and 4 were opened and 1 and 6
closed, tap 5 was then opened to allow evacuation of the system,
after which teps 5 and 3 were closed and the eyelohexene in A
cooled to liquid nitrogen: temperature, The mercury seal (1) was
then cpened and the cyclohexane allowed to warm up until the
vapour presgure registered on the menometer, D, reached n
desired value, at which point tap 2 and the mercury seal were

closed, Thus a quantity of eyclobexane vapour was sealed off in B
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at o known temperature and pressure, Since the volume of the
space bitween taps & and 3 was kuowh) ' it was possible to estimate
the amount’ of ¢yclohexane i B, - Any desived amownt of eyclohexane
could be trensferrad from A at room temperature by t¥apping out a
series of khown Guantities from B and storing thege in bulb C,

Sixee the geel between the crystal holder and the glass
flange as previgusly arrenged had not proved very efficient, the
cover of the holder was redesigned as in figey 9. ' & hexagenal
casing {A) welded to a flange {B) was made, with a recess in the
face of the flanpe to take' a Nygon ¥V, R, 19, 'OF ring (C), The
coging was shaped to allow it to be tightened onto the barrel of the
erystal hiolde¥ (D) ‘with the aid of a spanner, the whole unit was
constructed of brass, - The thread between the cosing and the
baryel was greaséd with silicone grease; but i was found to leak
under a'high vacuum, This feult was remedied by winding
'Threadseal' tapé round the crystal holder, thus tightening the join
between the hokder and cosing and leading to a vacuum tight zeal,
The erystal holding unit was joined to the vecuum line by an'tO!
ring seal between the flange of the cristal holder and an Sdwards
FeGe 15, flat glass flange, The latter wae sealed to a B14 cone
through a vacuwn stopeock and could be vemoved from the vacuum
system when desived, {see fig. 8

With the arrangement as outlined above it was found

possible to achieve o high vacuum seal between the crystel holder
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and the deposition npparatus without the use of fizing plates, Thisg
wag ouly possible if the 'O ring was p:ro;pgrly greased with Tdwards*
High Vacuum silicone grease, the creation of ﬁhe va,euu;n b&iﬁg
suifi‘«:iem to form o strong bond at‘tha 'Ot ¥ing, The :‘:obling of
the crystal had not yet.réached the desired level of efficieu@,
‘sublimation Qtill"nccurred zz;t high vacuum, The coolant used ot
‘this stage was an acetone/Drikold slurry which was contained in an
aluminium tray fitted round the crystel holder,

It was then attempted to cool the crystal using a *Cellosene’
pad seaked in -;tiquid nitrogen, the pad was "ia‘ia‘.wer the top of the
crystal holder and the nitrogen poured onte it., This cooled the
crystal very rapidly, but led to 'overcooling' of the crystal,
causing the occurrence of the :géhase transition at «36"(‘:3. which
destroyed the single crystal character of the cyclohexane,
Controlled cooling was obviously required and a method of
. determaining the crystal tewnperature was evolved, The method
involved the use of a calibrated thermistor and the arrangement is
illustrated in figs. 9 and 10.-

The top surface of the brass flange was covered with & coth
mat (M) which fitted round the hexagonal casing, the bage of the
mat was stuck to a stiff polythene former (¥) cut to the shape of
the cork., Hetween the cork and ¥ a hole was bored which |
allowed & thermistor (T) to be inserted as for as the brass

casing, .Above the cork was a thin polythene sheet (F) over
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which was placéd a cellosene patl which was kept in place by the - -
Iocating ¥od (L) of the' crystal holdewy

In orde® ‘to calibfate the thermistor (T) to read the
tenipeiature of the eérystal in the holder;a wax block (W) was -
matinted in the holder and a standard thermistor {8 was inserted
in the wa¥ (figure 10), ' The holder wyas mounted on top of a glass
flange and some liquid nitrogen poured onto the pad (B), ...
Resistance readings were taken from the tvwo thermistors while
the erystal was ‘coollrig and agein as it warmed up,  In this viay it
was possible to match the tarmperaturé of the block (W) with: the:
registance of the thérmistor {T), located in the cork ring on the .
outside ‘of the hﬁlde:’u‘*; see table 13A1 below, The resistance of T
and S were mesasured by an ohmeter and a Wheatstone bridge -
civeait yespectively, - 1 - ¢

Table T3A. L,

Resistance of therrxii'stm (T) Resistance of thermistor {5) Temp, °c

) o . ) .
Cooling Warming of crystal
1, 000 R | 1, 100" 1,200 - 30°C
2, 000 o 3,400 3, 600 | - 52°C
3, 000 et 40300 B, 50O - BBOG
5, 000 - o h 11,000 12,000 . - 71°C
6,000 - ¢ o oo 1204000 0 0 13,000 - 74°C
7, 000 - S .. 18,000 - - - 20, 600 ~ - 81°C
10, 000 25, 000 26, 000 {~ 90)
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The resistance of ‘T, V the temperature of W, ¢alibeation,

do an appronizaate one, . g.g. ot Ri =5, 000 ¢ TW = <721 ,75°%C
el andat Re= 6, 000 3 TW 284 foo5%C
Wt e cen o ihgk 6 wae Selt that the' sceuracy was
sufficient for the puippse reyuired, ' 'The tetiperature of the' =
‘erystal within the holder *caﬁirl? now be detervained, and it was
found possible t& carry but controlled cooling using lauid
nittopen, ‘The resistance of the thermistor, T, waé kept at a
‘value between B, 800 aad ¢, 000 ohme, cov¥responding to e exystal
temperature iof - (472°0), during the depositioh pericd, 'PHe time
required to cool the cryistel tothe desired temperature was very
ek Yeduced and hendling ade eagier since the coolant was
.egsentially a dyy one, |
o0 The atteinoent of good surface deposits was now possible,
“but it wes found that some of the ¢yelohexane tended £o condense
on the cold stem of the glas«s £1nga. A nicihmma mpa heater
wnd mmﬂ ﬂm stem, see fig., 9. prevented thfm cxccurring. thea
resistance of the heater was 40 ths and & current of . 5 amps
provided sufficient heat,

The remaining problem lay in providing s flat erysinl
surface on which to make the deposition and in preventing
contaraination of the remainder of the crystal, by the deposit,

Because the crystal was eubi¢ there was no obvious need

to make the deposition on any specific crystal face since isotropic
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diffusion was to be expected. T had been noted previusly when
microtoming crystal specimens, thet » very smooth face was.left
on the crystal ofter removal of & number of slices, and it was
decided to prepare o cyystal face for deposition in that menuer,
The. sdvantages of this method were, that a flet crystal face
would be eagy to prepere and that fter the deposition of &
radionctive layer and the subsequent diffugion anneal, it would be
possible to replign the crystal with the microtome blade in o
mechaniceal fashion, . ‘, ] . .

.. With this end in view the lo¢ating rod of the crystol holder
wasg shaped so that it conld be returned to a fixed position in the,
~ brass mounting block, This was achieved by maling o close fit
between the rod and its sesting in the bloek and machining a flat
‘on to the rod so that the retaining serew in the block sat into the
flat of the rod,: The importence of sccurate alignment of the
crystal prior to sectioning after a diffusion experiment has been
investigated by SHIRN BT ALIA (59) who caleulated that for o
misalignment of 12 an :erm:‘é of 8% could be introduced into the
result of the diffusion experiment,

During any diffusion expariment the microtome and the
brass block thereon were fixed in position by locking sgréws
after the preparstion of the crystal £§gg, .80 that the crystal could
be returned to exactly the seme position, before sectioning.

In oxder to restrict the deposgition area of the crystel 'fag:e_a-,
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the brass flange plate was sérewed up ns far as the {oce and to
prevent excessive distortion of the 1&%@3@,‘& minute i was made
on the inside of the flange round the ceniral ovifice, this sat onto
the crystal fuce end prevented ihe spiead of the yradicactive
deposit over the erystals - The erystal holder was clamped in &
vice and o spannez used to serew the flange cover over the holder
until the lai:ée_r‘ just touched the face of the crystal, During this
operation condensation from the atmosphere tended to blanket the
eold crystal suviace, a piece of sellotape stuck across the opening
of the 'fl‘aﬁ‘g:& preveuted this occurring, After tiphtening the
flange onto the holder the sellotape wae eagily vemoved before the
erystal was mounted onto the precooled glass flange piece, which
was then transferred o the vocuun line for the deposition,

The procedure thus eveolved for meking the radicactive
deposition is sumwerised balow,

I.  The desired quentity of cyclohezane vapour was transferred
to balb B, (figure 8) from the souree in b, -

2o The barrel of the crystal holder was bound ﬂfith'thwa.dseal)
tape and a plece of trongparvent sellotape stuck across the
orifice of the flange cover.

3. The erysial holdexr was clamped in an upright positicn on a
sorall clampstand and the holdex, the flange cover and the
glass flange pilece, were pui inte the deep freeze,

e The O ring was placed on io the gronsed surface of the
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glass flange and the top surface of the O ring covered
with o layer of éil:‘acén«: grease,

A plece of cyclohexane erystal was shaped, placed in the
holdexr and the retaining cap servewed ot

The erystal holder was fixed into the brags block of the
microteme chuck and aligned so that the erystal and
holder wevre almost perpendicular to the blade of the
microtome, The crystel was then sliced until a
smooth face was obtained, 2% which polot the microtome
wag Jocked in position and the flange cover partially
serewed on,

The holder and cover were vemoved from the block and
cooled with powdered Drikold befove being réemoved from
the deep freeze to a vicde, where the flange cover was
serewed up to the face of the crystal,

The erystal holding unit was returned to the deep ireceze,
the sellotaps reraoved, the uait mounted on to the flange
plece and the parts for the liguld nitrogen cooler fltted on
to the holder.

The Whﬁ@ device was then transferred to the vacuum line,
the thermistor was insexvted and the crystal cooled to -70°¢,
The flange heater was switched on and taps 4, 5, 6 and 7
{figure 8) opened to evacuste sections O and ¥, Tap 5

was guiekly eloged and tap 3 imvaediately opened to allow



e

- which taps é and 7 weve cloged and section ¥ avd the

crystal holder veturhed to the desp freede, where the

Holdex was ranmipved by opening tep 7. ¢ A& wiles cover wes

elaraped over the brass flange to seal off the trystal and
ite doposit,

A maeasure of the efficiency of the deposition colld be
obtained by a comparison of the prezsure veadings on the
manometer, exerted by the éyclohexane vapour in bulb B, hefore
and after the deposition, Any excess cyglobexane was always
trapped out in B alter a deposition.

A test carvied out showed that approximately B0% of the
available radicactivity was deposited onthe crystal fage aud for a
typical depasition of 1 mg., 2 surface layer 2 microns thick would
he formed,

Deposition of o ‘Thixi Film of Radioactive Plvalie Acid on to a
Sinple Crystal of Pivalic Aeid,

singe the techuigque of vacuum deposition had proved
successful with eyclohexane it was thought thet a similay
procedure should be used in the case of pivalie acid,

The desips of the crysial holdey and the means of
connecting it to the vacuwm line were ldentical with those

previously dezceribod for ¢yclohexans, Beceouse of its highes

v bl e s

et e i o
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melting point {35, 5°C) and low vapouy pressure at room
tempemtﬁre., it was not necessary to use a complex cooling
systam during the deposition on th_,e pivalic acid cﬁyﬁtéis. The
method of transfer of the radioactive pivalic acid from the source

‘to the ¢rystal was éiiiferent from the case of cyclohexane because
of its low vapour pressure at normal temperatures, The means
of vapourization employed was a small platinum boat heater in
which thé sample to be evaporated was placed, The use of o
heater of this type was thought to be advantageous bécause of its
low hesat capacity, - which would mean a rapid temperature response

to the:appiied voltage, and because of the simplicity with which
such an evaporator could be designed, The evaporating system

,18 shown in fig., 11, along with the electrical system which
supplied the current for the heater,

The 'evapora‘tm‘ consisted of an ¥, G, 15 flat glass flange
sealed to a D14 cone through a 'vag‘:um stopeock, Tungsten wives (T)
bent ot & suitable engle were sealed through the stem of the glass
flange and a small pisce of platinum in the shape of & boat {B) was
silver-soldered to the top ends of the wires, such that the boat lay
just beneath the ﬁuifage of the flange, ¥ was found that a plece

of pivalic ecid, piaé:e& in the boat, evaporated at atmospheric
pressure, when the current through the heater was raised to
8 amps. The control of the current was carried out by adjusting

the output of the veriac transformer (V) to the heavy duty



44
transforxi;éf'(ﬁ)," which supplied the heater, By sealing & glass
plate '&ci’-bl&s the flange and evaporating séme pivalic acid from
the heater under vacuum, an'even fil of pivalic acid was formed
onthe glass, o oo

" when carrying oit & deposition the crystal was caoled
“stightly below room tempera,tuxe. by allowing cold nitrogen gas to
flow over it,  The procedure wes to prepare the crystel face as
deseribed for cyclohexane, but without the need for any low
' temperature arrengements, A small quantity of radioactive '
pivalié acid was placed in the bosat, about 1 mg., end the crystol
holder placed in position over i:'l'i‘se"fiange « The combinstion was
then fitted to the vacuum line, the crystal cooled, the depositiof
evecuated and the connexlon to the vacuum line shut off, The '
current was switched on to the heater and slowly raised to 9 amps
over a perlod of approximately 1 minute and then switched off,
The érystal and depositor were removed from the vacuum ling
and the crystal face sealed off by a piece of miéa such that
intimate contact was made between the mica and the flange face,
With a ;ﬁbeaséﬁf deposition it was not pdé;iblé to obaerve the
deposition on the fade of the crystal itself, but a fraée of white
film on the flange surrounding the crystal face was evidence of a

good deposit,
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THE DIFFUSION BXPERIMENTS
(8) CYCLOBRAANE

The main problems which arose during the diffusion
experiments were a result of the low melting temperature of
cyclohexane [° 6. 55°C (54) Je and its high vapour jpresaure at
temperatures well below the melting po.ilit.

