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SUMMARY

The self-diffusion coefficients of MeI, and Et-, rPr-
isdPr—~, nBu-, isoBu~ and secBu~iodides and bromides were determined
by application of the capillary tube method and using iodine~131
and bromine~82 for labelling the compounds, Viscosities were
measured for thbse compounds for ﬁhich the data in the literature
were insufficient for calculation of energies of activation.

The diffusion coefficients were of the order of 2 x ‘IO'"5
cm?sec71 with activaﬁioh energies of 2 knal./mole; determined from
plots of log D/T versus 1/T. The temperatures at which coefficients
were measured were 7.35, 19,35 and 30,00°C.  The activation energies
measured agreed with those for viscous flow as is required by the
theories of Frenkel and Eyring, It was found that D'7/T was
reaSonably constant for each compound as is to be expected from the
relationships derived by these workers and from the Stokes-Einstein
eqﬁation. Parameter values calculated from these various
relatienships were, however, in very poor agreement with $he
expected values; those for the Stokes~Einstein equation were the
most reasonable, Further application of the Frenkel and Eyring
theories to the experimental resulds and to the resﬁlts in the
literafure, indicate #hét these theories are dnly very approximate,

Self-diffusion ceoefficients of ethyl and n~butyl iodides
were measured in mixtures of different écmpositions. These
coefficients differed from one another and were concentration
~ dependent,  Viscosities were also measured at different compositions
of the mixture and D’7 velues at a fixed temperature were found to
be reasonably constant for both series of results. Activation
energies for the self-diffusion of the two compoﬁnds at a fixed -~
composition were in fair agreement with those for tﬁe pure compounds
as well as with that for the viscosity of the mixture. _The
self~diffusion coefficients were discussed in relation to the
intrinsic and intexrdiffusion coefficients, On the assumption that

these mixtures are very rearly ideal the self~diffusion coefficients



were taken to be equal to the intrinsic coefficients and

interdiffusion coefficients were calculated at different

[- compositions. These interdiffusion coefficientc werc foun: to

|
g | be concentration dependent but to a lesser degree than the

self-diffusion coefficients,
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PART T

| THE THEORETICAL BACKGROUND

1e1s A Theoretical Discussion

1e1ade Introduction

f In the study of surface diffusion<ﬂ) of gases in a porous
material it was found that the diffusion coefficient oﬁtéined in the
~multilayer region gave Values which were of the Same order; though
:higher, than those to be expected for se1f~diffusioﬁ‘COefficienfs of
liquids. In a search of the literature for self-diffusion data,
-iwith which the results could be compared, the paucity of resulté was
:immediately apparéht. The present work was accordingly undertaken
.in an attempt to furnish further data,

The lower alkyl haelides chosen for this study are 1iquids
at normal temperatures and can be readilyvlabelled‘with radioactive
{isotqpes. | The self=-diffusion coefficients have been measured as
‘carefully as possible and considerable attention paid to reproducibility
and accuracy of results, In this investigation the techniques for
‘ ihandling fhe isotopes concerned and of measuring self-diffusion
coefficients were successfully mastered and it was felt that similar
methods should be applied to the study of binary mixtwres. A suitable
|system was selected and the self—diffusion coefficients of the
;individual constituents determined,
.1;1.2.‘Definition of Diffusion and Viscosity

i _ . :
Diffusion is the process in which a material progresses by

nature of its thermal motion from a position of higher to one of

“lower concentration, In a solution, therefore, whilst the solute

'moves.in one direction, the solvent moves the qpposite way.  The

rate of movement is dependent on a diffusion coefficient which is a

constent at a fixed temperature,. LAccordirg to Fiék‘é“Law(2) the
‘quantity ds of substances diffusihg from an area A,=ih time dt,‘Wﬁeﬁ
the concentration gradient is ~ da/dx,:4s given by’

ds = ~DA % dt .'.ou.‘.-ooo.,o‘oo.f 1:
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The diffusion coefficient D thus has the dimensions leng’qh2 X tim.ef1
(measured in the c.g.s. System in sz.secij) and is numerically -
equal to the quantity of material which passes through unit area in
unit time when the .concentration grad%eﬁtiis:unity. The gradient
is always negative since diffusion occurs only in the direction of
decreasing concentration, |

Though diffusion must be measured for molecules™ that
differ from one another, it is obvious that even in an homogeneous
medium thermal motion must cause each molecule to move through the

whole volume ogcupied by the medium, at a definite rate, Diffusion

- of a materisl in itself is named self-diffusion and cannot be

measured for molecules completely identical with one another, but,

if a group of molecules can be labelled in such a way that the
molecuiar weight is virtually unchanged, it is éossible to measure

a diffusion coefficient which can be regarded as a close approximation
to the self-diffusion coefficient of the compound concerned. In the
present case, halogen atoms in the lower alkyl bromides and'iodiaes

have been replaced by Br82 and 1131

isotopes, the half~1ives of which
are respectively, 55.87(3) and 192,06 hours(h). Mblecuiar weights
have thus been iﬁcreased by two and four for the bromides and iodides,
respectively. This increase should have only a slight effect on the
coefficients, |

In the investigation of thermal molecular motion, diffusioﬁ,
viscosity and heat conducfivity are- grouped as transporf ?roperties
and are thus related. Data'on viscosities of pure liquids are
fairly extensive and where deficient can be readily supplemented, so
that it was decided to compare self-diffusion coefficients with the
cofre8ponding viscositiésf Viscosities have had to be evaluated for
the temperatures at which diffusion coefficients were determined and
the energies of activation calculated. For four of the compounds

the aveilable data were insufficient and viscosities were determined

at the required températures,

¥The term "moleculs" is used ‘throughout amd should be taken as a

' synonym for the ‘teérms "atom" and "particle",



-5;

In the eqhatibn-

'Piyn_= '~17dv/dx " eesesnceipens 2
3?55‘thé-coefficiehﬁ“bf“ViScosity.whiCh‘is numerically equal to the- .
force per unit areé”P¥b,»measuredvinidynes cm:%wacting on oné square ..
cm, parallel to the reference plane and such that the velocity gradient .
dv/dx, between the two parallel planes separated by unit distanoe,?is,
unity. In the c.g.s. system the unit of viscosity, the peise, is,
expressed as gram cm:1sec:1 The récipfocalfof'the viscosity.

coefficient is known as the fluidity, -

1.1.3. Diffusion and Viscosity in the Gaseous and Liquid States

Although the interest of this work is centred primarily
on diffusion in liquids it is of interest to consider the relationship
bétween the above two properties in the gaseous state,,

In a gaé it is only'because_each molecule undergoes continuous
C6iiiéions with its fellows that diffusion takes place at a slower rate
thah the average molecular'éeioéi%yfgi- It is clear from this that the
méan free path, 1, of the molecule is closely connected with the rate
éf'diffusioh; Application of simple kinetic theory leads to the
réiatichship that |

D = 3% 351 sesesreacsnce i

By applying the bewellian distribution of velocities, a coefficient

of % is obtained. A coefficient equal to 0,601 is derived by Chapman(5> v
for rigid elastic spheres in an elaborate and rigorous treatment which
takes into account that the distribution of velocities, in transport
prﬁcesses, is ‘no longer purely Maxwellian,

Viscosity or -internal f¥iction arises as a shear force
7%6%Wééh'fér%s'of a fluid moving &t different relative‘speedq. Tmagine
two pafallei planes in a gas, such ‘that molecules in one plane have a
constant and zmidirectlional..velocity-ingpressed upon them relative to
those “in the other plane. The kinetic energy due tofthis_mbtion is
additional to the average kinetic énergy which is. common to molecules

in both planes. Owing to-rendom thermil métion molecules 'in either
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plane wili, from time to time, collide and interchange with those in
the other plane, This interchange produces a constant transfer of
translafiqpal momentum, which wéuld cause the relative translational
velogity of the planés to approach zero, unless‘it wefe maintained
by some external agency., The force required to overcome the transfer
of momentum is measured as: viscositye |

| Simple kinetic theoxy leads to the relationship
where o is the density, If a Mawellian velocity distribution is
assumed, the numerical coefficient is %.. The ChapmanéEnskog(6)
theo;y leads to a coefficient equal to 0,499 for rigid spherés.

