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ABSTRACT

Ubbelohde hes proposed s proton irensfer mechanism to explein
elecirical conductivity studies om » series of crystelline
oxganic acide snd it has been suggested thet conductivigy
increases with the degree of co-operrtive hydrogen bonding in
the crystel, Dxperiments have been carried out to test this
hypothesis by studying the conductivity snd the rate of proton
diffusion, using tritlum ss trecer, In the same single crysisls
of two orgenic acids exhibiting different degrees of co=
operative hydrogen bonding; benzolc scid which exists s a
gyclic dimexr in the 301lid stete and acetlc acld which hesg
linear cheins of co-opersiive hydrogen bonds extending through
the crystal,

The sclids were purified by digitillation, sublimetion and
zonie refining techniques rnd gingle crystals were grown from
the melt in a Bridgman oven. Diffusion wrs studied by a
sectioning technigue using tritium lebelled benzmoic eud acetie
acids to obtain the hydrozen Giffusion rates :nd carbon-l4
labelled - benzoic acid wes used to mersure the diffusien
coefficient of the bulk molecule,

The @1ectriéal conduectiviiy of benzolc secid was found to be
very low in single crystals, bein, less then lomlé @hmml et
7¢% below the meltin,, point, contr:ry to messuremenis by
Ubbelohde but rgreeing with more recent measurementis by Eley,

A proion cénductivity was found, however, in oxslic scid dihydrate,

& co-opeyrtively hydro.en bonded rcid, which was comperable to



thet found in other hydrogen bonded systemns,
A tritium diffusion was observed Iin benzolc aecid which was
conslderably faster then the bull diffusion end uwhich couldd
not be explained by a proton diffusion mechenism. This
tritivm diffusion was found to very with the vwster content in
the diffusion cell but ¢ lewer limit was obtained vhich satisfied

the Arrhenius equation
D s 0,5 F 200 . 20,000 1,300
D 0.5 0.4 " @xp {; - A 55 cj

Diffusion gtudies in p-texphenyld d@ﬁ@@ benzole a@ﬂd erystals,

deutern benzeolce celd and polyerystalline benzole acid have
helped to slucidate the mechanism which is believed to be the
diffusion of water molecules vrapped in the crystels thraugh
intergtitial defects. The carbon-14 bullk diffusion in benzoie

acid was found te obey the fellewimg Arrheniuvs equation,

l 2 ) i
o q T T.6 x 10 La 44,000 L 4,4001
D = ((Jl o8 =1 78 ) x 10 o B [@ wa:ﬁm&%-ﬁi—;éhm v

and can be explalined ia terns 6f a relexed vaceney diffusion
moehenion,

Conduetivity emnd diffusion studies in geetvie acld were
both found to be greaily affected by the prosence of wmolsture and
no definite conclusion could be reached regardimg proton

conduetivity im thils system.



ACENOWLEDGMENTS,

The éuhh@r wighes b0 express his sincere thanks
%o his supervigor, D, J, N, Sherweed, Tor his guldence,
h@1§ and encouragement throwvghout whis period of reseanch,
The aubhor alse wishes to thank Mrg, R. Fergle
for typing the manuseript and his wife, Anne, for traeing
all Qilsgirams,
Thanks afehalga.du@.ﬁ@ &hg &@i@nﬁifi@ Heseareh

Coupell for the award of a maintalnance grent during this

course of study,



CONTENTS

PAGE

INPRODUCTION = = @ = o o = © @ o @ @ o = = o o = = = X
CHAPTER X PURIFPLCATION AND CRYSTAL GROWTH
1, INLrOOUCEAON = @ © © © ® © @ @ o « w = o = = = = = 19
2, Purification of Benzolic AciQ = = = = = = o @ = oo o= 17

8) DIEtIllation « = © = = = © = o © - o oo oo es 18

b) Zone ROFININE = © = 0 = o o @ o @ o © @ « = o = 20
3. Degign of Benwmole Acid Crystals Growing Oveng « - = 27
4, Growth of Noped Benzoic Acid Crystals « « = = =« = « 35
5, Purity of Benzoie Acld = = = = © = « o = = © = = o 40
6. Growth of Acetic Aeid Crystols « ~ « = = = = = = = 4§

CHAPTER L1 DIFFUSTION AND CONDUCTIVITY TXPERIMENES

Lo
2o
Jo
4,

9o

Introduction to DIffusion = = = = © © « = = « s = = o= 49

Preparation of Rediocactive 18otopss = = = = « = = = 54

Deposltion SYyStems « < = = =« © = o o @ = = = = = = 59
Diffusion Annéel ConALELions = = = = « = o o = < = 64
The Sectioning TeciMigud = = « = o = = = = o = « = =67

Doterminatlon of Rediometivity in the Crystel Seetlons
77

Preparation of Diffusion Samples - « = « = © = = = 83
The DIiffuslion Experiments « « o © © © o « = o o o o 84

The Exchange Experlmonts = « « o « © ¢ « o « = = = 55

10, Contuctivity Studies =  © © = = = ® o o © = = = o 87



CHAPTER 1I1 THE RESULTS AND THEIR INTERPRETATION

a Pritiuwm and Carbon 14 Diffuvsion in Benzolc Acid Single
Crystals

b Tritivm and Carbon 14 Diffusgion in Polyerystelline
Benzoic Aeid,

¢ Tritivg Exchange between Benzole A@i@/Wa@@r Vapour
A Tritivia Diffuslion inm Acetic AGAD = « @ © = = = = =
¢ The Conductivity Studies = « = = =« = = = = « = = <

£ Tabuloted REEULES = = @ © @ @ o @ o @ = = = o = o

CHAPTER IV__DISCUSSION OF THE RESULTS

8 Proton Trensport in Hydrogen Bonded Selids,

1l Conductivity Rosulis « = =« o o = o = o o = =
b Diffusion in Benzole Acid

L sumpary of Results  « © & = = © = © o o o o o -

1L Meleculer DIFFVGION = « © = © = = = = © ® o o o

1AL Groadin Boundary DILFfusion = © o « « © = = = « o

MY Tedtivm DILTUSION = « © © @ © © « © ca = = o o o
@ DifTusion in ACetic AGLA = = = = © « © © «w o w o =
@ CONCIUBION = = = = = = = o = = = oo w e o oo @ e o
@ Future Worlt = « © © = o @ o o @ o o oo o oo o o e o e
RERURENCES
APPINDECES

PAGE

128
130
133
137
344
143
146



LIBY  OF FLGUHTED

FLCGURT
1 a2 Univ cell of benzoic scid,
b Unit csll of sceilie acld,
2 Principle of single crystel growth,
3 pietillation of bemzoie acid into growlng tube.
4  Aunvematic zone vefiner No, L.
% Autometic szone refiner No, 2.
& Benzeic eeid erysiel growing oven. No, 1.
7 Temperature gradients in erysital growing ovens
8 Crystel growing oven No, 2,
Cryshal growing vessels,
10 0.V, speetra of p-Tarphenyl and benzoie acid,

24

&

L1 Purification and erxystal growth of deuterobenzoic zeid,

Froeglng point apparatng,

Water determinabtion in benzoie acid,
Triviation of beugoic aeid,

Vacunn sublimation spperatus,

Tritintion of atetic acld,

Berzoic aeid evaparabor,

Acetiag acld depositl on system,

Dirfusion eells,

Thermis tor controller. ciweuit,

Fine adjusinment chuek,

Suetl 8 apparatug, :
U, ¥, calibration of benzole acid in cycohexans,
a Effect of scintillator voluwe on %ritiws counting efficiency.

‘b Bffect of benzoic scid on tritium sounting efficiency,

Conduetivity eells,

v

26 Graph of logyph V6 for tritiwe diffusion 1M(001) plane

in benzole acld {(large vessels).



27 Arzhenive plote For tritiuva and €7

ool Rl
N W

acd single eryptaly

N
&3

diftugsion in benzgo!

»

8,B, Graph Baggaﬂ 18 §* ror triviue asffasion J© (udl) plane

1mn benzolic acid small vessels,

Graph 10”’0‘ A V8 %2for britium dnffuwmona,eiﬂﬂ ) pleme in
benzoic aeld undex dx y @on@ﬂ vloneg,

Greln 1@€1qﬂ Ve %af@?lb?jbluﬂ gid fuﬂﬁomc‘w(ﬂﬁﬁﬁ plane in
dentarobenzolic acid onﬂ ng@vpu@nyl doped benzele agcid,
Graph lagy o Vs:ﬁgfor tﬁihimm @iffugi@m?L,(OOE} plane in
benzoic and ﬁ@utﬁ?@b@Mmﬁﬁﬁ acid simultancougly. |
Graph logqh VS 7P for hritium dirfusion JU(001) plane im
bamzexc ael d fr@m THO vapowf

=8 14
gox €

3, 2

ﬁifﬁqu@n¢ﬂ?(Q01j plans in

@J

a,b, Graph j@pjca Vs M

B
Las

bongoic aeid. .
Graph of Logyqh VS Riror ¢ aiffusion parellel to (001)
plane in benzole seid, T |
Greph of Logynh vs ¥ vor ¢
Grach of legyoh VS ® for tritium diffusicn in benzoic acid
BOMPBLLE .,

diffusion in benzole aclid compesits,

Arrhenius plots Tor grain boundexy diffwelon in benzeie acid
comnpacts,

Graph R, V8 ¥ for @wehangc recehion between tritisved bonzgele
acid end water vapour,

Arrhenius plot fcx tritivm exchange HoOf benzelc acid,

Greph log) A VS ZPror trinium diffusion L7 {100) plane in
ecebic neid, S

AoC. conductivity in bengole acid compacts,

Time varietion of A0, sonductivity in acetic acld single crysbalg

a,b, A,0, and 0,0, conduetivity In oxelirc acid dihydrate,
Sehematic view of hydrogen Wonded cheins ih erystals.



INTRODUCTION



-
BN

Investigetion of the physical #nd chemlicegl prapeyties of
_&élids hag, uwntil recently, been principally confimnec 1o those
meterieals of potentigl inoustrial iwmporiaunce e.g. Mevals,
semiconducting and lonic crystals., Thig work has lead to a
fairly well developee theoyy of the solid gtete in these ay%tem@%

A rescent upsurge in interest in orvgsnice end moleculay
solids hes evolved however, from the discovery of imterestlng
semiconductiing and photoconducting properiies in these By@tem@§”3°
Flegtrical end optical properiies have been siundied in a lerge
number 0f ovganic solids ranging from well characierised avomatie
golidg Llike anthras@mg and naphthalen@? 0 more compllested,
biologlcelly interesting protein-like @%ructur@$§ in 21l BYBtens
it has been found thet properties are frequently very é@p@m@eat
on the degree of purificstion end hence the crystelline
perfection of ithe solids. The imperfections in the cryswals,
whether neturel imperf@cﬁian@ due to impurity melecules or non
equilibriune line defects like dislocetions, cem greatly affect
the property being sivdied and'giv& rise Lo exirvingle properiiem
vhich mey completely mask the intrinsic property being invesilgaied,

Organie sollds differs Crom metallic snd ionie solids im
that thely binding forces sre primerily Van der Wasals intervactions
and the meleculen erystallisze in the aystem which gives the

T

greatest packing denglty’ except where othexr factors such ag
hydrogen bonding heve an effect, There have been relatively

few studies on organic solids other then elecvrical fopiieal



2,

propertles and in ordey te unrdersiend the basie m@l@&&lag
iy
rengstiond oecenrving in these sollids sn extensive siudy ie
reastiond ocenrying in these s01idp sn crEtenslive gitudy i
required on the properties of both ‘perfaect’ crystials and
cryssele heving a koovn and controlled defect sirveitvrs.

A class of @rganic pollids which has luportant chemicael
properties ond hag not undergome cxisngive avudy im that in
which the Tormation of imiarm@l@cula? hydrogen bonds conirels
the strucitural arraogement of the meleenles in the cmygtal?

Hydrogen bonded orgemnie eryotale cen be divided into two
principle caiegories, co-operative end now co-operative,
although sone structures may contain a migture of both, Theae
have been revieweod by Ubbelohde and Gallaah@r%

Co—operative hydrogen bonding is exhibiled by erystals
vhich comtain infinite chalng of hydrogen bonds extending
through the crystal. Typlcal exsmples of such o struciture
sre the slcohols vhogse confipuration can be represented

schemetlically as

@ 3 ®
§ l ]
o 7 @K p }7 e @{%H N iﬁ@t‘%
v i v oM

where R i a hydrocarbon group. Such co-operative ssmsemblies
can be further sub-dividec inte cheing, sheets and thres
dimensionsl networks dopending on the spatial arrvamzement of

the hydrogen bonds,



Non ao=operative systems ag thelr name suggests ave

composed of closed eyclic structures 9.g.

# @ b e IS e
e C N 2
AN Gy e = = «w@f
cyclic dimers op exhibited by almost all corboxylie aeslda.
In all cases, howevor, the ceniipuration ig achieoved uwhieh
Leaves the systen in its lowest peientisl encrgy configuration,
Interest has been avounsed im the poszible role of co-
aperative hydrogen bonded systems as protonle conductors. It
hag been suggesited thet hydrogen bhonded hydralion struciures
are present in proicin wmembranes which ave favourable io
protonic control systems and that fesi proton transpori mey
play an impovitant role in bilologieal reachlon kim@%icgol@
Fe{ll)= Fo(lll) oxidation hag beep observed in iron salis
digasolved 1o lce and 2 mechanism invelving proton tronspory
along hydrogen bonded chains ham been @ugge@t@i%l Some
experimental situdlem hove boen made 4o teat the vellidiity of s
proton Lranspory msecnsnilsm in co=operatively hydrogen bondes
solide.
12

In 1951 Kskiuchi et al. demonstrated that current flaw
through eetyl slcohel occurred slmost entvirely by proton charge
trangport. They 4id this by observing the specira of hydrogen

digcharged ot the cathede after passing a current through ithe

- [ « ‘& 9 ’ )
golid alcohol. Smyth~ - heas algo propesed s protom travefer



nechonisn associanted wiith meleculsr vounblion to ouplain high
cendnetivity end dielectric losg in the higher aleohols, n-
o tradecy-gnd hexadecyl.

The effect of the dogree of co-operation on conducetlvity
hag been studiec by Polloclk and th@l@hd@lQ in a gevies of
organic acids and they found that ss the degres of co-operation
increased the condueitivity ineressed and the asctiveiion energy
- decreaned, the conductivity belng greater in acids containing
vater of crystallisation, They interpreved thelr vesulitzs as
substantiating a proton conduction mechanism in hydiogen bonded
nolids,

A comprehensive conduciimetric gtudy hes been made by Bley

=
15 on gystems containing the (=0 == H - N}

end hilg co~workers

hydrogzen bonded wniit ranging Tfrom simple molecules like glyveine

and oxamlide teo polyamides and naturslly eceurring protelns.

Dnly in polyamides wag the conductiviiy due vto proton migration

and in all other systemg the conductivilty was 1@4 tines lowew

and electronie in ovigin., Fleoy almo found that the presence

of adgorbed molsture on proveins greatly affect the can@uctivﬁty%ﬁ

Thip has been shown Lo give proton conduction in karatimi7 bug

elecirvonic conduciion imn heam@gl@bim%@
Conductivity studles in lce which, though net an arganic

solid, is eguivalent to an alcohol B=0H with R=H, hag boen
10, 19, 20

~3

v

exhaugtively siudied

o=

and proton transport verified

N
&4,

by this and elecitvelysls measurements’



A

with the exception of lce all the above gitudies showing
proton conductiviity wers made on polycrystislline cowmpacta. It
hag frequently been shown, however, that compactse often give
nisleading resulis as intergranular snd suriace effects may
accur due o the presence of adsorbed impurities e.g. oxygen
and matex?g It would be preferable, therefore, to axamine this
proposed proton conducition in single crystels of materials inm
which the crystallographic oxlentation is lnown and the
chemical impurity concentration and non-gguilibrium defect
struciure can be reduced to a minimum,

Az no intrinsic proton conductiviiy has vet becn conclusively
proved in hydrogen bonded organic crystals it was thought that
a useful coniribution could be made to organic molid siate
theory by attempting such an invegtigation in single crysials

I

of a serles of amelecules exhibliing different types of co=-
operative hydrogen bonding.

An lndependent method of verifying charge traonsport
mechanismg in ionic crystale is to measure both the bulk cone
ductivily and the diffumion coeflficient of the ion which is
belleved te be the charge carrier in the same single crystel
over a range of temperature., If the same mechanism ls respongible
for both phenomeng they will be related through the well knoun

Rernet - Dinatein equ&ti@mg)

Liretg
ari

) ke



which corvelates the specific conductiviiy,o, at t@myér&t@:é i
with the messured diffusion coefficient, D. N is the cotal
nopber of lone of the conducting spscles por wnly velums, @ the
slectronic charge and k Boalczmeann's congtant.

The Nernst-Tinstein cguatlion has been oxperimentally
verified for lenlc solids by the work of Mopoiher, (Grooks and

24 28 digrusion im

Maurex = whoe stwdied D.C., conductivity and Na
the same single crystals of sodium chloxids, They found that
the Nernsi=Elngtein eguation was obeysd exactly in the
intrinsic tomperature reglion vut net in the exirinsie reglemn.
Thig proved that in the intrinsliec reglon the conductivity was
due asolely to the migration of sodium long, This type of
neasurement nas not been abtempied in hydrogen bonded organic
selide which are proton conduetors 204 1% vas thought that such

o sindy alght yield intercsting informeiion mbout the mature of

the charge carvievg in these sgystemsg, Ubbeslohde's atudy of

=G +6 1@m7

rganle aci@&l4 gave gpecifice condunetivities of 10
ohE 'emol far co~operatively bonded aclds at temperatures well
below their melting pointg. IF thiz ls duve 4o proton eonduction
alone thon the aiffusicn ceafficient ©f tho proten coleulated

ﬁ t:: ':, &2l Loy
X9 el to 10 13 @mg BAG .

from the Nemat - BHimstelin eguation ig 1
which s measureable by trocer technigues.

Before smbarking on sueh a study, however, 1t iz essenitial

=da
=3 w3}
=i
P
s
7
=l
£
)

that & sulteble igotope of hydrogen is gvailable Tor o 4l

study aud should setisfy the Lollowing reqgulrements



1. The isotone mugt be detectvable im tracer amountsa,

2. 1t mugt, A7 radicaetlive, have a half-lifc of several times
the tetal diffuvsion anneal time.

Ra ghowld not constitnic a sefoty hazard.

OFf the two known isotopes of hydrogen, deunterium, Hig ¥
neavest to hydrogen in properties but is non-radlioacilve end
nugt be determined by phymicel methods which are not yet
aensitive enough for the experiments envisaged though an
activetlion analysis method has recenily been reported in which
one ngm. samplea of deuiterium can be accurately det@rmin@dgg
The second isotops tritiumo M?g doem not oceur naturally but is
sasily prepared hy a Li &np“@W nueleay transformetion, It is
radioaciive and disintegrates with the emission of a wealk (3 ,

0« 0L8 MeV and has a hali-=1ife of 12,3 years making it a
sultable isstope for a trager diffusion piLudy,.

A dmpertant point arises, however, over the ilsotope efiect.
In pormal diffusion studies e.g. in metellurgy, this iz negiigible
but the mass difference beiween tritium and hydrosen ig large
538 hence an mpprecisble isotepe efifect may be obmerved if
the proton diffuses slone. Studying tritivm diffusion in a
normal snd a completely deunterated hydrogen bonded system snd
compaxring the values obtaluned, however, may help teo elucidate

the mechenism, Igotope studies in i@@“J have shown that the

&

ctivation enevgy of conductior is almost wnsliered by sube

&

tituting dentevium for hydrogen,
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The choice of the most suiltable systens te astudy was
made with reference %o the follovwing polnis,

1. The sysiens must differentliate between the different types
0¥ hydragen bonding, co~operative and nen go-gperaitive
sc that sn asscssment con be made of the g¢ffect of co=
operation en the proton trangport preperties,

2. Phey zhould be thermally siable,

3. They should be ebisingble in a high degree of puxitvy.

4. They should have similar properiies and crystal structurxe
80 that a direet compaxrison can be made botween thok.

5o They shonld not undergo & phoge transglition between room
temperature and the melting point,

6, They should bo mechanicelly stable and should not shatier
on application of & shear stress or rapld coolling.

7. Sultable ismotopleally labelled molecules mugt be available,
alge in a high degree of purity.

It vas decided that the mono-earboxylic ncids would be the
west sultable system, ALL normel mono-carboxylic agids eryatalle
ime a® cyelle dimers with the exeeption of the two initial
nonbers, formie and acetic aecid, which have linear chalng of
hydrogen bonds extending through the cry&tal; Twe acids wers
chosen for study @mch'@xhibitimg ene type of hydrogen bonaing.

Bangole aclid waa chosen a® the exewple of a non ¢g=
operative hydrogen bonded system consgisting of non interaciing

cyclic dimers. The advantepes of studylng benzolc acld weres
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L. It is obtainable in a high degree af purity.

2, It iz thermally stable :.d has no golld state transition.

3. Lt crystallizes inm the mono clinic system, space group
faﬁ/cl with fouxw mexo@ulmm per unit cell, f£ig. M@Jwith

8 5,528, b 4A9 ¢ 231,98 ang g@ BTQQB?

4. 1%t has & well defined cleavage plane Qﬂal}gg vhich facllitates
cryatal ori ation,

5. Fwitivm and Glf labelled molecules are readlily avalliasble,

Acetic acid wes chosen am the esample 0f o co=opevative

hydrogen bokrded aystem and had the folleowing advantsges,

Lo 1% ls thermally sitable vwith no kreown transition below the
melting polnt,

2. ITie crystal sivacture hes been characterised by Jones and
Templet@m%g It i erthovhombic, space group Pona 2, wulth
four moleeules per unit cell, heving =« 13.328, b 4.088
sad & T, TR Fig 1

A

b Tritium and 014 labelled moleculas are easily prepared.

el

Digadvaniages in uging acetic acld ave its lew melting point of
16,7%¢ and the fact that 1t im silghtly hysrosespic. 1t was
vhowght, however, that these peints could be overcome by suitable
eximental technigue.
Both these scids ave of similar strengih, benzole seld
pKa =42 | acetlec acid pka= 47 , end solldify o give

gystons containing hydrogen bonds of approximately the wane

length, benzolc 2°64&9 acetie 2,618, The sryatal sitructuie of



10,

both is spproximately the same as benzolc acld is almost
orthorhombic, @53970 end the major difference between these
crystals iéﬁ?&p@ of hydrogen bonding hence it is to be

expected thet sny difference in ithe proton transport properties
will be directly attributable to this factor.

In both these solids the bulk molecule iz large and can
be eamlily labelled with 614 hence a comparison can be made
between diffusion of the bulk molecule and thet of the proton.
This will show whether the proton diffuses with the bulk
molecule or not. Very little 18 known of molecular diffusion
anG this study may help te slucidate bulk diffusion mechsnisms
in organic solids.

As the defect structure of solids hasg been shoun to have
& marked effect effect on the properties 1t was thought that
additional information could be obtained from a study of the
above system by a) Introducing a substitutional chemical
impurity and b) introducing gross nom equilibrium defectm
by studying conductivity end diffusien in high purity poly-
crystalline compacts,.

The object of this thesis, therefore, wasg threefold.

1, To purify and grow large single crystals of hydrogen bonded
orgenic acids,

2., To measure, in these crysiesls, the conductiviiy and proton
diffusion coefficients, using tritium as tracer, ©o0

confirm or disprove the hypothesis that Intrinsie



:B_,l ]

proton conduction can cceunr in co=operative hydrogen bonded
solids end elucidate the mechenism,
To examine the effect ef introduced imperfectlions im the

above systieng.



I 1., IwlkODUCTION,
Aa the defeect atructure of solids hes been &?own t0 exert a
marked effect on many solid state phenomena?'g it is
impoxrtent when enbarking on a study of =2 Q?Ttiéular
crystalline solid to prepare single crystals with only
an equilibrium defect structure. That is to say that
non equilibrium defects such #8 dislocations, grain
boundaries and point defects introduced by the incorporation
of ilmpurities should be reduced to such a level that they
have no effect on the intrinsic property belag studied,
It is not always possible to atiain this equilibrium dus
0 the itechnicsl difficulties involved znd the method of
growing such perfect crysisls is still very much an art,

There are three principal weye of growing crystale
of which all technigues are simple oy sophisticeted
sdaptations,

(a) Growth from solution.

(b) Growth from the vapour phase.

{(¢) Growth from the melt.
Method (a)is the mosy generally used indusiviel method and
has been used to grow very large single crystals e.g. a

A% 1lb. crysial of ammoniuvm dihydragen phosphate was grown

L)
-

by the Bell Telephone Laboratories over a& four month period.
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This method frequcutly gives flawleng crystals but suifers
from the dimadvanitexe that crystal greowih is very slow,
about 1 mm/day being sn average rate, and thet the crystels
@ay grow in a particulaz crystel habit which is egperi-
mentally unswitable. Crystal habit varies with the solvent
used and can often be modifisd to force the crystal to
grow in & preferred crystellographic direction. Habit
modifiers are frequently dyegﬁgwhich adsorb on a partiecularn
erystal plene preventing further growth thereon. As the
mo@ifier is uwsually incorporated in the crystal this may
affect the intringic property being studied. This method
mey also introduce mlcroseoplc occelusiong of solvent which
are egually detrimental and hence 1s not considered
particularly suvitable for growing high purity crystals
with o uniform defect struciurs. This method, however,
iz frequently the only suitable method of growing @ingle
erystale which either decompose on heating or underge a
phase transitlon between room temperature and the melting
point.