Because of the low melting point of cyclohexane,all
handling of the material had to be carried out in a deep freeze,
or with the aid of such coolants as solid carbon dioxide and
liquid nitrogen, The condensation of water vapour from the air
on samples of cyclohexane at these low temperatures,had also to
be avoided, The vapour pressure of cyclohexane at -45%C is as
high as 1 mm, and it riges to 40 mm, at the melting point,

Thﬁs evaporation at these temperatures under normal conditions
could be a iseriws hazard, especially if it resulted in losses of
radioa_ctiﬁity from the deposit during a diffusion »un, Since it
was hoped to carry out diffusion measurements within the
temperature range quoted above, some means had to be found,
whereby evaporation could he eliminated, or reduced, |

The loss of radioactive cyclohexane from the surface
could affect the experiment in two ways,

(1) If the initial surface deposit diminished at an api:reciable
rate, during the course of s diffusion exparirﬁent, due

to evaporation, the results obtained would be meaningless,
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since diffusion would be occurring under undefined
conditions, |
(2) Contamination of crystal faces other than the one on
which the deposit was initially made, could occuz by
condensation of radioactive cyclohexane vapour on
 these surfaces, This could then cause false measurements
of radioactive pexmtrati&n due to a diffusion process,
since one would be measuring activity due to diffusion
and suxfgcé contamination,

It was necessary therefore, to take precautions to

avoid errors arising from the aforementioned causes,

Since the technique developed for carrying out the
deposition of radioactive cyclohexane required that the crystal be
mounted in a vacuums~tight holder, and because the latter had
been designed to prevent contamination of the crystal surfaces,
as in figure (9), it was felt that a vapour tight seal across the
opening of the flanged cover, would be sufficient to provide good
protection for the ciys‘tal and its ‘éepasit.duﬂng a diffusion
experiment, |

| The sealing off, of the flange face, was carried out by
clamping ‘a flat glass plate,covered with a'thin film of silicone

grease, over the flange of the crystal holder after the deposition
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had been carried out, The glass plate was mounted on a
wooden bage and held »against the surface of the flange by a
strong *Quickfit’ clip, | |

The crystal holder and cmrér were then put in a lguid
tight cen which was immersed in the thermostat bath for the
- duration of the diffusion run,:
This method proved unsztisfactory for several reasons,
The use of silicone grease to ensure a good seal between the
glass and the brass flange sometimes led to contamination of
the crystal surface, which rendered sectioning of the crystal
unsatisfactory, The reason for the contamination was that the
gap between the crystal face and the glass cover was so n#rrow
( «5 mm), that any movement of the flange againét the glass

caused a build up of grease, which fouled the crystal surface,

7

b g

In addition, it was felt that absorption of radioactive cyclohexane

by the layer of grease might occur, thus spoiling the conditions
for the experiment, A final hazard of the method, was that the
glass cover aa;;:xetimes cracked during the sealing off process,

An slternative to gass was required, and one which
would need no grease to provide intimate contact with the face of
the flange, Mica was found to 'be‘ an ideal substitute, A sheet
of mic.;é, (M) fixed to an aluminium plate (A} on top of a cork

base (B) mounted in a brass cover (C) was held tight sgainst the

flange (I") of the crystal holder, by screwing the brass cover on
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to the flange rim of the holder, The ariangement is shown in
figure 12, The cork base served as a spring h‘olding the mica
to the flange face, forming a good seal to preserve the deposit
and the crystal,:

- Since in this form the crystel in its holder was completely

liguid tight, it was decided to dispense with the can and lov{ver
the crystal holder directly into the thermostat bath, This had
- the advantage that a 'irr«,-:c‘yr rapid temperature equilibrium would be
established between the bath liquid and the crystal, %0 reducing
any errqr which might be involved by a slow response of the
crystal temperature to its surroundings, |

An experiment was carried out to ensure that the crystal
did, in iact,;_-espond quickly to the temperature of the bath, A
wax block was insexted in the crystal holder and a calibrated
thermistor was embedded in the wax, A brass cover with a
welded copper tube was sd;)ewed.o‘ver the flange of the crystal
holder, the tube serving as an outlet for the thermistor leads,
which were incorporated in a Wheatstone bridge circuit, The
crystal holder was cooled to sbout -80°C with liquid nitrogen,
and then immersed in the thermostat bath at -40°C, the rate of
tamperatﬁr,e change of the wax black ‘whs followed by measuring
~ the resistance change of the thermisf:or. The result of the
trial is shown in table 1,

TABLE: 1.4.(1), Rate of response of crystal temperature to



the temperature of its surround‘ingm

Time (Seconds) 0 30 60 90 120 150

Temperature of -T2 w54 -43 -4]1 -40.,4 -40.1
Wax Block(°c)

Bath Temperature -40 =40 =40  -40 -40 =40

(°c)
Because of the rapid attainment by the wax crystal of the bath
temperature, it was decided that no appreciable error would be
involved by aissun'.zing the crystal came to i:emperature immediately
after its immersion in the thermostat, The slight delay on
warming of the crystal would, theoretically, lower the

observed value of the dﬁfusioh coefficient,

It was found, using the technique previously described

for mounting the cyclohexane crystals and for protecting the
radioactive deposit, that satisfactory reanité could be obtained at
temperatures up to -30%C without any apparent loss of cyclohexane,
At temperatures greater than this, losses of cyclohexane from

the crystal surface were experienced,” That, in fact, at
temperatures below -30°C, the conditions were satisfactory, was
supported by the results of some end-window counts of the

surface decrease of the crystal activity during a diffusion

experiment, as shown in a later section,
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In order to ensure that activity had not penetrated down
the sides of the crystal during the deposition of the radioactive
cyclohexane, a crystal was sectioned immediately after |
deposition, The result 1s shown in table 2,

TABLE I 4,2 |
DISTRIEUTION OF ACTIVITY ON THE CRYSTAL
FOLLOWING DEPOSITION OF THE RADIOACTIVE

J O LY
Perpendicular Distance ‘
from the Crystal Surface ’ 0-15 15«30 30-45 45-60 6075
- (Microns) | ‘
Activity of Section (d/second) 874 14 0 0 0

The activity observed in the second slice was probably due to
contamination of the knife blade, during the sectinnihg process,
from the highly active first section. The remainder of the
sections showed no sign of activity and it was therefore assumed
that the method of depoéition was satisfactory.’ A fu:.;ther
proof of the abgence of contamination of the sides of the crystal
wasg obtained by remaving the sides of & é;rystal. prior to
gsectioning, after a di:fiﬁa;ioﬁ exﬁeriment (ﬁo. 5.  The result
obtained for self~diffusion in this érjrgfal wes sirailar to the
value obtained for self-diffusion in another crystal at the same
temperature, the sides of which had not been shaved (No.4),

This fact coupled with the evidence from table 2, showed that no
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significant contamination of the crystal by radioactive 'cyc':lohexane
was occurring during the course of a diffusion ?xperiment.

AJ3, THE OPERATION OF o LOW TEMPERATURE THERMOS] A
BATH.
The thermostat used for the diffusion runs was supplied
By Messrs, Townson and Mercer under the trade name of 'The
Minus 70 Thermostat Dath!, .An {llustration of the essentials of
the bath is shown in figure 13, | |
Basically the thermostat consisted of two fifteen litre
Dewar flasks connected by a Mquid flow pump (F), The right
hand Dewar vessel (4) contained a metal heat exchange chamber
{B) which was surrounded by the ¢ooling source, and the left
hand Dewar vessel (C) held the bath Hquid, which was cooled by
pumping it through the closed heat exchanger (B), The pumping
action was continuous but the flow could be shut off by a gate |
valve (D) which was activated by a relay (R} working in
- conjunction with a theimistar temperature control circuit, The
cantrcl devlca allowed the tempemture to be maintained over
long periac‘ts within en accu:.'acy of at least £ ,1%C, Variation of
the resistance of the thermistor, which was incorporated in a

Wheatstone bridge circuit, served to actuate the relay snd control

the rate of heat exchenge taking place in B, and hence the
temperature of the liquid in C,

The bath was prepared for use by filling the Dewar
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vessel (C) with xxiethylated spirits and charging the vessel (4), to
two thirds of its capacity, with a slurry of methylated spirits and

Drikold, Under these conditions and operating the thermostat st

. & bath temperature of -70°C, it was found that the supply of

coplant would last for 48 hours without replenishment,

ﬁn. 4. 1 L

‘Friox to carrying out a digfuaion run the thermostat was
charged and the bath get to the desired temperature, by means of
a potentiometer, which farmed,i:art of the thermistor control
circuit, The tempei'atuxe of the bai:h was measured by mesans of
a calibrated thermistor (T) immersed in the bath Hquid of C,
The resistance of the thermié‘tor was measured using a
Wheatstone bridge circuit, which allowed the resistance to be
meas‘uréd to five significant figures,

The prepared crystal in its holder was lowered into C at
the end of a long wire, such that the holder was suspended in the
bath liquid adjacent to the thermistor (T),' At the end of the
diffusion time the holder was removed from the bath and the
crystal mounted for sectioning in the deep freeze. DBecause the
time which elapsed between the removal of the crystal from the
thermostat and the commencement of sectioning of the crystal,
was slight, usually less than two minutes, and since this delay
would be compensated for by the short temperature adaption

time when the crystal was put into the thermostat (Table 1.4, 1),
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it was considered that the time for diffusion would be given by
the period during'whlch the crystal was actually in the bath,-

The temperature deviation which occurred during e
typical experiment is shown in teble 3, below. The thermistor
used for measuring ths ternpersture of the thermostat bath was a
8.T.C.y Te22, lowtemperature thermistor, which had been
calibrated against an ammonia v&pour pressure thermometer
for the temperature range -30°C to -70°%C, A graph of the
resistance v temperature characteristics is shown in figure 14,
TABLE I, 4. 3.

THE TEMPERATURE VARIATION DURING EXPERIMENT

No. 6
Time: Day 1 2.45 p.m, 3.30 4,30 5, 00
Temperature: ~44,80 -44.70  -44,67 44,70
Time: Day 2 9,00 ajin, 10,30 12p.m, 2,30

T emperature 44, 67 -44, 65 44,70 ~44, 65

The maximum deviation of temperature during the run was

.15°C which corresponds to a control accuracy of T . 075%.

The temperatures and diffusion times for each experiment
are shown below. Preliminary experiments were carried out at
various temperatures and from these trials it was decided that

diffusion times of the order of 24 hours would be required at
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~60°C, decreasing to 2 or 3 hours at -30°C, The times were
long enough to allow sufficient penetration of radioactive
materiel into the bulk of the crystal, such that‘ a reasonable
measurement of diffuséd activity could be made, :

TABLE L4.4 |
THE DIFFruUsSION PERIQ@S' AND TEMPERATURES
FOR THE DIFFUSION EXFERIMENTS

Experiment 1 2 3 4 5
Number , ‘
Temperature 31,5 «37,5  «39,0 44,8 44,8
(°C)
Dyfusion Time 135 213 234 1350 450
(Minutes) : - ‘
Experiment “ g 1o 9 6
Numbex
Temperature
(°C) 50,0 57,5 62,6 «57.5 =48,2
Diffusion Time ,
- {(Minutes) 668 8570 2090 1440 728

Thé experimental procedure wl[f;__h regard to the diffusion
experiments on pivalic acid was very similar to that developed
for cyclohexane, |

Théxe was in this case né need to employ any special

methods for handling the crystels which melted at 35, 5°C, and
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the va_pdur pressure of the solid was very much lower than that of
cyclohexene, This meant the elimination of any handling
difficulties and reduced the chance of error due to evaporation,
‘I‘fm crystal was contained and sealed in the same way as the
cyclohexene had been and the diffusion measurements were nmade
in a thermostat bath which operated from 0°¢C to 40°C,

T émperature control of the bath was by means of a
toluene regulator and Sunvic, N409, electronic relay, which
allowed the teniperatnre to be controlled to t .058°C," The bath

which ‘w‘as‘ surrounded by an ice/water mixiure at temperatures

below 25°C, was heated by a 750 watt, metal immexsion heater,

The temperature of the bath was measured by a N, P, L; calibrated meccury

thermometer,

T‘ﬁé;@émpexature. range of the diffusion measurements on
pivalic acid was limited by the phase transition temperature of
6°C and the melting point, '35. 5°C, In fact the temperature

range covered was from 7°C to 22°C and it was found that

‘diffusion in'this range wasg very rapid,

The latter propexty of pivalic acid meant that the time
allowed for diffusion was comparatively short and all the
measurements were made in periods of less than 2 hours.

As was the case with cyclohexane, measurements of
contamination processes ylelded negative results, The

diffusion periods and temperatures for the diffusion measurements



are shown in Table I, 4, 5,

 TABLE 14,5

THE DIFFUSION PERIODS AND TEMPERATURES
FOR THE DIFFUSION EXPERIMENTS

Experiment

Number 1 2 3 4 5 6
Temperature : :
(°C) Te 2 Do 4 12,0 14.8 18,0 22.2
Diffusion Time ,
(Minutes) 90 20 64 52 98 44

The crystals were removed from the thermoastat at the end of each

diffusion experiment and sectioned immediately,
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THE SECTIONING OF THE CRYSTALS.

A, CYCLOUEXANE,

The amount of radioactive material which has diffused
into the crystal during the d_iffu_sion period can be detérmined in
two ways, | ’

1. The decrease in radioactivity as measgured at the -
surface of the crystal.?' due to penetration of activity
into the crystal, can be measured,-

2, “The crystal can be sectioned parallel to the face on
.whlc'h the radioactive deposit was mgc‘ie and the .
concentration of aciivity in each section determined,

The former method makes use of the fact that radioactive
radlations are absorbed in solids and hence as the radioactive
material penetrstes into the crystal, the radiations from it will
no longer reach the surface and the activity as meansured at the
surface will be reduced, This method will reveal an overall
picture of the diffusion process and it {s discussed at a later
stage, (1.7).

The ta;hnique involving sectioning of the crystals and
measuring the diffused ac.tivity in each section has the advantage
that it results in the direct determination of the diffusion
profile of the radioactive material, Tl{iée profile can often
indicate whether one or more diffusion processes are occurring

in the crystal and is likely to furnish more information about the

O B T L P



diffusion process than the first technique,

It was decided to try to secﬁon the crystals with s
miciotome. because they had proved very easy to cut with a
sharp razor blade, The microtome operated by moving the
crystal, mounted in a chuck, across the path of a knife blade
situai:ed to providé'the correct depth of cut,

The low melting point of cyclohexane, 6,55°C,
necessitated that all manipulation, including sectioning, of the
crystals Ee carried out below that temperature, There
appeared'té be two ways in which the cry_'stai couldi.hbe cooled
during the sectioning process, one was to mount the crystals on a
cooling head and the other was to carry out the operation in a
deep freeze, A head using the expansion of CO, gas as &
cooling system, was empluyed; but it was found difficult to
mount the crystal satisfactor:}i&;fi and the flow of gas tended to
é;ause sublimation from the crystal surface,’ Sectioning in a
deep ireeze however, waixs successful, a Beck microtome being

used for the purpose,:

O

~ In order to carry out satisfactory sectioning of the
crystals it was necessary to have them securely mounted in the
chuck of the microtome,' The method by which the crystals
were fixed to the microtome is illustrated in figure 15, A

square brass block (B) with a hole 3% inches deep drilled in one
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face, was held in the jaws of the chuck (C) by a screw (S, 2.).

The locating rod (L) of tha‘ crystal holder was ?nachined to fit
closely into the hole in the block and was secured in position by a

- screw {5.3.). A flat had been machined at the end of I, onto
which the screw (S, 3.) was tightened, theréby providing a means
of locating the holder into the same poé‘ition in B each time, The
angle of the crystal holder with respect to the knife blade (K} was
varied by loosening thel screw (S, 1.) and moving the chuck,

which was mounted on a ball bearing, into the desired position,

in which it was clamped by tightening S, 1."

The microtome operated by moving the crystal vertically
up and down in one plane, across the path of a travelling knife
blade, One full revolution of the handle (N) served to move the
crystal across the knife blade and also to position the blade for
the next cut, The thickness of the slices could be varied
between 1 and 15 microns,in steps of 1 zﬁ_lcron,by turning the
knob T, there being a click setting for each thickness, which was
shown in a window above T,

It was found that the mechaniam of the microtome
tended to seize in the deep freeze, so all moving parts were
relubricated with silicone grease, after which,no further
trouble was experienced, "

In order to ensure that the sectioning being carried out at
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the low temperature was accurete, a travelling microscope was
mounted above the microtome in the deep freeze, the microscope
was focussed on the knife blade and a series of cutting operations
were performed, during which the travel on the microscope was
compared with the theareticai travel of the knife blade,
Because all sections, during the diffusion experiments, were
taken with the microtome set to éut 15 micron slices, this was
the setting used for the callbration, The result of the calibration
is shown in table I, 5,1," |
TABLE L'5,1,

CALIBRATION OF THE MICROTOME MOVEMENT

Number of Sections w
Cut 25 25 50 25 25 50

Travel of Microscope .038 ,038 ,074 ,037 ,038 .076 (CM.)
Theoretical Travel L0375 ,0375 ,078 ,0375 L0375 075 (CM.)

of Knife
Thickness of Section 15 15

From the results of the calibz;ation it was clear that the
m;crotcme was operating cox"rectly in the d?_ep freeze,

The crystal face for the radioactive deposition was
- prepared by microtoming a specimen until a flat surface was
obtained ;and after the diffusion period, the crystal was remounted

in the same position on the microtome for sectioning,

. 15 15 15 15 (CM, xlm'A)
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- It was found that each slice adhered completely to the
knife blade of the mi.crotomé after the cut had been made and
that there was nevex ény tendency for material to break off,"

The sactiohs were in the form of minﬁte rolls of sof; wax and
were removed from the microtome using cold flexible razor
blades, which allowed the entire slice to be collected, AThe
samples wére washed off and dissolved from the razor blades
with liquid scintillator, which was run into a counting vessel via
| a filter funnel, The counting vessels were sealed and later
used for the determination of the radioactivity of the samples,
A different razor blade was used to collect each slice and it was
possible to prepare ten sections of a crystal in the above manner
in less than five minutes., Because of the nature of the operation
it was not feasible to weigh the slices prior to counting them,