In géneral,g77is independent of pressure or denéity at a
givenutempgrature, and b is inversely proportional to pressure, From
equation 3 and &, ./ﬂ.D = 7 and, .in the rigorous theory,

/OD' = K» | sééééiinsenss D

where K depends on the law of irnteraction between molecules and is

equal to 1,204 for rigid spheres, .

The foregoing treatment cannot be applied to liquids, since
it takes no account of the facts that (i) the volume of the molecules
is a large fraction of the total volume, (ii) each molecule mbvés
continubusly.in a field of iptermqlecular forces.: The former of

(7)

these effects have been approached,quantitétively.by'Ehskog's{theony'

for dense gases consisting of rigid, spherical molecules, * In such

gases, intermolecular forces are ignored, and attention is directed
wholly to the effects of molecular size. Two effects can be
distinguished. = First, if a gas-is compressed until the volume of
the molecules is an apprecisble fraction of the total gas volume,
éollisions take place at Y times thé.rate expected if the gas
consisted of point molecules, where Y21 and Y tends to 1 at low
pressures, - This slows down the rate of molecular interchange, so
that the self-diffusipn_coefficient decreases to 1/Y times the value
calculated for point molecules. . Since the: kinetic transport of
momentum which;gives-rise;to-gaseous viscosities is influenced the

same wﬁy,.a_cgr:esPondingidecrease of viscosity is to be expected.
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A second effect, however, also comes into play which affects
viscosity but not diffusion. When rigid molecules collide, there is

an instantaneous transfer of momentum from the centre of one to the

“centre of the other, This "collisional transport" of momentum is

additional to the kinetic transport, and so tends to increase viscosity,
It is negligible for point molecuies i,e, for gases at low pressures,
but it becomes the dominant mode of tramsport of momentum in dense gases,
Thus, as a gas is compressed, diffusion and viscosity vaxry
in different ways. This is .illustrate'd by calculated values of % and
of relative values of '/OD for nitrogen at 5000.(8) in table 1, For an

ideal gas, both of these should be constant at the values for low

 pressures; taken arbitrarily as unity for @D. Actually, in the

dense gas, oD decreases steadily, while 7 , on the other hand

increases,

’l‘able' 1

Calculated values of ”7 and relative values of /oD
for Np at 50°C.,

Pressure % obs, ) calc, ﬁ D

atmos, ' 4 poise upoise g./ mL. /6 relative

1537 ' 191.3 181 0.01623 0.99

57,60 198.1 190 0,06049 0,96
104e 5 208.8 205 0.1083 0.95
2124 25743 22l 0, 2067 0.795
3204 & 27347 - 266 0.2875 0,755
430, 2 312.9 : 308 0.3528 0.725
S541.7 350.9 348 0. 4053 - 0,69 1
630, & 378.6 380 0, 4409 0,67
Th2.1 116,3 118 0.4786 0. 644
851 455.0 L55 0.5117 0, 61
965.8 bot.3 492 0, 5404 0.59

True @D, = 239 x 1076 Cego 8o units '

The agreement between experimental and calculated values of ? shows
that Enskog's theory is remarkably successful. In applying his theory
to the results of Warburg and Babo(9) on the viscosity of carbon
dioxide, Enskog attained the same degree of success at a temperature
(40.3%.) élightly above the critical temperature (31,19C.), even at a
pr.essure (115 atmospheres) which is about one and a helf times the

)

critical pressure (73 a‘bmospheres)uo .
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Tt might thus appear that Enskog's' theory bridges the main
gap between the behaviour of gases and of liqﬁids. If this were the
case, the position could be swmarised briefly by étating that there
is no fundamental change in the mechanism of diffusion, but thaf
viscosity undergoes a marked change of mechanism and, in so doing,
loses its close relationship to diffusion.

The inadequacy of the theory appears when we turn to
teﬁperature.coefficients. In gases consisting of rigid spheres,
both diffﬁsion and viscosity increase in prqportion to the square root
of the absolute temperature, and the same applies to Enskog's dense
gas. In liquids, (i) temperature coefficients are very much larger
and wariation with temperature generally follows an exponential
relationship, indicating that an:energy of activation is involved;
(ii) while diffusion continues to ipcreaée with temperature, viscosity
decreases; (iii) diffusion and viscosity do not appear to be unrelated,
since there is plentiful evidence that diffusion and reciprocél

viscosity (fluidity) very with temperature at much the same rate, a

behaviour which may be contrasted with eqﬁation 5 (peh)s Thus for a

i gas P/ﬂ B whilst for a liquid D’7-= a constant dependent on

7R

equations 16, 18 and 23 (pp.15 and 17). Effects (i) end (ii) also
characterisé dense gases, Thus, while visCosify of carbon dioxide at
10°%C agrees well with Enskog's theory, Phillips(11) has shoﬁn thaf its
temperature coefficient.in the same range changes from a small positive
value at low pressures to large negative values at pressures above 80
atmospheres. Similar results for ether.vapcur have been obtained by
Schroer and Becker\12). Tt is clear that Enskog's theory breaks down
with respect to temperature coefficient due to its neglect of the
intermolecular field of force,

1 1.4 Andrede's Theory of Liquid Viscosities(13)

Enskog's theory of viscosity in dense gases indicates that
the dominant mechanism is collisional transfer of momentumn, Andrade

has developed a theory of viscositffin liquids which assumes that

' collisional trensfer is dominant, but ‘employs it in a different way.
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He visualisegAa transfer of momentum between molecules in two
parallel planes, one of which has a constant unidirectional Qelocity
impressed upon it relative to the other, ‘" Ina liquid, :as in a
solid, each molecule is confined to a relatively fixed position by
its neighbours and the transfer of momentum cannot odcur by molecular
interchange between the @laﬁes.' Because of its thermal energy,

however, each molecule vibrates rapidly and collides with its

~ neighbours, both in its own plane and in the adjacent planes. The

period of contact is, he assumes, of sufficient duration for two

~colliding moleculea to acquire a common translational velocity. In

this way momentum is transferred,between the_adjacent planes, and the
téngential force between them is equivalent to the viscosity.

Andrade assumes that planes of molecules are moving
relatively to one another in viécous flow and exchanging momentum
by collisions; but he finds no necessity to provide a mﬁlecular
mechanism for tﬁeir motion, Neither does he derive a relationship
between diffusion and viscosity. These features are to be expected
of a mechanism of collisional transfer of momentum and apply equally
well to Enskog's more rigorous theory for densé gases. Andrade's
theory of liquid viscosities must therefore be regarded as arising
from analogy between liquid and gaseous states rather than between
1iquid and solid states.

Theories of viscosity based on‘analAgy to the solid state
ignore'transfer of momentum by either a kinetic or a collisional

mechanism, Instead, viscous flow is considered to take place as a

. relaxation of shear stress brought zbout by the same processes as

are responsible for diffusion, so that fluidity and diffusion vary
in proportion to one another,  Before dealing with relaxation
theories of viscosity, diffusion in solids and extension of similar

ideas to the liquid state will first be considered.