Growth of erystals from the vapour phage ig also
useful where decomposition con heating or a phage change
oceurs. This method, however, usually requires a Tairly

high vapour prassure at the growth temperature altheough
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gome ovgenlc crystalas have been grown at vapour pressures
G

of o few hundred mlecrons Hgi Growth rzves can vary
considerably and can be ss high as 1-2 em/day. Vapour
grevsh gives high purity, flaviees crystals but difficeunlty
i@ onpaerienced in growing crystels lavger than a few mm,
on edge, predomingtely due to a lavge heat of crystallisation
coupled with poor heat dissipation caused by the lLow
thermal conduetivity of most organie solids. In this
method of greowih 1% is glee difficuli to contrel the habit
of the cryetal formed,

Method (¢), growth from the melti, was considered the
bogt method of growing crystals of sufficient purity, size
and uniformity Ia the present lnvestigaitlon,

Growth from the melt is ecssentlally z simple one gtep
operation in whiech s mell of pure material 1o cooled
throvwgh the freezing transition at a rate slow snough o
allow equilibriuvm gingle erystal growth., There are itwe
prineiple variations of this method,

@) The Kyropoulos m@th@ﬁ?g
b) The Bridgman - Stockbavger m@th@d%é
In the Kyropaulos technique a seed cerystal is slowly

withdram from o melt of pure material. Surface tension

Iraws the melt in contact with the soed sbove ths level of



\
e,
Py

Y

P PR AT LY

PREr

“‘?’ ;;}'P 4 ’5.'“"‘27

:j‘ )

%

e
(4

=y

OO oo O0000
7 f‘ﬁfcg@‘m@aq‘g"@ig
¢
;

]

P
S

¢
i
;

¢

A
FTRL BT TN,
T4 ;‘s,dv.-;m:;wi\“}
e
i
+ L)

o

T T

ey T 2y,
S AT
o

o
on

Saite
(@)

16,7, _PRINCIPLE_OF SINGLE CRYSTAL  GROWTH,
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the melt where it then crystallises. The rete of withdrawal
of the seed i adjusied to give equilibrimvm freczing and

a @ingle erystal is obteined. This method, however, is

only suitable for meterials which have & low vapour at the

melting point and has been successiuvlly used to grou large

. ) 37
ellali halide single eryvatale,’

Unfortunately the organie
aclds to be grown both have Fairly high vapour pressures ab
"~ the melilng, of the oxder of geveral mm. Hg, and sublime
henee this method wes neot considered particularly suiltebls.
The principle of the Bridgman - Steckbarger, or moving
vessel technlique, ig 1llustirated in fig 2 » A vessel A
containing the melt is slowly lowered from a high temperature
reglon, T 2 Tﬁg thr@uﬁh the melting point isothermal, ng
into 8 low temperature reglion, T <€ T,o In order to grow
& slngle crystael a seed crystal must be formed at the lower
end of the growing tube from which ithe melt will crystallise
into ome single crystal boule, Ths formation of this
preferential seed crystel which contrels the whole growth
process has texea the ilngenuitly of crystel growers in the
past and several standsid crysial growing vessels have been
deaign@ggg all of which start with polycrystelline material

formed by spontaneous nucleation on supercooling the melt,

The crux of the problem ls to preferentially select one of
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these crystals end this is usually accomplished by either
having a congtriction in the grewing tube which allows
only one cirystal through which then controls the subsequent
gingle crystal growthg oy by forcing the crysial to grow
through a bent capillary., This latter procedure may also
@@ntrai the orientation of the single crystal formed am the
growth plane of the crygtal formed as it travels up the
capiliary can be altered by the angle of bend thr@ugﬁ which
1t iz grovh’. In this way the orientation can be altered
by 90°.

The Bridgman Stockbarger methed was chosen Yo grow
crystals of benzolic eand acetic acid for the following reasons.

L. The method is relatively simple.

2. The crystals, which sublime, can be contalned in a
sealed vessel which slao prevents external
contamination during growth.

%. Large uniform single crystals can be grown in a few
days.

4. 1t should be possible to grow crystals with different
crystallographic orientation,

Before groving the crysials the starting materials

were purified by the following procedures,
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.. 2, Purifieation of Benzoele Aeld.

Purification of orgenic materials can be accomplished
by a varieiy of unit operationg of which golvent extraction,
distillation, aublimation and recrystaslligsation are the
nost cammmn:%@ In the present study benzolc acid was
re@uir@d in as pure a form as possible for the reasons glven
in the previous section,

The preparation of high purity benzole acid for use as
g standsrd subsgtance for calorimeiry and acidimetry has been
gtudied by Schwab & Wich@r§?$l They found that purity
greater than 99.98% could be obitained by several methods,
recrystallisstion from water or benzene, fractional freszing
or hydrolysis of benzoyl chleride, Purity of 99.999% waé
obtained only by recrystallising from benzene elght times
or by fractionally freezing itwlice in a manner similaer teo
the Bridgman technigue for groving single crystals. The
simpilest of these methods was fractional freezing snd this
was the method chosen %dﬁgﬁﬁgl@ crystales in this investigation,

The starting material used was Analar reagent grade
benzole acid supplied by Messrs, B.D.H. Limited. The
specificationg of this material gharanieed greasiter than

99.9% purity with known impurities having the following

maximum concentrations, 6 p.p.s. metallie, 0.025% non volatile,
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~

0.02% chlorine @omp?unda and the remainder probably adsoxbed
oxygen and water. ﬁn a tritive diffusion siudy water is
likely to be the mosf% devrimental impurity but im this case
ig eamily removed by simply evacuating the fused acid™

For the initial purificaticn of benzolc aclild prior
to single crystal growth, zone refining appeared to be the
nost sultable technique. As no zone refiner was avallabls
it was decidéd to construct one., During this period benzole
acld wag purified by simple distillation under reduced

pregsure using the following technigqus,

I2a Distillation.

For the initial experimental growth ol benzole acid
glngle crystals the spparatus shown in fig. 3 was used,
Approximately 200 gms. @fu&nal&rabenzaic acid was placed
in flesk A and evacuated for l-2 hours at 107% cm, Hgo Tap
Tl wes closed and a few em., of dry nitrogen intreoduced,

The acid was carefully melted and degessed by opening tap
Tl o the vacuum, This procesdure removed most of the water
end it wes swept out of the acid by the dissclved alr
bubbling ont. Tl was then closed and 10 em, Hg. pressure
6f nitrogen Intreduced. The system wes then sesled at Sy

snd the acid gently d8istllled over into the crysital growing

vegsel, the first 20 ml, of distillate bsing trapped in
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limb B using a ligquld nitrogen trap which served ©to ronove
any last traces of weter. The subzequent 60-80 ml. of
distillate sufficed to £ill the cyystal growing tube o
within 1% of the scal SEQ The distillation wes stopped at
tiile point and the growing tube sealed at Sgo The glass

ar S2 was then fashioned into a hosk from vhich the vessel
wes sugpended in the crystal growing oven. The bensolc
acld in the growing tube was always crysital clear in the
liguid state end erystallised tc glve a pure white crystelline
80lid, The benzolc ameld left in the distilletion tube,
however, always had a light brown coleouration. Thig
indicated that elther some degree of purificatlon had taken
plaee oy the acld was decomposing. Vxperiments by Schweb

end Wichers

in which they held 3 samples of high purity
benzolie acid in sealed cepsules for 72 hours at 200°C. wader
one atwmosphere of aly and oxygen and under vacuum, gave
0,047, 0.047 and 0,025% impurity respectively. This
indicated that the rate of decomposition was very glow and
was probably due to oxlidation hence it seemed likely thatb
gugﬁfi&%%i@m vag occurring duripg distillstion. A furthew
indication that this brown celouration was a natural

impurity wes later obtained by zmene refining during wshich

a siniler brown material was guickly rejected,
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This method of purification ana tube filling was
used successfully until the superior technlque of zone

refining had been developed,

.2.b Zone Refining

G4: 2

Since its introduction by Pfann in 1952 zone refining,
or zone meliting as it i8 sometimes called, has rapldly
become one of the mosti powerful m@thdds of obtaining
materigls of super purity i.e. impuriiy concentrationg

of parts per million or less. The theoretical snd practical

development took place simulisneously and was the ging guse

non of the semicenductor imdustrﬁﬁao The technigque is of
general application o materials which do not decompose on
melting end thus in many cases can be used to prepare
organic crystals with contaminants well below the level of
snslytical detectability

In prinsipl@ zome refining is a simple adaptation of
the normal freezing method of purificetion, Its pover lies
in the speed with which 2 large number of unit freezing
operations can be made couplec with the method of rejection

of the impurity. The factor conirelling the separation of

an lmpurity between the liguld and solid phase ig the
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liguid seegpeetively. Uhen the impurity is more soluble im
the liguid phese then [Rp <! end the solid becomes pro-
grossively purer, wvhen the impurity ias mere soluble in the
~golid phase then Rp>) end the ligquid beceomes purer. The
theoreticel mssumption of constant distribution coefficlent
iw omly applicable in the case of very dilute solutions and
o can be obtained by extrapolation of phase diagrame o
#Zero concentravion, In novmal zone rvefining operations
equllibrivm freezing conditions are mot gttained and a
related parameter ig used ealled the effective distributlion
cocfficient, R .

The practical process of zone refining consiste of
@slowly passing o molten zone of comstant length, 8, threugh
a length, Ly of the sslid to be purified. If the initisl
concentration throughout is Co then the impurity distribution

. 4453
aftor one pass la given bj“”

- k x
C/C@ = e (L k) exp L J
whera G/@@ iz the relative impurity coneentration from the

top of the sample (=0). The benefit of zone refining ie
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that several molien zones can be passed through the mampls
at the seme time providing that a lengih of solld exlists
between them,

The degree of purification using this method is limited,
hovever, and Brauﬁﬁé’h@s galceulated the number of passes
beyond which no further purification will be obiained, Tor
0,14 R € 0,3 he caloulated the marimun effoctive number of

passes, 0, as

n = [;2!(%% ¥ 21

It is possible te Turthey purify this material by extracting
the pure fraction of the charge and re-introducing 1t
inte & longer, narrower zone refining tube thus gliving a
largeyr veiuwe oF &/E and higher purity. For a further
digeusglion of the many Tacets of zome refining the stendard
work omn the subject is by Pranit |

The applicabllity of zone refining to the purification
of benzole aeld wes demonstrated by J@&muﬁﬁg vhe increased
the purity of a sample of benzolc acid from 99.98% to meore
than 99.999% by two egullibrium freoezing operationa,
This indicated that the distribution coefficient of noimal
imp¥Tities im benzolic aclid is £ 1 and that relstively few

zZone posges were required to give high purity meterial. I%
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hos olso been shown that water deoes net form solid soluwiticus
£3+8 . .
with benwolc aeid ', hence %this method should aleo remeve

the fingl. traces of wWLTET.

Dosigo of Zone Refiners,

Two simple zone refining mechanisme were svolved during
thig period of research.

The flirst mechanism is shown in filg 4 ., It is
extremaly simple and consisted essentially of e screwed
puliey uheel, P,to which a length of copper siring ves
brazed, The other end of the string was fastened to a
Fixed spring and heatere were attached at suitable squelly
spaced imtervals., The actuel mechaniesm is shown in Lig 4
After one revolutionr of the. wheel thi string screwed off
@&@@QMIy and the heaters were returned to their initial
position by the tensgion in the spring. %Fhis gave a vertical
dlaplacenent egual to the cirecumference of the wheel aund
thues the henters wore seperated by this distance to give
the required overlep of the zones. %The pulley wheel used
was 2.9 em., dla. and the gpeed of the drive moter wes
l/@ ToPolley iving a mone refining spesd of 1 em./hr. vhich

vas quite sulteble for refining orgenie solidas.



The heaters usec were wound with 3% oha/yd. *Nichrome®

wire on glese formers iungulated with asbestos peper anad
the heating current was coatrolled through a 'Vaviac'
sutotrensformer. sSevergl sizes oi heaters vere sonstructed
foxr use with tubes of varying dismeter ranging from one

to three cm,

Attenptis were made to zone refine benzoic a¢ld using
two hesters but it we. Ffound that the glass tube containing
the acld always fractured due to the large volume cxpansion
on meltimg9§Mﬁ%§Band even Lwo i thick walled glass
tubing could not withstand the pressure created. Some
success wasg obtainec by using Teflomn tubing to contaln the
acid, This tubing, which is suitable for use at temper=
atures over 2000609 expended sufficliently to contein the
welt. Unforiunztely the heaters frequently situck to the
tubing and melted iv at the point 0f contact. It ves
degided, therefore, that the zone relfining must be carrvied
out in glass tubing in wvhich the acid could be melted,
degassed and sealed under vacuuwm, This meant that only
one heater could be used as it had to start st a free
suriace fer every pass 6 eveld fracture due to the velume
change on melting. It was foumd that even wiih one heater

the tube occasionally fractured If 1t was exposed to
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poes length of 30 cm., wes obiained. The zone refining speed
was controlled by varying the electrical input to the motor
through o ‘Slamerstat® controller. Im thiz way zZone
refining speeds of 4.5 em./hr. and under were obiained.

In geone refining benzolc acild the procedure adopied was
to use a heater giving a 2-3 cm. molten zone, The total
length of charge wes 3% cm. and the tube diameter 2.9 o,

3 or 4 fast passes veres initially made at 4.5 cm./hr,

whlch served to remove the major impurity as a brown band
of solld which was quickly rejscted. %Zhis wes then
followed by a ainimum of 20 passes et 2.0 Gmofhro Within
two or three passes the acld always gtarted to crystallise
s lar.e singular pieces, a sign of high purity. 2% passes
were alweys given to ensure complete removal of impuritiss,

Two methods of filling the zone relining tubes were

@

uged. Initially the some refining tube was brokem open
and the top inmch wsnd lower third rejected. The remainder
vas then pleced in a large tube glass blown on to the end
of @ crystal groving tube and comnected to the vacuwum line.
The crystels werxe then evacueted for helf en hour before
aamititing a little nitrogen and melting into the growing
tube., The melt was zgain degeassed before sdmitiing 10 cr.
He o nltrogen and sealed. AT @ later stage the crystal

growing tube was attached directly te the zone refining
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(al

tube es in fig. ! o The upper inch of crystal wes slways
melted into the top of the refining itube hefore the

subseguent material vas melted into the growing tube.

.35, Desisn of Benzole Acid Crystal Growing Ovens,

The besic principle in constructing an oven suitable
for growing crystsls by the Bridgmen=3tockbarger method is
10 have two well lagged furnaces, one thermostsited above
the meliing point of crystal sno the other thermostatted
below it, seperatec by & baffle in the middle of which
the melting point isothermal should lie.
The major factors controlling the growih of large
single crysirlg by this method ave,
8o The thermal stability of the oven.
b The temperature gradient et the freezing transition,
€. The rate of lowering the erystal through this
transivion, |
d, The development of o suitably orlented seed crystal,
The moet common oven degign is to have two electrically
heated wire wound furnaces., This 1s probsbly because of
thely widely variable temperature range and the fect that
initially this method was used to grow high melting point

-
, A
crystals of metals, lonic salts end semiconduciing materials.
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As benzole acid haz s fairly low meltling point, 122%,

guna as wire wound furnaces do not give s vniform temperature
distribution throughout theiy length it was declded to
construet & crystal growing oven in which a much more
vaiform and stable temperatnre could be mainisined above
ond below the baffle., To sccomplish this thermostatied
baths of liguid were used o obtain the two temperatures

regquired, This type of oven has been constructed by Hood
51

and Sherwoed and found satizfactory for growing cyclohexa.ne
a low melting point organic ‘plastlic’® crysial.

The degign of thisg oven is illustreled in fig. 6 o
The lover bath was enclosso in e 1' x 1° x 1°6" desp
plywood box. A large metal drum fitted neatly in thig box
and wee insulaited with straw. The drum wes fiiled with
water, with e layer of parafiim to suppress evaporation,
and thermostatted wasing e toluene regulater te control a
500w heating element, The 1id of this box was & 1° x 1°' =
#% thick plywood boara te which a plece of cork of similar
dimensions was glued., This gave a 1 thick insulation
layenr of sufficient strengith to suppert the upper bath,
& two litre beaker which effectively forme« the lower bath
vas beoltec to this 1id sna wes olse filled with wzter haviag
a paraffin lsyer on top.

The upper vessel consisted of a copper can 5%® x 10" dia.
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with o 29 dia, hole drilled off=centre in the bage, through
which a tight fitting pyrex tube wes inserted snd sesled
with ‘Araldite’ epoxy rvesin, Holes were blown in the lower
section of the tube which projected into the two litre
beaker te allow the lewer bath te attain rapid thermal
equilibrium. The upper bath was fillea with glycerol and
had & silicone oil layer onh top to reduce evaporation, A
background heater was wound rvound the copper can, insulated
with ashestos, using 33 ohm/yd. "Nichrome® wire and legged
with 4% dla. asbestes repe. It was comirolled uging a
Yariae to give a bath temperature 20-30°C, belew that
required. The flngl tempersture control was obtalned using
a Suwnvic TSL bimetallic strip regulator which controlled
n 40w Osrem bulb giving a temperature stebility of ¥ 0.10 ¢°
at 140°¢C,

The optivem  pate of lowering at which equilibrium
ireozing conditions are still maintained iz a factor which
depends om the msterial, Metel single crystals can be

b s 52 :
grown at rates of several em./hr. wherscas anthracene and

53
naphthalens require growith rates less than 2 mm, .

The
rate is almo related te the temperature gradient at the
freezing point as the heat of crystallisstion must be
dissipated through the crystal sno this increases with

increasing temperature gradient., In the cese of benzole
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acid the rote wag determined by trial and error. It was
found that a lowering rate of 2.0 mm./hr. was aatisfactory
with a tempersiure gradlient of 20 C@/cma The growing tubes
were, therefore, lowered using a Sehgamo Wesmton eleciric
motor rated at 1/12 FoRolte £Or @ 30 €.poBo &8.€. sSUpply, The
50 G.p.8. Aaboratory supply was found %o increase the
speed proportionally te 1/8 Fopohe The spindle dia, was
0.32 cm., snd this gave a lowering rate of 1.7 mm./hr. A
very fine, strong coiton thread wes used to suspend the
growing tikbe. It was found that thisg occasionally broke in
the hot section of the oven and was replaced by a short
length of copper 'siring’ which was tiled 1o the thread abeve
the hot section., This lowering mechanlesm was independently
clampea from the rest of the oven to minimise the effect of
sny vibration cawsed by the silirver.

The problem of the best temperature gradient to use is
one in which there are two schools ol thought. A sharp
temperatnre gradient is conmlidered to glve better and
guicker dissipation of the heat of crystallisation and
increases the positional stebility of the melting point
igothermal. 1In favour of a shellow tempersture gradient ig
the fact that the crystal can anneal as it is formed andg
will not be subjected to the siresses which occur on rapild
cooling., These siresmes snd the subsequent non-equilibrium

defects they imtroduce can, hewever, be annezled out by
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rehesting the erystal o just below the melilag peint for
o suitable time period fellowed by gradual controlled
emolingo' in this investigation the cxysials were grown
with o sharp tempersture gradient. The tempersiure profile
acToss the baffle is shown in fig. 7 . The wvpper bath was -
controlled ot 142° Gop 20 ¢? above the melting point and
the lLower bath ax 6@@60g 60 ¢° below the melting poink,.
The temperature gradient ecbtainea scross the baffle was
20 G@/cma and was found to be gulte gulitable Tor growing
benzole aclid crystals. The upper bath tenmperature wag
limited to o moximum of 1507C. as Schwab smd Wichers® found
that a alow exidative degradalion ogeurred at 200°¢, and
that o reversible dehydration o bengolc anhydride snd
water cceurred in the i1lguld phaze . The extent of thisg
é@éhydration wes swell, however, and only occurred whem the
acld wawm very dry. It was found teo return to 1ta inltisl
value whon the material passed throvwgh the freezing
Transition,
When this crystal groving oven was eperating properly

good cryetal boules were obtalned which usually consisted

two or three large single crystal pleoces greowing with

. Y @ A
vertical or at an angle of 607 te the

-
&
@

the cleavage plan
horizentel. Unfortunately the system conld net slways be

relied upon and several factors ghich influonced itm
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FIG.8. ~ THE CRYSTAL GROWING OVEN.... N2.2,
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PErLormance were.

‘8. The stirrex in the high temperature bath had a tendency
t0 stick occassionally end when this oceurred the
cryatal wos restarved.

b The stirrers olso occasionally cauwsed cxrcessive
vibration vhich affected the crystel growth proceas.

c. The exystal could not be observed during the growth
process and the crystellisation had to be carrxried
out completely before it was knoun whether or not
the sesding had bacn successful

tdo When the string broke or the crystel slipped off the
hook, end this happened seversl times, the oven had
to be completely siripped down to remove the tube,

A perliod ocourred during which for a combination of the

above reasons unsatigfactory crysials were obtained. A%

this point it was decided to change the cyrystal growing

oven in an atiempt to obtaln betier crystals,
Th@vnew oven used was one constructed by Dr. J. No

S5

Sherwood and successiully used to grow anthracens ery%tal&g

Bopto 21‘?@(30 Thia oven, fig. was an all glass oven
made In Pyrex which enabled the crystal to be observed
at all times during the growth process., A detalled

53

. =D
deseription of the oven hss been given slsewhers  aund

enly the prineciple features will be described. Two "Michrome’
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heater A & B of resiastances 80.n and 130 reapectively
vere wound on pyrex glass tubes and were adjusted to
temperatures 10 = 20 ¢® below those reguired, (uwpper
heater 130°C lewer heater 80°C.) using rheostats in geries
with the line supply. A heater D, resistance 1001, was
wobnd on @ concemiric pyrex tube 2.6Y dia., and the oven
wes ralised to the required temperature and thermostated by
comtrolling the supply te this heater through a 'Sunvic®
circudt ¥ 102/3M. which used a Sunvic TSL normally closed

thermostat a8 sensing element. The deiniled operation of

‘;.‘T)

this circult is glven elg@wher@SQO Az with the previous
oven the temperature gradient vaws sdjusted t0 20 G@jgmo at
the interface but the lower heater wes comtrolled at 95°C.
to avoid the larger temporature drop im the other oven.
The rate of lovering with this oven was 1 mm,/hr. and good
guality ¢rymials were obtaimed when high purity benzoie

acld was used.

The Crystal Growing vesssls.

The fizrst attenpt at crystal greowing was made imn the
vessel shown in Tig. 9a. A polycrystelline mass resulted,
however, containing some singuwlsr pieces which were

observed by exsmining pleces of the crystal boule between



crogsed polareoids wvherve Four positions of complete

extinction were obitained. This indicated the neceagity for

a betiter seeding avrangementy and the second crystal was

grown in the vessel shown in fizg8lb in vhieh a shert piece

of bent capillary was used to seed the cvystal. Thisg

crystal wes comsiderably better than the fivst and gave
several singular pieces which had the (001) plane growing
vertically. A8 there were still too many crystals formed

the vessel shown in fig9c was adopied for all subsequent
grovulng vessels. This vessel, which has been unsed previously
to gTow anthracene @Eygtalg%gg gave‘am insulating layer of

the metevisl in the euter vessel which helped %o stebllise

the melibing polnt isothermal in the lnner vessel and wag

fovnd to lmprove the quallty of the erystal obtalned considers
ebly. It was not possible, howvever, te obvain a monoerysial
and usuelly twe or three large single orysial pleces wers
obtalned which grew the vhole length of the itube and gave
excellent cleavage and extincilion belween ceroswsed pelarcids.
Pig el was yet another varinilon of vessel ¢ which wae uged
in the later atages of crystal growing. Abttempis were made
to grow crystals with horizontel cleavage in the tubs by

, . Bl
altering the sngle of the capillery. It was found, however,
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that this hed ne effect. Orystals were obitained with

Cerse

eleavage plane vertical and at en angle of 3079 omd 45°% 4o
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g vertieal frveomoegtive of the angle at which the ituba

wng bent. Fhe faet that the clesvege plane could be grown
ot an engle, howevey, indicated that the g?@wth rate
vas slou enovgh for equilibyiuvm freeging conditiong
otharvige a vertical cleavage would be obitained plong the
Adrection of fastest growth. In all the crystels grown
the cleavage plane cbialned was the (00L)

When erystals vwere withdrawn from the oven and alléued
10 ool naturally they alvays fractured due to the thermal

stradn induced. When the crystels were withdrawn from the

=

oven Lhey were, thewefore, placed in a lerge, water filled

deway Tlosk at the sawme temperature ss the lower bath,

stoppored andallowed to eool naturally.

Proparacion of Doded Benzolce Aclid Crystals.

Avtempts vere made to alier the defeet atructure of

bengele wsid by intrvoducing known impurities inte the

It was thouwght that the introduetion of cations inte
the latbice wonld lntroduge defect mites in the acidic

hydrogen latties which would increasce the condunchivity
(4
wn diffusion, Ubbslohde & wried te incorporate

A,

and triti

ra

agdive lons in benzoie acld but found no effect on the
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gonductivity. It was thought that Lithium, being smallar,
wee move likely to enter the letitlice substitutiocnslly. mm
attenpt, thersfore, vwes made 0 grow a crysial doped with
1:31000 parts by welght of lithium bonzoale., The crysial
obiained was completely polyecrysiallime indicating that
the lithium did not anter the lattice subsiitutionally and
ne further work wes atiempued on this gysies.