There were three main reasons for this,

1. The samples were liable to sublime rapidly,

2" Condensation of water vepour from the éir was likely,

3. The slices were *greasy’ in nature and difficult to
handle,"

The first property resulted in complete vapourization of
the samples when transferred to tubes for weighing and would
almost certainly have resulted in loss of material before they

could be prepared for counting,: The second effect would have
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been to cause false weighings due to condensation on the sample
or the container,or both." 'fhe third &lftlcuity which arose was
the result of the greasy naﬁre' of the samples and their readiness
to me!,t or sublime, this made transfer of the material without
loss &!mast‘ imapossible," ,

| It was felt that the rapid method of sample collection
outlinedl previously was justified from the experbm#ntal

results, The supposition ‘that the slices were collected at o

‘constant weight, which was made jn the case of cyclohexane, was

supported by the results of slice weighings made latex on
spgcimené of pivalic acid, which was of a fairly similar
physicel nature to cyclochexane, These results showed the
welght of each slice to be almost constant,
It was much easier to carry out sectioning in the case of
pivalic Aac!.d due tc; three main factors,
1,  Plvalic acid melts at 35,5°C,
24’ The vapour pressure ot room temperature of pivalic
acid is low,
3. The sections obtained were not so 'greasy’ as those of
the cyclohexane,
The advantages obtained as a result of these factors were that

the sectioning could be carried out at ‘normal’ room temperature

conditions, that the slices were more readily transferable and



63
that it was possible to waiﬁh the sections before counting them,

The methods of mounting aﬁd sectioning were as
previously described for cyclohexane, without the use of any low
temparaéure devices, The method of slice collection was,
however, different,

After the cut had been made with the microtome, the
crystal slice remained on the microtome blade as before, but in
| this case there was less tendency for it to adhere to the blade and

it was possible to remove the slice with a pair of tweezers,
Qccasionally the slices tended to break onv removal from the
blade, appearing to be éomewhat brittle, but nearly always, it
was possible to remove t@xﬁ entire slice,"

The sections were put into preweighed 2 dram sample
bottles, which were éealgd off and later reweighed, The
welghings in each case were to throe decimal places of
milligrems and the balance used was a Mettler balance,” A
typical series of sample wexgh..ts is shown in table 1, 5.2, The
slice thickness in each case was 30 microns, two 15 micron
slices being used for each sample, A calibration of the
microtome at room temperature using a travelling microscope,
as for the low temperature check, showed the mlcrato;me to be

functioning correctly,



TABLE 15,2,
THE WEIGHTS OF PIVALIC ACID CRYSTAL SECTIONS
| FROM EXPERIMENT NUMBER 2

Number of Slice ' 3 4 5 8 9
Weight of Section 1,333 1.773 1.763 1,781 1,763

Number of Slice 10 11 12 14
Weight of Section 1,727 1.392 1.728 1.776

The loss of weight from slices 3 Iand 11 was due to breakage as
the slices were being transferred from the microtome to the
sample bottles, small fractions of the slices being lost in the
process, .Apart from these two slices, the weights of the
rem_ai_,ning sections were constant to within 29,

After weighing the slices, they were washed from the

: s#zﬁple bottles with scintillator solution into scintillation

counting vessels,from which the radioactivity of the sections was

measured in a scintillation counter,



THE DETERMINATION OF THE RADIOACTIVITY IN THE
CRYSTAIL SECTIONS,
(4)  CYCLOHEXANE-Cl4.
| The radioactive isotope of carbon used in the experiments
decays with the emission of a /3 particle, to form a stable
isotope of nitrogen, of mass 14. |
| ctt -——>‘N,;4 ¥ e (B MAX. =.156 M.E.V,)

The half-life of ii:he carbon 14 isotope is 5600 years (60),
Because of this long half-life and .sin‘ce the daughter product of
the radioactive isotope is a stable one, there is no need to make
any corrections for radioactivé decay during the course of an
experiment, These properties have resuitéd in the widesgpread
use of the C14 isotope for many studies in which carbon is
involved, |

The low energy of the 5 radiation from C14, makes
compounds labelled with it safe to handle, provided direct
contact with the material is avoided,

The detection of the emissions from carbon-14 presents a
problem because of their weakness, This means that methods
of detection which are sensitive to weak /3 radiation must be
used,

Solid-state samples containing the c&rbon-}d; isotope can

'be counted, using thin-windowed G,M,. counters, but the

counting efficiency of this method is poor and it would not be
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very suitable for samples of low specific activity, The
accuracy of the method is limited also by the large corrections
which must be made for backscattering and self-absorption of the
soft 3 radiations. ' '

The most efficient methods of counﬂng curbon-‘lét_ are by
the scintillation and gas counting techniques, The latter
method involves the conversion of the radioactive sample to a
gas oi suitable characteristics, for use in filling a G, M, tube,
‘This gas is then transferred to a counting tube and counted
internally. Since all the activity is inside a cylindrical
cathode, conditions can be arranged such that almost 100% of the
activity is detected,

The scintillation counting technique can also be adapted to
yield very high counting efficiencies for carbon-14. Counting
efficlencies of greater than 90% have been recorded (61), For
scintillation counting the sample is dissolved in a suitable
solvent containing an organic phosphor, The interaction of the
radiation from the source, with the phosphor, resﬁlts in the
emission of light rays, which are detected by a photosensitive
electrode on a photomultiplier tube, and the resulting energy
pulse is recorded by & suitable elecfronic scaler, The
advantages of the method of scintillatipn counting over gas
'countix:g techniques are that no radicsl alteration of the initial
sample is required and that a greater number of samples can be

counted in a shorter time,
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It was decided therefore to use scintillation counting, as
the means of detection of the cyclohexane-C-14 samples. One
advantage which arises from the counting of cyclohexane-C-14 is
that cyclohexane is very soluble in most organic solvents and so
the dizsolution of the samples in the scintillator solutions would
present no problems. The scintillation counting of carbon 14
he;s been the subject of a numbex of publications in recent
years (62, ‘63).
A1, THE SCINTILLATION COUNTER.
The metl;nd used for the scintillation counting of carbon
14 is to dissolve the sample in a liguid scintillator contained in
an optically clear glass vessel, The scintillations emitted are |
coupled up inside a light tight casing to the photosensitive
cathode of a photomultiplier tube, which amplifies the initial
electronic pulse to a level whence it can be detected by a
scaler, which records each signal,

The scheme can be represented as follows:-

1 clt — NI+ BT
2. B ey s + 5
3. 'IB* “‘"""‘) S*‘l‘h’?‘

4, he + P oy ' c
in which /3'.’? is the energetic emission from cerbon 14, 5 is the
activated phosphor molecule and P represents the photocathode,

The scintillation counter used was supplied by Ecko
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Electronics and was the N612 cdunter. The high voltage
required for the photomﬁltipliex (¥, M,) tube was supplied from a
Diynatron N103 power pack and the scaling unit for counting the

pulses from the counter was a Dynatron 1009, E,, scaler, see

figure 16.

ﬁuring initial experiments with the counter, it was found
that stendy count retes could not be obtained from a given
sample during a day's counting using fixed counting cenditions,
It was originally suspected that this was due to faulty electronic
apparatus, but investigation showed this was not the case,
Since the photomultiplier tube is sensitive to its operating
temperature it was decided to thermostat the counter in a deep-
freeze, The reason for using a low temperature was that the
background count rate falls with decreasing temperature,
without affecting the sengitivity of the counter (64). This
leads to increased counting efficlencies, The effect of the

temperature on the background count rate is shown in table I, 6,1,
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TABLE 1.6, 1.
THE EFFECT OF TEMPERATURE ON THE
BACKGROUND COUNT RATE OF THE Nél2
SCINTILLATION COUNTER.

Time 10 a.m, - 10,20 11,10 2¢10 p.m,
Background
Count Rate (C/5) 22 25 | 31 56

(o] o
Temperature 15%¢ 17% . 19 ¢ 21 C
Time 2,50 p.m, 3,10 3,30 3,50 4,05
Background
Count Rate (C/5) 44 33 19 11 9.7
Temperature 17°C 10°% 3% 7% -12%

The background count rate rose steadily during the day and at

2,10 p, m, the counter was lifted into a deep-freeze and the

cooling unit switched on .,!:! the count rate decreased very

sharply, The following day by which time the counter had had a
chance to come to equilibrium with its surroundings, a steady
count rate was observed during a day's counting, The temperature
in the deép freeze was -25°C and the background count rate

readings were as follows:=-
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TABLE L6.2,

BACKGROUND COUNT RATE OF Né6l12 COUNTER

AT -25°C,
Time " 9a,m, 10 10, 30 2pem. 4,15
Background ' ‘
counts/second 6.43 6,36 6,39 6. 39 6,48

" The counter operatmg conditions were as for the previous
tests at room temperature and the reduction of the background
count rate, due to a decrease of 40°C in the ambient temperature,
was‘ approximately 75%. The sdvantages of operating the
counter in the deep freeze were obvious, since it would lead to
higher counting efficiencies and more stable conditions, The
lower limit of temperature to which the counter could be taken
depended on the solubilities of the solutes in the scintillator at
low temperatures, Since -30°C was the lower limit recommended
for scintillator solutions, it was decided not to operate the
counter at a temperature lower than -25°C, Care was always

taken to see that samples to be counted did not contein precipitates,

prior to counting them,

} Having stabllised the counting conditions it was now

necessary to find the optimum operating conditions for counting



/0"

IRy R.x LOj
AN
/

EHT (KV)
O

X/2
4,z
Om

EFFCY
Ly
S
\x

BIAS VOLTS

o

K3 /0 q 2 30 . 40 u
FIGIZ EFFICIENCY V DISCRIMINATOR BIAS VOLTAGE

50




EFFCY

'O - |
70 -
/

ooﬂ \n_
0]

Q|
2 \
50 GAIN o 1000
0 500
A 250
301 . ‘ . .
O ¥ %) 3 2

EHT [K.VOLTY

FIGI8.  EFFICIENCY V EHT AT BIAS OF 30VOLTS



s
carbon-14, With a scintillation counter the best counting
conditions remain fixed for a given isotope, no matter the
chemicgl. form or the activity of the is‘otope.. The most
efficient counting rate is obtained when the value of Rs‘?‘/Rb
reaches a; maximum (65, 66). Rs represents the count rate as
derived from the source and Rb is fhe background count rate
corresponding to the .va.lue of Rs.

| In order to obtain the best counting conditions the most
suitable values of three variable parameters had to be found,

These variables were,

1. The high voltage applléd to the photomultipliez_' tube,
2o The discriminator bias voltage of the scaling unit,
3. The gain of the amplifier following the P, M. tube,

By altering the variables one at a time, the most
suitable values for counting carbon-14 were found, The
sample used for determining the best conditions was made up of
hexadecané-l-(:.' 14 dissolved in 12 ml., of scintillator, The
background was determined using a vessel containing 12 ml,, of
the same scintillator (N,E, 213, supplied by Nuclear Enterprises
Limited), but with no activity present, The results of the
experiments are shown in figures 17, 18 and 19, I'rom figure 17,
it can be seen that for a gain of 1000, en H,T, of 1200V,,
coupled with a discriminator voltage of 30V, yields the highest ‘

efficlency, ¥From figure 18 the effect of various gains is shown
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on the efficiency versus ¥, T, curves and figure 19 shows
curves obtained for gain versus efficiency plots. From an
analysis of the curves the best counting conditions for carbon 14
were found to be:- |

() HE,T. =1200 Volts

(i) Discriminator bias voltage = 30 Volts

(it) Amplifier Gain = 1000,
Under the optimum conditions it was found that the actual
counting efficiency for C14 was 62%. This figure was determined
by counting a standard sample of hexadecane-1-C14 dissolved in
N,E, 213 scintillator, The background count rate at this
efficiency level was about 5 counts pexr second, The conditions

noted above were used throughout for the scintillation counting of

carbon 14,

Cccasionally it was noted when counting samples that a
steady count rate was not initially observed, This effect was
found to be mainly due to two factors, One was‘that the
sample was not adapted to the temperature of the counter and the
second was due to residual phosphorescence in the scintillator
and the container, Doth these effects were overcome by
adapting the samples to darkness and temperature in the deep

freeze for about 20 minutes prior to counting them. (67)
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T o determine what effect, if any, the volume of
scintillator added to a sample, would have on the count rate,
increasing amounts of scintillator were added to a sample of
hexadecane~(C14 and the count rate observed efter each
addition, The result is shown in table I, 6, 3.

TABLE I; 6. 3,
THE EFFECT OF ADDING INCREASEJG QRQUANTITIES
OF SCWTILLATQR ON THE COUNT RATE OF A

SAMPLE
Quantity of N, I, 213
added to the sample 2,85 - 4,90 8,90 16,90
(M, L)
Count rate of sample

and background 140 144 145 144
(counts/second) .

With quantities in excess of 5 ML,, the count rate was
virtually unchanged up to the full capacity of the container used,
In practice about 10 ML,, of scintillator was used for dissolving
samples to be counted, |

It is known that certain types of chemical compounds
tend to quench the count rate from radioactive scintillator
solutions (61, 67) and it was important to know whether
cyclohexane would have such an effect, A solution of hexadecane-C-14
was prepared with N, E, 213 liquid scintillator and ?.ts count rate

determined, Successive amounts of cyclohexane were then
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added to the solution and the count rate noted after each
addition, It was found that no sighiﬁ:’:ant change in the count
rate occurred until approximately 2 ml, of cyclohexane had
been added to the sample, The result of this teat is shown in
figure 20, Since the quantities of cyclohexane to be counted
were of the order of a few milligrams, the effect of quenching
could be ignored, '

A, 5. PREPARATION OF SCINTILLATOR,

Becausge large aquantities of scintillator were liable to be
required it was considered desirable to make up batches of
scintillator in the laboratory. The preparation of liquid
scintillators has been the subject of a number of written |
articles in the past (68, 69)., The scintillator which was
finally adopted was made up of 3 grams/litre of diphenyl-oxazole
(P. P, 0,) and ,1 grams/litre of 1, 4-di-[ 2-(5-Fhenyloxazolyl) 7
Benzene, {Popop). The form:r chemical acte 2a a phosphor
while the latter serves to shift the spectrum of the emitted
light to match the spectrel response of the P, M, tube, The
P. P, 0, and P, O, ¥, O, P,, were supplied as *scintillation
grade' chemicals by Nuclear Enterprises Ltd, The toluene
solvent was !analar grade' supplied by B,H.D, The counting
efficiency for C14 under the optimum counting conditions and

using the scintillator, as outlined above, was 60% which compared

very favourably with the figure of 629 using the commercial




N
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N.E.213 scintillator.

All co:unting of cyclohexane-Cl4 samples was carried out
using the Iab-px;epared scintillator and employing the optimum
counting éanditions for Cl4 as previously described, The
samples were counted to an accﬁracy of at, least 2% and, more
generally, the figure was' 1%.

The energy of the /3 particle emitted from the decaying
tritium atom is weaker than that from carbon 14, It is, in
fact the weakest /3 particle emitter known and very sensitive
method(t of analysis are required for its detection, Decause of
its gﬁoff:) radistion the use of tritium as a tracer has been
widésp;'_ead,especially in biological studies (67),

H = Hel + /5 (E 5 max = , 02 MEV)

The method used for measuring the tritium activity was
similar to that previously described for carbon-14,with several
modifications,

Because of the weakness of the tritium radiation more
sensitive counting conditions were required for its detection
then had been thé case with carbon=14, It was found, by
increasing the sensitivity of the scintillation counter in the deep
freeze, that very high background count rates were obtained and
these rates were subject to flucfuation. The increase in

sensitivity had been effected by increasing the high voltage
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applied to the P, M, tube and reducing the discriminator bias
voltage, It was felt that if the response of the scaler could be
controlled, such that it would only count pulses within a given
energy range, that much of the background noise couid be
eliminated, |

The reason for this conjecture was that the electronic
signals amplified by the ¥, M, tube, vary in strength according
to the origin of the signal, The pulses generated by scintillations
due to radioactivity, are generally more energetic than the
~ background pﬁls_es. most of which result from thermal noise of
the . M, tube, Thus if these weak signals could be eliminated,
the background count rate would drop and the counting efficiency
would rise. This effect was achieved by using a more complex
counting circuit than that used previously, including a pulse
height analyser,

A block-diagram of the circuit used for counting the
tritium activity is shown in figure 21, It consisted of an Icko
scintillation counter (I, 664, B) followed by a Nuclear Enterprises
linear amplifier (N, E, 5202) and pulse height analyser (N, E, 5102),
The signals from the pulse height analyser were fed to a
Dynatron 1009E scaler and automatic timing unit,, power for
the P, M, tube was from a Nuclear EInterprises power pack
(M. B, 5302),

The scintillation counter, in this case, was operated at
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room temperature and the . M, tube was thermostatted by a
water jacket through which meins-water was passed, The P,M,
tube in the counter had been gpecially selected for its low thermal
nolse characteristics and the background level of counting at room
temperature was lower than for the counter in the deep freeze,
The mcorﬁoration of the linear amplifier allowed e grester range
of amplification to be studied and led to a more stable output to
the scaling:'circuit.