141e5. Diffusion in ‘the Solid State

In a perfect crystalline solid every molecule occupies

a regular equilibrium position énd thetmsl motion is confined to
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vibration abbut that position, it.stands to rea#on that for a
molecule to rﬁéve it must have somewhere to move to., Thermal motion
must produce a certain proportion of ’defects due to motion of the
most énergetically vibrating ﬁolecules. In addition to these
defects there are imperfections which have been produced during the
life of the solid, for example, in growth,

Let us consi’cier these defects as holes in the lattice,
that is, vacant sites or interstitial positions of sufficient size
.to accommodate a molecule, Molecules possessing sufficient thermal
energy to escape from their equilibrium positions can then move into
these holes, Frenkel(14) envisaged this as an activated process and
in order to get an idea of the frequency of‘escape, /7 , he used a
simplified egpproximate equation derived according to the concept of a
potential barrier (see figure 1). Thé time between escapes from the
trough is '}’z’i’oee/kT

l/T = l/TO e-.&/kT besessnsscesse 6

where £ , the energy of activation

so that the frequency of escape is

.../?3......,... for a single molecule, is the depth

\ €

" ~ in the bottom of the troughs.

of the trough and T, is the period

Ernergy

./ of free vibration of the molecule

Distance

Fige.1 : Potential-energy barrier
for molecular movement,

‘Any molecule possessing the energy ¢ is able to move {rom
its equilibrium position to the top of the barrier, From there if
may, of course, return to its original position, but if it possesses
an energy slightly in excess of £ , it can move the distance § into
an adjacent hole or, if there is no immediately availablé hole, the
movement will' take place interstitially into a more distant hole.

Alternatively, and of some importance for diffusion in the liquid

 state, another mode of movement is that of interchange of position of

two adjacent meclecules, In these ways the molecules diffuse through
the solid and since'.each'molecu_'i.e moving into a hole must have left a

vacant site, one can also régard it as diffusion of holes in the



opposite direction,

By virtue of thermal motion, the foregoing processes. produce
. continual random interchange in position of the molecules, In the
| presence of a concentration gradient this :Lnfe:mha.nge gives rise to
diffusion, In relating this motion to the diffusion coefficient,
_.Frenkel(1h) made use of the Einstein relationship(15). As motions are
corrpletely random the displacement of an individual molecule aléng any
given axis, say the x~axis ,, Will be nullified by an equal movement of
another molecule in the opposite direction so that in time t the
average displacement for all molecules will be zero., FEach individual
. molecule, however, will have moved a certain distancé,‘and the most
© probable va;ue of this, irrespective of direction along the chosen
axis, will be given. by the root mean square displ-aéement, PA) X

It has been shown by Einstein(15 ) and Smoluchowski(16) that
the relationship between self-diffusion and the root mean square
diéplacement parallel to the x-axis is

2t

If 4 is the root mean square displacement in space, then’

2% = a2 =nt =A§,Where Ayand Az are the root mean

d ¢ v |
square displacements parallel to the y- and z}:axes. In purely random
motion the statistical average A)ZC = /;\:i = gg = % &2 and

by substitution in equation 7, we have

2
6%

sevsecseenncecye 8)-'

1

D

The usefulness of this expreésion depends on measureméents of L in
an arbitrary time t, This has been possible in the case of colloid

particles, the Brownian movement of which can be followed in a

(17)

microscope, as has been used in the classical experiments of Perrin

to calculate the diffusion coefficient.

Frenkel“w has utilised this relationship to obtain an

expression for D in solids:

2 | |
'D-_—' 5 I EEEXENN] 9.

‘? -
This is obtained by taking the arbitrary time, t, as the average time,
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Y ,""be'tween successive jumps, In each jump, a molecule moves a
distance § , which is ‘therefore substituted for a. Asswrp;cions
made are that (1) an arﬁitraxy fixed time may be replaced by an
average time of ,jump‘ing, and (ii) a fixed distance of jump may
replace an average displacemept. . Furthermore the relationshigp

D= 8 2/ 67 assumes completely random motion which is not possible
in crystals in which the hole is swrrounded by a regular arrangement
of molecules which may jump into its The equation can therefore
only be regarded as an egpproximte_ type and the last objection is
best covered by using a numerical factor other than 6, particula_riy
as Frenkel'!s use of this factor is not justified on the basis of the
derivation of equation 8 but is dependent on the assumption that 1/6
of the molecules move in one direction along one axis.  Thus for
body~centred and face~centred cubic- crystals,v factors of 24 and 12,
re‘spectively,v ‘have been derived by Wert and Zene_r(18) ‘.

Frenkel assumes that since the interchange of molecules
involves an activation energy, the time ‘¥ in equation 9 may be
related to the time of vibration and the temperature as is given in
equation 6, = Thus |
| . ~Ena

_ sevsessesssee 10,
’» In solids, therefore, D is gxpected to increase exponentially with
; temperature.  This is in cont_rasf to the slow increase in gases which
| is proportional to the square root of the absolute temperature.  The
temperature relationship for solids has been repeatedly es{:ablished

and is generally' accepted,

14946, hnalogy between the Liquid and Solid States

\]

That the liquid state is similar to the solid rather than .to
the gaseous state is borme out‘byvthe fac£ that on fusion the volume
of a solid is increased by only 2 small amount; . about 10 per cent,
The moleculaxr arrangement in a liquid near the temperature of

crystallisation must therefore be very like that of the solid.
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As heats of fusion are very much smaller than heats of vaporisation,
this indicates that cohesive forces between the molecules must
decrease only slightly on fusion, Further evidencé of the
similerity of the liquid to the solid state is that the specific
heat of a condensed body is only altered slightly on'quion;..This
means that the heat motion:in a'liquid remains fundamentally the
same as in a solid, reduéing mainly to small vibrations about
equilibrium positions and in the case of diatomic or more complex
molecules, to rotational oscillations about certain equilibrium
orientations,

' A‘praétical consideration is that X~ray structure analysis
has indicated that the molecular arrangement of a liquid is vexy
different from the disorder of the gaseous state, QOver short
distances it is similar to that of the solid to which the liQuid
crystallises, Short range or local order is evident but there is
a loss of long range order which gives a liquid its amorphous
structure and in minor respects, its similarity to a gas, Solids
themselves are seldom found in the form of 'a single crystal but are
cbmposed of polycrystalline aggregates énd from a roughly
macroscopic point of view are as isotropic as liquids,

With increasing temperature solids and liquids expand-
normally and in solids this expansion may be due to increase in
"the intermolecular dlstance as well as to increase in the number of
holes, In a liquid, however; the expansion is due almost entirely
.to the latter process and further, whereas the holes in a solid can
be distinguished and referred to lattice or interstitial positions,
in a liquid any rupture of sufficient magnitude is.in fact a hole,

From the foregoing it is evident that a 1iQuid is similar
to a solid in_partiéula:-near the point of crystallisation. With
rise in temperature, however, the liquid must approach more
closely to a gas since the number of holes becomes larger and
larger and short range order tends to disappear so that the
molecules moving individually are in random motion.akin to that in

a gas, This condition will only be approached in the vicinity of

the critical density.
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| Analogy'between71iquid and gaseous states is based mainly
on the fact that both are fluid and do not possess rigidity.v This
is not a satisfacto:y'basis because no substance is completely fﬁgid.
As is emphasised later rigidity ‘is essentially a menifestation of
high viscosity, It is true thet the fluidity of liguids is higher
than would be expected for their densities in comparigon with
crystalline solids, This is unquestionably connected with the
random strueture and the absénce of fixed positions in spage whiéh
chavacterise a crystal lattice, As in a solid each molecu;e.is
contained by its neighbours and must spend most of its time
oscillating in an &pproximately constant position, The difference
from & solid is that this position is not fixed in space but is.

itself slowly drifting about,

1ele7e Application to Diffusion and Viscosity in Pure Liquids

.As has been shown it is to be expected that in liguids as
in solids, there are vacent sites although these are not as
definite in size and'éhéraoter as in-solids; It is not unreasonable
to assume that the main factor in diffusion is an occasional:jump
from a position in which a molecule vibrates emongst neighbouring
molecules, to an adjacent hole. This sfep by step wandering which
is the basis of the kinetic thevory of liquids must be faster than
in solids. In addition this movement will Be of a simpler nature
in liquids due to the absence of definite lattiéé sites and
intersticess Movement may also occur by interchange of posiﬁion
of two adjacent molecules, the one molecule rolling around the
‘other., In this way movement can take place without there being a
full size hole into thch the molecule can move.