Another crystal wes groun with p=terphenyl as imp%giﬁyn
p=terphenyl ig similar in shape %o & benzole acld ﬁimmiu;at
glightly shorter andg 1t was thought that it might enlber
the Lattice substitutionally and cauvse @ loosening of the
lattice around these subgtitntional impuriiy slites with Lig
subsaguent effect of increasing the rate of sell diffusionm,

This crysial was groun in the normal way using zone
reiinod benzolc acid to which 0,L0% gms, of scintillation
srade p-terphenyl (supplieca by messss. auclear bnverprises Litd, )
had been addeo,yiving an impurity concentration of 1:600,
Thisg rether high lanitial concenciation was weed as it was nob
knovin o what extent the p=terphenyl woule be incorporated.

Wnen the crystal ves removed 16 was founa to have a
horizontal cleavege plane, o phenemena whichh had not bheen
obmerved with any ether crystal. The crysial was trangparent
wish a small ving of brown material rejecieo at the top. The

) Ay

eyystal was not, however, completely alngular as only partial
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extinctlion wes obgervea beiween crossed polaroids,

The distribution of p-terphenyl through the crystal ves
obtained by measuring the U.V. absorption on 2 Pexkin Elmey
137 U.V. spectrophotometer. The p=terphenyl conceniration
wag obtained from a calibration greph of p=terphenyd in
benzolic acid, P-terphenyl ezxhibiis a broad absorption in .
the U.V. at A wax 275 mpp with € max 3500 in hexane salu‘ti@m%@
Unfortunately benzoic ecld also absorbs at 275 mp but gives
a much sharper band and the p-iterphenyl cen be determined
from the overlap, see Fig.l0 . A calibration graph was
congtiructed using peterphenyl/benzmoic acid solutiong in
hexane. The values obiained areé tabulate below for a benzeic
seld concentration of 1.3 mgm/ml. vaking the absorbance ag

300 mpo
‘ p=Terphenyl sbsorpilon at 300 mp,

SAMPLE ABSORBAKCE CONCENTRATION
axggeay @l
! 0 4.7 = 1070
2 0,01, o 25z 107
3 0,25 2,5 % 1077
4 0.44 4.9 m 1077
5 0,55 6.9 = 1077
& 0.69 8.9 x 1077

Four samples of p=terphenyl doped benzelc acld vere taken

at various positions slong the cxystial, their U.V. abmorpiion
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gpeetra meagnured sha the p-isrpheuyl concenitration caloculated

Trom the calibration graph. The results ave tabulated belowus

SAMPLE  POSITION  WEIGHT ABSUKBANCE  p-Terphenyl
(Bames0)  mgm/2%ml. congentration mgm/
R o , Bgn. B.h.
1 0 17.74 0.02 2.8 x 10”4
2 2.5 16,04 0.04 6.2 =z 10”4
5 5.5 14,97 0.09 15.0 z 1074
4 8.0 14,15 0.95 550 o 1079

The majerity of the p~terphenyl was, thersfore, rejected

althoueh a smsll azmount appears to have beeon incorporated.
Y i1

Devierobenzolc Aclid,

In order to study the isotope effect on tritivm diffusion
in benzolc acld a crystal of benzgole a@i@m@l was grown and the
aeuseration was cexried ont by hydrolysing bengoie snhydride
yith deuwterated water followimg the procsdure used by

5%

Rebortson & Ubbelohde
120 gms. of reagent grade benzolc snbydride (Messrs.

BoDoHo Lide) mopte 39:.57C. was purified by 10 passes on & gone

=

refiner. The wpper 100 gms. of thisg purified materiel, m.pt.

42-43"0,, was melisd inmte the r.b. flask in £ig Ml » 20 ml. of

&

&
99 .79 B?@><‘&€L%.Mﬁ?> , @ three fold excess, was introduced
and 4 drops of freshly digtilied thionyl chloride added te

catalyse the hydrolysis. The tube was sealod at 8, and opened



o air through a Ca Glg tube to prevent entry of normal weiley
vapour into the apperatus. The mixture was refluxed for 8 hrs,
uging an lisomantle, to allow complete hydrolysis. The excesas
DE@ 488 removed on evacnetion and trapped out using a liquid
nitrogen trap., The benzoiec acid was then sublimed over,under
vacuum, into the 2° long tube above the zone réfining tube.

The vecuum pump was turned off, a little dry alr added and

the sublimed aclid melied down into the zsone refining tube,
Thig procedure was repeated until the zone refining tube was
full, approxzimately 80 gms acid, ovexr a period of 4 hours,
The matevizl in the zone relfining tube was degassed twice in
the melt before sealing at Sy under & pressure of 10 eom.
dry“air. The meterial had a very psle yellow colouration at
this stege. 7The acid vas zone refined, 30 passes at 2 ca/hr,
Large iranspaxent crysiels were obiained with a mustard
coloured lmpurity bdeing rejected. The wpper inch of material
was melied into the top of the tube and ithe subsequent 60=T0
gns, melved inte the crystal growing tube and sealed at Sga
The crystal wag grown in the all glass oven at & lowering vate
of 1 mm./hr. The crystal obirined was perfectly trasnsparent,
gave a well defined cleavage plene at 30° to the vertical and
gave good extinmciion between crossed poleroids. The crysial
was shnealed at 120p5@60 for one week. The meliing point of

thisg crystal wes 11933@809 BG@ below that of normal benzoic
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available as ench crystal grown only weighed 60 gns. Ao
attempt was made to congtruct an epparatus in which the
freezing range of each crystal used in a diffusion experiment
conld be measured. The final form of this appsratus lis shown
in fig.le . it consisted of a small sample holder, sample
volume 0.5 ml., attached by a Bl4 come and socket to o long
gless tube in which two tight fitting teflon inseris acied as
guides =nd supporis for a Stantel FLH thermistor and a platinum
wire stlrrer. The stirrver was adjusted %o glve o vertical
displacetent of 1 om., uslng an eccentric drive. Thig tube was
surrounded by a glass jackat ghich could be evacuated., A small
"Nichrome' weund heater centrolled ithrough a 2 emp Variac vae
uned o meli the semple and the whole aassmbly was thermostaiied
in a glycerol filled Dewar {lamk,

The precsoure used Lo oeteimine the freezing peint was %o
meintain the outer bath at 75°C. end allow the assenbly to
eguilibrate. The crystal wee then melted using the hester, the
grirrer sterted and the iemperature cobiained by messuring the
thermnistor resisteance on o vheatstone bridge. The onter Jacket
was then evacusted to minimise the vate of heat extraction,
The veriation of temperature with time wes noted. The thermistor
vas calibrated sgainat a platinum resistence thermometsr and
the temperature was accurate to £ 0,01°C,

Att@mptw were mats Lo measure the freezing point of samples

of geveral singles crysial boules, The freezing points obiained,



howarer, were alweys lowsr than eupecied and 1t was obaservead
that when the sample was remelted and redetermined the Ireemimg
point beeame progressively lower. 8S.g. @ sample of boule

7R.4 gave melting poimés 122.%0%C., 122.20%C., 122.17%. 1%
was concluded that this progyessive deeregse An freezing polint
was due to absorpiion of melsture in the melt as benzole aecid
is algnificanily hygroscople in the melt. (Schuab & Wichers
found 8 0.15¢° Gecrease in molting point on equilibration with
vater vapour at & partial pressure of 18 mm, Hg) It was
conglderad that the effect of the stirver would imcyvesse the
rane of absovption. On consideration of this fect and the
difficulty of cobitalaing accurate and reproduclible resulis due
to the melt supercoecling to o veriable extent in each deters

T T 2

hizg method of purity determination wasm abandoned

=
ey
vt

K

minatieon,

a

in Yavour of the Tolleowing moxe accurate determination.
b Determination of Water in Benzoele Aecid,

The normal method of water determination in aelds uming

e _

tha Kard Fishew r@ag@@tfgwaa consldered bui wew rejected am
the amount of water expocted wes leas thon 0.1 wmega per 10 gmg.
Gas=1iguld chromatography was considered and o speclal column
of Corbouax 400 on Teflow &  wes prepared. As the benzole
acld vas solid 1t had to be introduced in seoluticn evd neo watew
peak“tould be detected as 1t was pasked by the broad selvent bowng

The nethod used to determine ithe water content of henzole

50

acld woeg that vged by Schwab end Wichers te determine the

velabtile impurity in high purity benzoic secid which has been
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shown o be almost entirely water, The spperaius is shown

n

wl
=3

ige. 13 . Crystels of benzeoic acld were placed in A and
degassed for & hour to remove any sdsorbed moisture. Schuab
& Wichev&gahav@ demonstrated that the water absorbed by three
samples of benzolec acld at 90% relative humidity at 23%¢.
vas 0.0004, 0.0004;, 0.0000 mole % on sxposure for 45 daya.
The scid way sublimed in A uvoder continuous vacuum and the
volatile impurity trapped ia the 'U° tube with liguid oxygen.
Thig tube was calibrated between the two stopeocks, 120381 ml.,
and included a Piranl geuge heasd (EKdwerds & Co. model GRL)
galibrated from Q.1 micren %o 1 mm, Hg. When all the aclid
had been sublimed teps Ty I were closed and the 'U" tube
brought %o room temperature using a water bath., The volatiles
impurity, assumed to be water, exerted its vapour pressure and
provided 1t was lessg than the saturation vapour pressure at
room temperature the amount of water could be determimed
knowing the pressure snd velums of the enclosed systen, Blank
ezpeyriments were performed to determine ithe pressure Inecrease
couged by degassing the sample holder during sublimation,

The pressure in the system after degessing wes always
Lo = 2.0 microns, Two blank determinations increased the
pressure o 20 microns., The velatile impurity in three
cryotals wes determined, 2 non zone wvefined crystal, a zone
refined cxystal and the deutere benzole acid crystel. In all

caseg the final pressuve was leass than the saturation vepour
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proseoure., 1t vas observed, however, thed opn stendlng the
pressure &l@%ly decreased due %o re-adsoyptlon on the walls

of the vessel., The impurity content wsa therefore saleulated
from the maximum pressure observed. The weight of erystal,
pressure increase amd naximvm calcoulated lmpurity cencentration

are tabulated below.

CHRYSTAL W, SAMPLS MAX TMUM MOLE g IMPURITY
D, PRESSURE  ASSUMED %0 BE
INCGREASE WATER
MICRONS.
nON Z.R. %.060 120 0.0034
&HoRoT 50100 90 0.00L5
Domoﬂo !@-u?@@ :}:l&@ 00@@2@

Go HMNetallle Impurities.

Although the knewn metallic impuritles were low, PFe
0.0002%, Pb 0.0004% e2lkall metsl impvritices vwere uwaknown and
these were determined by actlvation amalyaia%© Semwples of nine
single crystials and one of Anralar Benzole acld, romging from
0.3 to 0.9 gis., were sctivated for ome hour im a mentrem Fiux
of 2048 BoPo cmg (at the Scottish Researeh Reactor Cemtra,
Fast Kllbride). Bech sample was subsequently analysed on a
Laben Multlichounel Pulse Helght Anslyser end o apocirum of each
ovtained on 120 channels in the range 0.1 « 2.9 MeV. In all
casss the et ¥ peask at 1,37 M@Vé%&w obtalned alomng with lte
essocisted background snd photvopesk ot the lower emnd of the
range. A small peak was obtealned inm the anslar acld spectrum

&l
at 1.6 = L.7 MeV presumably due te G136 praduced by the reacitleon
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6137(n¢35 ) Clﬁao in the single crystals, however, this pesl
vas non existant or only Jjust detectable indlcatimg that the
chlorine concentration was extremely low. The sbsolute
concentration of Na was calcuwlated using the following
information, The totel counting efficiency for Ma ¥ o usinmg
a 3% x 3% Nal erystal iz 28% with a peak to tetal ratio ef

68
0,57. The sample wes taken to bs 3 mm, Lfrom the erystal

. 1
surface. The saturetion activity for a 10 2 neuvtron fLfivx wag

& . &l

& 5 éq.

990 me/gm. Nao. The half-1ife of Na’" wes 1%5.0 hrs.  Using
the abeve information all the samples were fount to lle withim
the ronge 1=3 p.p.m. Hemce it is ssmumed that all other

metallle impuritlies are ez small or smeller.

. 6 Growth of Acevie Acld Crystals.
Ag In the case of benzole seld the Bridgman technigue was
uged to grow single crystals of acetic aclid. The growing oven
uged, however, had to be re-degighed becsuse of the léw mel ting

point of asetic seid (16.7°¢.)

Cryasital Growing Oven.

The oven used was similar to the type designed by Hood
and Sh@rwa@d58far thelr experimental growth of cyclohexans
single crysials. In principle this oven was ldentical to thab
shovn inm fig. & « the only differvence being thet the lower

meval drum was replaced by a 1% litre Dewar vessel., The

lower temperature bath was obtained by packing the Dewar with



gn aocetens/ Orikeld! gluryy wnich maintolned o sonsiant
temperaiure oF <3870, for meversl deys and then slewly staried
to vise., The sffect of this slew rise in the lover vessel waw
only %o slow down the rate of crystal growth am the pesition of
neliing point isothermal was lowered. The water im the lowey
2 litre besker was replaced by acetone and the glyeerel in the
vpper bath wag replaced by water. No background hester was
reguired for the upper bath as it wes thermositatted ab 50°0,
The temperature gradlieut throuwgh the melitlng poing isoihoermal,
wa@uﬁmaﬁur@d weing o calibrated thermistor snd chouwn in fig.7

The wradient used waz 100°/cm.

v

The crystal growing vessels used were those shewn in fig.%

s & 4 god the lowering rete used was 1.7 mm. howr,

Puririention and Crystel Grouth.

The starting material used was ‘snalar! reagent grade

i}‘_
&
e

he flrsc attempt et orxystal growth the scid ﬁa@ Bimply
dimtiiled, the middle fraction, b.pt. 127°C. being collecied im
the growimg tubs. The 1iguid was degagsed three tines on a

vaguum Line before agﬁlimg vindler @ alight pressure of dry
nivregen. The ecrysiel sbialined consisted of many pelycrystslo
all srionted with o vertical cleavege plone and indiceted thsi

single erystels couwld be ebialined by thiz method.
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An attempt wes made to purify the acid by zome refining
in a deep fLreeze at =20°C. using the zome rvefiner im fig. 4
The large expansion on melting fractured glass tubing and_teflan
tubing was used to containm the acid, The acid wes purified
slowly by this method a8 the melting point was ralsed from
16,2 to 16.55°C. after 30 pagses. Thig method was rejected inm
Tavour of the Following purification procedure recommended by
Wibemgeg‘ﬂg anslar acetlc acld may contain some acetaldshyde
and other exidisable componenis lr litres was reflux with 2%
chyomic acid end digtilled, 1 litre of the middle fractiom,
bopt, 115.H = 1160§@C“9 being retained. This procedurs
introduced some waier »g en impurity butl this was removed by
gistillation after treatment with scetyl boraie which reacted
with the wvater present to give acetic acld and boric acid
which was non volatile. Very pure aceitic acid was obtained
by this method., The acetyl borate was prepared by heating 1
part Boric acid/5 part® acetle anhydride for ome hour at 60%¢.
On cooling the acetyl borate crystallised ont and was filtered
off an weahed with acetlic acid to romove excess snhydride, The
ehromic digtilled acld and the acetyl borate were stored
separatoly uniil reguired,

The crystals oblalned using this material were of goed
guality but svill produced g@v@rai gingle crystal pleces in the
boule, The cleavage plane was slways obtaimed vertically.

The erystels geve excellent extinction between crossed polarelds



and meltod at 16,79C. an e attempt wam mpde o measure the waier
content of these crystels by gas liguid chwamaiagrnghyc The
golumn used was 10% P.T.G. 400/Teflon 6 en o Griifin end Georgs
Maxle IIB G.L.C. with a kertharometer detvector. Due to ithe
insensitivity of the machine, however, the watexr comtent couvld
only be determimned to be legs than 1.:%00, )

When ths ciystels were withdrawn from the groving oven
they wers broken open inside a polytheme bag which wes sube
sequently placed in o deep frosze at =20%C. The erysiels wero
then removed andpplaced in stoppered glass jers and stered in
the deegp fresze untll reguired. ALL handling of the erystals

was performed in this unit.

Crystel Siruecture
The scetice escld erysisls geve one well defined, casy

<7

clervege plene which from ithe apiical esng cleavage siudies of

&

¢ s - . .

Steinmetz = end the nerey stvuctural sm:lysis of Jones and
29

Templeton wes concluded to be the (100) plane. Unforwunstely

thi

E-.-i

ig perillel to the hydrogen bonded chains, 4As dififuvsion
studies vere Lo be carried out down the hydrogen bonded chaips
attenpts were mace Lo cut the grystals perpenciculesr te the
cleavage plene. The ervysiels, however, were so0 hard in this
divection thet 1t wes very dilfficulit in the direction of growih
and rlmost impossible at right sngles to it., The crystels
always split alopy the clegvage plane when this was attenpied,
A2 it wes lmpossible to diffuse in the required direction the
diffusion end condueitivity weve stuwaied perpencicular to thse

cle:vege plane.



CHASTER IX

DIFFUSLON AND CONDUCTIVILY STUDIES
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Che IF  «  THE DITFLUSLON ErPERIMENTS.

T Introduction to Diffusion
IR T
DifFfusion in solids iz o kinetic phenemena which can be
Lreaten 8B » macvoscople system without knowledgze of the atomic
naturs of the aiffusion process. Diffumion iy governed by
fundementel lave which were first epplled by Adel¥ Fiek

P

and ere knowvn as Flek'’s Laws,

f

The first of Pick'sms Lawg relaitesg the flux of metter, J,
aeiass ¢ glven plene o the inastentaneous concenitroiion

sradient pv the plene sud perpendicular o iX
(j ;‘"‘__; ey }3 '@ :I'E' .fl", EE T TR O GRA G T T ety & :_L }

where D ls the counstant of propoviionality, called ihe

difrusion coefficient and has dimensiong lengin mﬁ@ji

Diffueion problems can be solved by sounation (1) only under

ateady steie conaiiions whers %% is a constany, 1a pany

diffusion studies, however, the concentration gradient varbs
-

with time spd inls effect vequives the intveductieon of ¥icke

Becond 1ng.

(R

dG i D
Bm = P D

i

> J— N 3

A
=54

Y

a@guaing conglant D.

there D ia not conmtant then the second law bhecones,

pe. o2 (5 2e) \
\D? R ") '( ,\‘ é) = D L CRT RS IS G i\ 3”
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The solution to all diffuzsion problems can in theory
bhe found by applying the eppropriate bovndary conditions
ano solving equation (2) or (3%). Usuully in self diffusion
studlee the diffusion coefficient is coicentration lndepenaent
and one diffusion mechemism prodominates. In the case of
organic exystals the possibility of dlffusion anisovropy
arviges due to the lov symmetry of most organic crystalsm,
usuelly monoclinic ey itriclimic. This will complicete the
Aiffusion kinetics by intreduweing J diffusion cosfileionis
ngp'Dyyg Dzz along the R, ¥, gnd o axes of the crypteld.
Previous studies on a\n‘&hmcen@g&&nd rrmph’i’;ha:i@m@éfp have shown
no significeny variation of diffvsion coefficilent with
cyystallographic axes hén@e it is imitiélly asgured that
diffuglion in theseo aclds cen be tresied as isotrople until
noasurement of the snigotropy have been made.

There are two common methods of measuring dlffusion
cogfficlents in golids.

1) Nom destructive

2) Desivuctive

1)} 1n the non demtructive method the rate of penetration of
the difiusing speclies is oblalned by monitoring i1t change

of concentration outelde the s0lld elther by chemieal anslysic
in the case of ilmpurity diffusion or in the case of self

diffusion the actlvity of a radieactive isetope can be measured
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s

&7
as in the °‘surface decrease’ method. The trouble with these

methods is that they do not differentiate casily between
several concurrent diffusion processes and only an overall
diffusion coefficlent can be obtained.
2) In the destructive method the solid is sectioned and =
concentrution profile of the diffusing species 1s obtainedfﬁ
The power of this method lies im the fact that concurrent
diffusion processes can be observed, though noi necesserily
meagsured, and the diffusion coefficient can be obtained to a
high degree of accuracy if the experiment is carefully
performed.

There are two sectioning methods normally used in
Aiffusion studiss.

1) Diffusion in an infinite eylinder,

2) Diffusion in a semi-infinite eylinder.

Diffusion in an infinite cylinder. In this method an
infinitely thin deposit of the diffusing species is placeéd
in the middle of two infinitely long cylinder thus

o DEPOSIT

) R,
Thig diffusion couple is then allowed to anmez) for a time tl

after which the cylinder is sectioned on either side of the



interface snd the conecentration of the diffusing specics
obtainea asg a function of distance, x, from the initial
depogit at x®o. Thoe solution %o Fick's lav for these

' . . &
bovndary conditions is

1] € b4 9 *3}} W’ 2%;53'% @ng Q_, enil / ﬂ.ﬁg cpenaIe (43, }

vhere & is the total emount of diffvsing specics present hencs
knouing the variation of e{x) with x, the diffusion coeificionty
gan be salouliated,

Ditfualon in a senl-infinito eyiindey i vavieni of the
above method in vhich an iurinitely thin deposit lg placed om

one ond of an Iinfinitely long cylinder,

DEresT ]

pai=ln &L, i
and alloved to dAiffuse ay before. In this case the solnilien 6

. &%
Fick's couation i
e x®
ef{x ,t) = wpe o | - /& D | =ome (5)

1.6, twlice the cémaentwmti@n obtained im the infinlite eylinder
method .

The advantages of using the infinite eylinder, are that
a cheeck on the diffusien coefficlent is glven by the symmetry
oi the comcentration profilem. This method alse prevents surfeco
difiuplion and evaporation losses. In gemoral it is a good

mothod vhere diffusion coefficlients ave known to be high and
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for examining the Kirkendall @ffectvwin which the initial
boundary is found to move. This is only found in Impurity
(chemiceal)diffusion and is due to differing diffusion ratews
of two or movre species,

Diffusion rates in molecular crystsl have been shown %o

2 L neay the

be fairly low, epproximately ﬂ‘ﬁ,lomlocmo Sec,

mel ting pgiméﬁg?a hence this method is consldered uwnsuitsblc

ag the iwo sections of the cylinder would have to be cut and

aligned very accursiely. In order to minimise these errors

the diffusion times necessary would bscome prohibitively large.

The samiainfinite cylinder method haé several advantages.

L. A uwniform thin depogit can be placed on the surface
epitaxially by evgporation or from solution,

2. The crystal can be aligned and sectioned accurately thus
allowing diffusion coefficlients as lov as 10”43 on®
secst o be memsured inm o reasonable length of time,

The minimua time necessary to measure such a slow diffusiom

rate can be calculeted from equation (5). Assuming a

concentration change of 10% 1n a peneiralion of 30 microng

with an initlal deposit . approximately one microm thiclk

the time necessary is 600 hrs. 1l.e. spproximestely one momih.

The disadventage of uglng this system is possible loss of

surface activity by evaporation or surfece diffusion. These

cen be minimised, however, by pressing sctive faces together,

having as emall a free volume in the diffusion cell as possible
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and keeplng the suneal temperature go conatant as possible,
1t was decided, therefove, te siudy the diffusion of
tritivm and 614 im'b@m%@i@ and eceotic nelid im this wey.
ho experimental precedure regquired the felleving stepa.
1, Prepavatign of radleactive isotopes.
2. Design and congvruction of a Acposlvor.
G0 Diffusion Amacel cendltions.
4o Hethod of Sccitiening the crystal,

B Rediochonical onelyais of the Soctien.

Preparation of Radicastive Isotopes.
8o 'T tium Lebelled Benzole Acid.

This is one of the @implest preparations eof o radicactively
labelled wolecule, being prepared by a siople exchange woacticn
botween tritisted water and the acidle carbozylie hydrogen ef
the acid. The activity vequired ves calevlated on tho besisg
of a suriace activity of 10,000 cpe. vith o doposit thickress
of 2=% nicrons end a covnting efficliemcy of 20%. This required
a spoeifiec agtivity of gpproximately I nigroe curlos pew :

nilligram and this was the teitiation lovel eimed at.

The epperetus used i showa in £ig. 4§ - 0095 gne of
Analey bonzele acld vwem miaeeu in the ir%t&ati@m veuaed ,
evacuatod o a vacuum of 107 @mo He and teps P g Tﬁ sloaad.
Tap Tl vag oponed end the moreury °‘vensidl® relcesed to allow
trivinted vater from the wveservelr to be condensed inmte the

alibrated Sube uging on ecetony 'Drikeold’ mizturg., Tho
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tritinted wator had o speclfic activity of 1 ourle/% ml. end
ppproximately L om. lengih of celibrated tube wes Tllled
aguivalent to 1.5 willieuries of tritium, The °vembil® end tep
'Tl were them closed end the tritinted vater distilled inie
the tritiation vesseld vhere 1t wes left forx geveorval deys %0
gguilibratec. The excess woter wes then removed by Srecging
the water in the resorveir and digvilling over the excess wiith
gentlo heating of the benzole acld. After about 1L howyr the
vortll and Tl vere eloned, ﬁﬁg T@ opened o cONLInNONG THCHUR
and the romaining trecea of tritieted water were trapped out
in Jiquid nitrogen cooled trapas Lfor another houw. @@ wam then
closed and T5 slowly opened to the atmosphers. The tritistion
gell was vemoved, gtoppered with Apleson groase seal and sterxed
in a fridge ab -20°C, uwatil regqulred,

A 50 mgm. sample 0f this acid ves vacuvun sublimed in s
sublination tube shown in fig.l6. The tube wns evacuated to
& pressure of 1=-2 microng Hg prior to sealing. The nichroms
wownd heateyr had a resliatance of 80 ohms and was comtrolled by
a 'Yariac' antetrvensformer, LIt wag found that o 15 v supply
geveatenparature of approzimately 20%:., ot the base of the tube
and this wes suiflicient to give a beantiful zone of smsll wvell
developed crysiale about half way wp the tube with a few edd
crystals forned at the end of the asbestos winding where thewxe
vz o sharp temperature drop. The tube wasn breken open end eash

of these zones cevefully secreped ouk and placed in stoppered
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vigls. Appreximetely 2 mgm. semples of these zones and of the
origingd tritiated bonzole acid were welghed on & microbaleneca,
dipgolved in secintillator solutien end meds uwp %o 25 ml. in &
standerd flaoslk. One wl. somples of cach were taken omd

counted on the Beke meintilloitien cowntor. The rosults obioined
arg chowun inm the fellewing table.