The signal f:r om the amplifier was transferred to the
pulse-height analyser and it was here that a separation of the
source and background counts could be made, The effect is
shown in figure 22, Dy suitable adjustment of the gate width,
which was representative of the energy range which the analyser
would pass on to the -scaler. and the pulse height, which set the
threshold of the energy spectrum, it was possible to cut out much
of the background noise, |

The conditions which were employed for counting the
tritiated acid samples were as follows:~

(1) Amplifier Gain 6400

(2) Gate width 30 Volts

(3) P.M. voltage 1400 volts

(4 Pulse height 6 volts

(5 Termperature 159C

The background under these conditions was abuut 4 counts
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per second and the counter efficiency for a sample of trlfiated
water was 30%.

Because the light quenching effect of oxygen containing
componnds is often severe, it was important to know if pivalic
acid would have such an effect, It was fouhd that the addition of
up to 10 g, of pivalic acid to a solution of tritiated hexadecane in
scintillator, had no effect on the count rate.‘ Since the weights of
samples being niéasured were all of the order of 3 mg, it was
considered that the quenching effect could be ignored,

When counting samples the background was measured
twice a day and was found to be constant, All the pivalic acid
sampleé were analysed for radioactivity to within an accuracy of

2% and more often 1Y%,



As mentioned previously in section I, 5. it is sometimes

possible to measure the overall rate of diffusion of a radioactive
material into a solid by studying the rate at which the radioactivity,
as measured at the surface of the solid, decreases, due to
diffusion of material from the surface into the solid (70},

The conditions required for diffusion are similar to
those previously described for the sectioning method, in that an
infinitely thin source is deposited onto a right-end-face of a
semi-infinite cylinder and allowed to diffuse, An end-windowed
G.M, counter, situated over the deposit, is used to measur;: the
rate of decrease in activity of the lattex. This method is very
useful, when isotopes, having weak radioactive emissions, are
being employed., The reason is that radiation from these
isotopes is strongly absorbed by thin layers of solid and hence,
even a very slow diffusion process can be readily detected by the
method,

Although the weak radiation of an isotope can be useful
for detecting a slow diffusion process, it also presents one of two
- main problems assoclated with the present study. The first of
these is associated with the detection of the weak radiations from
the carbon~14 form of cyclohe;:ane and the second arises from

the high vapour pressure of the latter in the solid state,
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Because of its high vapour pressure it was necessary to
seal off the radioactive cyclohexane deposit completely from the
atmosphere and the neéi. hed to be very thin to allow passage of
the radiation to the G.M, tube, Thin élaas films were used but
these hwaﬂably cxacked when they w;ére thin enough to transmit
the radiations, a film thicknéss of api)xoximately 2 mg, cni?. was
required. Mica was found to be more suitable for sealing off the
deposit, but here also, small cracks tended to occur in the mica
i it was too thin and in this case the count rate from the surface
did not decrease, bﬁt increased, presumably because of escape of
ra&loaétive vapour into the gpace surrounding the G.M. tube,
The counting efficiency obtained with a good mica film was about
3% of the surface activity,

I E ~ _APP

An apparstus which would allow continuous measurement
of the surface activity during a diffusion experiment was constructed
and is outlined in figure 23, A cylindrical brass casing (B) was
made to house the G. M, tube (G), which was an Ecko MX148
thin windowed counter, The window of the counter faced the
surface of the cyclohexane crystal which was retained in a
crystal holder (H) of the type shown in figure 10, The flange of
the crystal holder screwed into the open end of ¥i, the other end of
which was brazed to a long copper tube through which the leads to

the G, M, tube were passed, The copper tube also served as a
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support fo# the ~:atjp;panv:a;ln.u's when it was lioﬁvéx"-!ed into the thermaostat
during a diffusion experiment, ‘The whole device was liquid
tight.

The mica window used to preserve the crystal and its
deposit was sandwiched between two thin brass discs one o‘f-whlcﬁ
had a protruding rim round a central orifice, The discs, which
interlécked by means of three pins to avoid them iurning against
each other and crushing the mica film, set &gamst the flange of
the crystal holder, the rim of the lower one fitting cllosely
.in_side the opening of the flange, The centres of both discs had
been drilled out to a radius of 8 mym. to allow passage of
radiation from the crystal surface to the G, M. counter through the
mica window (W), The discs served to support the mica and
limit the detectable radiation to a well defined area of the crystal
surface, This was necessery because some radioactive
cyclohexane always tended to condense on the flange of the crystal
holder during the deposition and radiation from tﬁls source would
have led to experimental errors, Durln.g an experiment close
contact between the G, M, tube and the ﬂ&i_‘xge of the crystal
holder was maintained by a plastic spring (5),which pushed the
G.M, tube onto the flange, .

The lower temperature limit for operating the spparatus
was fixed by the G. M, tube which could not be operated below

~-55°C, Between tempér-ntures of +20°C and -50°C the counting
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efficiency of the tube was constant to within 1%, below -50°C the
efficlency started to drop, The counting characteristics of the
tube were studied and a plateau was found between applied
voltages of 350 and 650 volts with a slope of 1% per 100 volts,

All counting was carried 'ouf at an operating voltage of 450 volts

and the background count was fairly consistent at 30 counts per

minute,

' Prior to an experiment, the apparatus for the surface
decrease was cooled to =30°C in the deep freeze, A crystal was
mounted in & holder and a radioactive deposition carried out, as
described in section I, 3,A, .After the deposition, the mica
window was fitted over the flange face of the crystal holder and
the latter sn";i_cewed tightly into its seating in the brass cesing for
the G, M, tube, The complete unit was then suspended in the
low temperature thermostat bath being supported by the copper
tube which held the leads for the (i, M, tube, Immediately after
immersing the counter into the thermaostat the former was connected
to a scaler via a probe unit, The scaler was a Dynatron 1009%,
type, fitted to an automatic timing unit, A.sarle's of readings of
the count rate were taken at frequent intervals from which the
rate of decrease of the surface activity could be measured, The

count rate was plotted as a fraction of the initial count rate at the

start of the experiment, Background counts were taken hefore
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and after each experiment, In the experiments which were

successful the time taken for the count rate to décrease significantly
varied from 30 minutes at ~30°C to 15 hours at ~50°C,

It was not found practicable to section the crystals
after the surface decrease experiments due to distortion of the
crysta} surface by the locating ring of the bYrass disc supporting
the mica window,.

A similar procedure was not employed with pivalic acid
due to the weakness of the i'adiation from the tritiated tracer

which could not be detected by the G, M, tube,



CHAPTER 11

THE RESULTS OF THE DIFFUSION EXPERIMENTS AND
THEIR INTERPRETATION
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The results of the diffusion experiments,

The results of the successful diffusion experiments are
given in the following tables, The results for self-diffusion in
cyclohexane using the sectioning technique are shown in tables
2.A.1 to 2,4,10 and tables 2,AD,1 to 2, AD. 4 show the results for
cyclohexane obtained using the surface-decrease method, Tables
2.B.1 to 2,B. 6 show the diffusion results for pivalic acid, using
the sectioning technique,

Because of the cubic form of the crystal structure of
cyclohiexane and pivalic acid, both have face centred cubic structure,
no particular crystallographic direction was preferred for any
particular experiment, It was assumed that the nature of the
diffusion, as hed been found for all other diffusion studies on
cubic solids, would be isotropic, In practice all the diffusion
experiments were performed on single crystal sections, such that
diffusion was measured along the length of the principal growth
gxis of the crystal,

| Preliminary experiments were carried out for each of the
three sets of diffusion experiments in order to determine suitable
conditions,

In the case of the sectioning experiments on cyclohexane a
vapour pressure of .5 cms, of mercury was developed in the
storage bulb, B, fig, 8 and this was found suitable for making the

deposition, The vapour corresponded to about .5 mg, of radioactive
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cyclohexane and yielded an initial surface activity of 800 counts

per second, Irom initial experiments it was found that diffusion
times of the order of 1 hour at ~30°C and 50 hours at -60°C were
required to produce measurable diffusion, The diffusion times
for each experiment are shown in table I, 4,4,
| It was found that a much higher activity was required to
produce a measurable xgcdrcl of the surface decrease of activity
during these experiments on cyclohexene, The surface. deposit
required was of the order of 1 mg, and a vapour pressure in I of
2 cms, was used to produce this deposit, The diffusion times
required to produce a reasonable decrease of the surface of
activity corresponded fairly well with these required for the
sectioning method at the same temperature, The diffusion
periods for the surface decrease experiments are shown in
tables 2, AD,1 to 2,.AD. 4.

The diffusion rates in piiralic acid over the temperature
range examined were all found to be of the same order and diffusion
times of about 1 hour provided sufficient penetration of diffused
activity to enable the diffusion rates to be measured, The times
for diffusion are shown in table I, The results of these diffusion
experiments and of the other diffusion experiments are shown in
the following tables and the interpretation of thege results is

developed in section I, 2,



TABLE 2.A.1. | Diffusion at =31, 5°C

No. of Thickness Depth of Depth(c) Activity of Log of
Crystal of Slice 3 Centre of Squ?ed 4 Slice, Activity
Slice - GM x 10 Slice from CM®™ x 10™ Counts pex
the :‘mu:."i’m.:.ca.3 Second
{>)CM x 10
' 2
x X A logwA
4 3.0 10,5 1. 130 8.9% .10 .95
5 3.0 13.5 = 1.855 8,3% .10 .92
6 3.0 . 16,5 2,756 7.4t .09 .87
7 3.0 19,5 3,835 5,7 %.00 .76
8 3,0 - 22.5 5, 083 2.6 £ .07 .42
9 3,0 25.5 6,632 1.2 1 .07 .08
10 3,0 28,5 8,153 gt 06 -16



TABLE 2,4, 2.

No. of
Crystal
Slice

~N o ;m s W

Slice
Thickness
CM = 107

1.5
3.0
3.0
3.0
1.5
1.5

1.5

X

W75
3.0

6,0

9.0
11,25
12,75
14,25

Depth of Depth
SMice from Squared
Surface

(CM x 10 (CM? x 109

.

X

« 00563
. 090
« 360
. 810
1,265
1.625
2,030

Diffusion at -37. 5°C

Activityof L.og

Slice in Activity

Counts/
Second

A logl o

1stias 2,07
106 1,14 2,02

39,95 .45 1,60
4.5 ¥ .42 1,53

20.6 t.a‘? 1. 31



TABLE 2.4.3 Diffusion at -39°C

No, of Slice Depth of Depth Activity Log
Crystal Thickness Centre of Squared of Slice Activity
Slice | Slice from Counts/
Surface Second
cM x 10%3 Xx 10+3(cms)_ Xx 10" %em® A Logie A
2 1.5 2,25 . 0506 40,2t .44 1,60
3 1.5 3.75 141 3.3t 4 157
4 1.5 5,25 . 275 34,41 .38 1,53
5 1.5 6.75 . 456 26,9 % ,30 1.43
6 1.5 8,25 - .681 18,2% .22 1,26
7 1.5 9,75 . 951 18.3% .22 1.26
8 1,5 11,25 1266 13.3% .17 112
9 1.5 12,75 1, 624 9.5%,13 ,97
11 1.5 15,75 2,480 5.0 £ .00 .69




TABLE 2,A.4

No, of
Crystal
Slice

~N G A W N

11
12

Slice
Thickne
cem x 10

1.5
1.5
1.5
1.5
1.5
1.5
15
1.5

Diffusion at -44,8°C

Depth of Depth (X) Activity of Log

Slice Squared. Slice in Activity
Centre em? x 104 Counts/
from I'ace. Second
tm x 103
X X - A log, A
W5 .00563 66,8 .71 1.83
225 c0506  34,7%,44 1,54
3,75 . 141 32.8% .42  1.52
5,25 215 2Tt 144
6,75 . 456 23.2% .33 1,37
9,75 .951 10,10 % ,20 1,00
15,75 2,480 3,4%.12  0.53

17,25 2,972 1.9% .11 o.28



TABLE 2.A, 5. Diffusion at -44,8°C

No, of Slice Depth of  Depth Activity  Log
Crystal Thicknegs Slice Squared  of Slice Activity
Slice cm x 10°  Centre from - =~ Counts/
Surface em x 10 Second
cm x 10
X x* A log, 54
1 1.5 W75 . 00563 149 ¥ 1.5 2,17
2 1.5 2,25 0506  85%.87 1,92
3 1.5 3.75 . 141 93,7t .96 1,97
4 1.5 5, 25 275 54,8% .58 1.73
5 1.5 6,75 456 28,91 .32  1.46
3 1.5 8.25 . 681 17.3%5 .21 1,23
7 1.5 9,75 J951 9,5t .13 .96



TABLE 2.4.6

Nos of
Crystal
Slice

NN et e N

10
12

Slce
Thickne
cm x 10

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

gs

Depth of
Slice
Centre
from IFeace
cm x 10

X

75
2,25
B.25
6.75
8. 25
9.75

12,75
14,25
17,25

Diffusion at -48,2

Depth (X)
Squitred
x 104

X?.

. 0056
. 0506
275

. 456

.681

. 951

1.624
2,030
2,975

Activity of
Slice in
Counts/
Second

A

325 % .37
26,4 f 31
21,01 ;26
18,0% ,24
15,5 H . zi
12.5% .18

6.4% 09
4.8% 03

2,21 .07

L.og

. Activity

log 1 OA

1,51
1,42
1,32
1,25
1,19
1,09
.80
. 68
.34



TABLE 2.4.7 Diffusion at =50, 0°C

4

No, of = Slice Depth of Depth (X) Activity of Log
Crystal . Thieknegs- Centre of Squared , Slice in  Actlvity
Slice =~ cmx 10 Slice cm? x 10% Counts/
from Face Second
(x) ‘
cm x 103 x* A logr1 o?
1 1.5 W75 .00563  23.6%.28 1,37
3 1.5 3.75 141 19,6 ,24 1.29
4 1.5 5,25 . 275 17,1 .22 1,23
5 1,5 6,75 456 12917 1.1
6 1.5 8. 25 . 681 9.4% .14 .97
7 1.5 9,75 951 5.9% .08 77
8 1.5 11,28 1. 266 45t .08 .65
9 1.8 12,75 1. 624 2.7% .07 43

10 1.5 14.25 2,030 1.4 L ,06 .14



TABLE 2.4.8 Diffusion at =57, 5°C

No, of Slice Depth of :Depth {X) Activity of Log
Crystal Thicknegs Slice ugred Slice in Activity
Slice cm x 103  Centre cm® x 10 Counts per
from Face Second
em x 103 .
X X A log, o8
1 1.5 .75 .0056  136t1,4 2,13
2 1.5 2,25 L0506 122%1.3 2,09
3 175 3,75 | .141 109t 1,1 2. 04
4 1.5 5425 J2758 101 21,0 2,00
6 1.5 8.25 . 681 69.6%.73 1,84
8 1.5 11.25 1,266 42.5% .46 1,63
9 1.5 12.75 1. 624 29.6 £.33 1,47
10 1.5 - 14, 25 2,030 21.6%.25 1,33

11 1.5 15,75 2.480 17,0t .20 1,23




TABLE 2.4.9 Diffusion at -57. 5°C

No, of Slice Depth of Depth (X) Activity of Log of
Crystal ‘I‘hicknggs Centre of Squared , Slice in Activity
Slice cem x 10 slice from cm? x 10% Counts/
Face (X) Second
cm x 10
1 1,5 75 .00863 46.5% .57 1,67
2 1.5 2,25 0506 15,7 .27 120
3 1.5 3,75 . 141 14.6 1,26 1,16
4 1.5 5,25 275 11,7 23 107
5 1.5 6.75 456 - 6.8Y.19 .83
6 1.5 8. 25 681 3.7% .13 .57
7 1.5 9,75 L 951 1.4% .15 .08
8 1.5 11, 25 1,266 8t .1 .10



TABLE 2,A,10 - Diffusion at =62, 6

No. of Slice Depth of Depth (X) Activity of Log
Crystal Thickness Slice Squared 4 Slice Activity
Slice em x 103 Centre cm? x 10% Counts per
: - from Eace’  Second
em x 10
X % *
_ A logwA
1 1.5 .75 . 0056 222t 2,3 2.35
2 1,5 2,25 . 0506 182t 1,9 2,26
3 1.5 3,75 . 141 113¥1.2 2,08
4 1.5 5,25 215 est.1z2 1,83
5 1.5 6.75 <456 32t 36 1. 50
6 1.5 8. 25 . 681 1.6 .16 1,06
7

1.5 9,75 . 951 3.2% .08 , 50




TABLE 2,A.D.1 Diffusion st =31, 5°C

Diffusion Time Surface Activity Surface Activity (bs)
(Minutes) (Counts per Second) Initial Surface Activity A

0 Sd. 32 1
5 23,67 .782

10 - 20, 60 " . 680

13. 5 17, 87 590

17.5 16, 24 oy

21,5 15,27 ' 04

25 15(?1 «496

29 13. 60 , 4438

33 12,87 . 427

38 1z 402

46 12, 07 . 398

79 11,00 . 363



TABLE 2,A.D,2

Diffusion Time
(Minutes)

130
1585
190
210
1290
1301

Surface Activity
Counts per Second
8, 65
7.75
6. 90
6, 68
6. 20
5.98
5, 54
5,31
5. 18
5. 20
5. 20
4,45
4,36

Diffusion at -39, 8°C

Initiel Surface Activity

1

«896
« 798 .