Frenkel(1h) has used the'féregoipg analogy to'apply
equations 9 and 10, which were derived for seolids, to liquids. Thus
p - 2§ i C 6/1&,
6Tqo

et eErE eI EN 11

where O is an average distance between adjacent equilibrium

positions,. In the application of this equation to the case of a
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~1liquid the usé of the factor 6 is perhaps mqrevvalid since there
. is no definite molecular grraﬁgement and hence fewer limitations
‘on the direction of jumpigg. Invcasesiwhgre steric hindrance ﬁight
_ restrict movement the factor might well vary between the extreme
’ véiﬁes whiéhiare encountered for sdlidé(ﬁ8> and 6, as progress. is
mgde from the»mglting;to the boiling point,
| .Let>us_now'gqpsider,viSCqus flow and the.relationship
which exists between:diﬁfusion‘and-viscosity.' This can be
approached by regaxﬁépg;viscosity'as a relaxation process. The
idea of viewing visdosity.in this way was first put forward by
thwell(ﬂ9). Suppose-fﬁat a‘figid body is placed uﬁder a shear
stress, As”a'?§§ulﬁ,.it undergoes a shear strain and if it is
completely rigid a cénstant shear stress will be necessary to
maintain a constant shear strain,  Suppose, however, that processes
take place in the body so that at constant shear strain the shear
stress decreases, that is, it .is said to undergo relaxation and
after a}time the deformed shape will be retained permanently without
any stress, Conversely, if a constant shear stress is maintained
the same proceés of relaxation will give rise to a constant rate of
shear, that is viscous flow, It follows from this view that
rigidity end viscosity are not mutually exclusive but that rigidity
is a manifestation of high viscosity.-
Maxwelll's theory was essential;y phenomenological as it

did not deal with the mechanism of relexation. We éan see,
however, that if a solid body is exposéd to a shear stress the
continual molecular interchange,.which is responsible for diffusion
in solids will also lead to relaxation and hence to viscous flow,
S;nce the same prpcggs‘is responsible for both, a direct
felétionship between diffusion and fluidity should result, In
crystalline solids such a relationship between diffusion aﬁd
viscosity is in actual fact obscured sinece flow or plastic
deformation in such solids is characterised by the process of "slip',,
It should apply, hoWever{ to amorphous solids such as glasses, and

to liquids,
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Frenkel, first. applied this concept to liguid v:Ls_c:__Qsii:;i;._gas'(“‘">
' and derived his equation ag follows: Let the flow of a liquid take
," place in a positive direotion along the xw-axis. W'ifth,the average
veloeity, superimposed on the normel thermal motion, increasing in
the direstion of the y—axis. Consgider a layer,of_ liquid with
- thickness S, enclosed between, the planes y = Yo a.nd ¥y =Y+ S
: where § is the av_ei‘age distance bébween two eqz_’z:il_ibriwn positionsj.
. If the lower plane is regarded as stationary then the plane under H
consideration moves with a velocity vy = ((’-%—;5; 8 o This motion
- must be ascribed to the foree by'wh_ic,h the i)la.ne is pulled in the
positive direction by the shearitg force, If the shearing force
© referred to unit arvea is ny, then the force agting on each molecule
is F = ny52 since &2 may be taken as an approximate measure of the
" area of a molecule in a plane, Each molecule vibrates about its
equilibrium position, occasionally jumping to the next equiliia;fiUm
position, The effect of F is to favour jumps in the &i;*ec%ion of F,
with the result that the molecule drifts in this direction with a
jerky motion, but at a constant average speeds As all mqj_ec;ules
in the plane are similarly affected, this is the velocity of movement

of the plane as a whole, that is vy. We can write

v, = oF :..quy-éz wrssessisenes 12
if g is j.éhe mobility produced, that ig y - the rate with vwhic’h a
molectile must move when unit force -is impressed wpon it.

Putting v, = g@;ﬁg 5 we obtain, the usual r@l&tionship betweeti

‘the velocity gradient and the shearing foree

Il Joevesgrererye 13
- 4 « . : ?vxj 1 ¥ L ™ ; s
By definition X = i ny and therefore
Y N - S . LR I
J m :
iy e L .
7:?& 4.,\-301-0‘-.0.‘.14‘

“which is always appliceble when the. relaxation process is involved,

For a colloidal suspension in which the colloeid particles
were moving ratidomly, Einkf;‘cein(w) found the dif‘fus.ion_ coefficient,
D, to be given by

66600 ddiédiée 15

- D. =

i
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where k is Boltzmann's constant and £ is the frictional resistance

of the medium on a moving particle when this moves wifh an average

velocity ¥ under the force'exerfed on it by the osmotic pressure.

If this force moves the parﬁicle'against the frictional resistance

at unit velocity it will be equal to f aﬁd the mobility q = 1/f.

The Einstein equation thus becomes D = gkT for these conditions.
Frenkel uses this relatiénship between the éiffusion

coefficient and the mobility for the evaluation of 7 by substitution

in equation 14 Thus

- KT
)

."..'.O“.l‘. 16

- 2 : :
. . - &/%T . .
and since D = 3 e & . according to equation 10
693 ‘
6kT T \
.yzz O eé\/l@ . ...-......l..' 17‘

33
The Einstein relationship was not derived originally for molecules
which require an energy of activation, Frenkel derived a general
relationship between D and.q for such moleoules, and showed that it
reduced to the Einstein equation when F is very much smaller than kT
.as.is true for all normel cases of viscous flow. He assumed that
this equation is equaliy applicéble for a ﬁolecule moving in a
medium which consists of identical molecules.

It is of interest to note that equation 16 may be compared

with the Stokes-~Einstein relationship for D and ”2 . In this .

the proportionality constaht is derived by assuming that the
parficles moving in an essentially homogeneous viscous medium, are
small spheres of radius r.. Applyihg Stokes! 1aw(2o)for the
evaluation of the resistance éuffered by a particle moving with
average relative velocity Fi.

7 f =6 ﬁrq#u .”o".“o“;18
and since from equation 15, D = KI/f

D= g%%;:{ . . Cveeevesscsses 19

for unit relative wvelocity. This equation has been shown to hold

good for diffusion of colloids‘where relatively large particles are

moving through a medium of smaller molecules. Since Stokes' law is
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a hyd;o@yhamical equation, the molecular nature of the medium is
not coﬁsidered:and one would notjnecessarily expect it to hold for
a molecule méving émongst its fellows of equal size, as is the caée
~in self_diffgsiqn.