BENZOZIC ACID UEIGHT COUNT RATE, Re ACTIVITY ABSOLUTE SPRCIFIC

ngR  epE. per Ml cp@. per ACTIVITY we/wamo.
WEER o
ORIGINAL 2,885 F18 135%.0 0. 879
MAFOR ZONE 2.60% 3%0 130.5 0.873
UPPER ZONE 1.892 253 133.5 0.893

These resulis coupled with the meltiing peint (122-3°C.)
show that the benzole aeld is of sufficlont chomieal and
radiochemical purity end the original waterial wes used in
the initiel tritivm diffusion rung oven although the speeific
actlivity was only ome third of that luitially aimed at.

It was Ffound, hewever, that this actlvity was too low
for convenlent use as 1t required long cownting times te
obvain the required aceuraecy of 1=3%. A further sample of
tritiated benzole acid wes prepared from L gm. of mome refined
benzolic acid and 0.1 ml. of tritiated walter . These
vere sealed off under a pressure of 10 cm. aiyr in o tube
containing a side limb, The benzolic sclid wes melted and
refluxed for 15 mins., after which the excess tritiated watew

was condensed inve the slde Limb uvwsing o Liguid nitrogen trap.
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The benzole acid was heatea wnill only s white powder remained
vhere upon the side limb wes sealed off, The bonzolc acid
vag thon removed and placed im a lenmg tube., This tube wes

g@@nn@@t@d 0 o vacuum 1ine and the benzoie aeld sublimed

then
vp this tube wader a contipnous vecwus of 1 micron Hg., the
sritiated water agein belmg trapped by liguid nitrogem. The
benzoliec was then romoved and a 100 mgm. semple was resublimed
wnder continuous vacwun, The spsecifle activities of the
pamples vere obtained as for the previous preparation with the
oxgeption that tho standerd selutiens vere 250 ml. of Anglar
toluane, The specific activitices obtalned uere T.45 M@/mﬁEJ
and 7. 38 pc/ﬁgmo respactively thus shoving radiocheniecal pmrﬂmyo
b, ¢ Labelled Bonzoic Acid.

This wes obtained direct from the Radlieochemieal Contre,
Merghen a8 0.1 millicuries in 2,38 mgm. from batoh CPA2L6/L.
As thig ves mugh teo active to unoe directly it was diluted by
digeodving 1t in vial comtaining 2 ml. of secimtilletion grade
toluene slong with 36.5 mgn. of zone refimed bemzele acid. -
This ves then evaporated to drymess by warming in a drewmght of
hot alr with a plug of cotton vwool to prevent dust cntering
the gelution. The final activity of the benzole acid was
2.5T7 nicrocuries/ngn. and this ves used directly.

¢, Tyitlivm Labelled Acetic Aeid.

The spparatvs used is shown in €ig. & . The tritiated
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vatdy in reservely A was frozen uging liguid nitreg@m;
Approximetely 0,75 ml. of Messrs. B.D.H. Anglar neetie acid
vhich had been fractionally cryatellliged threc times, mo.pt.
16 .59 & 0.05°C. and 0.1 gr. of acetyl borete werc imtredueccd
into vesgoel € through the side limb D shich was then ecaled
off, Vessel € was then frozen down with liquid eoxygen,

ovachotod ©o l@mg

em, Hg. and npll teps end mercury ventllo

vlg ¥y cloged. Tap T, and vemtll V¥, were opened and tho
tritiated water allowed 5 wming to canilibrate to a vapourw
prosgure of 1.8 ew. Hg. Tap Ty was closoed, T3 oponed ond the
tritiated water wos condenmed into ¢ using o liquid oxygen trop
in epproximately 2 mimntes. Tap ?3 ven closed, Ty oponed and
B ogain filled to 1.8 on., Hg and condonsed into Co Ty ves

then cleged and € sealed off uwnder vecuum ad 31” The mixzturs
in ¢ was then beolled gently for a fow mimutes to ollow tho
acetyl beratc to roact with the wator present. Approx. % of
the 1lguid in ¢ was then dimtilled inmto B, This vas gleovly
@ry@tmllig@d uoing lce water watil mbout 4 had erystallised.
The supermatant ligquld wes then °flash’ ovapersoted inte ¢ by
placing o liguid oxygen trap around ¢ end sealed atb Sgo The
liguid in 8, molted at 16,55 = 16.70°C. This liquid wes thon
digtilled Inte F aud zlovly erystellised asnd "flesh'’ ovaperated
tlee before seoling atb 83n The melting polint of the Liguid

n 7 ues 16.6 = 16,7°C. The literature valwe for the meld ting

peint of pure acotic ascid is 16,67°C, honee the maximwm
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impurity comtent ig 0.05%,
The volume of section B was 10% c.c. and knowing the
% vapourt%reﬁsure of water vepour, 1.8 cm., Hg., the total
activity added £6 0.7% ml, of Acetle meid was 0.8 millicuries
hence making the reasonable assumption of complete equili-
bration this gave the sceotic acld a specific activity of
1 we/mgn. whichwas of sufficliently high astivity for diffusiom

studles.

1.8, The Deposition Systems.

8o Benxoi@ Acid Depomiter,
There are two methods of obtaining a thin uwniform deposlt

onacryatal surface, depositlion from solution or, 1f the material
i sufficiently velatile, ovaporation., As bhenzele acid exhibitis
o sufficlentily high vapour pregsure, L mm. at gﬁﬁc?f it was
decided %o evaporate radliosctive deposits wnder vacuum, This
has the feollowing advaniage oveyr deposition from seoluwtion,

1) Even epitaxial deposits can be obiained.

2) The area belng deposited can be uniformnly mesked and varied

at will.
¢an be
b) The crystal pumped urder vacuum for 5 to 10 minuites
4b

bo clean wup the aurfecebefere depesifion.
e¢) The radicaciive materiel undergmoes a further purifiestion
step during the evaporation.

The dissdvantage of this methed ig that 100% deposition ceonnet
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be achigved as with depositvion Lrom selution but for a well
congiructed evaporation uwnit S0% efficiency im net unreasonable.
Greater efficiencies can be obtained by cooling the eryatel.
The system devised for the evaporstion of benzoie acid
1s shewn in fig. 7. It consisted essentislly of o small
platinum boat conteined irv o 1.0 em. 1.4, glass tube a fawy
millimetros from the topd%h@s@ surface wap grvound Llat., The
boat wes athached to tungsten leads which were sealed through
the glass at the base of this tubg. A brasg cover piece with
a eentrally drilled holc 1.0 em. dla, fitied Tightly em tap
of this tube snd the crystal te e deposited was placed over
the hele., A brass vesssl was then placed over the crystal and
fitted vightly lnte the coverplece, preasing lightly upon the
erysval to glve good centact. This upper brass vessel
contained mercury which acted as g comtact ligquld for the glass
‘gold finger' which was vsed to ¢ool the crysital. The systen
vas evacuated through the contral tube vhieh had a small heole
blewn im 1t to give acceas to the outer section of the dey&@iﬁ@ro
Before this hole wes introdueed it was fouwnd that the aip
being cvacuated was drawn past the platinum beat me fast that
the radiosctive material contoined in it wam blowm out,
The thickness of deposii required for the molution to
Pick’s oquation to be appliceblo should be loss them YHE
hence for a diffusion coefficient of 1 x 107 Zecm,%soc™d to

be meagured im 200 hours the manimum deposit thickness is 8.5u.
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The deposit thickness used in all ewpervimontis was lese thow
2% plerens.

In order to glve on oven, opltoxisl dopoglt or tho evystal
surfeco the cvaporatieon mugt be cavried out feirly ewiekily e
avold uhichowr grouth, ¢ moot wndesirxeable offeet uhieh hos boon
gbgorved on ovoporeting depesits onto orgonie evysptala vhoem
the ovopoeratien xete wes sleu snovgh o plleow preforonticd,
erystollioation at spoeific snrinee &i@@@agb T™he cendl bl oens
poeeunary for good epltanial depesitien wewro found by
CEHETIMNCRNT . 1% was foumd whot o bhet 8lly eurvent of L0 nups
posoed for 49 %0 60 coecendn threugh tho plotinum bonb gove
& good ocepesii. The heating time, hewever, depended en tho
vacunr of the system ané the awmount of materied (o be deponited.
The vecuun achieved varled fyrom doposit %0 deposiiy buy wves
always less than 2 slerens Hego The evaceuation 1imo wood
conaisted of o 2 sitoge mercury diffusion pump counglod o

an oLl £illed rotaxy Lore puap. The herving cuyrand wad

obtained nsing a .5v. 20 amp trenoformer vwith o Vaviae
combrollod means input. The ourrvent flouing throwvwgh tho
platinwg boat vas monitored by heving en AVometer incorporatod

dn the eirenlt,
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The efficlency of the deposition was nessured by
@vapar?ting known welgshis of acldd onte L cm. dia, glass cover-
glips snd weighing on o microebslance before snd after deposition.
This was found %o give en efficiency of 20 5. Hence for a
deposit of thickness 2 = 3 microns on o surfaece area of 0,785 @m2
the weight of acid roquired im the platinum boat was 1 = 2 pgps.
Por several diffusion experimente this welght of material uas
uelghed out 0 ensure that the p.oper condlitiong were attained.
In otherg, hovever, this smeunt of acid could be judged guite
eagily. The ecrystale were ceoled in most of the diffusion
@xperimemﬁé'ugimg an acetony/Drikold mixture taking the crystal
temperature down to avound 0%¢. to increase the efficlency of
deposition, This procedurs wesm abandoned in later experiments
whenn 1% was vealised thet the cooling was induvcing condensation
of water vapour ento the crystal surface auring the sheri peried
betveen its remaval from the depositor snd soaling im the diffusion
cell which affected the tritiuwm diffusiom resulis quite seriecusly.
The design of the aepositer, however, was found %o be vewry
suceessiul and was used throushout the series of experiments
without modification for the dep@siéi@m of writianted and CM‘l
labelled benzoie acid,
b Ac@ti@-ﬂciﬁ Depogitor,

The acetic acid comld not be evapornted in the same way &8
benzelec acid aﬁ‘it is a‘liquid 8l room tempersture. It'g vapour

1%

- @ : 5 o n
pressure, 1 em. Hg. at 17.27C., im sufficiently high te allow
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e known volume %o be filled at room temperature which can be
rapldly condensed on & cooled erystal suvisee., This wag the
mathod used.

The opparatvs ig showvn im £ig. 1§ o The erystal heolder
and cooling scctisonwane similar to that used im the benzole
acld eveporator. The lover sectlonvay o dosing eystom im uvhich
2 kunown volume Buwag £illscd with the ssturation vapour pressure
of tritiated acetic meld sioyed in A. This dose was thon
congonsed onto the erygtel suriace.

Tho actual procedure finelly used to carzy ount o depositien
was ag follows. The sectlon obeve T, was remevesblo and the
crystal placed in posliiom lm & Tvidge at =20°C, This seetion
veg then wreplaced and the crystal cooled uweing s acetone/
Drilkold mixtnre. Taps Tlg Tﬁg T§ were cloged, Too TB opered
and the known velume B cvacuated dovn %0 zero preaswre on tho
nonometer neling & rotary pump. Tag T3 were clesed, Tl @gem@@
and the mereury ventll opemeo snd the acetie acild vapour in the
systen alloved to veach eguilibrium, ot 20°C, whis was 1.3 R Mo
Tl vaz elosed, T@B T5 opened end the upper section pumped dovm
through tap Ty. Ty wes clowed and T, slouly opened. The
nonometer fell repldly to spproximasely 0.1 om. Hg. showing
that the acetic acid ves condensing out ond that the erystal
temperature was sppreximately «20°¢. from the residual TRRONT
PTESENTE o Ty T, were then clomed snd the wppey sectien

returned to the fridge whewve the corystal was quickly removed
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end =ealea ln the aiffusion cell. The handling of the crystel
in the friage wan the nost wsaiisfactory feature of the uhole
operation due to the possible cmmtamim&ti@m with waier vapouy
(éovopo ad mEO@Cog 0,77 mamo)o This wes minimised by earvying

out thome tremsfer opevations as guickly as posweible.

The Diffuzion Anncal Conditioms.

8. Benzolic Acid Diffusion Cells.

The diffusion cells uged wore desi.ned o that geveral
eryatols could be Aiffused sinultancowsly, the crysisls eould
ba pﬁ@@@@d azainst each other with glesy or mics gpacers and
the ¢ell could be sesled air tight. The original eell, figg@%
vea congtructed in brass sad had a total imternal volume of
1% ve., most of which was taken wp by the spring used to presg
the cxysitals together. This cell was found te be satisfoetory
for iemperaitures up to 100%¢. above thism temperature it vwam
observed that a slight reaction oscurred betueen the brass end
benzolec aneld and that evaporvation of ithe crystal beecane a
gerious objection to their use. 4 second set of cells was
comgtrucied in sluminivm 7ig.09\ in vhieh the fres space uwas
eut dovn o & minimum, the toital svallable space beimg z 6co
These were Zound to be vasmtly superior with little or mo
evaporation being observed even ai 116%C., 6% below the

meliing point, Both cells were sealed by screwing both halves
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together uning teflon tape to gilve a gas tight saesl.

Acetic Aeld Diffuwslon Qell.

The simple cell uwsed above was not sultoble for acetle
nedd as the crystals covld not be cenveniently hewndled. The
cells usod in this case aye shoun in £ig. )19 end vere constructed
in eluminivm. AR acetis acldd erystel wes cut to approximately
tho correet mizge L.H en, dia. z 0.2 mm, thisk. This wea then
bonded on to the plene surface of the eell uwsing a few drops of
pure liguid acetvic acld which freze to the crystal and the ecell
in the fridge. The square end of the c¢ell wes clamped in the
chuck of the microtome and eligned using the technigue
domeribed in the mext seetion., The cyystel wes micerotemed Fowr
several hundred microne and the sideg cut 0ff lmmediately prieorw
to deposition, The diffusion gell fitted inte the dopesiteor
ond the mereury contaet to the cold finger fitted lnte the |
hele at the top of the eell as shoun in fig. 18 . On removael
from whe depeslitor the botton cover of the cell was mereved |
on welng o teflon tape moal. After the diffusion sunoal the
cell was romounted and allzned on the mierotome in the fridge

prior o ascctloning.

Thermostat Baths,
Bengzele acld diffusion ves messured inm the ramge T0 ~ 116%C.
The firss beih weed was a 5 litre besker of siligone odl,

contaeined in a large metal drum and insulated with "Roeksil?,
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The thermsstet tnit wes simply a xylene filled toluene
rogulator which comitrolled a 250 watt imwersion heater threoungh
&_'Sunvic' vecuwn switch FI02/8 , This was foumd %o opowate
* i
patisfactorily with an accuracy oV F 0.1%¢, over shoxt periodam
of timec and £ 0.29C. over a period of B0veTaL deys. At
olevated temperature it was found that the sitirrer occasionally
stuek ano vhen this happened the run wes abandoned as the
temperature variations with position In the bath were large.
Where long diffnsion annoal times were necessary & Sccond
annealling oven was congtrveted, . A nichrome winding
wae node on an inguloted bress former 3 Y dde. nm {7 long
having o ceniral hole 5" aia. This winding was ingulated
with asheces and encesmed in aluminiuvm with syndanyo emd
pleses, The temperatuvre was maintained by a thermistoer
controlled thermostal, glreuly, fig.2o ,the thermistor baing |
located ina 3° well drilled in the eontral brass fermer, The
temperature stability of this oven was found %o be betiter than
& 0.,05¢° uging a 50° Beckmen thermometer. The tenperature
gradient down the oven was measured with a Pt.-Rh thermocouple
gnd found o be congtant over a G " length at the middie of
the oven, Diffusien cellsm wore always placed in this reglom
and thelr temperature meoasured with a 0 = 200°C. thermometer
vhich had been stondardiged asgelvost an N.P.L. stondarvdisad
thernoseiter.

The acevic acild eryetals wers annealed in elther a Townzon
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. Pre » 2 ’ . E«‘B ) P
voend Mapear ‘=70 thormestat bath® sceurate o 2 0.090° &y =
laboratory constructed low temperatnre thermositat desligned by
Dro. Jo N, Sherwood Ffor use dova %0 =209, with om pecuracy oF

% 0,05%¢,

1,5, The Sectionlng Teehnlgque.

The major problom faced in studying diffusion by the semi-
infinite s0lid method ig to align the crystel accuxately
parallel to the initied Loce and take wnliform sectiong of &he
crystal perpendleular to thim feee., Therxse are several possible
methods of seetlioning.

Lo, Grinding.

2., Romoval using a lathe.
3o Microtoming.

4. Byvaegoration.

5. Dissolution.

Grindlng has been suceccsssnlly used te neasure very low

nl R - ‘é”?“é-) o ) =3 b
diffusion cosfficlents im FNaCl”™? of the evder of 10 lﬂem%
@@@Tﬁ bunt 2 high precision grinding wechine wes specielly

congtructed end Lt is nmet o routime method, Seevioning uvsing
a lethe is the normal metellurgicel practiss and has been
eppliea to the sectioning of Anthra@@m@kwﬁ o The Yimiting
foctor using the lathe, hewever, is thet the mininua seotien
whilch can be accurately telken is about l/l@@@“ Lo.c. 2% nilcrons

hence the mininum diffugion ceefficient which con be meaaured



npeuming 6 active sections snd o diffuslon abneel %ime of
2 e N Py
200 hougs ig 8 ¥ 10 ia @mg gec,— This is net cobsidored
gufficlently low fox the present sindy. Sectioning by

cvaporation i o lteshmique vhich has been rescontly wged %o

o AN
[

seetion iee @Eﬁ&t@l@‘g by subliming loyers £rom the erystel
held ot <80C, omto o colloctinmg plate ob «=20°C, Thiz nethod,
however, may preferemtislly oteh exystole deun grain bouvadorice
or dlgloecation pipes andig difficult to cnpure uniformity of
section thiclkness and @ﬁamarity of the eryatal Face. DiXTvolen

o . 3
coaivicionts of 10 L3

@ﬂo @@@o” havo been quoied vwsing thilg
method. Sectioning by digmelution iz o common metallurgieql
technigue and may prove wsefuwl in sitndics in ovganle moteriml
but it i open to the same objections og cvaporation. Veny
low diffusion coefficients of the order of 10" Jen? moeT® have
(Reasvaed) Tl

he@ugby dissoluiion techniguez  wmit iz pariicular te the come
of tantelum., The m@@@.gatamfactgry nethed sppeared %o be the
microtome. The normal eledge based or wotayy nicrotome can
talke sectionm of 1 « 15 miecrona thick with a high degree of
aceuracy. Assvmning 6 ecctive gectieons of 5 microme ceseh and a
aiffuzion time of 200 heurs o minimum diffusleon coefficlont

[

- =], =,
of 3 = 10 13 @mo BEG.T Covl be RNoasured. This was congldeorad

Jh A

aufiliclently accuraie for the prosent euperiments. In previous
oxperinents on m@l@gular crystale a diffusion cocfficiont of

0 =10 @

e}
around i «o 8a6.” vas obtalned at temperatures epproachimg

the melting point., Henee diffusion ecoefficiconts sheowvld be
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.

nesanrable over o range oF 1@3 which wos thought suffichent to
allow accurate caleulation of the diffusion paraneters.

The microt@me used was o Beck Rotary microtome medel
no. 985065 which wes calibrated to take 1=15 w sectionsg, In
this microtome the orystal is meved in a vertliesld plane pash
a Imife blade fixed pt sgome slight opngle to the vertlsal, ¥Feor
every votation of ihe microteme hemdle the lmifs blode moves
towerds the crystal by the amouni set on the celibretion disl,
The asceuracy of the calioration was checkeno over large distances,
hundred of microms by Dr, 6. M. Hood uming a travelling
RicyOscops anc foumne to be trmefg'Th@ accurecy of sectioning in
the reglon 5 pm, 10 py, 15 o was detevmined by welghing secilon
0f a plece of paraflfin wax of kunown surfece ares and gensily.
These welghings were carrviea out on an Oevil ing microbalance.

-

« The overall accuracy of

s

sectioning was found to be 1% with average deviations of 5%,
%, 3% Tor 5, 10, and 15 i slices respectively. These valuee
were conaidered sufficiently acecurzie for the experiments, The
accuracy of the microtome was slso experimentally confirmed

Yor benzoic acio using the sectlioning method of collectien

dezecribed lLater.

Alignuent of the Crystal.
Ag this wes the most erugisl step in the experiment much

thought was given to the best method of slignment. Aligoment
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- SECTION AA.

FIG. 21, FINE ADJUSTMENT CHUCK,
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naging a itrevelling microscope was vejected as insuiliciently
accurete and the methoo chosen was bagac om the opiidal lever,
The alignment operation required the construciion of e Cine
ad justment chuek fig dl - oz the enwck of the microtome only
guvo rough positlioning., This Tine aojusimenty chuelk was held
by . the microtome chtex ané 1t rotated oa & bell joinmt, the
acoursrio sotting of the face belng attalned using the J
djustment serews. A plews of parafiin war wes melied on to
thia chuck and microtomed to @lve a amooth Xace., A small plane
pRATroy mase by vacuum dapositing &ilex on a microscope slide
nas placea on this face ana hela in posiitlion using o strip of
"Sellotape' treonsparent adnesive, A "Scalemp Light BouTCE Uas
positioned gbout 3 feet from the microtome and the light
reflected from the mizroyr onte a plain white paper asbove ihae
lomp. Crome wire. were pleced on the lamp bulb and thelr
reflection was focussed on the puper. The centre 6 the cross
vires vas maxkeu snd this acted as the reference point for the
plane of the knife blade. The cnuck was removed and the crysial
-gtuck on uweling 'Picene’ wax which gave a riclc mount. The
miryox wag replacea on the fage of the crystael and remounted
on the ehuclt, The face of the crystel waes then brought into
the correct alighnment by use of ihe fine adjustment screws S0
hat the raf&ection af the crossg wires uas again at the
reference point., Th@ crystal vas now sligned parallel teo the

* blede but net al the edre of the blade. The kaife blade was
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a0 justed to almest the coriect posiltion at the crystal face

by using an adjusting gcrew on the mlicrotome. This was then
locked and sectloning commenced wntil the blede was Jusd
scr:ping the surface of the cerysial, U&ualiy siter a ciffuslion
anneal it was found that glight variations had oceurred on the
erystal surfece snd the first slige was alvays suspect due o
these verviations, slight compression effects and ithe fact that
the position of the crysital surface wag not lwown accuRreiely.
Allowance wap mede for the thickness of the Lirst slice by
comparing ite weight with tho others. 1t should be neted that
when attempis wore made o sectien the erysital uwith thoe kaife
blade vertical the compression effect wes s0 great that ithe
srystel shatterad,. RBxperimenting with the angle of the blade
showed that at an angle of 152 to the verticel negligible
coupression was sxperlenced. At all sngles, howeverx, in the
case of benzelc ecid, it was found that on sectionimy the ancid
disintegrated iuto a powder which hed & tendency to ‘spaxk?
due to statle chavge. Thizs sparking oceurved only with benzole
acld and not with other organle crystals 1liko anthraceng and
maphthalene which were found to glve o coherent siiee which
couda be rowdily plcked off the knife blade uvging o single
edged razor blade o This fact iz in keeping with the
greater hevaness ol benzelce acla which wes gnite a brittie
crystal ena when o single crystal was grown it gave a meiallie

ring when sitruck. ion-gingle crystols, however, gave a much



e

more muied sound.

This problem of slico colloctlion was diffieult to achieve
complotely. A method which had previously boen used to cellost
crystals vhich disintegrate was to place o sirlp of adhesive
over the exrystol face prior to sectionimg. On nicrotoming
the scction adheres o the adhosivo which 15 simply romoved
and cownted. This methodl wos wged by maggth@r Crooks ond
Maurer to section modium chlovide cxy@talg? When thig progedurs
vas attempied the adhesive alweys stuek to the knife odge as
sectioning started buckling the adbemive and ecounsing distortien
of the erystal hence it was rejecved.