772
«718
. 692
» 640
614
« 600
« 604

« 604

« 398
« 390

(8-

o




TABLE 2,8.D.3 Diffusion at -44, 5°C

Diffusion Time $ur£ace Activity Sxﬁ,gg_g_ﬁ_:nﬂm______, ‘_A___)
(Minutes) {Counts per Second) Initial Surface Activity Ao
2 ‘ 9.35
7 9.35
19 10,45 | 1
31 9,95 .91
57 9.25 .88
111 7.50 714
130 7.25 « 690
233 7.42 « 707
295 7.10 « 686
450 6.89 « 657
510 6.65 .633

1507 5. 60 « 533



TABLE 2,A.D.4 Diffusion st -50°C

Diffusion Time Surface Activity Surfsce Activity _ ( A_ )

{Minutes) {Counts per Second) Initial Surface Activlt‘y‘ Ap
0 19.3 1
5 21,7 1
9 22,4 | 1
24 22,4 1
42 22.3 1
54 22,3 ‘ 1
823 15,6 . 695
868 15.8 702

905 15,3 « 680



TABLE /2, B. 1, Diffusion at 7, 2°C

od

o

'No. of Thickness Depth of Depth (X) Specific Log

Crystal of Slice Centre of Squared = Activity of Activity
Slice cm x 103 Slice from cm® x 10% Slice in
| Face (X) Counts/
cm x 103 Second/mg
X : X" A logloA
3 3,0 7.5 562 13.9t.15 114
4 3,0 10,5 1,100 1,6t,12 1,06
5 3.0 13,5 1,822 10.6f.,11 1,03
8 3.0 22,5 5,065 7.8 .09 .89
9 3.0 25.5 6+ 50 6.1 .07 .78
10 3.0 28,5 8,12 4.5% .06 .66
11 3.0 31,5 9,92 3.8%,05 .58
13 3.0 37.5 14,06 2.2%,04 34
14 3,0 40,5 16, 40 1.8Y,03 .25

15 3.0 43,5 18, 93 1.2% .02 .08




/

TABLE 2.B,2 * Diffusion at 9.4°C

No, of Slice Depth of Depth (X) Specific .~ Log of
Crystal Thickness Centre of Squared in Activity of Actlivity
Slice in Slice from cm? x 104 Slice in
: " em x10% Facein Counts/
cm x 103 Second/mg
2
X X A log; oA
3 3,0 7.5 .562  41.6 % .43 1,62
4 3.0 10, 5 1.110 46,3L .47 1,67
5 3.0 13.5 1.822  36.6% .38 1.56
6 3,0 16, 5 2.723 29.4% .31 1,47
9 3.0 25.5 6, 500 28,0%.29 1,45
10 3.0 28.5 8,120 224,23  1.35
14 3.0 40, 5 16, 40 8.35.09 .92
15 3,0 43.5 18,93 5.8 % .07 .76

16 3,0 46.5 21,62 4.5t .06 .65




TABLE 2.3.3.

No, of
Crystal
Slice

W U b W

10
11
14

3.0
3.0
3.0
3,0
3.0
3,0
3.0

Thickness Depth of
of Slice 3
cm x 10

~ Depth (X)
Centre of Squared
Slice from cm? x 104
Tace (X)
cm x 10
X x*
7'. 5 2 562
10,5 1.101
13.5 1.822
22, ’5 5, 065
28,5 8.12
31.5 9.92
40,5 16,40

Diffusion at 12°C

Specific Y.og
Actlvity of Specific
Slice, Activity
Counts per

Second per

mge .

A log’; o

5,28 %,09 .72
2.52% .05 ,40
2.87%,06 .46
1.84% 04 26
1.57 .05 .19
96f,05 .02
46,03 -,34




TABLE 2,B,4.

No, of
Crystal
Slice

=N+ B - T ¢ G U o

11
12
14
15

of Slice
cm x 103

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

3.0

. Thickness Depth of

Centre of

Face
cm x 103

X

4,5
7.5
13,5
16.5
22,5
25.5
31.5
34,5
40,5
43,5

Diffusion at 14, 8°¢

Depth (X)
Squared

X'Z

.203

. 562
1,822
2,723
5, 065
6. 50
9.92
12,25
16,40
18, 93

Specific Activity Log
of Slice in Gounts/ of
Slice‘from cm? x 104 Second/mg,

A

17.11 % .18
18,66 % ,20
15,48 ¥ ,16
10,36 1 .12
7.72% 08
6.01 % 07
4,481 05
3,86 L ,04

1,77t .03

1.24 % .02

Activity

logl OA'

1.23
1,27
1.19
1. 02
« 89
.78
«65
«59
« 25
.09




TABLE 2,B.5

Diffusion at 18°C

No. of  Thickness Depth of Depth (X) Specific  Log of

Crystal  of Slice
Slice cem x 103

3 3.0
5 3,0
6 3.0
8 3,0
11 3.0
13 3.0
15 3.0

Centre of Squared . Activity Specific
Slice from cm® x 104 of Slice  Activity

‘Face Counts per

cm X 103 - Second per

| mg.
X x* A logy A
7.5 562 12.4%,12 1,09
13.5 1.822 1.6t .11 1,06
16,5 2,723 %.6%,10 .98
22.5 5065 6,5%,08 .81
31,5 9,92 5.4 .07 .13
37.5 14, 06 4.5 07 65

43,5 18,93 4.0 % ,06 .60




TABLE 2.B.6

No, of
Crystal
Slice

10
11
12
14
15

3.0
3.0
3.0
3.0
3.0

Thickness Depth of
of Slice 3
cm x 10

Depth {X)
Centre of Squared
Slice from cm? x 104
ace (X)
cm x 103
X x*
28,5 Be12
31.58 9.92
34,5 12,25
40,5 16,40
43.5 18,93

Diffusion at 22, 2°C

Specific Log of
Activity Specific
of Slice Activity
{(Counts

per Second

per mg.)

A lagl 0B

3,60t ,11 .56
2,911 ea 46
2.20% 04 .33
1,40t 06 134
1,00% 05 ,o003




' 86
A Interpretation of the results,

‘e Ao The interpretation of the diffusion results for cyclohexane obtained
by the sectioning technique,
()  The choice of & diffuslon equation,

The conditions under which the diffua_ion. studies have been
carried out can be interi:»reted in terms of an infinitely thin source
diffusing into an infinitely thick medium, This inferpretation
applies when the source thickness is negligible éompared to the
depth of diffusion, ﬁvhich in turn is less than the thickness of the
diffusion medium, |

‘The solution of the diffusion equation for an infinitely thin
source diffusing from the right end face of a semi-infinite cylinder,

which is the solution applicable to the present experiment, is (1, 3)
2
- —.—-Qunm "y = .. B33
G-\/ﬁ kxp[4nt J. « o IL1,

2 is the total quantity of the diffusing source,
C is the concentration of the diffusing species at a perpendicular
distance X from the source,
t is the time of the diffusion process
and D is the diffusion coefficient of the diffusing species,
The expression tends to zero for values of X approaching

infinity when t > O,
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Taking logarithms of equation 1L 1., we obtain:-
' 2
2 B
lOgeA = logm - . 4Dt . . . . 11, 2.
in which A repreéents the concentration of radioactivity of
the diffusing isotopic species and (2 represents the total radioactivity
of the source, If the above interpretation of the diffusion conditions
is correct, then a plot of the logarithm of the concentration of
radioactivity at a dépth’ X, after o time t, versus the square of X,

should yield a straight line of slope,

-
" 4Dt

If logarithms are taken to the base 10, the slope of the
straipght line will become - %—%ﬂ—e « The diffusion period, t, is
known from experiment and hence the diffusion coefficient can be
calculated from the slope of this line,

Flgure (24) shows a series of plots of logm.& versus Xz,
made fi'am the results of the diffusion experirxients. The linearity
of the plots suggests that the conditions for diffusion, as required by
equation 1I,1,, are correct,

The diffusion conditions were such that the depth of diffusion
was of the order of 100 times ihe thickness of the source and timt
the thickness of the crystal was 100 times ‘greater than the diffusion
distance, These ﬂgure‘s were calculated on the basis that the

source thickness was of the order of 1 micron [ as indicated
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previously {section 1,3, 4,)7, that the diffusion depth was between

100 and 200 microns {as shown by experfment) and thet the thickness
,of the crystal specimens was 1 cmy
(83) ~ Calculation of the diffusion equation for self-diffusion in

. solid cyclohexane, .

‘The diffusion coefficients for self-diffusion in ,sqlid‘-
cyclohexane were evaluated from the slopes of the logygA versus X>
p;lotsg; shown in figure 24, ‘The slopes in each case were calculated
‘by the method of least mean squares frem the experimental points,
The results of the calculations are given in table IL 1,

'TABLE 1,1,

SELF-DIFFUSION COEFFICIENTS FOR CYCLOHEXANE

Numher Diffusion ' il 3 Diffusion Coefficient

Tempexratire T onee % 10 2 -l
TG TR T D, CM™ SEC™

1 =31.5 2417 4,137 72122077
~375 - 2357 4,242 2,35 x 1077
~39.0 234.2 4,210 2.05x107°
448 2284 4378 8.e6x 1070
-44,8 22804 4,378 8.70.x 10710
4842 225.0 4,444 6.54%.10710
=50.0 223.2 4,480 4,53.x.10™10

®» N e A W

~57.5 2157 4,636 1,01 x,10°10

9 -57.5 215,7 4,636 1.12 x 10~10
10 ~62. 6 210,6 - 4,749 4,53 x 1071}
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The tempersture dependance of the diffusion process can be
described in terms of an Arrhenius equation which gives (3):-

-%'f) o« » . . . . 1103

D =DoEXP( -
Poand & aré constants of the equation, £ represents the
acuvation energy for the diffusion process. _
Taking logarithmg of both sides of equation IL 3., gives
logy oD = logygDo = logy o€ { ‘I%IT) e o o IL4

A plot of lgng versns‘%‘ should give a straight line of slope

- log o€ . ()

with an intercept of log;gDo.
Figure 25 shows such = plot drawn from the values in table IL A.1,
The glope and intercept of thé line were determined by a least mean
squares calculation from the experimentsal points and from these
values were derived the constants of equation IL 3.

The results obtained show that the self-diffusion coefficient
in solid cyclohexane varies with the absolute temperature, according

to the equation:-
6 w6,50% 300, 2 -
D=[610%3,797 x10% EXP, - J Ry ] €M® sEC

The calculation of the above is shown In the appendix,
The Interpretation of the diffusion results for pivalic acid,
The results for diffusion in pivalic acid were treated in the

same manner as those for diffusion in cyclohexane since the
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conditions for diffusion were similar in both cases,

Application of the diffusion equation II 2,’'to the diffusion
results led to a series of linear plots for 1ogmA versus Xz, as
shown in figure 26, A least means squares calculation to find the
best straigﬁt line for each set of experimental points led to the
evaluation‘ of the diffusion coefficients shown in table II, 2,°
TABLE IL'2, |

SELF -DIFFUSION COEFFICIENTS IN PIVALIC ACID

- Number Diffusion Diffusion

1 7.2 280, 4 3, 565 3.54 x 1078
2 9.4 282.6 3.539 4,29 x10°8
3 12,0 285, 2 3,507 4,92 x 1678
4 14.8 268, 0 3.472 5,68 x 10°8
5 18,0 291,72 3,438 6.53 x 10”8
6 22.2 295, 4 3,395 8,08 x 10°°

The temperature dependance of the diffusion process is
shown in the Arrhenius plot, figure 27, and from a least means
squares calculation from the experirmental points on the plot the
constants of equation II, 3, were evaluated, (see appendix),

‘The results obtained show that the s:jr.diffusion coefficient

in solid pivglic acid varies with the absolute temperatu?e according
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to the equation:-

| , |
' . 10,000 « 300 g
D = (2,25 ¥ 1,25, mxp - (AW0022300y o2 grc-t

Intexpretation of diffusion results obtained fox cyclohexane by the
surface decrease method,

The dﬁfuaim conditions for the suﬁa§§ decrease experiments
were the same as for the prevlcual experiments in which sectionmg

was employed, The equation IL 1,'is therefore applicable:-

C =T pup ( x*
VDt = 4Dt

) . . . . II- lo”

Considering a section of crystal situated between the distances
Xand X + dx from the surface and supposing that the activity is
exponentially absorbed, the contribution to the activity aé measured
at the surface will be dA (70):-
dA = K= EXP ( --x?-*) TEXP{ - MX) dx " 5
= W ] 4Dt . ] ¢ . "
is the lineax absorption coefficient of the particles and X
is a proportionality constant depending on the geometry of the
counting,
The total activity et the surface iz given, therefore, by:-
' Lo\ ] .
2
- , X
A-I{V:}T%F [Exp"m +/Mmdx . . . . IIIoﬁ
Changing the variable and substituting
. S
KZ) = Z\Vbe +AIDt

“. can be shown that

A=KQEXP(/PD) [1oextWBO ] . . . ., , ILT.
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The total surface activity prior to diffusion is measured as

Ao = KQ, from which one can obtain:-
ﬁ’- = EXP‘}uth) [l-exifJDO7 . .. . . . . IL8
It is then possible to draw a curve giving ﬁ; as a function
of /uziibt for values of ﬁ less than 1, the values of /fAth are
chosen to provide a suitable range for A/Ao and the corresponding
values of erf/awl'ﬁi can. be obtained from tables of the error function
(71). The curve is shown in figure 28,
¥From the values of A/Ao given in tables II, AD, 1 to II, AD, 4,
a series of figures can be obtained £or/t212> for each diffusion
experiment, and since both D and /( should be constant at a given
temperature, the values of /A.zD should likewise be constant,
The values of /LZD obtained from the figures of AfAoand t

for the surface decrease experiments are shown in table II, 3,
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TABLE I 3.