In eq;atlon 9, the average frequency of Jump by a s1ng1e
molecule is l/?’. ~ Since there are six main dlrectlons, we. can
assume thatldon_theléjeragé,.the.frequency b, with which a molecule
Jumps in oﬁeldirectiqnﬁistgiven b&

- /6T ‘ Cvesesesecsses 20
whence, from equation 9: '
| D= §%b | ' vevenenaranes 20,
Now, Frenkel evaluates ’f{by equation 6, in which he relates it to
'%O, the meaﬁ period of vibration, This is a very approximate |
relationship, and is intended only to give the right order of |
magnitude, >‘Eyring's(21) contribution is an attempt to make a more
accurate evalﬁation of the frequency of jumping by applying the
theory of rate processes, leading to the equation
KL Qo= €/KT
h g

which can be substituted in equation 21, In this, h is Plenck's

sSe 000 ONTTS 22

b =

conétantvand Qy and Q are the parti#ion functions, for unit
volgme, in the activated and initial states, respectively, £ is
thehégfivation energy per molecule,
.i It may be noted that, in the publications of Eyring and

his school(zz), the expression on the rightéhand side of equation 22
represents the frequency w1th which a molecule passes over the
potentlal energy barrler 1.e. Jumps into a hole, In its deduction
no limitation seems to be_made on the direction of this jump, and
the freqﬁency in qugstion would thus be the frequency in any
difgqyion and should correspond to /% , that is to 6b. This

. means that the Eyring equation is incorrect to at least.a factor of
6‘; Slnce, however3 both the Frenkel and Eyrlng theories are
probably only good as order of magnitude theories the introduction

or omlss;gn of th1§ factor should not be important.
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Since Eyring uses the same mechanism for viscosity,

essentially the same equition relating viscosity cnd 2iffusion is
obtained as equation 16,. A minor difference is that Eyring
differehtiates between the distance of jump §, and the spacing of
the moieCules.a If the distance between adjacent planes is taken as

A i» A o is the lateral distance between neighbouring molecules at
r?i‘grit angles to the direction of motion and A 3 is the distance
betWEen“suecessive molecules in the direction of flow; The
effective area of a moleculé in a plane is thus Ao Az and in
place of equation 16, one obtains

Ao

-, - - .','_!l'.!.l..._23"

7 P
Eyfing applied the theory to calculations and found it necessary to
assume that /\-l', }\\2 and ?\3 were all approximately equal to be) ,
as there were no data for these spacings. On the basis of this
assumption one comes baek, in practice, to equation 16,

The apprioaches detailed above are aftempts which proceed
by analogy and are not direct applicatiens of the kinetic theory to
the problem of the liquid state, In actual fact their agreement
with experimental results has not been very satisfactory., - More
rigorous and mathematicallyAdetailed approaches have been made by
Born and Green(23’24), and by Kirkwood(zs), but, though these
theories are undoubtedly more rigorous, they heve not as yet led to
“expressions which can be tested with experimental data since they
deal with monatomic particles-or rigid spherical molecules,
Purthermore, the required molecular distribution functions and
intermolecular forces cannot be readily evaluated for more complex
molecules because the data for these are not available and an |

A attempt could not be made to obtain. them from, for example, X-ray

scattefing of the liquids concerned.,

1.1.8, Self-diffusion in a Binary Mixture

So far attention has been focussed on self-diffusion as

such and it is now desirable to consider the self-diffusion of a

component in a binary mixture.
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can be evaluated from these measuremerts.
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The use of isotopes for labelling is the only method
by which the self-diffusion coefficient can be obtained in é pure
For mixtures, however, where concentration gradients can
be measured by chemical and physical means, interdiffusion coefficients
. At first sight there is no
particular scope for isotopes in these measurements which would involve
the use of expensive equipment and would mean the replacement éf
Arelatively simple techniques by the complex process of labelling,

If the interdiffusion coefficient is aependent on
concentration, however, some difficulties occur since it is.necessary,
in order to obtain accurate results, to restrict the concentration
differences, with the result that the desirable differeqce might be
too small to be measured accurately. The procedure which should
strictly be adopted is that, at each average concentration,
progressively smaller concentration differences should be used and the
resulting interdiffusion coefficients extrapodated to zero

concentration difference. This is, however, difficult and cumbersome

and by use of isotopes self-diffusion coefficients of the individual
constituents can be détermined under conditions of negligible
concentration gradient,

These self-diffusion coefficients are necessarily individual
to each constituent but as will be diécussed more fully in 4.1.3
(ps 91), they are related to the interdiffusion coefficient.
Interdiffusion is a complex process and it has been increasingly
realised in recent years that the self-diffusion coefficients of the
individual constituents have more significance than the interdiffusion
or the "cdmposite"~coefficient. As the greater majority of diffusion
coefficienfs are measured in solutions, i.e. in mixtures, a very wide
field of study may be investigated by measuring the self-diffusion
coefficients of the constituents by the methods applied to pure
liquids.

In order to see in how far these methods could be applied
to a‘mixtup? and to illustrate the inter—relationship‘of the various

coefficients of a binary mixture, a suitable pair of liquids was



| chosen, .The self—diffu‘s’ion 'coeff‘icienﬁé of these pure 1iqu1ds Had

1
|
i
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been determined and self~diffusion coeffidients of each were

detexrmined at different compositions of the mixture. The full

discussion of self-diffusion in a binary mixture is given in Part IV

(pe 89 seqi )i

T

oA .2 Correlation of Published D:_ffus:_on ‘Coefficients

and their Relation to Eyringls Views

Awmple dotaon 1iquid viscosity are available in the
literature and have frequently been discussed with respect to the
Eyring-'.équatiopsgg':g’"zg)'\;o Few self~diffusien- coefficients of
liguids are aya;i}able,' and work on these will be sunmarised in some

detail with particular reference to the Eyring type of equation,

4.2,1, Published Results
The self-diffusion coefficient of liquid lead was measured

at a single témperature by Groh and Hevesy( 27) who obtained a value

of 2,55 x ‘IO".'5cm.2sec.._-1 at 343°C, Mercury has been investigated by

Hoissinsky and Cottin'28), and by Hoffmen(2%), The work of the

former pair was baséd on isotopic exchange between mereury and an
aqueous solution of mercuxous nitrate, They assumed that diffusion.“
:‘m. the mercury was the rate .detemining step and put forward arguments
to justify their assumptions. The i'esults they obtained differ
markedly from those of Hoffman, who used the cgpillary tube méthod( 30) _

and so obtained direct values.  These values are preferred and are

given in the following teble:

Table..2:: Velues, for Hg at different terperatures

Temperature °C. [ 2.5 16,k 23.0 31.9 45 66,1 91,2

{

D x 10° enfsecs’ | 1,52 1,68 1,79 1.83 1,98 2.2 2,57

Drickamer and his schoolﬂhave___re;oc}xft;red values for 082(31) and H20(3 2)

undere;-pressu;é _an_df for 13..qua,dsu_‘t.pl’mr(3 3) at normal.and high pressures.

Their results will not be quoted but.are discussed later (p. 26, the
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the sécond and third pgtééfaphs){

Of all the liqﬁids'inVestigatéd water has been examined.
most extenSively and results obtained by}fhe different §bservers
ere to be found in table 3 together with the.fracgr uSed,  These

tracers were either deuterium, D, tritium, T, or oxygen-18, 018,

The- superseripts on the colum nunbers refer to the methods adopted,

Water is, however, not an ideal liquid for measurement
of self=diffusion by tracer elemeﬁt;; since substitution of . D, T
or O18 alters its molecular weight énd its physical properties
measurabiy. As will be seen fr&m'the methods of Temkin(Bh) and
of_Lamm(35), differences’ in density, and in refractive index;aré
sufficiently large to allow for‘direct measﬁrement of the change

in concentration. Lamm indicates that for a ten per cent,

concentration of Dy,0 the viscosity is two per cent, higher than

' that of normel water, It follows that diffusion coefficients of

18 in HQO“arérnot necessarily the same and that

HTO, HDO and H,0
none ﬁay correspond to the true self-diffus?on coefficient forvHZO,
Differences were found by Wang(36) in his later work,‘usihg
diffusion of>tracé qﬁantities-of HDO, HTO and H2018 in a medium of
normal HQO.. In his earlier work(37), he diffused nearly ﬁﬁie Dy0
and water cbntaining a high concentration of D0 into normal H2O,.
and this might also be expected to lead to different results from
diffusion of trace quantities of HDO, - 'Graupner and Winter(38) '
report diffusion of Dy0 into H,0, but do not give concentrations,
It is probable that the concentration of alleged D0 was not high,
in which case, by exchange betﬁeeﬁ H and D, the deuterium would be
mainly present aS:HDO._.,Similar remarks apply to the data of
Partington~et'a1;(59); " In all other'cases(Ao"hz), concentrations
of trace elements Were'low'enougb for deuterium to be present
predominantly as HDO, *

As may be seen from:tabie 3, the results of Orr and
Butler ere on the.Wholé'ﬁiéher tbag'thogé féported by the other
workers;.'”Grauphér?aﬁd;Wintgr pé}qt;éﬁf ghat Orr and B;tler based

their calculations on a diffusion coefficient for KOL which has



‘Table 3 : Diffusion coefficients of water oo D b'd 105 cm?seé:1

Bitler

e}

4o

Lamm

50

Rogener

6.*

f@

I

Wang

@ e

9

10

197
Graupner &
Winter

Partington et al,

,“#BE

,;1-40 .
‘Longsworth

5.0
5.2
1 10{00
1443
15,0
16,1
17,5
18,0
1 20,0
25,0
28,0
35,0
45,0

1,46

2,64

5.88
k75,

55,0

25

o

2,00

. HDO.