The method used wag to take e 10 B poetion. This poudered
and spread out in o Fen shepe over the knife blade with a Lairly
thick zidge along the lindfe adge. 4 17 plcee of glass caplllary
wae dipped into a vial convalining cyelohezane, in uhieh the
aolubility ef benzoic asld is only o fou Byh./ml., ond capillaxy
attraction £illea the stube. The ond of whis cepillary ﬁa@
allowed to touch the kanlfe suge mnd the cyelohexzeno ismedistoly
floved out uetting the powdered acid, This emell cmount of
liguid ves sufficient te bima the particlos togekher ond alleowed
them to bo romeved from the kn, fe blade using a single cdged
rezor blade. The acld ves igmediately tronmferred to a picce
of plain white papor 2% aguare ena the eyelohexrans allewgd o
evaporate 6ff over 5-10 minutes. The sectien then locked like

a white needle sbout £ lomg., It ves subseguently tronaforred
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0 @ % drawm glass vial end stoppered prior to welghing on a
microbalonce which welghed teo 0.002 mgms. The weighing
procodure was o allow cach vial 5-10 minutes to wreaeh
eguilibrium, the welght wap recovded, the vial picked wup wilih
tongs and inverted over a filver Sunned gltving in on emphby
seintiliation vemsel. The viel was glvon o sharp rep o knoek
all the aeld lato the Luomel then roploased on the balewnce and
rewelighed vhile 10 ml. of seintillator seluwiion was used e
vesh the acid inte the sclntiliastion vessael. The diffcwence in
the two welghings wes taken ez the weight of acld ia the aecln-
tiliatlon veseel. Due to the sparking of the ecld 1t wes net
poasible to colliect the seetion in 1008 yield mad the geveral
operations also involved some loss. The uweight per sectlion
conld vary considerably depending on the amount of sparking.
M exemple of an average run is shown below,

”
o (/5

a9
Section  Wt.  DEVIATION  SEOTION WP, DEVITAT TON
10 MGM.  TROM MEAN 108 MM, PROM MEAN
1 0,613 10 1.300 1.3
5 0.966 =37 13, 1,298 1
3 103«11 1:202 12 0096@ ml?n%
4’ 10135 i 808 13’:‘ lo(]_a?:‘} @034
Ej :?L ol@é b @ ° 35’ 1./5' l [ g‘?ﬂ' 9 o@
6 10@9@ o= ‘ialocﬁ lg lol‘?& . Qo@lﬁ
v 1.064 - 8.9 16 1.194 2.2
& 1,390 1.0 17 1,200 2.7
9 1,207 3,3 18 1.100 1.9

The average velght per 10 w mection = 1,168 mam.

The welight eoleulated frem o surince ares of 1.21 ©0. on. ond

denslty 1.32 gn./fee = 1.60 mam.
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The average % of sllce collected 60 OO | g

Thig is typical of the deviations experienced, TFortumsitsly 1%
Mas not essentisl to obtuin the section in 100z yield ss only

the speeific activity pey section wes required, i.e, the

activity per milligram, to plot the conceniration varlation

with penetration into the crystel. Therefore having shown that
the microteme was acceurately calibrated the actual penetration
was ta&en from the microtome calibration and the welight per
section was only nsed to determine the speeific activity,

except Lfor the firgt slice whose thickuese was obtalned by
comparing 1t with the average waight por @cction. This seetione
ing method ves considered suitable for 10 m sllees uhere

veights of about 1 mgm. were obtained to an scouracy of 2%

or better. It was fou&@; however, that the diffusion coecfiiclenis
to be momsured regquired 5 p sllsces te be teken as the

penetration distances bocame sucller and the uvelight of the
aection fall o 0.4 « Q.5 agm., for o 1 8¢, om. erystal. Cryshals
of around 1 =g. em. were found to be the optimum size For
eusuring walform surface planarity.

A more refined method of section collection was developed
besed on » swetioning method dosewibed by Labses et &loqﬁ%
This engbled the complete section to be golleciscd and smaller
erystals to be used. The spparsiug ves simple snd shown in
fngJQQ o Cemtral heles vere dvilled in 20 polythene caps fox

4 dram glass vials, Right angled pleces of 0.5 cm, dian, x 6%
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Long gless eeplllary tubing were introduced to give o tlghi
bug gliding £1%. ‘the provruaing edge wes roumded off to
preJoct he erystel frem serabehing, Approximotoly 005 o
L mdo of o trepplng Liguid uves droum imve the viel by inmerting
o ayringe needle imto the polychone eop ubieh wes cenneeecd Lo
o water punp vhieh gove o vesnwn of o fovw dachos Hg. Fho
antorned, ond of the copiliazy wen draun bachkuevds and fervords
pewenn he knifc odye op the ooetion van teken ard vhoen the
vacww o high cnroush overy parvicle vos drows inte tho
gepdllory. Ghis coabled the act 0f cnbting te bo oboorvod
throvughout the operation thup cnouring thobt ke pert 0F thoe
ourfoes was beling miosaed. This ves copoeledldy lupeoirtant ob
high diffuslon tepperatnres vhewve 3t vas feund thot digtorblons
of whe suwrfaee of a Fow microng covld ecenr. Whem this
happoned vhe procedure adopted wes o toke the £ivet nostion
and ohop oZf any part éf the Tace not belng seetloned vwalng @
ahayp razer blade. Ones the seevlon hod boorn token tho
copillery ves ralood as in Fig.000n ond o Farther amount of
Liguid drauwn throwgh the caplllary to wesh threush swy adbhoring
particlon.

The asecurecy of thio technlghe ves chocked by tekimg
benzele acid sections In cyclehexwnc. %hese vere mede wp o
L0 al. in o stenderd flook and their U.V, opoctra tolion on o
Rovkin ¥lmer 157 U.V. Spoctrophotomoter fm L om. cello.

The T.V. specira of benzmole acld in syglohezeue Fig. IO






e
£

T
% L

.~
L
5

g

3
A
s
W

-
”
*‘J

..-A
3
G S &

3 AT

YO

7

S S s &

ay far

R

=
o b

)

2

e

]

@)

0% 67

D o
o0& o6 o7

%]
fiy

f A 1 8 1 é\) h nr} 1 &
s G of s WD W o= v @
28 & 6 H b O B oH 8

)
FONYIHOSEY

lu:'srdw#ﬁ'ﬁ%miram'mﬂﬁa‘l} T %
W

=71 =T

0@ L)
!

,,

£
B
i



16

conmiate of 2 bronds in the region 20% - 29% mu koown as tha

B amé.c ban@&ﬁg% the B bend having A max 289 < 233 nu with

log & nax 4@15 and the ¢ bana having 2 maxlime at hmax 275 p
and 282 p with log @max 2.98 end 2.74 rvesmpectively. It was
found that the (¢ band gave ideal sbsorbance peaks in the region
0.5 t0 1.2 absorbance unilss fer concentroitions of 0.5 to 2.0
mm, per 10 ml. eyclohexans and & calibration graph, Fig.2%, of
peal helght st 27%p and 282 mp v8 acid coneentration wes
gonstructed using stondard seolunvlions of benzole acld in
cyclohaxancg. The welght per section wes thon resd diveetly from
thia graph,.

The seetioning procedure developed was to take the first
seciion in cyclohexens to determinsg lts welght ond the aubseguent
sechions im meintillater solution. In this case 10 ml. of
selutillator vas accurstely messured into & 50 ml, bealker,
Approxinately 0.% te I ml. ves drawn from this to $rap the seetien.
Atter sectloning the ceplllery wes ralsed %o prevent alwr
bubbling through the solution to minimise exyszen guenching and
the remeinder of the secintillator drawe In., The special cop
vas them removed and the viel stoppered glving & 10 ml. seluntlion
rendy for scintillation counting, By this method a check couvld
be made on the actlviiy as sectioning proceeded. Uhen the
sections goased to be active several 10 p seciions were taken im
cycloharane to determime tho average welght per scetlon and the
é@@ura@y 0f sectioning vhich wes normelly found to agree with

the theovetical weight o within 5%,
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&, VETELMInATION OF RADIOACDIIVILY In THE CRYSTAL SECTIOMS .

The rediosctlive imotopes used in this imveatig&tiegga
: o

trivinm snd cerbon -ld4, have the foelloving decay &chemés:e
2 2 e - ¥
Hl, ~> Hep < © B Meax 0.018 MeV, = 12.3 years.

L
cg.;‘ﬁ ) ﬂ%‘g & @m B k”{lam 00156 AMGUQ t‘i 59690 ‘V@ﬁrﬁo

There is only one step in csch decay scheme resuliting in
the emisgion of a weak&%particlen Both ﬁf& have half-livea
long enowgh to be considered invarisnt duzinmg the course of suny
experiment.

The low @ energies climinate the use of end window Geiger
Muller counting for their Getection and reguire the more

T8

sophisticated techniques of internal gas counting ox scgine

-
ey

tillatlion counting . The former method requires the
combustion of the ranioactive sample to & sultsble gaa, GO,
or Hgg vhich cap then be eounted intexnally in a G.M. th@o
This method gives high counting e¢fiiclencies but is very time
consuming .

The more rapida method of scimtiliati@& counting yields
high counting efficiencies with 90p having been recorded for
14 O I
C and 40x Tor tritdum . It was aeclded, therefore, to
wse sclntilletion counting to detect both isotopes,

The prineiple of liguld scintillation counting ls as

followa, The raficaciive souwple lg dissolved in » suitable
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oyganic solvent conteining a scintillaving phespher, Kkneuvn a9
the secintillator solution, and placed over & photomultiplier
tube in a light tight bex. The 3 particle emitted activaies

Bhe ph@&ghﬂr‘t@ an exclied state which decaye with the emisalon
of o photon, W . This photon interacts with the photocathode
of the photomultiplier tube uhich cmits an electrom., This
alectron is amplifiea throuwgh the eynode chaln of the phoio-
agltiyii@r to glve a weak electronic pulsec wnich ig subseguently

ve—-amplified to operate a scaling unlt or recorder,

Counting Assemblies,

Two liguid seintillation assemblios have been used.
Inltlally the assembliies wped for Gld and T consisted of the
following uwanits. A Telto head unit, N664ARB,
having & 29 water cooled photomultiplier, was followed by a
wuclear linterprises non~overloadimg linesr ampliiler, NES5202,
and Nuclear Enterprises differentiml pulse height analyser,
ME3102, The output frem the pulse height analyser actuated
a ﬁyn&tr@a scaling unit, type 10095, couplea 1o on automatie
timing uniti NLO8. The stabilimsea L.H.T. supply o ithe head
unpit was supplied by a Dyhatr@n powver uplt NLO3,

This assembly was laier r@pléced by a complete Nuclear
Baterprises unit consisiing of & hesd unit, M5%03, having =
L? water cooled ph@t@multipli@rgvmmplifi@r hES202, pulse

The Dynatron

o

height selector MEDLO2 ana power supply NES203
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scalidg unit, 100YE and timer was also used with this agsembly.

Counting Conditionsg.

The best coumting conditions ave not necessaerily those
which give the highest efficlency as this is nluays associated
with a high backgr@@né count raie uhieh will have a large
vaviation which will prevent asceurate determinatior of low
count rates.

The conaltions required in this investigation were those
whi@h would combine a high couvmting efficiency (teo reduge the
comnting time) and low backyround with long term stability
during the time taken te count any particuler diffusien rum.,
In cach case the best conditions were obtained by varying the
four parsmeiers E.H.T., amplificetion factey, pulze height
and gatvewidth around the values recommended by the manufacturer,

The conditions used are tabulated below,

BCKO  BHT AMPLIVICATION P.H. GAYE  BACKGROUND UFFICIENCY

VOLTS PACTOR VOLTS VOLES DS ., i
7 1400 5000 6 30 5.0 17
o4 3350 10,000 50 20 0.2 66
W%,

. A -
T 750 5. 000 6 50 5.0 15
¢t 750 5,000 10 30 005 60

It was found that the covnting conditione sltered slightly frem

day to day when the counter wes switched on but they remainoed
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stable afier a 1=2 hour warm up peviod., A long term drift
in stability uss obaexved over a period of months dve to the
ageing of the photomuliiplicr and consequently slight changes

had 0 be made in the covnting conditvions,

Factovs Affeecting the Counting Efficleney,
8. Velume of Scintillpntor.

A depth offect was experienced due to the photons beimg
absorbed by the scintilimtor. This offect is shown in fig. &
The efficlency wes greatest at small volumes of scintillateor
but was very dependent om the velume of scimtilletor., This
dependence decreased with increasing scintilleater volume.

The velume of seintillstor used in 2ll mamples was 10 ml. and
at thia level the efficlency only veried by 0.%%/ml. This
large amount wag also necessary to wash the xadioactive sample
into the sgintillation viagl.

be  Quenching.

It has been shown that oxygen comiaining compounds,
especially thg?@ contalining cafb@xyl groups, can guench
@cimtillati@mgé H@@@%é%%ha& shown that benmoic secid has no
eficct on @W°c@unting efficliency in the conceniratlion renge
&m@ﬁmxmﬁ gmﬁlitr@o The quenching effect of benzole aclid on
thia sywiem was checked foyr the concentration range of interesmt,
0.2 to & gne/litre, see Fig.%4l snd a very slow deercase im

efficiency was deserved amounting todip/mgm. As mections taken
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were of the same size this represented a negligible srrow, In
the case of acetlc acid it was founa that the acaition of up

, ﬁ 14
10 10 mgm. had no effect on the counting eifficlency ef € 4 6x

T

¢, The sScintillaitor,

The comnting efficiency of the system wad greatly alfected
by the scintillator solution used. One of the most efficient
scintillators ig diphenyl oxazole (P.P.0.) dissclved in toluene.
The wavelength of ihe emitted photon, however, does not give.
aaxinum efficiency of photocastnodic emiggion., Thisg is overcome
by introducing l.4 - dil - 2(5 - Phenylexazolyl) benzene
(P.0.2.0.P.) which acts as a waveshifier to give the wavelength
of maximum efficiency. This wes the scintilletor used and as
lavge amounts of scintillator were required it was prepared in
the laboratory from 'scintillation grade® chemlcals swpplied
by Nuclear Enterpriges Lid. The concentrations used vere
3.08/1Ls P.P.0. ane 0.1g./1 P.0.P.0.P, This mcintillator wae
found to give the same efficiéncy‘@@ the commercial scintillator

NE 215 supplied by Nuclear Enterprises.

d. Dark Adepiion and Temperature Varviation,
. : RBe, , . . .
It has been observed that 1if the seintillaetiou vial ia

exposed 6 Light before counting a residual phosphorescence,
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or afterglow, may occur which gives apuriously high counta
initlelly. S:wmples vwere, thersfore, kept in a light tight box
prior to counting rad it was found thet efter itwo or three
minuses in the counter reprocucible cownting was obtalned,
Thig period elso sllowed fha sample to tempersture adapt o

the tempereture of the water cooled head unit,

Counting.

ALl samples were counted to a statigticel aceuracy of
one percent or bevier where posaible, Por very low counts,
however, this was not possible snd sn sccuracy of 5p vas
usinally obteined., The background count rate snd standerd
count rate was mersured periodically during 2 counting secgsion

Lo ensure that no sudden varistions in stabiliity ocecurred.
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7.7, Preparebion of Diffusion Ssmples

Benzoie aecid single exystals were readlly
cleaved along the {001) plane, Awm excellent, smooth
clenvage plane was alweys obteined with few cleavage
steps, These steps, however, prevented the crystel
being uged directly as the surfaeces were not sufficlently
planaip,

Attenpts were initially mede %o grind the erystal
face with carborundum and slumina powders and water, This
was followed by polishing on & streched pls.ce of chamols,
uging eyclohexene os solvent, The surfaces obtained
by this method, however, were not sufflieiently uwniform
and this metvhod of preparetion was abandonod,

The method used $o prepare the crystal surface
wag to cleave the crystel, cubt 1t to the appromimate shape
reaulred with a vazor blede, align it on the microtomo

perpendiculear to the cleavage plane and btuke one micron
8ecbiong, This resulted in a smooth erystal fsce with a

perfeetly uniform and plansy surface with 1ittle apparent

domage, All erystals wused in diffusion studies were
prepared in this way ineluding the studies on pelyecrystalline

benzoie acid compacts and acetic acid single erystals.,
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For the studies on benzole seid parallel to the (001)
plane the crystals were cut horizontelly from a crystal
ZR3, vhich hed a vertical cleavage plene, Great difficunley
‘was @xp@riencedwidﬁﬁnwg*pieces sufficiently large for

diffusion stuabs as we crystsls tended to split along the

cleavage pleane, >Yence few studies were made in this direction.

The Diffusion Experiments
Benzoie heid,
Iritivm diffusion wes messured perperdiculayr to the (001)
plane in sirgle crystels under a variety of conditions im the
followling systens

8) High purity bengoilc seeid,

L) p=Terphenyl doped benzoie acid,

¢) Deutero benzoie acid,

The diffusion of ¢+% labelled benzole aeld was measured in
high purity benzole acid and deuterobenzoie acid exrystals
perpendicular and parallel to the (001) planc,

Tritivm and (‘:l‘3 difiusion was meagured in polyerystalline
compacty of high purity benzoic acid,

Acetie Acid,

Tritium diffusion was measured by the sectioning technique

in single erystals of ascetic mecid perpendiculer to the (100)

clesvage plane,

The experimental conditions used in the above studies are

ineluded in the results,
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gechange Ixperiments

Il boceme epperent thai tritive diffusion could be due to
n exchange reaction occuurring between the tritiated benzolc acid
2p0sit and the small concontration of water vapour pregont in the
iCfusion ecell followed by diffusion of tritviated water inte the
rystal, It vag decided, therefore, to test this exchasge
ypetion experimentally by momltoring the rate of tritium exchange
powoen tritiuvm labelled bonzolc acid crystals and insctive water
APOUT o
The apparstus uged wes gimple and corsisted of a 250 ml, r.b,

lask with & long neck serled with e sexum cap, The flask was
Llowed to equilibrate to the humidisy of the room which ves
asured with a wot and dry bulb %thermomesver, A known weight of
e, ory tritiated benzole acid wes introduced in & small open
aram gless vial and the run sterted by placing the flask in
thermostat bath, The nesk of the flash, however, was kept
» Toom temperatvre snd one ml, samples of the vepour were withdrawn

syringe bthrough the SeTUm Cop at time intervals which depended
 the enchange temperature, The wvapour in the syringe wes slowuly
.bbl@d through e scintillation vial containing 10 ml of secintillator
Lrop the tritiated water formed by guchangs and this ves
bsequently counved on the NES304 tritiuvm counting assembly,

rmally about 15 samples were taken, This volume represented less
p P

an 5% of the total voluma of the system, 320 ml. end it wes thought



86.
that this would not influence the exchangs charactisiics significantly.
The efifect of the vapour pressure of benzolc acid on the
wetdvdty of the vepour was checked by cavrying oui "blenk' runs
in vhich ¢** loballed benzoie aeid, specific activitydsype/mgm,
s usad, At 38°C m@i@14 could beo detected dn the vapour phase
war o geven hour pexiod, At 72°C the Gla acbtivity rose to o
mall velwe within 5 minutes and remeired eongtent tieresfier
Mehin tho eceuracy of the onporiment,

the temperature range in which this experiment cam be earried
e de limited as the acio will sublime %o the cold meek of the
ube when the vapour pressure is grert cnough and this will affect

he exchange kineties,

A total of © exchange runs were mede covering the

emperatw o renge 20 - 75°C.



{0 Conductiviily Studles.
In ionic conductors it has been shown that Af the mobility
of a diffusing particle, M, 1o lnown then ite diffusion
coefficiont, D, can be calculated by meansg of the Nernst-Rinstein

relation,

D & nlk T, vhere k iz Bolizmann's const.
T the sbmolute temperature.

IT the measured conductivity, ¥, 1z due o one specles then 1t
i related to the mobility thus

o” = 0 22@2 et where n is the numboey of the diffusing
: Spegies per co.co

ze¢ 18 the chavge on the ion hence
the diffusion coefficient and conduetiviity ere related thus,.

2 . n.2%°

ST P TEE

RT

If the ssme mechenism is responsible for both conductivity
and tracer diffusion then the above equation should held. If
this equation holds over a rang e of temperature then the same
activation energy should be obtained fyom Arrhemius plots of
diffusion and conduetivity.

In oxder to verify whether or not the condauctivity of
hydrogen bonded orxganic acids is due to proton migration the
conductivity of benzole acid and acetic acild were measured and
their temperature dependence obtained using both A.C, end D.Co
techniques, A Turther study was made of the conduciiviiy of
oxallic acld dihydrate to compare it with previous experimenial

results and determine the effect of water of crystallisstion in
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the hydrogen bonded cheling on the conduetivity,
Conduetivity Cells.

The conductivity wes messpured using o simple twe probe
technigue. The cell uzed to measure the conductivity of benzoic
acid and oxalie acid dihydrate ig showm im f£ig. 29, cell No. L.
This was sn all brass cell, 29 dis, = 3" long, in which a crystal
oFv compact wad placed betweon twe platinum sleecirodes, the upper
of vhieh mcrewed down through a teflon insulator to give good
clectrical contact with the erysial. The cell was placed in a
glags furmace whichh wae eleciricelly scresned and whilch had & non
imdu@tiv@ly wound nichrome herter controlled throwgh s Varioec,
The temperature of the crystel wes measured with a Stontel FLH
thernigtor which projected through the bottem of the furnaece end
through a hole drilled in the louver elseivade to within one mm,
of the crystal surface.

In order 10 meesure the conductivity of acetlc acid a
different cell design was reguired due t6 the low meliing point
and hygroseople nature of the crystal., The eell is shoun ia fig,
25, cell No.2. The eleetrodes were stainless gteel, the upper
being of accurate dimensions 0.25v dla. and the lower boing a
larger plate 1" dip. vhich was kept in good coniamet with exysisl
by the lower compression springs. The cell could be evaecnated
and the tempersgture of the cerysinl messured using a Stantel’

F15 thermigtor which was located in & centrally drilled hole in

the wpper slecirede., Teflon lnsulation was used throwghout,



Electrodes.

Two types of electirodes ware used, Graphlte @1@curoues ware
applied as a colloidal suspension in water, “Aquadag“ agé the
weter evapoxeted off in an oven at 80%¢c., Silver electrodes werae
applied as a sugpension of collolidal sil#er in methyl isobutyl
ketone which evaporated off rapidly on stending. DBoth thess
electroaes were found to give satisfactory coatact,

A.C, Conductivity.

The A.C. conductivitiy was measured using a Wayne Kery

Universal Bridge. The conductivity was obtained directly in mhos

=11

and the &ma)l@st conductivity detectable was 2 x 10 mho, The

gpecific conductivity, , was obtalined from the equation

o's L s where X is the thickness of the erysial.

T A
A the cross section area of the
cerystal .

7~ the measured conductivity.
D.C. Conductivity,

The D.C. conductiviiy was measured using the follewing circuii,

2R ELEC‘TRQME.TERﬁ -
(=

The spparatus used was sn Ecko vibrating reed slectrometer,
model N616B. A 105 volt high stability D.C. output from the
electrometier was passed through a potential divider and a voltage
E, selected and appli@d across the standard resistor, Reo with

key, K, closed. A backing off voltage was applied to the
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slectrometer from & Pye Procislon Decadse Potentiometer and
uging the elecirometer as a null polnt detector the velipmoe B
was sccurately dbtained., K vas then oponcd snd the velitpge drep
pver the resistonce R, measurad using the electrometer. Tho

wnknovn resistance, R, 1.@. the crysial rosisteonse, woas thoen

=
obtalned from the equation

(-)
REgRg- ?Ef"i“'ml

The lasrgest stendard resistor wsed was 1012

ohmg and an
applied voltage of 1 volt wes used to minimise polarisation
effocty., The maximum resistence measurable, thereforec was 1@15
ohms assuming that a voltiage B, of 1 mV¥ could be accurately
meagured,

Preparation of (rysitals and Compacts.

Benzoic ncld compacts were preparved im two weys. Inltially
one inch dia. compacis were pressed at 700 p.s.i. and 4000 po.s.d.
for one minute wsing analaw reagent acid. A second bateh of
compacts were prepared for conductivity and diffusion gtudics
from benzole aecid purificd by single erystal growth., This
materisl wap powdercu and compressed under vacuum at 5000 p.&.i.
inte 3" dia. pellets. These pellets, 14 im all, were annealed
at 116%c. for seven days and allowed to cool slowly. Thelr
denegity was measured and found to be 1.32% .01 gmoﬁﬁgg identical
%0 thet of single crystals.

Pieces of benzole aclid were cut from single crystals both

parallel and perpendicular to the (001) plame., ‘These pleces
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werg ¢t Lo o suitable size end ground plensr on a glass plats
with fine eavborundum and water and subseguently polished on
stroteched chamois using cyeclohexang ag golvent,

Oxzelic acld compachts were pressed at 700 p.sS.i. aad 4000
PoB.d. sing anslar resgent grade maverial. Single crystals
werg grown from aqueaus soluition using recrystallised emalar
acld. These were cut and polished similar to the benzoic acid
sTYBLels.

Agegticg acid crysials were cuy in the fridme {from single
crystal boules using o ragoer blade., Due to the ecloavage
properties thin crysitels were obtained with plenar surfaces whieh

regulired no pollishing and were wsed direelily.



CHAYTYE IXI

THE RESULTE AND THEIR INTERFRETATION
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This chepler has been subdivided imte the following six

sactions,

2. Tritium and ﬁl4 diffusion in benzole acld siangle erystala,
b, Tritiuvm and qu diffusion in pelyerystalline benseic acid.
6, Tritlum exchanie beitween benzole gceid and watey vopoux,

d, Tritium difdfuglion in acetlic aclid single crysiels.

e, Conductiviiy studies in organic acids,

£f. Tabulated resuiis,

fach section has been treatved separately wlith respect teo
interpretation of ithe resulis though experimental resulis fox
2ll sections axre included In section ¥ In tabulated form., . -

L4

fo Tritium end G”' Diffusion in Benzeole Acld Simgle Crystals.

ris :.:K‘ TR T A T R TR ST S T R ORI L A e ﬁ»wmmmmmﬁaﬁm—ms

Lo Interpretation of resulis.