THE VALUES OF /u 2h ORTAINED FROM THE
EXPERIMENTAL RESULTS IN TABLES ILAD,1,
TO IL AD.4, AND THE CURVE IN FIGURE 28

Experiment Numbe» 1 2 3 4
The Diffusion Temperature (°C) =315 «39.8 -44.5 -50.0

* -6
2D x 1074 nx /&Dx’ D x 10
/ #io0-5 G

2,11 1,11 5,38 3,04
2,61 2,87 4.39 2,94
4.55 2,92 16,50 2,96
5.23 2,56 19,3

5,03 3,08 10,1 |
4,66 3,40 9,05

4,88 3,85 6,68

4.55 3,76 6.21

5,26 2,98 6,10

5,80 2,80

4,43 2,07

The results show a marked deviation from constant values
of /LLZ‘I). the cause of which is somewhat uncertain, It is possible
that leakage of activity through the mica window could have

occurred, since small cracks in mica are not easy to detect,




34
which could have given rise to errors, There is also the possibility

that the absorption of the radiation from the cyclohexene did not
follow an exponential form and that application of equation III, 8,
migﬁt not be valid,

. The results obtained, haweve&, for experiments 1 and 2
are reasonably constant, if the first results in each case are
rejected, The reason for the low values of /CLZD obtained for the
initial results could perhaps be abécribéd to time reguired to form
equilibrium conditions when the apparatus was put in the thermostat,
Such an explanation is not supported by results obtained previously
which indicated that rapid thermal equilibrium was established
very rapidly on immexrsion of the crystal specimen in the thermostat
bath,

Accepting that the theoretical treatment of the results is
valid and that the variation of /uzn arises from experimental
errors, the average values of /(ZD for each temperature were
calculated, and hence 2, The value of /u used for the calculation
of D was determined from the absorption half-thickness of the
carbon-14 (72) and the density of cyclohexane, using the formula:-

/at- = /“M X [0

where /fg_. is the linear abwwpiioﬂ coefficient and /IM is the
bulk absorption coefficient of the carbon~14 and CO is the density
of cyclohexane ag determined from dez;sity (54) and crystallographic
data (3;3) .
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=.285 x ,86 x 103 cm™!
= 2,43 x 10% cm™~?
The average values of/(LZI} are shown below in table II, 4,
along with the corresponding velues of D,
TABLE IL 4,
SELF-DIFFUSION COEFFICIENTS DETERMINED BY
SURFACE DECREASE EXPERIMENTS

Experiment Number 1 2 3 4

T, °K 241,7 233.4  228.7 223.0

1/T x 103 4,141 4,280 4,368 4,489

M 4,46 x 107%:2,79 x 105,9,08 x 10-6:2,98 x 1076
D | 7.6 %1077 4,8 x 10191, 6 x 10-1%;5,1 x 10-11

The corresponding D values as determined by the sectioning technique
are:-
7.2%10"%;2x10"% ; 9x10"10;4 x 10-10

Apart from agreement with experiment number 1, the
values of D obtained by the sectioning method are all higher than
those determined by the surface decrease method,

In view of the possible experimental errors and the
uncertainty of the results obtained by the surface decrease method,
it was decided not to pursue a further analysis of these figures,

An activation energy was, however, determined and the Arrhenius
plot is shown in figure 29 which indicates the degree of error

associated with the results, The activation energy as determined



from £igure 29 was 23 K cals/mole, a much higher figure than
that determined by the sectioning technique which is considered a

more reliable method,

96




CHAPTER III

DISCUSSION OF THE RESULTS




‘. 1. (a)

9%

Results concerning diffusion in molecular solids have been
obtained by three distinct techniques, These are:-

(a) the radioactive tracer method,

(b) the nuclear magnetic resonance (N,M.R.) technique
and (c) an energetic irradiation technique,

The diffusion results obtained by tracer studies of molecular solids,

Prior to the present work, only four direct measurements
of diffusion in molecular solids had been made, These studies had
been carried out on:~

()  solid hydrogen (21),

(31)  ortho-rhombic sulphur (18),
{1i1) X -white phosphorus (19)
and (iv) anthracene (20),

Because of fhe limited numbexr of results in existence, it
has not been possible, so far, to draw any general conclusions
regérding diffusion in molecular solids, The lack of experimental
results has forced previous workers in the field to make comparisons
of their results with these in existence for ionic crystals and
metals, This procéss has been of some interest, but much further
work is required before any rules governing diffusion in rﬁclecular
crystals can be established,

In'1938 Cremer (21) published the first determination of

diffusion in a molecular solid, Ie assumed that the ortho-para
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conversion of solid hydrogen is bimolecular in character and

becomes diffusion controlled at low concentrations of para-hydrogen,
On this assumption, he calculated a diffusion equation for solid

hydrogen at its melting point, which was:-
D=poExp(-T202130) | | ma

The measurements were made over a very limited temperature
range, 11 - 13°C, and this, coupled with the experimental scatter,
makes the result quite uncertain, Jost has proposed that the
activation energy indicates bulk diffusion by means of a vacancy
process (73),

It was not um:il 1951 that the next measurement of self-diffusion
in 2 molecular solid was made, when Cuddeback and Drickamer
measured self~diffusion in ortho-rhombic sulphur (18), Their
technique was to déposit radioactive sulphur onto the(/ / /)iace of a
single' crystal of O~-rhombic sulphur, They follow“eﬁ& the diffusion
process by microtoming the crystal after the diffusion period, and
assaying each section for radioactivity, The radioactive sulphur
was deposited by evaporation and by ﬁrecipitation firom a saturated
solmon. The latter technique was said to have provided a superior
degree of éontact, but the use of such a method might be criticised
on the grounds that the solvent used could attack the surface on which
the deposit was made,

The diffusion process in sulphur was found to have a dual
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character, in that st 30°C below the trensition to the monoclinic

phase the diffusion rate rose very rapidly, indicating the onset of a
seéond difffusian processs The dlﬁgslm rate, prior to this rapid
rise, was expressed by the equation:«

D 7-'.'.8.32 x m"“z EBXP - ( Lﬁﬂ-—) cM® see .. m2
which was interpreted by the authors s representing diffuston
pexpen;aicnlar to the(// /)p_lane. At temperatures approaching the
trangition polnt to monoclinic. sulphur, "thay-suggesjt thet diffusion
parallel to the (///)p,la:ne becomes important and presents & contribution

to the o've_?ail rate of diffusion, thus at:cau'r}ttng for the rapid rise in

the diffusion rate, ./nelysis of this region leads to an expression

for d;iﬁi;sion parallel to the (/ / /)plfane. given byse
D = 1.78 xlOaGEXP-(M) em® sec™! . . . L3

The incregsa in the activation energy is ascribed to the increased
jump distance in the new direction,
The magnitude of the constants in the two equatioﬁa axre

similar to those observed for bismuth (74), which has been reported
as ahqwing diffysion anisotropy. |

| In 1955 Nachtrieb and Handler (19) made a study of seli-diffusion
in ({~white phosphorus, This material was chosen becaus’e‘i%: hed &
cubic structure, and would, therefore, be unlikely to exhibit diffusion

anlsotropy, In this case a tracer technique was again employed

and evidence of two diffusion processes was found, One process
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occurraed at temperatures below 35°C and & second became significant

between 35°C and the meltiog point (44, 1%},  The expression for

the temperaturce dependance of the diffusion process was given by:-

D =1,07 x10"3 BxP ( - 9‘%?‘*) +2x10° mp - ( 80000 ) cmZsme™! mL4

The second term of the expression becomes important at

temperatures above 35°C,

| The low temperature diffusion process hae been iaterproted
in terms of the random walk of P4 molecules via relexed vacancies,
This conclusion is arrived at by comparing the activation energy
for diffusion ot the lowex temperatares, with a value predicted
from the empirical equation:= |

BE=CL + « o o o« o o o+ « 0S5
in which ¢ is a constant equal to 16,5 and I, ig the Latent

heat of fusion, This latter equation was derived by Nachtrieb and
Fandler on the basis of results available for seli-diffusion in cubie
metalg (75), _

The activation energy predicted for self-diffusion by
eqguation I, & is 9920 ¢als/mole, which compares reasonably well
with the value of 9400 cals/mole obtained for diffusion below 35°C.
Above 359C the nuthors propose thet some large scale co~operative
phenomenom is responeible for the high activation energy observed,

They show that the entropy factor associated with the process is

very large, indicating that a large number of molecules arc involved
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in the process, Thus the more simple diffusion mechanisms,

such as divect interchanpe and interstitial, have been ruled out.
The proposed mechanism is based on a m;-opemtive molecular
motion invelving pre;znelted regions in the solid, |

¥ such o consideration ic realistic, then it might be expectéd
that o gradual transition fyom diffusion in the solid state to thot in
the liguid stote should occur. The only example of such a transition
has been that reported for self-diffusion in solid indium, near its
raelting point (77),

Nachtrieb and Lawson (78) have shown that the rate of
seli«diffusion in p(-white phosphorus is reduced by increasing the
hydrnst&tia pressure and that lattice disordering, on a comparatively
lorge scale, sets in well below the melting point, The pressure
effect indicates that the diifusion process occurs by way of lattice
defects, the concentration of which is reduced by application of
increased pressure, This suggests that the diffusion is caﬁtrolled
by migration of molecules futo vacent lattice sites,

The diffusion results of Nachtrieb and Handler (19) eve
subject to some doubt, in view of the fact that they used polycrystalline
- specimens for their diffusion experiments, These specimens
would contain many grain boundaries which would provide short-
eirculting paths for diffusion which would tend to enhance the

observed diffusion rates.

The final direct measurement of self«diffusion in o molecular
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© erystal, prior to this work, was made by Sherwood and Thomson

(20). Th;ay studied self«diffusion in eanthracene using a tracex
technique, The tracdr was evaporated onto a specific surface of a
single erystal, which was sectioned after the diffusion period,
The results indicated the occurrence of two simultaneous diffusion
processes, The majﬁr one was assumed to represent bulk diffusion,
while the other process, which accounted for a very small'f:t‘?action
of the diffused material, was thought to represent diffusion along
lattice dislocations, |

The bulk-diffusion process in anthracene which was measured
perpendiculer to the 001 plane was expressed as a function of

temperature by the equations«
p=liaxitotlexe. (B0 onvParc! L L L mLe

An analysis of the rapid diffusion process was not made
because of the limited accuracy of the experimental points associoted
with the process,

As was the case with the higfn temperature range of X-white
phosphorus, Sherwood and Thomson found a high entropy factor
was agsociated with the diffusion process (20), Thisg fact, coupled
with the high activetion energy, led them to the conclusion that the
diffusion process in anthracene was a co-operative phenomenon
involving four to six molecules |

Table III, 1 shows a sunamary of the results obtained for




10

%)

diffusion in molecular solids by tracer techniques,

TABLE 1L 1

M&lecule Preexponential Activation Reference
' Tac ur (m? Bnergy ()
(cm see” ) {k cals/mc:lea) |

hydrogen 10°7 .8 (21)
sulphur ( 8.3 x 1012 (A g 4 (28)

- {2 =10 (B) 8 |
K white (1.1x20%3 (a3 (19)
phosphorus ( 2 =x 1046 {13) 78
anthracene 1.3 x 101 42,4 (20)

A « low temperature diffusion

B ~ high temperature diffusion

The remaining results in existence, rogarding diffusion in
molecular golids, have been obtained frorn nuclear magnetic resonance
(N, M. R.) measurements and irradistion techniques, A cummary
of the information available from these sources is shown later in
table III, 2.
L, {B) Diffusion results obtained from N, M,R. measurements and irrvadiation
<) experiments,
Agreement between N. M. R. studies of self-diffusion snd
tracer work has been found in the cases of lithium and sodium (79),

| but in the case of molecular crystals, agrecment has not os vet

been found,

The information which has been obtained with regerd to




self-diffusion in molecular erystals by N.M,R. hes been Mmited, 1 0 4
with one ggceptioxs. to the formulation of some activation enexgies
for diffusion. The exception ig the ¢ase of W -white phosphorus,
where Resing has made a thorough study of self-diffusion, using
the N, M, R, technique (25,

‘The diffusion equation which Resing calculated for (X~-white
phosphorus 1s:-

D =77 x10"% 5xp - (126200) cm? gec .. mny

~ which cun be compared with the equation derived by Nachtrieb and
HMandler (19) :-

D=11x10"3 mxe - (200-) 4 221026 mxe - (2B0) cnPsec mn g

Resing found that equation IIL 7 described the diffusion
process in ({~white phosphorus up to the melting point, and gugpgested
that the high temperature progess found by Nachtrieb and Handler
could have been the result of grain-boundary premelting, in the
polycrystalline specimens,

A comparison of equation III.? with the first part of cquetion
Il 4, showes that there is a considerable diserepancy between the
equations describing the low temperature process, |

Other molecular solids which have been shown to exhibit
self-diffusion by M. M, R. measurements, inciude methane, for
which a diffusion equation has been calculated (80), it is:=

-?:clo'ehxxﬁ-% cma aec'l e o s e o HIOLG
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Mora recently, however, Bloom (81) has calculated thet

the self-diffusion activation energy in solid methane is 3200 cals/mole,
a value which is twice that showa in eguation IIL 8, Doth results
were obtained using the N, M. R. technigue, which tehds to throw
some doubt £m the value of the measurementd, |
Results of N, M. R, stqdies on solid hexamethyldisilane
(31) and pivalic acid {24), heve ylelded values of 10 and § k, cals/mole
respectively, for self-diffusion in these solids, but the aufhe:xs
have stated that the results represent only an ordexr of magnitude,
Activation energles of 6 (82) and 9.2 k, cals/mole (33) have been
propoged fmm’ M, M. R, studies of solid neopentene, slthough the
latter figure was obtained from a study made on an impure specimen,
Anérew and Bades {(30) in en N, M. R, study of solid cyclohexene
found evidence for self-diffusion. During their experiment, the
NeM.R. line~width narrowed appreciably at 240 °K und they
sugpested that the depree of narrowing could best be explained on
the basic of molecular self~diffusion, A calculation of the activation
enexrgy for self-diffusion was made, assuming the jump freguency
of the molecules to be of the order of the N, M. R, line-width frequency,
which was 10%C /S. They slso bssumed that the jump frequency to

& vacency would be given byie

on the basis of o simple vacancy diffusion, and that the
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lattice frequency {f) would be mm Cf8e A volue of 8 k, calg/mole

was derived for (), which repregents the activation energy for diffusion,
This valuepf- 2 was, therefore, only an approximation, based on a |
serie'st of ;&s sumptions, |

More recently Resing (83) has indicated a §a1ue of 9,35 k. cals/raole
for the -activation enexrgy for aalhdiffusioﬁ in cygléhexme. made
from en Arrhenius plot of bis N, M. R, results, Unfortunately,
the sample used for the measurement was impure and so the result
is suspect.

A review of the N, M, R, data for self-diffusion in moleculex
solids shows the wide variation of results which have been obtained,
As mentioned proviously (p, 10) the N, M.R, technfque affords o
limited means of studying seli-diffusion processes, It haa'recently
been stated that the technique can be sensitive to fmpurities, where
the derivation of diffusion energies is concexned {82), Thus it is
possible thet the use of impure samples could account for the
divergent diffusion results ;whi.ch have been proposed from difforent
M. M.R. studies of the same compound,

Another contribution to diffusion data for molecular solids
is supplied by the results of irradiation experiments carried out on
some molecular solids, The solids are subjected to irradiation by

or X-rays, and the lives of the free radicals so formed, are

followad by an elactronespin-resonance technique,

In such a stwdy of cyclohexane, Szwarc and Mars: (85)
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frradiated solid cyclohexane with &/ rays at 77 oK They found

that the cyclohexane radicals so formed, did not recombine until a
tampérature in the vegion of 170 °K'was reached, This is the
region of the transition temperature of solid cyclohexance to the
plastic phase, At the transition tempersture the s d-mélg recombine: |
rapidly and the activation energy for recombination of thé radicals
was found to be 20 k. cals/mole. The authors could not reconcile
such a high activation energy with any known diffusion mechenism,
Theixr result, however, shows tolerable agreement with the present
study, and may serve as another indication of the limits of N, M., R,
as a means of detecting diffusion processes, Similar activation
energies were found for radical recombination in cyclohexyl chloride
and bromide (56).