177

HDO

1.77

2,12

2,75
| 3.52
439

: ...D20

1.00

2.14

2,76

i

263k

Hho-

1457

2,06

3.87
4e 95

HDO

2.4k

340
3.83

18...

Hzo~

1.44
1.55

1.90

2,35
2.66

3eli9

438

545

D50 '

1.62

2.04

2,73
303k

Ho0

ZQOQT

3.20

HDO

1,90

2.43

2.98
3.60

HDO -

2,26

*: diaphragn. =:hy§%psf§ﬁiqi,M?:cpticala_

: capillary tube.

~ ke =
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- ince been shown-to be incorrect,  Application of the necessary

correction factor, 0,974, however; yields values which are still

_higher than:the,ofhers. Cuddeback; Koeller and'Drickamer(Bz)*in

a study on the effoet of pressure on diffusion in water, obtained
Qalues in agreement with those of Orr and Butler, but this is
hardly surp;ising since they used the results of these authors for
purposes of calibration,

Compared graphically, the results of Temkin and Lamm
agree with thos¢ in oolumns 8 and 9, end Rogener's result agrees
with that in colummn 6; Lohgswofﬁh obtainéd his values by extiras«
polation to zero concentration and these values are closest t¢ those
in colums 8 and 9, For the sake of obtaining better intercom-
parison the results in colums 6 to 13 have been converted to
logarithmic values and are plotted versus the reciprosal of the
absolute temperaturé in figure 2,

Wang's results for the higher concentrations of deutefium
agree with one another but are lower than the values obtained for
trace concentration studies with.D and T, which are in turn lower
than the values fbr H2018. Graupner and Winter obtained results in
agreement with those in the lowest curve although they also worked
with H2018. Their method was different but, if there is a definite
difference between the diffusion coefficients of the compounds; this
should have been apparent in their two sets of results. The values
given bvaartington et al, cut across the two(ld&er curves¢ The
activation enefgy is thus lower than is the case for the other
curves which agree well in this respect. ‘

In spite of the rass of results for water it aépe;rs;tha€ 

agreement for the. different methods is poory Even in diffusion of

" heavy molecules (like proteins) in water, different methods of

meaéuring diffusion coefficients give different results, It may
be queried whether the theory of all methéds has as yet been
examined with sufficient care, There is certainly a need for
critical examination in the: case of water as also for a rigorous

investigation. of the role played by the different tracers.
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Certain organic liquids have also been investigated by

Graupner and Winter

(58), and by Partington et al..

(39),  The fommer

school examined benzene,  ethyl bromide and ethyl alcohol using

dueterium as- tracer,.

The: latter school. also used this isotope in

their study of methyl, ethyl, n-propyl, iso-propyl, n-butyl and

tert~butyl alcohols

v Methyl alcohol: was also labelled with

cérbon-‘lh and results obtained. for the two isbt‘opes were in

approximate agreement, The following table lists the results

reported by these two groups.

Table L& Diffusion coefficients of some organic liquids

1
i
i
i

| 2

Compound | . . . . . D x 10° Clle SECs: Authors

| 15°C, 22,5%, .25°%C,  30°C. 35°C, 15°C. 55%C.

§ CgHg | 1,88 o 2.15 2,450 2,67 Graupner
EtBr | 3,60 3,80 T 3,96 - and
EtOH | 0,80 1,05 1,31 1,70 Winter
MeOH | 1,93 2427 2,65 Pértington
EtOH | 0,768 1,07 1,30 ot al,
rPrOH | 0, 504 04646 0.814 1,017

1scPrOH | 04474 04649 0,867 1,145

nBulH | 0,504 0,649 0,822

per cent, for benzene and the alcohol,

bromide results are 10, 7 and 5 per cent,

Graupner and Winter give errors which were generally better than 3

The errors in the ethyl

Partington et al,

obtained internal agreement of 0,3 per cent. with an overall aceuracy

of 045 per cent.

14242, Temperature Dep_end.ent:e of Diffusion and Viscosity

Tt has been well established experimentally that both

diffusion and viscosity coefficients obey an exponential variation

with temperature
D =

ERY]

/

i

Straight lines are

(e;g. 14-3914-24-)-

DO eﬁED/RT

" e EF/RT
/O

¢

¢’c¢ap'¢.'go,oog 2}+

,,";..”""".’.. 25)

normally obtained on plotting log D or log 7

versus 1/T, and the equations are written in the above form to

show that they are activated processes with Ep and E7 as the
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energies of activation, In some cases E is not independent of
temperature. 'This'is especially so for stroﬁgly assoclated liquids,
In the theories of Frenkel and Eyring‘the same frequency
of jumpvis postulated for both processes, so that Ep and Efv-should
be the same, It is important to note here, however, that these
quantities ate obtained experimentally from the gradient of log D
or log j versus 1/T, If D, is not temperature indépéndent, but is
proportional to Tn, theﬁ, over the limited fempeféfure range of a
normal series of experiments, the ébove plot gives a gradient
corresponding to (Ep + nRT), Since, in general, Ep is not many
times greater than RT, the‘correctioh cannot be ignored. It‘follows
from the thgories of Frenkel and Eyring that Dfn/T should be |
independent of temperature, and, as will be seen in the following
section, there is much experimental evidence in favour of this,

Thus, if Ep = Eg?, Do and.’?o must vary with temperature in such a

way that DO~T7O is proportional to T. Conversely, apparent values,
1 ? ‘ ‘ :

Epn and E/7 obtained experimentally as described above should be

related by
E;):E'v + RT | | ' 26 .
The difficultyAis to_decide whether Eb or EJ7 is the
correct value of Ep = E}V = E, or whether the éorréct value differs
from them by nRT., This can be well illustrated by a rather extreme
case, Hoffman,(29) from the data in table 2, found])y/T constant
fbr mercury over a wide range of temperature,  Assuming D, constant,
he found Eg = {.16 keal, and he ' obtained an agreeing velue of
1,25 keal, by plotting log 7/T versus 1/T.  Alternatively, he could
have cbtained agreement by plotting log D/T versus 1/T and log yi
vérsus 1/T, respectively, but the values would then have both been '
lower by about 0,6k kecal., . the value of RT at 47°C., the mid-point
‘of the temperature range.,. In the case of mercury, the value of
Eé*is so 1little above the value of RT that it can be questibned-if
diffusion and viscosity require an energy: of activation at all,

In the case of water, Wang(36):obfained straight lines on

plotting log D versus lKTualthough.the results indicatée fhat below



-27 =
capillary method, It was found that D /T at constant pressure

increased only a few per cent. over a temperature range of 5000.,
and that, if temperatures were chosen so that comparison was made
at constant molecular volume, values of D “H/T were almost
indepeﬁdent of pressure, Before the results of Drickamer's school
can be accepted, they should be confirmed by other workers using
other substances and, preferably, other methods,