The experimentel arrangement nsed in these diffusion studiewm
vag that of an infinitely thin deposit belng allowed to diffuse

thyough an infinitely thick crystal perpehdicular to & known

plane face. When diffusion oceuvrs by a single mechanism the

Tollowling solution has been derived for the cose of constant D
- D -
e Tt m%::_i
, e ( ‘B..D, Di’ )'2' @K}\) “a d%. D‘a; eneagmenayeD o (‘ﬁ’ )

Lormn Leriet
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telking logarithmg te the base 10 of cach aide

23
A ‘ E‘s‘.a

¢ J.. ;ﬁ; ;g“ ) r::’ti:-:‘:i‘ -l:. - o

108y © Mo v (whp)? 2,50% « 4 Db
CONTENTRATICN of THE

henca a plot of the logazrithm of thqﬁdiffu@img gpesies at 2

£a
Pacin
<t
'.:75)
&

L) g 2. 0 by ‘2
penctrabion depth = versus the square of that depth (E®)

ghould give a streight line of gradient
A
19

m = e

2.303 » 4 Dt

Thus if the sunpesl time, t, at s temperature T is Bnown the
diffusion coeificlent at thaot temperature cen ba ecaleulated
from this gradient. This selutlion sssumes thet there is ne less
from the surface ovher than that due to bulk diffusien,

The results of trvitium and 014 difivslion in bengole acld
are ghown in graphlesl form o £iye.864534%, fvom which it can
be observed thel in meoat cases straight lines of laglg A V8,
%2 vere obtalned, though in the case of 614 diffuaion "tailst

ware obaserved due 16 a secondary diffuslion mechaniswm, These

k%

grophs indleaved that the solution given by equation (1) was

the appropriate one %0 BEE.

2. Fritiuvm Diffusion Perpendicular to the (001) Plane,

L AP

In thig mygtem 1t wes dimcovered thet variable resultits sould

be obtained depending on the sxperimental conditions used. The

resulta, therefore, are tebulated vnder the conditions used,
The initiel tritiuvm diffusion situdies wers carxrvied out in



targe brase vessels, fig |19 . The resulis of these euperimento
2

arg tabuwlated in seectieon £ and plois @f_l@@ﬁ@& Ve % are
shown in fig.86 . ALL these diffusion rune were carrisd out
on benzole acid crystals puriflied by distlilatlion, The
difrusion coefficlents calculated from @qmati@m (1) by the
methnod of least mean Beuares, see appendix I, are tabulaied
below. A sample calculation is given in appendix I,

TABLE X, TRITIUM DIFFUSIONIS{O0L) IN NON ZONE REFINED BENZOIC
ACID (LARGE VESHELS).

~

- n o 4, ; I3
Diffusion Pime Temﬂo 1fT@% @mgée@ml
Ruyr Moo honzs  2¢, ® 10 15 19gy o D

E g0t S

Ry 18,5 88,8 2762 23,9 & 2,6 L 579

DHE 24 .0 95.2 20729 9.6 & 2.0 L.292
DR 24,0 93.9 Ny 24,0 & 1.0 loﬁﬁﬁ
DRILO 23.0 104.5 2,651 43,3 % 1.0 1,635
nDRLs L9,0 108,00 2,623 100 & 5,0 &-000
DR1A 16,0 108.0 2,623 83,0 % 4,0 1,920
DRLO 2395 8.5 2,843 To50 % 0,15 0.876
DRL7 334.0 9304 2o 1L 19.2 % 3.0 1284
DRLE 1657 100,.0 2,680 4B.0 £ 2.0 L.681

3

ety

& plet of logy oD ve /¥, Lioe A fig. 87, wes found to be
Linear and follswed the Arzheniue sguation

fare"Y . q?‘
> 2,000 [ 21.200% 2.000 |

»n o= 175 . BXP | =
s 165 R

o L

This line wam obtained by the method of least mesn gguares and

-

the caleulation is shown In appendix IIT,

From these vesulis 1t eppearved that the diffusion coeffle

ol

was Independent ¢ fee

3

f""J
o)
L‘é

i time, concentration apnd crystael per
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The zecatter obtained waz due o the inaccuracy of sectlioning

and the fsct that some sublimation of the crystal occurred

which prevented long diffuglion annesls,

In an effort to cut down sublimation and avoid the slight

tarnishing reaction which occurred at high temperatures in the

bross vessel, diffusion runs were carried out in small sluminium

vessels,

The results of these experimenis are shown in flge.¥ 29

and the diffusion ceoefficients obtained

TALLE IX

DIFVUSION
RUN Ko,

DH. 36

DR.37

Dh.38

DR.42b
Dh.43a
DH.430
DR,060a
DR.60b
DRh.02

DR.6%a
DR.63Db
Din .69

DR.Tbs
DR.76b
DR.84sa
DR.8B4b
DR.B5%a
DR.85b

TIME
hours

116
L37
240
148
166
166
160
160

e
160
160
134
324
524
222
220
255
255

TEMP .

¢

L15.0
115.0
103.0
103.0

1
_/Tﬁé
x 107

2640
2.0640
2.002
2,682
2,682
2,682
2.576
2.5%¢
2.6095
2.576
2,576
2,090%
2,006
2.606
2,576
2,576
2,698
2.658

D

~
cmSsectt
X 1012
l o ""%- € Q I3 7
1.7 % 0,3
3-17 & 003
2.0 & 0.4
60{:)
Tl 203
4,85 % Q.4
D.DTR02
6:;26,'@: Oo?)
&006 20,1
3.30 20,1
:5,000 & Ool
2o74 % Qok
:3024:.-2 Ool
2.934 0,15
2.66 80,2
1452 0,05
L.5%6 % 0,07

tabulated beleow,.

Log D
10
12

‘%f’

0,146
0,250
0,568
0,301
Q.T79
0,852
0.686
D.R2%
0,798
0,610
0.519
0,00

0.437
0,510
Q.467
0,426
0.16%
0,194

TRITIUM DIFFUSIONAY(OOL) 1M BENZOIC ACID (SMALI, VESSELS)

CRYSTAL
SOURCE

AT
ZH.5
NON Z.R.
R4
2R .4
ZR.4
NON Z.R.
MON Z.R.
ZR.7T
Zh o
ZR.T
NOMN Z.RH.
MON Z.R.
ZR.5
LR
ZR.4
ZH.5

A L@g}OA V& iz plot for thesge resulis ls shown in fig. 27

points @ on line B and A above 1%,

A large experimsntal
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geatiter vas initially observed but all resulis were at least an

scatier vas initially observed but all resulis were at least an
order of magnltude below the diffugion coelliclents in the

:

l&g@e vessels, Inltially it was thought that it vas due to
erysital perfection. The resulis shown In Table 1Y, however,
proved thait thig was not the case. It was found that lewer
diffumion coefficlents were obtalned when ithe crystel wee not
coola duving deposition, Thiz indicated that the diffusion
coelficient dependsd ou the watexr vapour concentration in the
diffusion cell.

When the ecrystials uwere not cooled during deposition the
diffugion coefficlents vere found to le om line B fig. &7 A
spseial effort was maas to thorouvghly dry the crystalsand
diffusion cellz in DH.84, 85 by enclosing them in5F295 call
in a dry box for 24 hours prilor to the diffusion apnesl. The

see fiy 29
diffusion coefficlents obiained]also fell en line B indicating
that thig represented a lower 1imit to tritium diffuslon in
these crystala,

Line B obeyea the following Arvhenius equation

4 2.0 20,000 £ 1,300

D = 0,5 EXP -
“‘004 o h'l.

The resulis of tritiuwm diffusion experimenie in p=terphenyl
shown g 3o and
doped bengoic ecid arq&tsbulated below, These were gervied

ot in sluminium vessels without cooling the crystial,
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PTABLE TII. TRITIUM DITFUSION 3T (001) IN P=TEEPHENYIL LOPED
BEHZOIC ACIL (SMALL VESSELS).

1 D
DIFFUSION  TIME TENP. . /79 2 -1 Log, D
LUN ho, hours %. x 193 cm°8§g° %,%g
x 10
DR.67a 256 100.5 2.676 3,15 % 0,1 0.500
Dl‘,oé.?b 256 10005 20676 2050-:5.: Ool' OQ@QO
k.68 169 G0.0 - 201535 1.50 & 0,22 Q. 177
Dh.80c¢ 250 115.0 2.576 4.0 & Q.05 0,604
DI'\OBOG 250 1.15::0 20576 2060 3’}:‘ Qolg Ooals
DR.85B¢ 255 103.0 2,658 2,20 & 0,1 0,355

A LogyD vs l/T plot of these resulis ig shown in fig°27’ﬂkﬂwﬁgﬁb
line B The Arrhenius equetlon was obtained by the least

pean squares method to yield

é“}" 7§ “"’8 i ‘? 4] @'E’O :g'; 29 200‘?
D = (4.7 )K 1078 mxp |- j
“’404 RT

enreld

A meries of diffusion runs were mede on deutercbenzoic
acia to determine the isotope effect on diffusion., The resulis
- s - ’D - - T
are tebulated in section f and log; A vs x° plots in fig,30

The calculated diffusgion coefficienlts are tabulsted below,
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TABLE IV TRIDIUM DIFFUSION AV (00L) IN DEUTEBROBENZOIC ACID.

s
- 1 0 2 =l
DIFFUSION TIME  FusP, JEUA oM L@8a. LOgH oh TESEET,
2 . e £ b wy CHEE
hU&fﬂgc hours V(. - 1@3 K 10'% 1D USEDR,

DHQJ7 120

00,0 2,079 2.8L * 0.0 0,449 SMALT,
Dt 52 L1200 135,55 d.575 11,0 e 1,05 &
DR.6la 67.5 115.0 2.576 6.9 £ L.4  0.836 "
DR.6Lb 67.5 115.,0  2.576 5.9 £ 1.5  0.77L @
DR.f2a 204 110.5 2,606 37,6 T 0.7  1.57% LARGE
DR.T720 204 110.%  2.606 36,0 £ 1.4 1,556 i
DR L808 250 1150  2.576 J.LT+ 015 (.502 AL,

15,0  2.576 B.532 01 0,522 @

DR.80b 250

1
A plot of log 0 vs /T is included im £ig. &7 .
The ensliysiz of these resulip is compllested by the faect thait in
Dii.A7, %2, and &L the crystels were cooled Quring denosilion
thug explaining the lerge vervielion cobaervad., This maesnt thah
an Arrhehius espression could not be obtained,

DR.OBL, T2 pnd 80 illustrate the fact thal eyystals anncesiad
in the same cell wndey the same conditions give slmost ideniiealt
oiffusion coefiiclenis though the asiugl values vary widely.

The isotope elfect on tritium diffuvsion was obtained by
gcarrying out diffusion ruvne on normal bepzoic meld and

denterobenzoic acld in the same cell, The results are tebuloied

below,
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To determine the effect of the size of vesesl wzed in

5O

the diffusion svneal v diffusion run wae vabasind inoe
large vegsgel. The erystels wers not cooled on depesition
and they vere wrapped in sluminium foll to suppross sublimatlon,
The resulie are tabulated in sestion £ snd fig. Bl . The

o

diffuzion coefficientsy obtained aye tabulated beleoew.

PABLE VI TRITIUM DIFFUSION AV{001) IH ZONE RLFINED BENZOIC
AQID fLARGE VESSEL ) «

lfz @A j}
DIFFUSION  MIME  TmMR, ‘L Ao Lo
RUN No., houre Uy, % 107 v mo“° e o

DRT5a 204,

i1
DR.T3b 204 13

0.5  2,609% 41.0531,.2 12,622
0,%  2.60895 48,0 1.7 AL

l:.:l‘;m
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99.

he resuwlits of DR.TE slsmo carrvieq owt in this cell lg tabulated
1

in Teble IV. & plot of logy D va /T of thewe reaults iw
shown in Tig. 7, pointa ©,

Th@@@ diffuaion coeificieuis lie almost om the wpper Line,
The lowey values are considered due to the faet that the erystels
were mnot cooled on deposition awd subsequontly contein less
wakter vapour.

A experiment wes performed to observe the tritiuvm diffuwasion
rate in benzoic acld erystals in the presence of THO vapour.
Inactive crysiele vere prepered im the uwsual way. They wore
ploced in o glass tube, evecuased, ond a 1ittle THO vapour
introduced. A small smeunt of dry nitregen was introduced and

the tube sgealed under reduced pressure. The e¢rystels were

annealed ond mecrioned in the ugual way. The resulits are
tabulabted in soctlon ¥ and shown in fig, 32, The diffusion

3 Yy

goefficiente obtalned are tabulated below.

TABLE VII  TRITIUM DIFFPUSION I (0QL) IN BENZOIC AG&D N CONTACT
WITH TRITIATED EATEhQ (GLASS VESSEL),

A )]
DIFFUSION  TIME  TEMP, m% 2 =l Lig a0 CRYSTAT
RUN Moo hours @Po 3 N mee. jl@ . ﬁJ
x® 10 2;; 1@.&2 "{P 12 u@ﬁﬁ@?ﬁ
DROL%::‘?& 2‘50 3-3‘.:5 0@ Z..o g 076 1@ th @ 4 :i]- 0@36 E,R o?

D626 250 11%,0 2,576 5.0 0.5 1,176 D.B.h.
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IN BENZOIC ACID FROM THO VAPOUER,

SYMBOL.
&
@ .

DIFFUSION
RUN N,

1 k. 1 i 1 | 1

i,

o

356385 200

S50 300 320 %0

200

180 200 220 240

o0 80 100 120 140 16D

20

20

[7e) 9 < oJ [} «w &

/sdd (AL Aiva) o 90

R )
(\Y]
‘W bw

o2er

"3

x& cmé X109



Thesne wresvlie indicated thet the THO oxchapyod easily
with the benzole acid end diffused in o sinllar wey o all
ather tritinm Aiffusion runs. The diffusion coeffliclonie
obtained were Y=-4 times greater then thoesme cbtained woeder dry

condivlions,

Piffugicu of “eamaic Acld - 814 33(00}) Plene in Bonzolic Agid.
The results of thisg study are tebulated in seetion . §
and Logy oA v x° plote in figsBBaandlb. In sll cise tve
distinet lines were obisined inclesting that diffuwion wea
sccurying by two different mechenlsmg., The glovw initial
Giffnzion wvag considemwed to be due to bulk diffusion of the
bhenzolie acid molecule and the fast procegs dus to diffwusion

ef henzoile acid moleccules down oislocations or other
stiruesneral defect,

The bulk diffusion goefficiont weg obbhined by sasuming

f\-

thay Lthe diffuaion p‘@xiig rapreasnted the superpesition of
e i =l

twe indepondent precesza, The plev of log 10 A vs R for the

bulls process was obthined by projecting the °fast? diffusion

B A
lime bask to Tcaw aad subiracting the contribution due to it

From the total activitysh caeh section.
The diffusion cecfficients were galeulated am for tritium

difinsiaen end are tebulaied belovie
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TABLE VXXX BEMZOIC ACID - Ci@ BULK DIFFUSION AV (00L)
BENAOIC ACID,

10 D
DIFFUSION TAME  LEMP, /2 5 onfmecsh  1OG o0  CRYSTAL
RUN Mo, hours Co ® 1O ° {@° ey SOURCE.
% 107 '

NR.220 407% 105.,2 2.6429 20.0 &10,0 1.740 NON 7.8,
DR.258 929 116.5 2.566 55.,0% 5,0 1,740 NON Z.R.
D 25b [529 116.5 2.566 69 - 1,848 NON Z.R.
DR, 24 547 110.5 2.60% 153 2 5 1,114 HON Z.R.
DR, 32 172 1i0.0 2.610 50 - 1.T700 Z.RoH
Dﬂovi‘?h 236 11@05} 206@6 :?2 &= 2 10502 ZORQ/"%’
DR.TTe 236 110.5 2,606 &7 & 0,5 1L.434  DB.AS
DELT8a 496 103.5 2.65%% 8,6 % 1.0 0,936 Z.B.4,
Dk, T8b 496 105,55 2.65% 11,0 2= 0,% 1,037 RON Z.R.
DR.T9b 202 115,0 2.576 66,0 & 1.9 1.820 HoRoB

A plot of w@@lgﬁ TS ‘ﬁg iz shown in fig. 27, peintg E
aud T ., These diffusion coefficlents ave exceptlenally low
and egpproach the limit of the sectloning method., Diffusion
runs DR.22 - 32 were carried out using the original sectioning
techulque (see p. 72 ) andare less accurate than DR.TT=79 which
were cavried out wsing the suectlion technigue (p. % ). Within
the accuracy of the experiment the bulk diffusion was
independent of crystal source and the data excluding DR.22, 32,

wore found to £it the Arrhenius equation.

2 =
"3’7 06 X 1@ T2 {Q‘QQOOQ 43-;;4@9; E
D o= l.8 x 10°* =
=179 / | RY |
Benzole Acid - 0“4 Niffueion AL (00L) Benzole Acid.
The wesult of two attempis te measurs diffusien parallel

2,

to the cleavage plane are tabulated In section T and 105303 Ve



Lo2.

-

#° plots shown in fig. 34 . The prefile obtained was mimilar

2%

to thet fowx diffusion perpendicular to the cleavage plane
and diffugion ecoefficlientsm were caleulated by the sane

procedure and tabulated below,

14
TABLE IX ¢ DIPFUSION 11 (00L) BENZOIC ACID.
1/;11@‘& l‘) - -
DIFFUSION TIME  TEMP, o emegeest 108y oD CRYSTAL
RUN Ne. hours o % 10 T SOURCE
. X 14 +14
55 {50 109.8 2. 611 45 1.65 LHo 3
34 162 100.5 2 678 25 1.40 ZR.3

Due to the small crystals uwsed, surface ares 0,5 @mgg
and the subsequent short diffusion enneal theme rvesulis are
not eonsidersed partliceuvlarly acocurate. They serve te indicate,
however, that diffusion in this divection Ls very low and

approaches that obtalned perpendicular to the (00L) plane,

The 'Fest’ Diffusion Process in Benzole Acid,

T™is process was f@ggﬁ to vary with the crystal used, The

VG

diffusion @@@fficient;iggiculmte@ pasuming that the profile weg
lineayr and conld be csleulated ag for the bulk diffusion, gave
valueg in the renge 1 x 1072 4o 5 % 1074 enZoecTl  but there
was no pattern evident in s logy gD vs 1/? plot. It was
agsumed theat the diffusion wag due ©to a dislocziion or other
structurel crystal defect mechanism and mo FTurther worlk wasm

attempted on this system.
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Surface Diffusion in Bengzoic Acld.

In several tritium diffusion expewiments the bagk ¥epee of
the crystal wag removed by scraping it off with o rawer blads
after the diffusion anneal. The section was weighed pnd comnied,
In all casses 1t was found that within tho caperimental eveoy
the activity of the back face was the @sme ez the front face
Indiepting ithat there weog a rapld surface cguilibrive of
tritiated benzole ocld caused either by » surince @iffusion ov
va?o@r exchange process.
 %he e14 diffusion, however, gove g different remult, In
this case the surface activity was monitored using a postable

GoM. counter. The surface activities obtained are tabulated

below,
TABLE X
DIFPUSION ANNEAY COUNT RATE COUNT RATEH
RUN No. TIME FRONT SURTACE BACK SURFACE
hours, o oo G oBo
TTa : 236 350 220
TTb o 300 220
e w 500 220
174 o 500 220
T8 496 500 250
180 w 500 100
19 202 300 300

. . , )
These results show that surface nigration of benzoic acld - Ql“
is much slower than tritiated benzoic acld and must go by a

different mechanism.,



14
,. GRaLN BOUMDARY DIFFUSION OF TRITIUM AND c™® x¥
POLYCRYSTALLINE BENZOLG ACED,

The firsh quantitative attempi to molve the problem »f
grain boundary diffusion was made by Fishexngg His solution
was approximaie bui simple to spply vo experimental resulis.
The exaci solution was publishea oy Whippl@g%'bat ves in a
form that was cifficult to apply to experimental resulis and
hence until recenlly the PRisher solution was the one comwmonly
uwaed,

A comperison of the two solutions has been mace oy Le
Claireﬁg who has published in graphical form some numesical
evaluations of the uwniuple solution, <This enables estimates
to be made of the ervor involved in using the Fisher solution,

The mathewmatltical moael usea in ine analysis is to
represent the grein dbouuwawnry as an isotropic slab of material
of width §& within which diffusion occurs accoreing to Fick's

laws, with s coefficient Dl

much greater than D, the
coefficient of bulk diffusion on either sicve of the boundery.

With the bouncary conditions

&

C{x,y,t) = Co ;3 & 20 3 y=o
where y is the direction of the gresin, x the direction st righ%t
engles to the grein, Co the constent surface concentr: iion end

t the time of daiffusion PFisher's solution is

o 12
Crop = Exp. («W“’?’? {5'2”) erfe % f"’ (&)
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in ihe sectioning wechnigue the concentration of the
diffusant, ¢, in & number of thin slices cut parallel %o the
initial surface, is detewvmined as @ funcition of y. The
general solution ias

-2 3 -
- L

= Dy . Ny 3 0o (2)
: f

AN

§

i
)

in the Tishev solutlon the lest term iz o const, U °
hence s plot of 1n ¢
i .

D" eazily obtained,

v ¥y should be linear snd 2 value of

ERT

IO S

Ledire has @ aiume@diﬁﬂ?{ﬁ

u. -

:)

Lel

Fmad

4) as a funchion of qgﬁmh

Tor various values @fﬁband presented it in graphical fTore

thus allowing thefhipple diffusion coefficient to be evaluaied,

-

The resulie of the aiffuvelion of 014 Benzolc Acld and
tritisted benzols meld in pelyeryatalline compacts are shown
in the foin of 1@@10 {wpecifie éctivxﬁy) Ve, 7 the
penetration inte the crysital in figel53Grespectively.

Aceerding to the Tisher spalysis these szhonld be linssy except

o1 the high point at the surlface. The curves are essentialll
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106,

linegar vith some *tailing’® occurring et deep penebystlong,
This curvaiure is in agreement with that predicted by the
Wwhipple solution,

The gxaln boundery diffusion coefficients were calculated

from the Pisher eguation.

S8 NER
==Y en@iﬁa - E . i ey '\?\ dz" {// mé::m 2 {\H' %3. Er i‘::.i
6 = Co @&ﬂ T & \pi) %Dh j | erfe 3 @@

=

(lf‘.

asguming erfe $ = )

using the linecar part of the curve %o obhtain g lng. The values
dy
of D used were calculeied from the bullk diffuvsion equaition

(see p.l0 ) obtainec in this investigation, The value of ¢
$0 be used was the only unknown guantity.

Other grain boundary studies have shown that & ls of the
_ _ - ) % p c
oraer of 2 - 3 lattice spacings hence 8 value of & = 253

nas assumed. The gradients were calculsisd by the least mean

sguare method and the diffusion coefficients obiained tabulated
in table XI

The Shipple Alffusion sosffisiends were thon obialnsd by

m%
caloulatingl) and f%aﬂ %1“@tQ§» from which $he wvalus o7

Mz
e

maed 40 thoese esleulabions are shown in vable Kil, The

} {2 A) was salsulaisd from LsClairss graph, The valusz

@al@ula&@d values of the Whipple dﬁffu@i@n coefficients are
alae ineluded in table Xdo



Q7 .

eaBE X7 04 AND TRITIUM GRAIN BOUNDARY DXTFUSION IN BENZOIC

ACID.
1, o 3, .
- 2, Hisher 810 fThippre 810
FPUST X ! e ~ =
%}{llggmﬂ 5%“1? - [T “3 @m%@e@ol FD'A m%&x@@ol D:g‘ hipple
S e ° x 107 _ ,l0 Tisher 10 4 1.0
cj_,ié, o LY j..D ..?)1,10 % “@ :

DR.26a  91.0 2.746 38.4822  1.59 102 2,008
26b 9L.0 2,746 55 =4 1,75 147 2,167
278 103.5 5 e @60 ¥20°  2.42 415 2,618
2Tb  103.5-5°094 260 220  2.42 415 5.61.6
284, 78.6 2843 5.T20.2 0,756 12,9 1,110
Sk T8.6 2.843 T4% 0.6 0,780 16.7 1,225
29 83.53 29 &1 1.AT 66 1.820

. 2,805

PRITIUM o
66 101,00 2:673 24% = 60 207386 F560) 2.545
71 76.5 2,843 20 £ 2,5 1,301 34 1,532
86 96,1 2.708 115 510 2,061 198 2,297

TABLE X1l CALCULARION OF LECLAIRE PARAMETER 'A°.

1

DIFRUSION  (D%)Y o 0 €5m§
. i . . A

RUN x 10%em. X 3,64@m¢ P ‘?