A list of the diffusion data available from N.M, R, measurements
and frradiation exporiments is shown below in table III, 2,
TABLL III, 2,

Self-Diffusion Constants for Molecular Solids

Molecule Pre;expmentlal Hetivation Reference
Factor Dcl Eneriy i
(em? sec™) {lk, cals/mole)
Cyclohexane ( : (30)
( 9.4 (23)
( 20 (85)
Hexamethyldisilene 19 (31)
Neopentoane ( 6 {82)

{ 2.2 (83)
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2
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€y

Molaecule Pre~exponentiol Activation Refexrence
actor Do Lnergy @
{em? sec™l) (k. calsfinole)
Methene (7 x 100 1.5 {80)
Pivalic Acid 8 (24)
t-butyl chloride - 5 (32)
Kenon 5 (33)
M-wlﬁté phoesphorus 7.'? 5 1072 12.2 (25)
2, 2 dichloropropane 6 : (82)

With regard to plastic crystals {loe, ¢it, p,7) which constitute
all the molecular solids fn table IIL, 2, there is cnljr one exavnple
{25 where results are available for comparison between N, M, R,
and tracer studies, The discrepancy between these results has
alrendy been noted, Otherwise the only diffusion dato in existence
for diffusion in plastic crystals « the xesults of the present study
will be discugsed later « are o serics of uncertain anctivation energics.
Considering molecular crystals as o whole, complete diffusion
equations are available in oaly four cases, anthracene (20) K white
phosphoras (19) {25), sulphur (18) and methane (8&)} .
In analyses of the diffusion equation itself many theories
have been postulated ag to the meaning of the pre-axpanéntlal
factor (Do and its bearing on the diffusion process (87, 88), The
value of the activation enerpy is also 8 guide to the type of diffusion
process, since it represents the case with which an atom or molecule

can move through the lattice (3).
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In the case of some metals values of Do and © for various

diffusion mechanismes have been c;alculated. end these compared
with experimentel valuas in an attempt to determine the most
probable diffusion mechanism in a particular cose, ~ This maethod
has met with limited suecess in some ¢aseg, due probably to the
approximate nature of the calculations, ‘It has not been‘poas.ible
to make calculations of the above kind for molecular salidé beeouse
of the lack of the necessary physical data for the solids studied,

The experimenﬁal pxe-exﬁmnentlal factors for metals have
been found to be in the range .1 to 10 (19). The corresponding
range for molecular solids varies from lﬁ”m to 1.@“. if one .
considers only the low temperature diffusion processes of sulphur
and phosphorus, This is an enormous range compared to that
found for metals and supgpests, perhaps, that diffusion in the two
gystems should not be too closely compared,

In metallic systemo several empirical rules have been
adyvanced concexning self-diffugion. These rules relate the activation
enexrgy for diffusion to gsome physie-al property of the metal, Two
of these rules correlate the diffusion enerpy with the latent heat of
fusion (75) end the melting temperature (89) respectively., The
former hag been shown to hold for X white phosphozus (19) as well
as for éubi.c metalsg, but later work (25) has thrown some doubt on

that comparison,

Other correlations have been made concerning the activation
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enerpy and the latent heat of sublimation and these will be discussed

later, with the cases of cyclchexane and pivelic acid,

The experimentsl expressions for self-diffusion in Cyclohexane
and Plvalic Aeid and a compearison of pre-esponential factors for
self-diffusion in molecular solids,

‘The aen-diffu‘sioa protesses in cyclohexane and pivalic
acld were foﬁnd to vary with the absolute temperature, accaréing
to the equations:=
B  D=(61%3,8 x100mxp - (26800 o2 ool | o
and | |
1 p=(25%1,29 BxP - ( l%%w") em? see™ ., mL10

respectively,

Studies of diffusion in molecular solids have revealed the
existence of two types of bulk diffusion processes, one involving
diffusion via vacant lattice sites and the other a more complex
diffusion process which occurs towards the melting point of the
solid, The experimental values of Do from these studies are
shown in teble III, 1,

The values of Do for the low temperature renges vary from

10712 ¢

0 10“‘. nssuming that the diffusion process in anthrecene is
ropresentative of normal bulls diffusion., The experimental values
for the pre-exponential factors for cyclohexane and pivalic acid

both le within this renge, The value of Do for cyclohexane {10%cn?sec” L,

is, like that of anthracene (19“‘.33%3*5%*1). rauch higher than for




the remaining results and suggests'that the diffusion mechanism

may not be a simple vacancy process.

The high temperature diffusion processes found in gulphur

snd phosphorus were characterised by very large Do values,

1'036 zaec'l respectively, These factors suggest o

and 1@46 cm
éampietaly different diffusion process to the low temperature
ranges, Two explanations have been advanced to explain the high
temperature diffusion processes, | The first is that diffusion
anisotropy is responsible (18), but in the second, it is aésﬁmeﬁ
that pre-transitional effects are responsible (19), The latter
explonation involves the formation of premelted liguid-like clusters
neayr the meit&rxg point with subsequent diffusion of these clustors,

Caleulations of the pre-exponential factors for diffusion in

metals and fonic crystals have been made (3), and it may be possible

to obtain approximate figures for Do for molecular cryatals by

these methods,

Calenlation of The Pre-exponential Factors for Diffusion,

A genera) approach based on ¢lassical rate theory has been
rmade to the problem of diffusion in solids (%0), and from this
approach it is possible to caleulate the pre-exponentiol factors fox
diffusion in eyclohexane and pivalic peid,

The equation which has been derived for diffusion in solids

igs=

m=a3\rmw(~-§%§g~) .« .

A

L) L] LJ ] [ ] L ] [ ] III. 1 1

it




ide
where a ig the atom. jump distance, V ic the vibrational

frequency of the atom in the direction of movement and & is the
activation energy for diffusion. Comparing this equation with the
Arrhentus eguation for diffusion in solids, one obtainsi-
Do=aPV + & v v ¢ & o« o . ILIZ
Using this equation, the values of Do predicted for raetals
are of the order of 10“3 amzaec"l. whereas the experimental

Zeec™t, 1 has been

values of Do lie between 10"'5 and 10 em
suggested thet the disagreement is the result of over simplification
in deriving the sbove equation,

The solid state structure of cyclohexene has been examined
by XKeray methods (33, 91) and values of the intermolecular distances
in ﬂ}e pléatia phase bave been evaluated, The structure of the

'plastii:: phose of pivalic acid has also been snelysed by X-ray
crystallography (92) end a value of the edge-length of the unit cell
has been published, The styucturss of cyclohexane and pivalic
acid were found to be face~centred gubic,

Using the published velues of the lattice parametors and
calculated values of @, the Debye characteristic temperature,
from which the lettice vibrational frequency can be obtained, the
pre-exponenticl factores for diffusion in cyclohexane and pivalic

acid were calculated,

The values of () were calculated §rom the equation:-

O=163(.0m Ve . . . . . . . . HL13
MV2/3




1)

which hna been showa to give good apreement between
experiment and theory for arpgon, krypton and xenon (93}, In
squation III, 13, T is the melting tempersture of the substence,
V is its molar volume and M its molecular weight,

The value of the lattice vibrational frequency was ¢alculated

from the relation

EJQ“ where k Boltzmann's constant
h

v -3 oo gy iy 8 h

3
=

Planck's constant

O =59

138 10”16
6. 62 x 1027
and the lattice constent, Ao = 8,6 x 10~8cms, (91).

V= x 59

Substituting these values in equation III, 12 pives:«

138 % 10°16

- : \ A2 . 1n=16
Do = s 10-27 x 59 x (8.6)“ = 10

of, Do=.905x10"% em%sec™ . . . . . . . . IL14

Eor Pivelic Acids

0 =50
v - l38x10L. o
= 662 x 10-27 *3
and Ao = 8.82 = 10”8 cms. (92)
: _ .38 10-16 i 2 -16
o Do = 6;63 KW 5&5@5‘(3.82} = 10
which gives Do =,815 x 1072 cmlsec*! ., . . . HL15

These caleulations, based on equation I, 12, do not teke
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into account any limiting conditions to diffusion, The calculated

value for the pré-e;%pmentiai factor, therefore, represents the
_meaximum value which that ilaator' cen have, Since the offect of
considering any of the‘ éeaepteﬂ diffugion mechanisms will be to
constrain the diffusion pro¢ces and hence reduce the ecaleulated
wﬁl‘ue 0£ Do, it seems obvious that a combination of sny of these
mechanisms with the above theory for Do, will not ac:t;oﬁnt for the
expeﬂmental results obtained,

A more precise determination of f;he diffusion equation has
been mede by Zener (76) and Le Cleire (38), This involves o
consideration of the free ézxexgy change associated with the diffusion
pxocéss which effectively results in the replacement of I0 in equation |
1L 11 by A G, the frae energy chonge involved in the diffusion
process, Development of thisg equation leads to the incorporation
of an entropy term in the expression for Do, e Claire's treatrnent
of the diffusion process is as follows:

¥ self~diffusion in a crystal occurs by a vacancy mechonism
and #/1Gf 16 the free energy change associated with the formation
of a vacancy, the concentration of vacancies in the crystal ig:-

xemxP-Aafymm . . . . . . . . . . NL16

The diffusion coefficient con be given by:-

2
D= K__‘;&;‘“‘ . . . . . » . . . I.II. 37

where o/ is a geowmetric factor related to the lattice nrrengement of
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atome oxr molecules and | is the average time between succaessive
jumps of each molecule, In the cyclohexane crystel the probability

that & molecule has a neighbouring vacant site will be 12X end if n

is the jump rate into vacont sites, then:e

;J:‘ =12m1 . . ¢ . . . e e . IIL, 18
1 .

and 4 =V EXP « AGmRT) o . . . HL1D
where V is the molecular vibratimi frequencey and AGm is
the enerpy required to move a molecule from its eguilib¥ium pouition
to the tnia of ’thé potential barrier separating it from a neighbouring
equilibrium position, An appropriate mmbinatf.an of the above

equations leads to the expressionse

OGE + A G
RT ) » ] . . . »

which gives, D = A2 v £xp Q82 Am0) pyp HLEAHR) | gy 5

D =A%V EXP - 11, 20

~orD =A%V EXP (Jg/R). TXP AH/RT) . . . NL22

Hquation III, 22 contains the entropy and enthalpy texrme
associated with the diffusion equation, expressed as the composgite
terms/\ 8 and AXI respectively,

Gonsidering equation III, 22, we can identify Do of equation
I 16 with A% V BX® (A8/R).. The texra A? V has alveady been
caledated for diffusion in eyclohexane and pivalic acid from equation

IIL 12, snd so we can now celeulate the entropy chenpes associated

with the diffusion process in these solids,
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The Calculation of The Entropy Factor Aspociated with Self-Diffusion

in Cyclohexane and FPivalic Acld,
Do=A2VEXPUS/R « « « + « « o o . 1L23
Substituting the experimental value of Do and ingerting the
calculated value of A% vV, gives
© 6u1 %108 =905 x 1072 BxP Us/R)
.. S = 40,6 calg/mole. deg.
Bivalic Acid,
Substitution of the valuee of D and Aa V in the equation I, 23
gives |
2,17 = 815 x 1072 EXP (As/R)
v A8 = 12,3 cals, fmole deg,
The entropy factor for cyclohexane seems high for a simple
vacancy mechanism when compared with entropy factors of 7 and
13 calculated for self-diffusion in solid sodium (44) and (- white
phosphorus (94) by n vacaney mechanism, These factors were
calculated on the basis of zenex-f' s treatiment (76} involving the

elastic modulus of the selid, Zener's relotion isie
As= BP

T
where/\$ and T are the entropy end enthalpy of activation

for the diffusion process and /3 iz a constant ¥elated to the temperature

coefficient of the elastic modulus,
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The experimental entropy factor for pivalic acid is very ‘

similar to that calculated by Lawson (94) for (X -white phosphorus,
This mule:i indicate that self-diffusion occurs in pivalie acld by a
va«::xmcy process. The heais of sublivnetion snd fuaionlfgivalia

acid and(X ~white phosphorus are fairly similor end so a comparison
of thefr diffusion characteristics seems not unreasonable,

Sl;exv:aod and Thomeon (20) estimated the numbers of |
molecules involved in the diffuston process by dividing tho activation
entropy of diffusion by the latent heat of fusion of the solid, On |
this basis the numbers of melecules involved in the self-diffusion
processes in cyelohexane and pivalic acld would be 19 and 7 respectively,
The previous calculation was derived from a theory of Nachtrieb
and Handlex put forward to explain diffusion in(( -white phosphorus
(19). The se suthors sugpested that the molecules around a vaconcy
relaxed into the volume of the vacansy fcrming a small region of
liquid-like denaity and that diffusion took place by way of these
relaxed vacancies., This theory had previously been advanced to
explain diffusion in cubie metals (75) end wes evolved from an
empirical relation found between the activetion enerpy for self-diffusion
of some metals and thelyr latent heats of fusion, A similar troatment
may be of interest heve,

The attivation energies for self-diffusion in Cyclohexone and pivalic

acid,

The activation energy for a diffusion process should pive an
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indication of the case with which the diffusion event ¢an ocecur, In

the case of metals the energy required fox diffusion by the accepted
mechanisms has been graded approximately as follows,
B direct interchange 1% ring rotation>X vacancy ) interstitial

The above order was based on lattice strain considerations
and it seems reasonable to suppose that a aimiiax oxder might
obtain in molecular crystals,

In the direct interchange mechaniszﬁ for a face-centred
cubic structure, the two adjacent molecules can only interchange
by the co~operative relaxation of the eight nearcst neighbours (76),
The ring rotétion mechanism involves the exchange of molecular
sites by rotation of a planar ring involving four molecules in their
lattit;e positions, Rotation of this ring would involve a smallex
inte:.;at:tiﬁn between the lattice and the ring at the gaddle point
configuration, than for the interchange mechanigi, with a subsequent
reduction of the activetion energy,

The interstitial mechanism can epply when the spaces
between the molecules situated ot lattice sites allow the inclusion
of an extra molecule. Such a situation ariges in the diffusion of
paseous atoms through metal lattices where the diffusing atoras ore
much srnoaller than the host etoms, This mechanism is not considered
likely to apply in a close packed lattice where the molecules are

ell of o similar size, as would be the case for moelecular self-diffusion,

Diffusion by a vacency mechanism should require an energy
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approximately equsl to the latent heat of sublimation (95), since

this will be the energy required to form a vacaney in the solid,
Thus for pivalic acid where the latent hest of sublimation is 10 k. cala/mole,
calculated from Trouton's rule {96), a vacancy mechanism scems
probable, This supposition is supported by the activation entropy
value as alrcady mentioned, In the case of cyclohexane, however,
the energy of self-diffusion is twice the latent heat of sublimation
[ 8.5 k. cals/mole (54 2 Tence in cyclohexane the simple vacency
mechanism seems unlikely and one must consider the direct exchange
machanism or some other alternative,

It has been shown in the ¢case of sodium (44) that the activation
entropy assoclated with the direct interchange diffusion mecheanism
is not very different from that resulting from a vacancy mechanism,
On thaﬁ basis, and from the entropies of activation caleulated for
phosphorus (94) and sodium (44) for self-diffusion by a vacancy
mechanism, the direct interchange mechanisin slone, will not
account for the diffusion process in cyclohexane, A further objection
to the direct interchange mechanism, arises from the close packing
of the molecules in the éubic phage of ¢yclohexane, It has been
shown (24) that the molecules have 15% less volume i the lattice
than their meximum volumes of rotation. This indicates that
direct h’xtérehange would not readily occur,

That the diffusion mechanisms in eyclohexane and pivalic

acid should be different, is not perhaps surprising, in view of the
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physical differences between the solids, Fivalic acid, although a

plastic crystal, is inuch harder than cyclohexane and is known to
be hydrogen-bonded to some extent, |

Kondo and Oda {58 have shewn by means of diclectric
studies and electrical conductivity measurements, that in the
plastic phase pivalic acid shmxl.:i he composed of non-polar moleculay
units in‘disardered orientation, They have proposed that each
molecule occupies a lattice point and associates with bne of its
twelve nearesct neighbours to form a bhydrogen-bonded dimenr,
They further add thet rotation and migration of dimers rather than
discrete molecules is possible, and in view of this it does seom

likely that the diffusion process will be somewhet different from

that in cyelohexane, where the lattice is not liable to be so xigid,

The energies for self-diffusion in metals have been related
empirically to physico-chemical properties of the solid and the
following correlations have been supgesteds=

HAMm =384{87 o o o o o o o o« o o+ o 24
g = %‘x lattice energy (87) . . . . . . IL25
and  Hp 216588078 o+« 4 o ¢ o o . . . IIL26
where IHj is the activation enexrgy for diffusion, I.f is the
latent heat of fusion and Tm is the melting temperature of the

solid,
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A similer table has been made for molecular solids (table III, 3),

but the number of results available is very limited and many of

these are of doubtful accuracy, Irom the table it can be seen

that very little correlation exists at all and this is not perhaps
surprising in view of the spread of results available, All the

solids in table IIL, 3 are "plastic' (26) with the exceptions of anthracene
and gulphur, Because of this common property one might expect
some correlation to exist between their diffusion activation enerpies
and one of the physical properties mentioned in table III, 3,