From equation 27 molecular parameters which are of interest
may be calculated., Assuming that ) 1= )\2 = )\3' 2 2r, Hoffman
calculated the value of r to be 7.54 A.  The expected value for
the mefcury atom is 1.5 A, and the value derived from the molecular
volume is 1,45 A, Agreementv is not good iaarticularly as Eyring(L‘B)
has suggested that in a iiéuid metal the unit of £low is the ion
rather than the atom, in which case the radius should be about
0.7 A,

On the basis of the results of Orr and Butler for water,
Eyring 21749) caloulated that Ao Ny Ay = 1k x 107" ecmn  On
assuming as did Hoffman that J} 1= A 5 = \ 5 = 2r, a value of 7 A,
is obtained for the radius of the water molecule, ‘ This is very
much larger than thé‘éxpected value of 1,4 A,obtained from the
van der Waals' radii or that calculated from the molecular volume,
namely 1,55 A.  From the value for )\2 A.y/A ; Byring, assuming
that Xl A o A 3 was equal to the effective volume of a single
molecule, calculated a value of /\1 = 1.45 A, and (A 2)‘\3)% = Lo52 A,
Al is thus smaller than (,XZ,\B)% and probably smaller than either
AZ or )\3. This he maintained was in agreement with the
expectation that the plane of flow in diffusion tends to coincide
with the plane of the water molecule.- The value of,\l>is;
however, very much less than the expecte@ value of 2r and though
there is Justification for assuming a planar configuration due to
the strongly directional field of force around the water molecule,
the smallest diameter possible is that of the co~valently bound
oxygen viz, 2,6A.A.,which is greater than the value of,\l. The .
value of (AJEAS)% is, on the other hand considerably greater than

expected,
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These calculations were based on diffusion coefficients
which are higher than those found by modern workers, On.the basis
of Wang's results for HTO, however, it cah be calculated ‘that since
D/T = 7,29 x 40'0, N, Mg/ Ay = 1489 x 10" ema, A = 1026 A
" and ( §2 AB)%.: 4488 A, These values are in no bebber agreement
with the expected results than are the above, Wang calculated a
value for &= 1,5 A, , for-the distance of jump, from an equation by
Eyring<45> relating diffusion to the time of dielectric relaxatién.
This value is also smaller than the diameter of the water molecule.
It is apparent therefore, that though the Eyring equation allows
one to differentiate between A 1 and,&z)gB neither these values nor
those from the simpler Frenkel equation are satisfactory,

The Stokes-Einstein equation, Dfr)/kﬂ? = 1/6 ffr, gives a
similar relationship and, if applied, the radius for mercury is
0,80 A, as compared with the expected ionic radius of 0.7 A.
Hoffman also calculated a value for lead from the result of Groh
and He&esy and found r = 0,84 A,, which lies between the expected
values of 1,18 and 0,7 A, for bivalent and tetravalent lead ions.
The value for water calculated according to this equation is 0,75 A.
On fhe whole, radii calculated according to the Stokes-Einstein
equation seem to be more reasonable despite its lack of a

plausible theoretical background.

1,2.4, Comparison between Experimental Measurements and the

Eyring Equation

The equation for diffusion is developed further by’

Eyring(50) on a quasi-thermodynamical basis in the following

mannexr: | _.g/km
D= &2 B@,.:%# e | rveresessons 28
and since %ﬂp o N A E/RD covnsennrons 29
D =82 K. - G/RT treneeennnen 30
) y
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and [_\Gﬁz= L\H:F "TAS* --o-‘oq‘--ooeoo 31

. AS%/R o AH%/RT

CEsBOOBIIBSOIOTS 32

so that D = 52

dic

where AGF is the free energy of activation, 4 HT the heat of
activation and 4 3% the entropy change of activation, Since
diffusion is accompanied by a negligible volume change(5 0) it
follows that AHF = AE*, where AET is the iﬁtemal energy of
activation, If EI‘) is the experimental energy of activation
obtained by plotting log D versus 1/T and £S¥ is independent of
temperature, then AE* = E]S - RT, © It may be noted in passing
that, according to this, we should get correct values of Ep and

E' by plotting iog D/T versus 1/T and log % versus 1/T.

Eyring assumes that A; = A, = }\3 =5 = (V/N)%, the
cube root of the molecular volume, and AGT may be evaluated by
substitution in eciuation 30 at a givén temperature, (El')—RT) is
known experimentally so that AS¥ can be obtained by substitution
in equation 31 since AHT = E]') ~ RT., |

Values for AGT and 4 S¥ have been calculated by Partington

et al.(39) at 35°C. and are tabulated below:

Table 6: Free energy and change in entropy

Compound | Ho0 lieOH EtOH 1PrOH isoPrOH nBuOH  tertBuCH

e |
Kool /mole | 3026 3466 125 L.63 L, 60 1485 5,03
Ast ] 0,20 .87 0,78 -3.21 0,29  -2.79 6,0k

The most striking feature is the small, but regular, increase in

AGTwith increasing molecular weight although the individual values

of energy and entropy of activation vary in am irregular mannex,
Values for two pairs of isomers are recorded in table 6 and it will
be noted that the values of GF are, in each case, approximately
the same, although the activation énergies for the butyl alcohols
differ widely,
. (51) . . . )
An altermnative way of dealing with Eyring's equation

is to evaluate the partition function ratia Q;/Q in equatiom 28
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and hence celculate a value for D, If we adopt the sinmple cage

model for a 1liquid in which each molecule is envisaged as confined to,

but moving within a free volume ves, it can be shown that the
contribution Qi to the partition function, corresponding to
the three translational degrees of fréedom, is the same as for a

gas molecule moving within a volume vpe That is

JB/2
o, - amal® 33
tr 3 f' [ XEXENENE XNNN] Fl
o h
Contributions due to inner rotations and vibrations of the
molecules may be neglected, if we consider them the same for the

normal and activated states, The activated state, according to

Eyring's theory has one degree of freedom less, whence

- -LZ__W_HM_L (Vf)3 - P00 LPIGIGEPIISYS 34‘.

Up ¥ = 2

Substituting in equation 28,
5 |

D =47 élf—m;} (ve)™% o B/ BT N L
For the evaluation of this equation it is necessary to lnow Ep and
Vee For a rigid molecular lattice, Epy should equal qup’ the
.energy of vaporisation. That is to say the energy necessary to
form a hole of molecular dimensions equals that of a molecgle
lgaving the surface, It has been found, however; that the energy
for movement in a material is not as high as for movement out.of it.
One can only assume thaf holes of molecular size are not required
for movemént Withih the material.‘ Assuming that the energy of
activation for viscous.flow is nearly that for diffusion, Eyring
shows that for non-metallic liquids the ratio of the energy of

evaporation to that for viscous flow is on the average about'3,5;

~ Graupner and Winter(38) obtained results varying from 2,5 to 3,5

: ' , ] o
for Evap/ E . and for Evap/ Ep the variation was even greater,
An estimate of the free volume Vo, MY be obtained by
various methods. One of these is the conparison of the velocity
(52)

of sound in gases and in liquids as given by Kincaid and Eyring .