DR, 26 ° 3,63 68 187 385 9.5 2,01
27 8.15 100 123 4000 1,95 1,10
28 2.19 56 256 1800 6,05  1.30
29 2,60 96 370 3500 6.25 1.5
66 5,88 . 120 L0 7830  3.50 1.20
T 2,21 100 453 5650 6.40 1,30
86 8,26 120 146 5% 6,20 1.3



L,

Plots of loﬁlo D VS j‘/T for both sets of diffusion

efficients are shown in fijure 37, Both ¥isher and Whipple

aes are approximately linear and it the Arrhenius eguation
exp [“ “1 where the individusl purimeters ave gilven by
o
3 following equ&tiongo

r

Piffusion

¥

Fisher = {?o'j *%”;5°5) st 10 j. BYP - 373100 2 00 J
7.0 - RT

Whipple = (1.8 ¥ %% ) x 10™ mxe i_y - 33,500 & 2.500 E
..

hind Qo 97 L_{’l’
Lhivm Diffusion
, . 4 .
Whipple::(loﬂﬂ?@O ) x 10@. TR - 27,300 100
~1o0 L KT

These resulis show that within the experimental sccuracy

] . .
inm and O‘“4 diffuse by the same mechanism,

The decrease in asctivation energy obtained on epplying the

, g5
Claire analysis is in agreement with that predicted,

A combinetion of the tritium and % Whipple date f£itied

following Arrhenius egquation,

ran

T a 31,800 £ 2,000
-Lo 0 b :} )}( loil . EXE !
S ‘=’009.§

i
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LO9
"\
¢, Fxchange Reaetion Between Tritiated Benzoie Acid and later Vapour
1t wes foundthat when tritisted benzoie acid and inactive
water vepour were in contact an exchange reaction took place and
the water vapour beeame yadiosctive,

The reaction was found to obey neither first nor second order
kKinetiecs but instead gave lineer plots of radiocsctive concentration
in the vepour vs., scuare root of exchange time, This indiceted
difrusion controlled kinetics similer to that obteined by Teitknecht
in inerganic hydroxideshwith the exception that no initial rapld
surface exchange was observed,

The exchange equation must, therefore, have the following form,

Rt
Ros

o
W
S

AL (DE)®
where Rt i8 the vapour phase ectivity st timed, Roo is

equilibrium ectivity of the vapour, A is a constant depending omn

the surface ares and geometry of the erystals, D the d.fiusion

eearficient,

The results of the exchange experiments are takulated in
seetion £, WR1 to TR1O, Plots of Rt vs, Yt are shown in fig 38,
Although there is some sestter due to inaccuracy in the sempling
method (p.85) a linear relation is apparent indiceting that equation
(5) is the correct solution,

The gradient, m, of these slopes is given by

m = Rg@ A .D%g

i.e, m . D#
e} Q - @é
Roo
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ACTWITY OF VAPOUR Rs Vo V% FOR ExchanGE  FlG30
REACTION BETWEEN TRITIATED BENZOIC ACID
AND WATER VAPOULR,

RUN N¢ SYMBOL

ER,
ER.
ER.
ER.
ER:
ER,
ER,
ER,

v by -
Bet+ 0 S$x b




110

Valwes of m were obitained by the method of least mean sarares.
Values of Roousre caleulsbed Liom the volume of the gell, water '
vapour predsurce snd Weight of sample, Velues of m“;g*%‘ nere

_ R0
caleulaned and ave tabulated below,

TABLE £KX1T RELATIVE DIFFUSION COEXFICLENTS OBTAINED FROM EXCHANGE

EXPERLMENTS,
E.B, TEMP, Jpge WE.TBA, H Vapour Totel Res m- m' - loglo m'
&y : ngm ‘N gﬂlid Aiﬁgv1§a | 11.CO0 |

1 22,0 3.388 6,40 8,45 47,4 945 0,976 1,79 0,253
2 53,0 3,039  5.50 2,85  40LT 475 2,114 4,45 0,649
3 66,0 2,947 5,00 10.8 37,0 435 3,59 8,25 0,917
¢ 38,0 3,213 4,920 11.0 36,3 428 1,20 2,80 0,448
P 73,0 2,905 @ 5.%0 9,65 40,7 996 6,22 11,20 1.050
¥ 76,5 2,860 5,70 9.9 42,2 575 11,15 19,1 1,282
) 43,0 3.162 5,09 10,6 30,7 545 1,97 3,62 0,558
o 60,2 3,000  4.90 11,0 36,3 545 4,00 7.35 0,866

A plot of 1@@10 ' (eDg) v@o%%ig shown in figure 39, This
ot Lg cssentielly linear in the range 20 - 70°C¢ hence the process

an be represented by the following Arvhenius equation,
A

=Y

; "
D= Do exp. {* - 14000 2% 7@0%

43

Ag these are relative diffusion coefiicients a pre-exponential
actor cannot be caleulated, This asetivation enerxgy represents a
agimum value ag the increasing diffusion coefilecient ab high temperai-

re 48 due to the superposition of ancther exchange process which,
rom the linear plots also obbained, indicate tht this is due to

nother diffuslion mechanism, Thig may be the bulk diffusion of

anzolic seld melecules,
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Lba

Tritium diffusion perpendicular to the (100) plane in
acetic acid,

This system was found to be very diffieult to handle as
all operations hed to be earried out in a desp freecze at
- 20°¢, The diffusion experiments were carrisd out in an
identicel menner to the benzole acid sysbem,

A total of 15 diffusion runs were attempted over the
temperabture rernge < 10 %0 - 15°¢ of which only 4 gave reasonable
resulis, The other eleven runs wers lost due vo the poor
aligmment or very uneven gurface after the diffusion snnoal,
the crystals splitting whem the sides were ocut off prior %o
sactioning and leck of setivity.

Due to diffieulty in obtaining the weighi of each section
it was assumed that tle microteme was accurate and the specific
actlvity wag obteined as counis per second per 10 micron section,
The results of the acceptable diffusion runs are shovn in figure
40 as plots of l@gibﬂ,vs %20 There is comsiderably scatter
in &h@laxperimental points but the diffud on profiles are obvious
curves in all ceses, execept run 4, indicating that @dqatiom (0)
14

is not the corrsct solution to this problem, If, as with C

difiusion in benzoic acid, these ecurves represent the superpositifh

of two difrusion process then an estimete of the bulk diffusion

cCoefficient cen be wade from the initial slope of the curve,
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e diffusion coefficients so esleulaied, whieh willl represent

» maximua velue of thsbulk difiwsion coefflclient, are tabulated below.

TABLE XV TRITLIUM DIFFUSION IN ACGEYIC ACLD,

RUN . EHAP, TINE MAXIMUM BULK
oG hours DLEFFUSION COEFFICLENT

1 0.8 % .09 25,0 1,3 x 10”0

2 ~13,5% ,09 23,0 1.7 % 1070

3 ~5,2 & ,0% 48,0 6 = 107+

4 0.0 £ .09 48,0 1 x 10°+

Inspection of these results shows that there is no spparent

lokpelation between diffusion eocfficient and temperature,
Tt is belie ved thal the veriation in these results 1s due

0 variable amounts of water vapour being sbsorbed on the crystals
wlor to the diffusion snnscal, It has been shown that the
onduetivity of scetlic acld is very dependent on adsorbed water
P 103) and also that diffusl on im benzolc ecid is very dependent
n the water vapour in the diffusion cell, Hence it was concluded
hat e similar phenomena was occurring in this system, Bus to the
Afficulties irvolved in improvimng the diffusion t@@hniﬁu@ this
ystem was abandoned, The intrinsic dirfusion coefficlent of

ritivm in acetic scid LD 100 ) plane was concluded to be lessthan

% 10" om® see~l at 0°a,



L4,

@  Conductiviiy Studiecg

1, Conductiviiy in benzeic aecid

The resultgof 4.C. conductivity m@aagﬁ@m@nts on analer
bonzoic acld compacts are shown in figwe 41, Theso results
U@“@ thaah@ﬂ on the seme compact uging e hesting rate o£
0.50%/min, In the £irst rum, Dun 1, trensient effocts were.
obgerved in the region 20 - §O°Q which wexre not evident im tho
oubsequent runs, The conductlvity waz found to d@@raas@‘mgmh .
cach rTun probably due to e minteriry rga@miom taking plage which
ig indicated by the curvature of the Axrh@niu@ plo@s abnvg_l@@ﬁca
iln the temperature range 40 w_lOOQG runs 2 and 3 had the gomne
agtivation energy and rum 3 can be reprosented by the following

Arvhenins eouabion,

} . g‘; et i ‘7 é @ @ [
77 ¢ 3n10 enp | = }

==

Atvtbempts to meesure A0, conduchbivity in GCOMPEC LS @f high
PRaEity benzole a@iql{gpﬁﬁ) were unguccassful ag only transient
offocts were observed on the vexy lowest scale of the imstrument,
This indicated that the bullk.ccnduetivity was less then lomllohm“i@mml
Atlempbs %o measured,C, conductivity in single crystals and
@@ly@fysﬁalg ves also unsueccessful- vhidh indicated ths ¢ the bulk

0 ¥
conduetivity wes less then 10 zéohm (e} =L, 7¢" below the melting

point,  These results suggest thet the eonductivity in the analaw
*ompaets are -due to-an -dmpurity -of which the most- Likedy fe webes

2w no abtompts were mede to dry this meterial priox ©o pelleting,
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2, Conductivity in scetle acid,

As the conductivity could not be measared. down the
hydrogen bonded chains {(p4§ ) an stiempt wes mwide vo measure 1t
et wight angles to them down the (100) plene, The sonductivity

o ‘ 0 .
of gingle crystals of acetic acid wes measured ot 0 C with

‘5@

o0y pEGAOnE ot ths base of the eonduetivityeoll, figwwe 2y
The A.C, conduetlivity was foumd‘ﬁo Tary Wiﬁh time and the
grperimontal ﬁaamltaf@r@ shown graphicelly in figur@ 42,

The erystels were placed in the. cordueitivity @@11 af GQOQG e}
8 fridge and then iugerted in the, thermosgitab batho

In run CRL the conduectivity rose to 6 = 19“3 mheo th@m_.
deeressed thh L%me as @howm to 2 x 10. ~10 fho after‘z_hourgé - The
tomperature was arlowed to warm wp slowly %o 10°C over a furthe 2
hour period but the condvebivity remained unalitered, . This was the
Limit of @@t@c%iag of ﬁhe-inatrmm@nt‘h@n@@fiﬁyag c@n@iﬁﬁeﬁ that
tho bull conduetiviiy was less than 2 x 107°0 oum ““om™ a5 the
Bell epnsitent was app@aximat@ly oNe,

In CR2 the cell was not ariad thoroughly priox &Q inserting the
Wystal and some Waﬁ@f'dfﬁpl@tﬁ were obzerved on the gide of the cell,
a this cage the Ppls wes not suff icisnt to ab@aﬁ@ all the molsture
and.a rapld increuse in cenductivity was observed due to adsowption.
& ﬁ&t@x on the ecrystal, On pumping the grya@al to vemove the water

L rapid deerease in conduetivity was observed and the conductivity

wain fell to a vexry low value,



TIME VARIATION OF A.L. CONDUCTIVITY IN

110
ALETIC ACID SINGLE CRYSTALS AT 0°C, FiG 42
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Y. Tabnlated Resulis,

This section includes the results of 81l successful
Aiffusion runs atiempted in benzole aecild, The runsg are
numbered aod tabulated in the crder thet they were gervoraed
and rarge frosm DRT %o DROG,

These resulits are followed by the resulis of the
oxchange resction between tritisted venzeic acld and walter
vapour and are mmbered BRI %o BRLO.

Nomenclature - The nomehclature useddor the diffﬂ@iom resulus

is ag Tollows.,

Ry Total sctivity of the section, counts per sesond,
A Specific activity of the section, counts per second per mom,

# Penetration depth to the end of each section, microns,

r.':‘ﬁ?_ ' 2 3
- X7 ouvare of the penetration to the middle of sach section,

2
Gm % 1@6

£ Penetrevion to the middle of each gection, microns,
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16,0 hours at 108,02z 0.2°C.

BE Log A n
750.0 2,630 20
191.5 2.455 30
10L.5 2.272 40

$9.6 2.140 50
65.8 1.9a4 60
3967 1.586 70

6.2 L.007 80
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Rag Log A x
10.60 10287 10
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LIFFUSION RUN 23%a
329 nouwrs av 116,9 :-::.00050(:o

Seetion R, Log A % 72
1 192 T 2,402 6 0.09
2 260 2.476 14 1 .00
3 258 2,239 24 5. 61
4 $.92 1.106 34 8,40
5 2,02 0,217 44 15.2
6 0073 """002‘7 54‘ 24n0
7 0“45 @0040 64' 3408
8 0045 ‘"’00‘4? 74‘ 4706
S 0.28 =0.67 84 62,5
10 0040 "”0050 94 7(.702
11 0@&6 "‘”0050 104 9800
DIFFUSION RUN DR22b
403 hours 8%  105.2 = 0.2%C.
Sectior ,' v ?2
section Rg Log A X bd
4 291 2,562 10 0.25
2 68,0 1.926 20 2.25
3 2056 0.3544 30 6.25
4 B.af 0.520 40 12.2
5 0,88 =0.15 50 20.3
6 0.53 =0,46 60 30.2
7 O [ 57 "“0 3 ﬂ?o 70 ‘{‘.’2 o Ej
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DIFFUSTON HUN DREGa
2% hours  at  9L.0 = 0.05%C,

Section Ry Log A P
4 5450 2o D50 2
2 % &0 2.8%b 15
3 350 Q.46 2%
4 152 2,140 35
) %3.D 1 .83 45
Q 4:‘.593 lobol bt')
"?’ 2§0§ 3»..0!78 6?}
8 13.7 L.C20 5
g 10.8 0. &yl 85

10 T1.23 0,752 95
1l .14 0275 105
12 590 0,407 115

DIFFUSION HUN Dih2bb

Section R, Log A X
)} A260) 3,376 To5
2 &00 2.796 20
3 274 2,434 30
& 150.5 2.123 40
5 105.5 L.874 50
6 45 .6 L.572 60
7 32.0 1.345 70
8 17.2 L.13¢ 80
9 14.4 1.043 g0

10 T.606 0.78% 100
11 1.52 0.782 110
12 4,24 0.490 120
13 4.44 0.537 130
ER) 2.T0 0.272 150
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PIFFUSION RUN DR27a

15.% hours 8t

SacLion B

8
1 3570
2 862
3 478
4 178
5 147
6 %0.8
T 41,8
8 35.9
< 24,8
10 1.8.4
11 11.8
12 8.24

105.5 £ 0.05%C.

Log A ®
30953 5
2,991 15
2,614 25
2,316 55
2.116 45
1 .853 25
1.670 65
o470 75
1.344 85
L.15L 95
3.010 105
0.842 115

DIFFUSION RUM DR2Tb

Section Hg
X 1590
P 1500
) 830
4 622
5 283,5
8 56.2
G 40.9
10 25,0
11 23,8
12 15.25%
13 12.5
14 10.0%
15 T.5

Log A %
3.534 2.5
Se227 T
2.910 15
2,042 25
e 2

© ala o q}
L.956 55
10746 25
1.559 75
1.143 85
1.293 95
1.116 105
L.082 115
0,416 125
0.810 135



DIFFUSION RUN DR28a
67 hours at T8.6 t‘Ouﬂﬁgﬂo

Section R, Log A X
1 1407 J0214 4
2 642 20121, 13
3 219 2.257 25
4 02.5 1.854 33
5 44.5 1.506 4%
6 L4.5 1.15%2 H3
7 G.25 0.824 €3
8 4,04 0.55 73
9 2.86 0,40 83

10 2,10 0.20 93

11 LT7 0.11 103

12 1.45 =0, 24 L1353
DIFFUSION RUN DR28b

Section R Log A %
i 1515 3,292 4
e 1000 2,956 13
3 286 2.428 23
4 138 2,033 33
5 67.9 L.713 43
6 27 .4 1.356 53
I AT Lol54 63
8 11,35 0,918 T35
9 6,40 0.663 83

11 2,64 0.294 103
i3 2.13 0,193 123



DIFFUSION R DR29
42 hours at  84.% ¥ 0.05%¢.

Section R, Log A b
i 2635 5. 25% 5
2 142 2,787 15
3 420 2,542 25
4 247.5 2,300 55
5 152 2,081 45
6 81.5 1,886 55
T 38.0 1.60% 65
8 $2.8 L.450 75
9 24 .0 1.256 85

10 13.55 1,041 95
11 T.08 0,87 105
12 4,40 0,64 135

DIFRUSION RUH DR32
172 heours gt  Li0.0% Q.05
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&"3
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3 g15 3106 20
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DIFFUSION RUN  DR36

116 hours at 105,95 +0.1%.

Section R, Log A 3 ze
3 L7735 1.462 5 0.0625
2 29 .88 1,490 15 1.00
3 8,54 0,814 25 4,00
4 0.1 =1 .00 35 . 9.00

DITFOSION RUN  DR37
137 hours =t 105.5 ¥ 0.1%C,

Seation By, Log A % 72
1 260,5 2,369 10 0025
ped $5.0 2,020 20 2025
3 45,8 1.650 50 6,25
2 145 1.136 a0 12.2
ij @ b 50 2003

DIFPUSION RUN DR38
240 hours ot 110.8 £ 0,05%,
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]Ef 8. Proton Treofer in Hydrogen Bonded Solids.
i, Previous Worlk,

Evidence fox proton trunspori in co-opersilvely hydrogen

bonded orgenic solids has been obterined Lryom

2, Diffusion situdies,

‘bo Conductivity studies,

8. Diffusion studies. There have, until this wgfkg been no
dirvect Giffusion messurements in hydrogen bonded orgenie crystiels,
The nerrest spproach has boen exchange stwdles in hydrogen bonded
inorganic crystala.

In 1959 Wel and Bornatein®® obzerved proton diffusion
oceurring in boshmite, c-alumina monohydrate. They studied the
excheange of Dnga vapour with peolyerystallime boehmite from
87-150"C. and found that after an initial surface exchange a

diffusion controlled reaciion tool place beiween the deuterium

and the cyystal which had the following Arrheniuvs depeondence.

12,900 % 800
ey - “’39 ] &mﬂ um‘aﬂm‘f:‘mj

where Dyan 1z the highest possible diffusion coefficient ss the
surface erea of the corysisls was not accuralely known, 018
diffuslion wag found to ‘be " very much slower than deuterivm
indlcating that a fast proton mechanism was operating. They
elso found that proton mobility in bayerite, @<mﬂl(0ﬁ)39 was an
order of magnitude greater than this, |

A similsr study was made by TPeliknecht et alg‘@f tritium

diffusion from wate: vapour into NiQOH)g ana ¢8= PeOOl and thelr
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denteratod analogues and the samne diffuglon conirolled
oxchenge kinetice were obtainea o8 in boehmite and satisfled

the following Arrheniug equetions.

Lo

ui(on), Doz x 1ol o | 23900

PeQ0H Ds 2 = 1@&11 exp [ m‘;}@&%%ga

Several interesting polnits arise from these studies. Proton
diffusion is conglderxably faster than metal lons at the sane
louw temperature. ALl theme systems have in thelr structure a
co—gperative gsystem of hydrogen bonds. ALY give very small
pre-exponential factors, indiecating a negative entropy of
activevion which Bernstein suggesis may be a funcition of a
protonic mechenigm, The activation energies of the3@,pr@s@as@@
are all of the order of the sctivation energiecs found in
hydrogen bonded sollds exhibiting proton cqmductivit;ﬁ e )
The only co-operatively hydrozen bonded system in which
a direct diffusion study has been sttemptied is ice. The first
measurenent was made in 1958 by Kubn and Thurkaé@ﬂ who observed
the diffusion rate of deuteriunm end oxygen=18 in pelycrystalline
ice ana found the same Aiffusion coefficiemt for cach 1.,0% 0.2 x

10710 cm%aeﬁfl

indicating that at this temperature diffusien was
aue to migraileon of am enrtire water molecule. This meapurcment
ves made al one temperasure only and no Arrhenins equation wes

obtaineo for the process. It wes thoughtpossible, hovever,
that this bull diffusion could be due o @ premeliing phenomensa
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ag the meogsuremsnt was made o neay the meliing point. This
would mask a slover proion conductlon mechanism,

During the course of this investigation two okher studies
vere made on ice by Dengel ano Riahiigamd Etagakiﬁ in which
tritivm diffusion was measured in single crystalzef ice as a
function of temperature and the following Arrhenivs equations
obtained

Do 2 @ijfééﬁggg] Dengel. and Richl

D 2.8 % 107 @gpg’lﬁ d] Ttogalkd

Riehl hes also measured the diffusien @f@@la

@)

in ice anc tritiuvm
diffuplon in lce crystals doped with HF  and found that in all
capes the activation energy wes the same.

These rvesulis eppear to confirm ﬁhaﬁiﬁn”th@ cegs of lee
the proton diffusion associated with the moasured protomn
conductivity is mesked by o repid diffusien of newiral water

molecules in the leattice. The mechanism of this bulk diffusion
@f

process has been exemined theoretically and vacancy and
ﬂ?n
intergtitial n@ehanigﬁg e proposed. The most likely mechanism

3@? a 'Tree’ inter-

ig that proposed by Onsager and R unnels.
gtitlal maechanism in whieh a weter molgcule irsvels through
several intersiitial pogltions before occupying a vacant lattice
site. Graniche?mhaﬁ Buggested, however, that as the activation
energy For tritium diffusion agrees with that for D.C.
eonductivity, hydrogen diffusion may proceed by the game

machsanism in boeth cases.
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Condustivity Studies,

Conductivity studiecs heve been made in a lavge number of
ovsenic amd inorgenic hydregen bonded solids and mechanlons
hased on pr@t@ﬁ migration along co=operative ehslms of hydrogon
bondshave been propased . x

Pollock and Ubb@l@hd@w%ade an lnteresting atudy on a sevien
of orgenic acids, acetylencdisarboxylie acld and its dihydrate,
exglic agid and ite dihydrate, benzele acld and Turole acid, and
found thalt the conduetivity imcreased and activation enexgy
decreased in that order with the hydretes exhiblting greatex
conduetivity than the parent acid. %Thoy coneluded that ihe
conduetivity was protondic snd, as the owder above was one of
decreasing co-operation, that the conductivity depended on the
degree of so-operative hydrogen bonding present. They did wei,
hewever, verify the mature of the cherge earviers and thelwr
studies were made on polyerystaelliine compacts well below the
melting point.

The mewt cxhauetive series of gonductivity situdics in
hydrogen bonded solids haw been made by Bley and his @@wW@rE@E£5
on gynthetic and nsturelly oceurring s0lids containing the
o Planfrsenca (e hydw@gém bond., In all cames @ definite comdustivity
was found im th@ dry atate vwhieh in general was fownd to be
glectronic in naturs with cnergy geps detemmingd fyom the.
Lemperaswnre vﬁfiaﬁi@m of g¢onductance in the region Z=447 uhich

g of the order of band gep ealeulated for repoat wnits of the
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type mﬁmmm@23313 ond Eley suggested that these sve intrinele

gsoniconductors due to electron mobllity im the (0-=NH sysiem.

In the case of polyamideé%ﬁPit was observed that at low
temperatures the conductivity was low and electronle with a

band gap of 2.%eV. At high tesmperature, however, the conduct-
ivity beceme protonic with conductiwities 10@ timeg greetey than
the elecitronlc conductors and a much smeller activation energy
of conduction, l.l=Ll.3%eV was obtained. They concluded that this
wag due to the rotation of the amide group and that self-
lonimation was the rate determining siep of the conduction
mechanism,

El@yqﬁ&g also Tound that the conductivity of these systems
can be greatly influenced by adsorbed wateﬁ@anﬂ he has ghown
that in the case of hasmogleobin T4 adsorbed watag_inarease@
the electronic conductivity%g It haz also been shown thait proton
conductivity cam be obtained on asdserption of w&t@gﬁlnd it hasg
been suggested that the waler acts ag a plasticiser whigh
facilitates the reorientation of the hydrogen bonded chain. b

The model substance of a co-operatively hydrogen bonded
lattice i ice and a proton conduction mechanism has boem
proved beyond @@@@?ﬁ@ﬁﬁn vhigh the rate determining step appears
to be the lonisation of the weter molecule., TFor a statie
conductivity Lo be observed in & co-operatively hydr@g@n bonded
solid 1t 18 necegsary for cach hydrogen bomded chain to vo-

ovient to ite origingl state before snother charge can prss
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plong 1t. In the case @fgﬁ@e uentral orientationnl defscis
knowa as Bjerrum def@ctéﬁ% in which one hydrogen bond is dewnbly
occuplod snd another uncccupied heve boen proposed to explain
this reorientation which must occur in all hydrogem bonded
solida uhich are proton conductors.

The conductivity of suwether hydrogen bonded erystel,
awnoninm dihydrogen phosphate hag recently been reported by
Murphﬁaé in which proton conductivity hes been shown %o exist
and L% was proposed that the mechanism was snalogous to conduction
in dge.
1L Comnductivity Resul s,

The conductivity of benzolec secid was found to be very low.
The conductivity @f.anelar benzole acld compacts was found £o
obgy the following Arrheniung equation im the temperature renge

40=100°C.

mé’ T
" = 1 %10 exp k m?ﬂﬁoaib

Sat

in high purity compacts and single crystals both perpendicular
and parallel to thgséogl} plane the conduetivity was net
mosgurable snd must be less than 2 z 1074 ond* oit within 7¢°
of the melting point., This agrees with the value roeesnitly found

ay
by Eley

et 81 of 1 x 10712 ohit et two degrees below %the
wmelving point,

The conductivity of acetic asecld perpemdiculer te the (0C)
plane wes found to vary with the amount of adsorbed water and

Tell to wn unmeasurable value on drying., The bulk conduetivity,
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thorefore, was concluded %0 be legs ithan 10 ¢ ohm~ gm.” ab

0°c.

" The conductivity of oxalic acid dihydrate both 88 compacits

and single erysitals gave linear Arvhenive plots having the seme

petivation energy 2i=24 ¥ cals/mole but which varied in absgolute

conductivity by am order of 1@?

A comparigon of conductivity studlies in organiec eselds i

shown in table KV

TABLE 3V CONDUCTIVITY IN ORGANIC ACIDS,
o . BA 7 (50°¢)
YRR ELAMPLE , . 27w
Keal /mole e
JCLIC DIMER BENZOIC
ACID
compacts 48,9 1.8 x 1079
Analar compacts T.6 € 2 % 10”4k
PUPre cOompacHs e 4 2 x 1@m14
sipgla eevetsd F(00L) - < 2w 10744
w ®  13.(001) - &2 x 1074
single exystal . 1% 10749

| ey 120%¢)
FOROIC ACID

compact 68.4 1.8 x 1072
PIVALIC ACID = 5 x 10747
(at 35°9C.)
=Bonded OXALIC ACID
halns ' ngﬁgg
CONp ety 23,9 208 % l@ag
cOMPAcEs 2124, 3,5 x 10”20
gingle erystal 22,0 1.5 = 10742
gelle Acld = compact 40 .5 Lod x 1@“9

SBEERENCE

- 14
UBBELOHDE

THIS WORK
THIS WORK
THIS WORK
THIS WORK

wLEy a°¢

UBBELOMDE ¥
e
KONDO AND ODA

UBBEL@HBEM%

THIS WORK
THIS WORK
uBBELOHDE ¥
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TYPE EXAMPLE E, 7 (50°C) REFEKENCE
Keal /mole ohn=temTt
ACETYLENE DICARBOXYLIC
compact 12,3 T-1 x 10 UBBELOHDE
ACETIC ACID
Single Crystal L (100) = < 10719 TS womk

Several conclusions can be drawn fyom the above table.