In the case of pivalic acid the values of the :.;atias shown in
table IIL, 3 ap determined from the present study are similar to
those determined for ¢( ~white phosphorus from Resing's results
(25), This may indicate a similavity between the two diffusion
processes, Since Resing's results were consisteat with diffusion
by a vacancy mechanigm, such a mechanism is nlso likely for
pivalic acid, The values shown for cyclohexane in columns I, II
and IIi, of table III, 3 are consistently highex than those available
for othex plastic solids, apoart from hydrogen, and probably indicate
thet the diffusion process is more complex, The high entropy
factor obtained from the diffusion equation for cyclohexane supports
the evidence of table IIL 3 and indicates a co-operative diffusion
mechanism involving a number of molecules is occurring, - |

The occurrence of co-operative molecular motions in plastic

crystals bave been mentioned previously by other authors., Dunning (27)




has pointed out, that in plastic crystals, the volume available to
the molecule in the lettice is usuvally less, by~ 15%, than that
required for free rotation. Fie has suggested thet co-operative
fluctuations are necessary to allow reorientation of molecules in a
plastic crystal, That the molecules in plastic crystals do undergo
reorientation, has been shown by N, M, R, (29) and dielectric
studies (’38) . It has.beén found that polar molecular plastic crystals
show & sharp increase in the dielectric constant on entering the
plastic phase, The high éntramr of transition to the plastic phase
bas been. aseribed to the additional number of orientations avalilable
to the molecules and to their increased freedom of movement (97).
In addition, Re'sing (25) has indicated that o co-operative rotational
process is reguired to explain bis N. M. R. results for the spine
lattice relaxation timesg in o¢- white phosphorus,

In view of the number of references which have been made
- to co~operative processes in plastic cryastals, it does not seem
unreasonable to suppose that diffusion in these solids should also
be a. co-operative phenomenom,
The enérgy of formation of vacancies in moleculexr crystals,

The energy of formation of a vacancy in a molecular crystal
should be approximately egual to the latent heot of sublimation of
the solid (95),

12

f)2

Pressure effects on diffusion processes in K- white phosphorus

(78), sodium (100) and lead (101), show that there is o relaxation



of atoms about a vacancy, such that the volume of the vacency
oceupics about one haif of the atomic or molecular volume,
Caleculations by Chihara and Morrison (109), ba-seci on, $peciﬁc
heat data, sugpest that in soltd argon ond kryptoﬁ, the vacency
volumes are ebout % of the atomic volumes.

Several authors have shovn that the effect of relaxation of
atoms about a vucancy, in metals, covalent golids and maﬁacular
erystals, is to reduce the energy of formation of the vacancy
{75, 102, 103)., A calculation baséd on 8 caniparlsan of specific
heat data with expansivity measurements, by Ghihara and Morrison
(102, suggests that in molecular crystals the energy of f.’érm@tiun
of a #at;aucy should be:

H.Q = ,7x Hs ., « . IL27, ( Iis = latent heat of
sublimetion)

The above authors algo indieate that relaxation to ahout 256%
of the molecular volume is to be expected roumi o vacangy,’ On
this basis the enexgies of formation of vacancies in cyclohexane
and pivalic acid would be 6 k. calsfmole and 7 k, cals/mole,
respectively,

If these figures represent the energies of formation of the
defects responsible for self-diffusion in cyclohexane and pivalic
acid, theéz the enerpgies of motion vio these defects must be 10,5

and 3 k. cals/mole regpectively, This indicates that the diffusion

process in cyclohexane is more complex and probably involves the




participation of a greater number of molecules than in the case of
pivalic acid,

i the energies of motion are considered to be connected to
the latent heats of fusion of the solids, in that the relaxed vagancy
moves throﬁgh the erystal lattice by the ‘melting' and ‘freezing® of
molecules into, and out of, the vacan#y. then the numbers of molecules
connected with this inctlon cnu'id be obtained by dividing the energies
of motion By the heats of fuston, This process ylelds 17 and 6
molecules for cyczld}}éxane and pivalic acid respectively indicating a

i
??1'3?

more ea-operative j’;j’i'j
#

usion process in the case of cyclohexane,
The nature of vacanb&es in pivalic acid,

I has been mggested that the number of vacancies to be
expected in the lattice of a plastic crystal near the melting point
should be of the order of 1% of the lattice sites (102, 104, A
comperison of the observed and célculated densities of pivalic acid
at 12,4°C (58) indicates thot there are 2% vacont lattice sites at
that temperature, |

If these Vucanaiés are relaxed to involve a number of molecules
round the vacancy, then the number of molecules involved at vacant
sites would be considexably more than 2%, A relaxation involving
only 6 molecules would mean that 12% of molecules in the lattice
were asséala&ed with vacancies. Such a high figure seems unrealistie,

and if it were real then one would expect interaction between

vacancies to oecur, which would almost certainly lead to prewaelting,
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The latter phenomenom was referred to by I'ronkel (105) as a
heterophase fluctuation, and he suggested that small elements of
fluidity should exist in solids near their melting points. Thege
alem&enta were calculated to involve shout 130 molecules and were
expected to grow exponentially with temperature, Diffusion by way
of these elements would, thercfore, be expécted to show a temperature
dependence of the ‘'constants’ of the diff\;simi eauation,

" The results obtained for diffusion in pivalic acid indicate
thet *normal' bulk-diffusion is occurring since both Do and A ¥ are
invariant over the temperature range studied,

Thus to account for the observed numbe» of vacancies,

three explanations appear possible, One s, that if the molecules
in pivalic acid do exist as dimers (58}, then the vacancy volume
would be doubled and this would effectively lower the vacancy
. concentration by a half, A second explanation could he that relexation
about vacancies in pivalic acid is restricted, such that an upprec:ie&le
number of maolecules are not assoclated with each vacancy, This
would be consistent with a diffusion mechanism on the lines of a
simple vacancy model, a solution which is supported by the activation
antropy and enthalpy for self-diffusion, The third possibility is
that the density figures quoted are subject to error, singe n very
slight deviation would have a marked effect on the spparent number

of vacancies in the solid, It is possible that all three solutions

contribute to the solution in some degree,
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it io unfortunate that comparative dengity fipures are
available at only one temperature otherwise it might have been
possible to estimate the energy of vacancy formation, There are
no similar density figures svailable for cyclohexane,
Conclusions,

The tracer method of studying self-diffusion in the solid-state
shows that ;elf-diffusion does ogeur in cyclohexane and pivalic
acid,

In the temperature ranges studied the diffusion processes

for cyclohexane and pivalic acid can be represented by the equations:-
+
D =(6.1%3.8) x10° BxP - ( W) em® sec™?

bﬂ

and D =(2.25% 1,20 xExP - ( m&%&ﬁﬂg; em? gec™?
respectively,

In the case of cyclohexene both the enthalpy end entropy
facto_rs agsociated wiﬂ_ri the diffusion process were found to be high,
The conclusion is that diffusion occurs by a complex co-operative
process. The diffusion immechanism is probably dependent on the
formation of & vacancy associated with a region of molecular disorder
as a result of relaxation into the vacancy, Diffusion is thought to
occur by movement of molecules within the disordered repion and
of the disordered region itseli, through the crystal,

The equation for self-diffusion in pivalic aeid shows values

for the enthalpy and entropy of activation which are in reasoneable

agrecment with diffusion by o 'simple’ vacancy process, It is



thought 1ik'ély that this mechanism is responsible for diffusion in
pivalic acid. |

The difference between the diffusion mechanisms for
c¢yclohexane and pivalie acid probably arises from hydrogen bouding
ia the latter, This would tend to creante a more rigid Jattice which
in turn would probably restrict relaxation about vacaneles in the
crystal, thereby limiting the need for a co~operative diffusion
process in the crystal.

Tinally, the activation energies for self-diffusion in cyclohexane
and pivalic scid do not agree with the figures obtained, so far,
from N, M, R, studies of these compounds., In both cases the
N, M. Re values are less than the present figures, by 20% in the

case of pivalic acid and about 40% for cyclohexane,
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An extension of diffusion measurements neerer to the
melting point would be useful since the presence .af any larpe scale
premelting phenomena would almost certainly be zevealed,

| The effect of molecular rotation on diffusion rates would be
of interests Such an effect could perhaps be studied from the
diffusion characteristics of a series of molecular solids praduating
from a spherical shape to a straight chain molecule,

T o determine whethex the diffusion protess in mclécular
solids is truly a coe-operative zﬁhemmanqn, a study of impurity
diffusion could be made since fmpurities of a gimilar molecular

size to the host lattice molecules could be expected to diffuse at o

similar rate to the latter in o co~operative movement,

The effect of pressure could be used to indicate whether
diffusion occurs in molecular solids by way of vacancies, since
inereasing the pressure would lower the equilibrium concentration

of such defects nnd hence reduce the diffusion rate, An activation

volume for diffusion could be obtained from such studies and this
could be useful in elucidating the diffusion mechanism.
Plastic propertics of molecular crystals, such as compressibility
and plastic flow should be studied, to see if they bear any relation
to the self-diffusion coefficients of the crystals,

Further tracer studies on molecular solids are desirable

l in order that any common trend for self-diffusion in these solids

|




should become apparent,
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APPENDIX 1 ' i
Calculation of the constants for the Arrhenius Type quations for
seli-diffusion in cyclohexane and pivalic acid,

The Arrhenius type equation is

i,

B=HQEXF[‘%§.I, & & e e e c;Aolo

from which the logarithmic form can be obtained:«

. ‘&ﬂ
lﬁglem = IQEIODQ - T lﬂglae- . . . « B2

A plot o& lugﬂ; D versus +‘shauld be linear and this was found to

A RIBREY Sk .wﬁlu W Ve 5 W oF 'L WX W B T B YV SRS W WMAARS ”v

be the case for cyclohexane and pivalic acid, The appendix
shows the least mean gquares calculations which were used to
determine the best straight lines to fit the experimental points.
Where two values of D have been obtained for any
temperature, an average of these values has been chosen for the
temperstures concerned, The abbreviations used have their
usual meaning ( |06 ). The values af‘z]f“ and log; oD are

represented as X and Y respectively,

H 7 T



X x 10°

%2 x 10°

Y XY
~8,143 4,137 17,115 -33, 686
-3;529 4,242 17,995 =36, 604
-8, 688 4,270 18, 233 37,099
~9, 058" 4,378 19,167 -39, 656
-9,184 4,444 19,749 40,816
-9, 344 4,480 20, 070 =41, 861
-9.972 4,636 21,493 46,227
~10, 344 4,749 22, 553 -49, 147

$ =-73.361 35,336 156, 374 -325, 095

pp o ZEZY = NEXY |
T TER)” - NEX
J35.336 x 103 x -73,361] - 8 [ -325.095 x 10~37
(35.336)220™° - 8 x 156, 374 x 10-6

8,466, 0°
Ze 360

= =3, 587 °x10° :
G - Z i’u - 2
“lE0? - NZ’XE

_ [35.336 x 103 x =325,095 x 10"3 7 - /™=73.361 x 156,374 x 107
-2.360 x 107° .

= 60 679




iii
Goodness of fit

Y Xxx10%  MX MX +C d=Y-(MX+C) a®x 103
-8.143 4,137 -14,841  -8.162 +,019 . 361
8.629. 4,242 15,218  -8,539  -,090 8,100
8.688 4,270 -15,318  =8,639  -,048 2,304
-9, 058 4,378 -15,706 9,027 -,032 1,024
~9.184 4,444 -15.942  -9,263 4,079 6. 241
-9.344 4,480 -16.072  -9.393  +,049 2,401
-9,971 4,636 16,631  ~9.952 -, 019 . 361

10,344 4,749 -17.037 -10.358  +,014 196
20,988

42
re=.6745 [ ST %

= 6745 [ 20258, %o x107%

= .0388
D = N¢X2 - (£x)2
= 2,36 x 10~6

error in M = ?M

=,062 x 103



iv
error in ¢ = PC
= re [..g.........

156,374 1

= 316
The equation of the line is:-

== T 3,587 1062 7 x 107X + [ 6,679 +.316 ]

Comparing this equation with 4, 2 we have
log, Do = 6.679 T 316

.

andR

log,, =/3. 587 % .062 ] x 103

and E = 16500 t 300 cals, mole~!
Therefore the Arrhenius equation for self-diffusion in cyclohexane

iss-

SR 6 165005300 . 2 -1

BIVALIC ACID

Using the notations as before:-




e X % 103 %% x 108 XY
-7.451 3.565 12.709 26,563
~7.368 3, 539 12,525 -26, 074
7,246 3,472 12. 055 -25, 157

7,185 3,438 11.820 -24,702
~7.093 3,395 11.526 ~24, 080
£ = «43,650 . 20,916 72.933 -152, 207
4 - — Smmmmm——
M f‘ (%)% - NeX
M = (ix)z, P
_ 20,936 x10°3 x - 43,650 - 6 x - 152,207 x 107>
[ 20.916 x 103 72 . 6 x 72,933 x 1076
_ 2628 . 10°
- bt 1313
= =2, 167 10°
C = IXIXY - $¥<x?%
(%)% « Nex?

_ 20,916 x 1073 x ~152,207 x 10°3 [ -43,650 % 72,933 x 10"° 7

J 20,916 10737 2 - 6 x 72,933 x 1078

_40333
«1213

= 2758




vi

Y  x=x10° MX ME+C d=Y -(MX+C) a2 x103
~7.451  3.565 «7.725  <7.451 -,0002 0. 000
-7.368 3,539 ~7.669 7,395 +,0270 0.729
=7,308 3,507  -7.599  -7.325 +,0172 . 029
~7.246 3,472 ~7.524  «7.249  +.0036 .013
-7.185 3.438 «7.450 -7.176 -,0094 . 089
<7.093 3,395 «7,357  <7.083 ,0101 | J102

= = ,962

re-.6745[2d 7%

= 6745 [ 2288y 5 1

re =,011

D =NTX® - (sx)°
=.,1213 x 10°¢

error in M = P

=re_]_"“"'5""‘“]

= . 011 ,W;
«1213 x 10°



vii
=,011 x 24,5

.= 42695

The equation of the line is ‘
Y =-1(2,167 t,063) x 10%x + (,275 ¥ , 270)

Comparing this with equation A, 2., we have,

logygDo = . 275 £, 270
and gﬁ"loglo = (2,167 ¥, 063) x 10°
‘I‘he Arrhenius equation for aelf-dﬁfuslan in pivalic acld is therefore:-

=(2.25 % 1,25 ExP - (W"""‘) cm®, sec?
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APPENDIX TI
The Calculation of the Diffusion Coefficient
The logarithmic form of the equation which represents the

process of diffusion in the present case is:-a
C = S c
lﬂgloh - 10310 [ \/-ﬁ'D—h—t'] 4Dt lbglo P Wi Y

A Pl;')t of log;oC versus %2 should be linear, This was
the case for the experimentsal results obtained for diffusion in
both cyclohexane and pivailic acid, The diffusion coefficient was
celculated from the slope of theline of equation A, 3, which is

_ log,o €
4Dt

The following calculation is a typical one, the best
straight line for a series of gscperimental points being calculated
by the method of least mean gquares. The calculation is for
experiment number 3,

In the calculation the texrms logjg# and x% are represented

by X and Y respectively,




4

X x 10 Y
. 056 1,604
« 156 1. 572
« 281 1. 537
+ 461 1,430
« 687 1. 260
« 964 1. 263

1.274 1.124

1, 630 .978

2,486 . 699

5 =7.996 11,466

M ;mz :;}53{24

= 226 ot
[7.996 *10°% 7
=.-i§?§égl’ x 104

= . 3768 % 10%

- - laglo c

4Dt .

%2 x 1010
. 317
2,443
7.913
21,280
47,128
92,930
162, 308
265, 690
618,168

AN o ——

1218, 169

A OSSN
A TR At

- 9 [1218.169 x 10"

XY
0,090
0, 246
0.432
0. 660
0, 865
1,217
1.432
1. 594
1.738

D ]

8. 2733




t in this case was 234 minutes

ma *—.&3

4 x 234 x 60 x 377 x 10%

= 2,052 x 10~% cmZ sec-l