1. The conductivity in crystale having cyclic dimers ig
very much lower than in c¢rystaels which have co-operative chains
of hydrogen bonds.

2. The condueciivity varies considerably with the degree of
compaction and much lower conductivitlieg are obtained in single
crystals,

3. The effect of weter on the crystels is to increese the
conductivity.

4, The conductivities are so lovw in single crystels that the
protvon diffusion coefficient as calculated from the Nexnst -
Eingtein equetion would not be measurable by a tracer diffusion
study using & sectioning techmiqgue.

The low conductlvity obtainec in this work for analar benzoic
acid does not compare favourably with Ubbelohde's values. It is
possible that his result is due to transient effects which can
occur at the low temperature (see e.g. Fig4 , run 1) at which !
he was working,20m5oaco,and 10 the fact that he was working

near the insulation limit eof his cell, tufnol, 1010 ohms c¢m,
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The conductivity found in this study iz believed due to the
presence of odsorbed moisture in the analar acid as ne athtempt
ves made to dry 1t. It mey be significant that the activation
encrgy of thig process T.6Kcels/mole is ampproximetely the sanme
a8 the activation energy of moblility of water diffuvsing in
benzolc acld ainglo crystals (mee p KO ).

The conduetivity of oxalic acild dihydrate is interesting in
what thé sane activation energy is alveys obtalned., This
rosult can be compared with conductivity stwdies in otherw

hydrogen bonded syatems in which proten comduction has beenm fownd.
TABLE 3V

CRYSTAL v B o~ (50°¢) Uy, W, RE¥
ohET oot Keal /mole ohEt emod Keal /mole Keal /mele
OXALIC ACID ) 4 | THIS
EHEQ 6. 9310 22 1 .5%10 (20) (12) WORK
/ o A4
POLYAMIDES 2 % 10% 25 4 =135 (500 (o)  mEy
AMMONZUM '
DIHYDROGEN 3 10 Qe
PHOSPHATE 6,510 20.4 1 % 107 19,8 10,5  NURPHY
G,
ICE (1) 1,2 1200 29 0 RieEn *
bi¢ &
{2) 2,422.0% 14,0 1 x 1077 22 3 Gﬁmmﬁm? |

3.9  SpERNoL
“BXTRAPOLATED VALUES,

A schematie view of the hydrogen bonded chalns oscurring in
thoe ebove crystals io shown in fig.44., Only in iece are adjacent
hydrogen bonds connectod throwgh the seme atom,

Murphy has anslysed hilg resulis for ammonivn dihydrogen

D

& .
phosphate and has explained them in torms of ienic conductien im



-
B}
ad

5
polid dielectriesn uvhere the actilvation onergy EA conginty of

LU0 Lorms. . ) )
Eﬁ "W ewb g UA

uhers WD 1o the encrgy for dimsociation into lon palrs ond wﬁ
the activation energy of mobility., Murphy ocbvained WA 2OR
ommonivn dihydrogen phosphate by siundying doped ciystals and
obtained o velve of 10,5 Keal /mele henece Wnﬁ=190a K@al@/m@lio A
similer veluwe hes been obtalned for lee, Wy= 22 K@&l/ﬁ@l@&@
hence 1t does net sSeem wnisasonable te sccord a sinllar valug o
oxalie geid dihydrete vhich has the sane O-~H ===  hond. In
the caese of polyamides a higher value has bgen proposcd
WD€%3@ K@&l@f@@lé?% A large varistion existe betwcen tho
activetion emergy of lee and the ether crystals whieh i due %o
the lower activetlion energy oF migration imn le¢p. This dg due
to tho hydrogen bonds im lee belng in Juxtopesition vhereos
inm the other erystels they are ssparated by o three atem gysbem
vhich subsequently requires o much greater cnergy fLor ro-=
orientation of the ehalns inte o swliiteble ovientation For
condug sl of o
W

A interesting observation was made by Murphy  oho found ]
that afteyr overhestlng the crystels of ommoniuvm @ihy@r&ge3322?Wﬂ@
increase in the conduetlvity of pure crystols by a Lactor of 100
goulda be obtained uhich geve ithe sese sectivation energy. This
gould only be explained in termeg of strmcturgl chango whieh
increamed the equilibrium concenirailon of imtrinsic flens ond 4t

wag suggeaited that internal svrifaces weye fovmed. A similer
explenation may hold for the variatien observed in exalic acid
dihydrate.



IV b. Diffusien in Benzole Acid,
1, Summary of Results.

Molecular self-diffusion was observed in benzoic aclid single
srystale by the sectioning teshnlgue vzing ¢ 1* labelled benzole
aeld as tracer Two diffusion mechanisms were obseyved,nfasmt
process and a slow process. The slow process wes believed due %o
bulls diffusion and was Tound to satisfy the following Arrhenivs

equation perpendicular to the (00L) pleme.

SN N @ , @ i,
PP S S

The °‘fast® process verled with the crystel used and is belilsved
due te nom~equilibrivm gtructural defects im the crystals.
Trivium dlffusion in single exysials of benzole neid . L{00L)
vas found te be much greater than 614 addffusion amé%%ary with
the vater vapour comtent of the diffusion eell, Under drxy
gonditions a lower lLimit for diffusion was absmoerved ubhiech obeyed

the Following Arrheniuvs equation.

D= 0.5 08, . omp [[m 2@&99@%%@“0] oo (7))

st

Within experimental errorx tritivm vas also Lfound to diffume
at the seme wate in single erystals of benzole aeid - dlo
Iritivm diffugion in benzole acld single crystels doped with p-
sorphonyl wader dry conditlens were found to obey the fellewing

Avriening cquation

Z’g‘iuﬁ) x 188 @2&}}[ ?_,,ﬁﬁ@_;i;“g gggﬂ """’@8}

o

8 ==:‘»

)= (’ﬂ o?
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Tritive and 7 diffusion in polycrystalline benzelie acld
compacts wera found to be the same within experimental accurasy

and satlisfied the followling Arrhenlus egustion

13 ekl .. 312800 I 2,00 )
(1 0@ &z:)@ 9¢n X iﬁ@ o @Kp .\ ﬁ‘E - N

An exchange reactlion wam obssexved between polycxysitalline
tritiated benzolse acld and inactive water veponr whiekh had
diffusion controlled kinetlcs. The rate controllinmg process

wag found to ebey the Arrhenius eguation

GEP [ ﬂéﬁﬁ%ﬁggﬂ o wn (U2

[

0 =3
i D@ .

in the temperaturs range 20=-700°¢



LAY

" b, 1. Molecular Diffusicn,

Dlffusion of Clé labelliecd bonzolic aclid was mush slower
thanr vhat of tritium ond sppeared to heve twe disbinct
diffuslon mechenisms operablng @immltané@uﬁly whereas wl.th
trdbivn only one diffuvsion process was observed, Similar
diffuslion profiles have been @btéin@d iin ether diffusion sbtudies

74 hog,io)

in erystelline solide, end it hag been concluded that the slow
proecess is due to bulk o latticé QLffugl o and the Vfaét“
process duwe to structural diffuslon. This lebrter procoss may
vary conslderably in rate az the btypse of strucbural derect
PIresent jn amg crystald will depend on the impurities present and
the non @quﬁl brive defects ilnbreduced during erystel growth,
The lexges vaf&&tlmm found in the "fagt® dilfusion process agrees

this
wilth |\ reasondng,

s

The bulk diffusion process is very slow compared o previous
“By loH
studics on meleeular golids  In which bulk diffusion @@@‘%ﬂ@i@ﬂbﬂ

=g

at the molting point were found to be anywnmimat@lj Lse O =10 m?@@@

comparod with 2,5 x 10 12@m?@@@, im this study, Severad
studies have recontly been made on enthracens aud paphtheleone

end  mudi lower veluwes have been obtalned whid. awe of the order
Tound im this study.

A comparloon can be made botwoen the Arvhemive diffusion
poramster in benzolc esecid and other meloeulay erysitals and

these are shown in teble XNV



TABLE XU SSLF DIFFUSION IN MOLECULAR CRYSTALS

Do | BA B
PLASTIC CRYSTALS - cmPsse™? Kepl/mole Kell/mols Refereuse
Cyelohexana EogﬂlOﬁ 16,3 8.9 liood & ﬁh@rwoggi
Pavalie acid 2,29 10,0 10,0 Hood, '° -
Azgon 3, 9520° 4019 2,89 Berne BY AL,
ORGANLC CRYSTALD
Anthracene 1 605xlml@ 42,4 25 3 Shoruood & 100
Thomson,

1z 552040 50 Wnite OB

111 ? op iobes 108
Naphthalone 2°§x1@15 42,7 17 White €6
Bonzoie Acid 1.8x207° 44,0 21,6  This Worl,
INORGANIC CRYSTALS
ot -Phosphorns & 4 i@g 9,4 14,0 Noehtrich & 06

. Hondler.,
b 2xno?e 80,6
Suldphuer I 8 &xl@“g 3.0 Cudl. cbacl &u@?
b 10531036 78 Nrickamer,
13 2,8x10" 46,8 H&uff@og@%z

Hydrogen 107 0.79 0. 46 ramer, 1O

From thim teble it can be seen thatb,

in general, dAlffueion

is charactaris ed by lo rge pre-expontial factors and activabion

onerglion which exe of the order of twiece the latent heat of

@mblimaﬁi@nséﬁﬂgo

In the ecaso of orgenie crystelis therse avc

twe lerge discropencies in this statment, pivelic oeld ond

anthrosene IIL,

In pivelie acdd, hewever, 1% i believed

@h@ﬁ moleenler self diffuslion was not boing measured (pidd).

In anthrocens LTI 1t is beliecved by the author thaed this rosuld



was Que to the quality of the erystels wsed es the dlifuslon
profile 8 obtained were slmilar to these Found in polycrystaliine
loz

naphthelons,

lerge pro-exponentiel fectors are sssoclated with large
enbroples of activabtion for the diffusion process which in turn
is indicative of @ co-operative phonomens in which more than
one moleocule ig invelved in the diffusion process, From
the a*@mﬁ@ theory of diffwusion the pre-expential factor, Do,
flo
can be @xp*@ﬁuo@ as

S

XA
Do 2% & % axp "@?’%?’ oo {,M)

N

where ¥ is o congtent depending on the diffusion mechanism, &

is the Jjuup distence in the atomic (or molecular) precess, 9 is
& Preguensy whieh is mpmr@ximﬁﬁaly the mean vibretional frequency
of on atom about its eoguilibrivm site, B is the ges constent
amﬂéﬁb ig activation entrepy for the diffusion precess,

A volue of AS can, therefore, be ealculated for bengoic
@@iﬂo.ifﬁya and ¥ ere kmown, ¥ is & smell constent nol far from
wity. o the Jump distanee in the benzole acid lettice down the
{001) plone is ﬁoé?ﬁg Y Lo normally tekem as the Debye frequensy

oF the latti@@gﬁh which cen be obteined frem the Debye temperabure

Op, from the squation
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Substléuting these velues in eguation (3] } and using the

velue of D, in equation (&)
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This lerge activation entvopy Lls larger than expected from
o simple vecancy mechanism L% conpsred with systems in which
such mechaniam have baen well established %énd indicates @
mechanism in which several molecules are involved,

The theeretlcal asnergy of foymation of 3 vacaney in &
moleculey a@%}d ig spproximestely egusl to the lestent hoat ef
@uhlimatiﬁnguﬁ EBzperimental evidence has been obtainod from
gpeclific heat m@agure%?nt@ in solid argon which indisate thet
Allyal L = 4.4 = HQE ﬂghia Suggests thet a value of approuimately
twice the lateat heat of @ublimwti@moésﬁgg ia not on vwaveasonable
value for a vacency process as B, = Al 4 AH , vhere Ay, is the
enthalpy of algration. This valwe i almo of the order found
in metval veenncy diffusion studies, In é@t@l@a hewever, therea
im little relanation of the surromnaing lrittice on vacency
formptiorn aus to their elecirenic structure unersas in molecular
erystels due to theiw WaaﬁéK%%MQG? Waals binding a relanetlion of
up 0 50 hes been @@g@@@%@d%ﬁﬁﬁw giving a snall region  around

vhe vacancy inm which the molecules ave mobile sno tend im the
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1imit tovsras liquid Like bebavieur, This type of defect would
be expested to have o lawvgs entropy chenge assoclated wiih the
relaxastion of the surrounding molecnles. MNigration could thaon
balte place by @ molocule mel ting inte this clusiter as anether
freezes out with the lower Limit af the asctivation energy of
nigration belng of the order of the latent heast of fuslen, qu

This mechanism has been proposed by Nachirieb and Handler
to oxplain self diffusion in alkall m@talgmﬁnd by Hood and

55y

&h@?W@@g&gf@w el diffusion im eyclohexane. It was enggesited
that the number of molecules ssaociated with each relazed

vaganey orx ‘relazion’, n, was given by the cquatlon

BBy = Smﬁi where T, is the melitlng polnt
24
. ékﬁv the entropy of formetvion of a
Le®o Tacancy
8080 DBy e n £&S§ &8, sntropy of fusion.

(3

. N
The eversll activeiion eatrepy ASY is glven hy

) 't“& v 3 = —y
ADY s bSy +8Bp uhero AD m s the entropy of
’ migration

hence A&%ﬁm nest be knoun before ﬁﬁ%v can be galeulnted.

Teom the precceding thoovy hawavarfﬁﬁim should be very small

compared %o AS &%”’%dﬂﬁv
74

'n the case of benzole meid the entyopy of fusion, AS ., ig

16,4 en. thevefore in thin. case B = 6=7 molecules, Thie number



e smell comperen with eyoelshexamne whevre n =20 and L% seeRs
unlikely that a liguid like reglon exists in benzole aaid,
Similer valusa of n me@ gbtalned for anthracene {nﬁﬁymégwggﬂ
naphthalene {(n= §m6} PfThe minlmum ectivation energy predic
by thig theory im '

B, = EH b Dy
vhilch for benzole agld 5521a@;g;’énl§ w2 27,0 Koals/mole
The obmerved activetion energy, however, Lo 44.0 Keals/ mole
vhich susgogte thet in such a small "relszion' there L5 no Liguid
Likke bohaviowr @ud that a considerable sctivalion energy of
pigration e stlll regquired. The diffusion wmeshenism for
solecular dllfusion In benzole acld, therefore, appears to be one

of vacangey diffusion through relaxed vacancies,

Grain Bouwndary Diffvsion.

Both twitlivm end G“ digfusion in polycrystalline benzole
asid weire found to give epproximstely the seme Avvhonlusg eguations
whon anelysed for theWhipple selution to the araln bowadary

problem by the method of LeCleive (p.l104). This solution waw
A

e

much superier to the Mleheyr zolntien and lowered the G“
alffuslion astivation enevgy by 10%

The facy that the seme Aiffugion porameters were obtazlned
poons that the seme mochenism ig responsible fov both phenomens.,
Phe activation em@rgy of graln boundary didfuslion ig normally
loss then that for bull aiffusion hemee from the tritiun

diffuslion stvdies In gingle exyetals of bonzole agld the agvivetion



"

enargy should be less than 20 Keal/mols. As it is very much
greater thi@ indicstes that same mechanlsm does not operaie
under groin boundary diffusion condivions end hence it is
“G@nclud@d-that both iaotop@& migrate by molecular diffusion,
A compavigon with other aystems in which bullk amnd grain

boundary dliffusion have been meagured is ghoun bslow.
TABLE 2

MOLECULE B, 1 By B 3 REFERENCE
BULIE Go. B -
Kcal/mole  KCel/molc 5a 1,
A 45 21.5 0,48 b
pie 2% 14 0,63, 26
cd 18.5 13 0,71 g6
Pe 64 40 0.6% 86
Benzelc Aclid  44.0 31,8 0,72 THIS WORK
Naphthalene 42,7 29,6 0,69 (Jey

From these resulis it sppears that molecular diffusion hag
sharacteristies similar to metal cerystals and suggests thaet a
relared vecancy diffusion process is not unreasonable in these
moleowlay @ry@mm o

It ig interesting to note that the activation omergy of
the gralin b@umdaxy diffusion process, 51.8 Keal/mole,
epproximatos to the value expected from the liguid like ‘relaxion®
theery prodicted for bulk diffusion where the minimum activation
enexgy predicted was 27 Keel/mole, This sugpesis that in nen
plestic crystels this thoory may find application in the meore

highly disordered regiongs in grain bounderlies.
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144 Tyitium Diffusion in Benmoic Acid ﬁgngi Grystals.

In the indtisl tritium and 014 diffusion studies txitium
was found to diffuse faster than 014 by a Tactor of 100 and 1%
wage thought that this vas due to o proton transfer mechaniam.
It wes soon roalised, however, thait this Bas impomsible as the
corrosponding conduwetivity was found #o be 1@@@ than 2 x 1@Lﬁ
@hmol@mfl e fow degrees belew the meliing polnt., IT this were
due to protom sonduction the coryespoading proton diffuslon
cogificlant ebtained by epplylng the Nermst-Binsteln eguation

. / . . .
is £ 10 2 @mggegglo As the tritiumg dﬁffnmi@n gogffliclents

obitalned were of the owvder of 10 =11 Gmoﬁﬁﬁa provon copduetivity
in this systen is negliglible and smether diffusion m@@hamawm
mugt be oceuryring,

There appear to be only two possible diffusien mechenisma,
L) Tho hydrogen diffuses by itself by a noutrsl svitching
mochanismn, This eould ilnvelve breeking the four hydrogen bonds
of twe eyclie dimers, wreoervienting twe benzelc acld melesules,
reformation of o new dimer shd tremsletion of the hydrogen acrons
the hydrogen bond. The activation energy noecessary for such a
process, however, may be prohlibitively lawge,
2) Diffvslion of am Ampurity moloeule im the lattlee.

Several plcces of experimental evidence were obltained from
uhieh & poesiiie mechanism was deduced.

The tritivm diffusion coefficlient ves found to veary with the
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water content im the diffusion call. A lower Limit o the
diffusion cosfficiont waw obitalned vhich wremeined umaliered om
drying the cells prier to the diffusion anneal ., When the
diffusion eell contelned spproximately o constant water. vapouy
convent the tritium diffuslien was found to obey an Avrheniusg
sguation having the game activation energy as diffuslon under
dry conditions. These facts indicated that twitium diffumes by
an impurlity mechonism which may be diffusion of waiter molecules
in the benzolc acild lattice,

Tritiva diffusion was found to heve ppproximately the same
diffuslion coefficient in denterobeuzolc amcid and normal benzele
acld when cerried out in the zame diffuvsion cell. If the
dirfusion were due to @ meutral diffusion of hydrogen as sugzested
in L) above then g lavge igotope effeet would be expected which
sould ramge from 1.41 aceerding teo clessical kinetic theory teo
o mazimwn of 3.9 from statisticel rate theory &@@@r@iﬁg %0
Ei@@l@i@@ﬁgg The Lact that this wes not observed indicates that
the hydrogen is duffusing as part of some largor specios which
Bay be a water moleeunle.

From the grain boundary diffuslon studies im polyecrystalline
benzode acld it was foumd that tritium and 314 diffused at the
same rate. This shows that wnder these conditions tritiuwm
diffuses with the bullk @@l@@ul@g‘@ susrther indicatlien that in the
single erystels av impurity neochanilsm lg operating which is

sremped by the incressed bulk diffugion in grain boundaries.



The rapld exchange veactlon found between tritiated
benzode aeid mrd imactive vater vaponyr shews that io the qiffugior
enneal cell in the temperaturse renge used, @awllﬁgcs eauiliberlius
between THO and tritiasted benmelc aeld will be rapldly atialned.
Thig indicated thet diffuzien of tritisted water im bonzole agid
Bmay occur under the cenditions uoed.

Frowm the sbove informetion 1t was concluded that under the
sxporimentel conditlionsg veed tritiuws dlffusion in benzotics acld
ogours by diffusion of water melocuwles through the crysmbel

lattico pnd that the lower Limiy of the diffusien coefficlemt
round wes due te watey trapped in the eryetel duwing growih .

There ave tuo mechanieong by which this dmpurity dlffusien
can ocenr, elther by an intorstitial or vacency mochanisn,

Tf water diffusen through vacansies im tho baagole seld
Llattice them the astivation emergy of the process B uéxﬁv*é$ﬂm

A

From the experimentel stwdlen on avgon 1t haw boon shewa thot
- sts
ARG = Lol = lo$ﬂ£&Hfm Homoe for benzolc acld & H o | Keal/

mﬂ@am@ﬂ a&KmﬂﬁMAﬂ ﬂM)MNQWGﬁEﬁgmwhmg@%# e £
o woter moleewle will be small but mevertholess 1t eppesve thad
the energy requirsd for sueh » mechenism lo much lowvger than thed
found experimontelly, 20 Keal/fols., Hence this suggests that an
intorstitial diffusion mechenisn o more likely.

Gvldence Loy an intevstitiaol mechanisy vas obltained from ©ho
tritivm diffuslion studics ln p=terphenyl dcped eryetels undew

‘dxy ¢ comditiens in whieh o much lewer ectivation onergy wes
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obtained, T.% Keal/fmele, p-terphenyl was not expected 1o
introduee vacaneien in the lattlice but due te 1t being smeller
@han the bemzolc acid 4% was thought thet 1t could give rise o
interatitliel holes through ubich water molecules could dlffuso.
If thig can be regarded ap ¢imilar te the ease of e.g. NaCl

doped with G@Glgé%m which o non eguilibrive vacangy coneentration

is latroduced, then an extrinsic diffusien mey be obmsvrved with

EA = Hmn If this anslogy is valld th@mé&wﬁ for water Alffusion

in bemzole acld & T.H K@@l/m@lgc%é&ﬁisr2@@705¥3 12.5 Koel /mole
whex@:ﬁsﬂi iw the energy required to form the intersititial hele.
Estimatosoel the entroplesmorf formatlon and migraﬁi@n mey also be
calculated uging equation ( ) ) fox Dy

Por tritivm diffm%i@mg Line B fig.27 the activation entrepy
é&sﬁf@r this mechenism cen be caleulated 1F the seme values of
¥y o and ¥V are ssswmed. é&&ﬁiﬁ 0oty however, wmarkedly dependent

o theme velwes and the spproximate velue is

- o 2 ‘:f’: N2 t-'
005 = (5047 x 21079)% % 1,82 = 10%2  aup A%*

o
- /\S{»@ 0 sou,

This value ie puch lewer than thet for buwlk diffusion ond is
not wireasonable for sn Interstitisl mechenism,

Por tho wrdtium @iffugimm im the pw%@wphanyl doped eryotals

&ﬁ“’mggaﬁ 0.8,  Accorvdimg to the ebove reasoning this shouvld

r@p?@@@nﬁgéigmo

This iawg@ negative value woy wnpexpeotod but may be guiite

gonuine as othar diffusion studios of emell melecules ir erymtala
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of larger molecules have yi@%@@d negstlve entroplesn @%@%?tivati@m
Bofo ﬁgjmig ¢$§$£'3503 @omfﬁﬁmﬁg/ﬁnalgit@g =i 89 @omg“&@@
calculated valves @féksm for diffusion of H, and arg@nafhr@ugh
polyvinyl acetate vers =2.2 and =7.8 8.4, ?@&p@cﬁivalyg

The entropy of formatiom of the ﬁ@f@@tgﬁ&Sﬁg therefore ig

given by v 3%
2583 =D'g pure . dqg@@

= 9.0 = («=23.3)
2 52,93 @M,

Again this iz reasonable valus being about helf the activation
niropy for bulk diffusion.

fnother Tactor which indicated interstitial diffusion was the
variation of tritive diffusion with wateor content in the ceall.
This phenomena was not recogniged at the time and no guantitative
date im available, hencepnly a gualitative discuzslion cam be made.

Congentration dependent diffusien haz been observed Lor
vapours diffusing in p@lym@rgagmﬁ it was thowght that e move
gomparabie system wes the diffusion of zZn im Zn0 which haw been
observed by Gscco mnd M@@E@%ﬁ%@ vary according te the egquatien
DA pgy 0463 vhoxe & 48 & temp. dependent constont ond p.. is the
pressure @f;ﬁh vapour abeve the crystel. TFhis was similar %o
the relation expected for intersiltlal diffusien of éﬁ@ the
diZiusion cogificient ceuwld be ecxpresscd as

\3€, (i ] P & &G‘ |
D= pm} . @Ep [1‘5\/@ J L 82 &35 e ﬁ
b L RE -

Whtwan@iti@mgzﬁﬁg the energy of formation of the intorutitliald Za

ﬁwangiti@nngGO the energy of formetion of the interstitiald Zm



dafect, and d,the atomic Jump distance, Hence undeyx coﬁ&itiong
of congtent pressure linear Arrhenius plots would be expected
giving s sonstent activation ensrgy. A similar effect hasy also
been observed in diffusion of cobalt in Cod as a function of
oiygen pressure but in this cuge the exponent of the pressure was
Tound to vary shightly with tempex&tuwgfﬁ.‘Th@ variation of
teritium éifyugign with water vepour apgeafs to £it e similar tyge
of mechahnismn,

In this case there are two activation free energies to be
explained BG, end AGs.  From the above discussionAl, or rather
éﬁﬁi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>