As this comparison is difficult to make without the relevant data,
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other equations have been derived by’Eyring and co~workers(552.
Thus
3 |
Vf-'-"-'g_RE' é%% .80 besérvess 36
-vap
RT e-(Evap * RT)/RT .
or Vf=ﬁ'— ceessresecnsés 57

v

where c¢ is a constant depending on the packing of the molecules and
P, is the vapour pressure of thelliquida For cubicsal packing c is
taken as 2, Agreement between values for the free volume obtained
by different methods is not goods  Since, however, the free volume
enters into results only as the cube-root, an wncertainty is not -of
very great importance, |

By putting & =(V/N)'J3-, D can be evaluated by substitution
of one or other of the Ve equations in equation 35, In Glasstone;

Laidler and Eyring(zz)

values of D have been calculated for various
cases of interdiffusion by using Vo as given in equation 36, and
E_, y/5 for By,  On the whole the calculated values are about twice
as large as the observed,’

The only application of equation 35 to self-diffusion has
been carried out by Graupner and Winter using equatioﬁ 37 for the
evaluation of Ve, - that is

oo G

=~ (E__ + RT)/RT \-% _
e ‘“vap g eéED/RL

Rl

v
cessesisecsds I8

Instead of using Evap/n for- the evaluation of Ep they employed their
own experimental values, In table 7 their observed and calculated
values for D are given together with the ratio R = Ddbs{Dcalc,

The authors have. pointed ount that R is greater than one for

associated liquids and R is less than one for the normdl liguidy
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Teble 7¢ Comparison of calciilated and cbserved valtes

of diffusion constants and coefficients

Do Do

Compound | Temp. calculated cbierved _ R
°C, | ocm@sec§! _cmésecs [

Cgg | 15 2475 x 1073 7,75 x 107 04261
25 2 63 " < 0,278
35 2,49 " 04291
oo 2638 04305

EOH 15 | 6id0 " 2.57 x 1072 32
25 | 652 " 3406
3% | 659 " | 2,95
45 6435 " , 3,16

0 | 1 k87 " 3,78 x 107 9,76
25 | b3 9:99
35 | kb2 10,8

: L5 L2k " 10.7

It has been seen in equation Zé, that D o is approximately'
proportional to T and, depending on the temperature dependence of
Ve, it is proportional 1n equation 38 to some power of T between
%+ and wnity, A.criticism of Graupner and Winter's calculation is
thus that their "experimental value of Ep is réally EB, and should
thus be decreased by approximately RT. This would mean dividihg all
values of R in table 7 by approximately e = 2,72,

A further consideration in selculating absolute values of
D is the error introduced where the factor of 1/6 has been omitted
from Eyring's equat_ion as discussed earlier. (p:16, paragreph beiow
equation 22), 1In table 7 its introduction would cause all valies

" of R to be multiplied by 6.
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PART T1T

EXPERIMENTAL

' 2,1, Preperation, Purification and Lebelling of Materials

Only relevant details are given with regard to the work
carried out ‘since the methods and techniques involved were those

(54)

used in general practice in organic chemistry

2.1¢1. Synthesis of Alkyl Halides

Though most of the halides used were eventually obtained
from overseas, only methyl iodide; éthyl bromide and sec~bubtyl
bromide were initially available, In order to have a wider variety
of materials with which to.work, ethyl iodide, n~propyl bromide and

n=propyl iodide were synthesised from readily available starting

- materials, For the later interdiffusion work it was also found

necessary to prepare n~butyl iodide,

Ethyl iodide was synthesised according to the following

reaction: '
(CoH5)2S0) + 2KI ——3 20oHT + K550,

n-Propyl bromide was similarly prepared but with n-propyl

alcohol as the starting material, This was purified before use in
order to preclude the formation of isomeric products. The sulphate
was formed in situ in the presence of potassium bromide solution,

In the case of n-propyl iodide and n-butyl iodide, . -

esterification was carried out according to the following

reaction:

where R refers to the.alkyl'group. The phosphorus tri-iodide

was prepared in situ by addifion of iodine to red phosphorus in the

presence of the purified alcchols,
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2,142, Purification of Materials

© The halides were, where necessary, washed repeatedly nith

a ten per cent. solution of sodium c’arbenate, dried over amhydrous
potass:.um carbonate or calcium chloride, flltered and fractlonally
distilled at normal or reduced pressures, - The latter procedure
was essential in the case of the higher bo:Ll:L_ng compounds as these
deconzposed so readily, All materials had to be pur:lfied from time
to time as they became coloured with use and storage, even though
contalned in brown glass bottles and kept in the‘dark. Purity
criteria were the boiling points<1o’55)of the constant beiling
fractions r}elated to 'the pressure at which they were distilled, and
the refractive indices“o’ 55) for the D~line measured with a.n.Ab’bé
refrectometer. |

 The materials used either as solvents in the labelling of
the halides (pe 36 ) or as standards for viscosity measurements
(2 2413 (2), pe67 and 2,443.(c), p. 68) were purified by distillation,
Commerc:.al chloroform was used for sa.mple preparation and was
recovered by fractional distillation. = The chemical purity of the
solvent was momant but fractionation was necessa.';'y to remove
actiwAre iodides so that on ’re_-use there would be no contfibution of
actiVity b;} the solventl. Solvent contaminated with bromides was

allowed to stand until the bromine o.ct1v1ty had decayeds’

2473« Labelling of Halides

(a) General considerations
Labelli_ng was carried out by an exchange reaction between
the labelled l:Lth:Lum salt of the halogen concerned and the desired

corrpound in a suitable solvent(5 6) ] The choice of solvent was

: dependent on the boiling point of the alkyl halide as. 1t had to be

readlly separable f’rom this by fractlonal d:Lst:_llatlon.
I_n prepering samples of the alkyl halldes for countmg
(24343, (a),p,55), dilutions of 104 were necessary _at,_the start of

an experiment so-that the actiwity of the original materlal had -to
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be fairly high, about 1,5 millicuriess The fraction of the total
activity to be expected in the alkyl halide after complete
exchange is equal to the molal concentration of alkyl halide relative

to the total molal concentration of iodide in the mixture, The

lower the'lithium halide concentration, therefore, the higher will be’

the fraction of active iodine in the organic material, Use of

. 2ithium halides of high spec¢ific activity thus avoided Unnecessary

waste . and reduced handling risks.
In the case of I131 high specific activities were
obtainable since this material is received from the Atcmic Energy
Research Establishment in England, as an aqueous solution of

iodide and is-virtually free of stable iodine by virtue of the fact
that it is prepared from tellurium by the following nuclear

(57)

reaction:
Te130 (n:U) Te131 E%é%¥¥* 1151"

Then 1151 is separated from the tellurium by chemical methods(58);
Radioactive bromine is, however, prepared from the stable

isotopes Br79 and Br81, the natural abundances of which are 50,51

‘and 49.49 per cent, respectively, and the specific activities are not

highe- The reactions involved are(57)
Br/? (n, ) B0
and Bro (n, &) Br82.

Br8o has a half-life of A‘A.hours(57) and though the activity due to
this isotope is initially high, by the time a sample is counted in

Pretoria it has decayed 16 half-lives and less than 1/65536 of the

original activity is left, In this time the Br82 has decayed

through two half-lives and the contribution from the Br8o is

- negligible,

Since the specific activity of the bromide was poor, larger
amounts of this had to be used ?n the exchange reaction and as the
activity decreased fairly rapidly with timé it was necessary to use
still higher activities and longer times of exchange when a second

compound was to be labelled from the one batch of active material,



" solution of lithium hydroxide to a suitable aliquot of I

- ,36 -

(b) Preparation of the lithium halides

Lithium iodide was obtained by additig O.1 nily of a 0,1N
134

solutiong

Evaporation of this mixture resulted in solid lithium iodide and

hydroxide,

The first two shipments of active bromine were in the form
of‘ the potassi’um‘ salt in solﬁtion and thereafter it arrived as solid
emmonium bromide. In most cases the material was shared with Dr.

le Roux of Pretoria University, The first three shipments were

converted to lithium bromide by him on the basis of the following
'reactions:

KBr + AgNO3 ey’ AgBr + KNO3
or NHL‘_Br' + AgNO3 ——3 AgBr + NHNO3

AgBr + Hy 19005 um. o4

HBr + LiOH ey LiBr + H20
This method was cumbersome and exposed the operator to large doses
of activity, wvide -2. 2454 Do 47, particﬁlarly when: ammonium bromide
was used as this was of higher activity than the potassium solutions.
The preparation was then undertaken by myself. Lithium hydroxide
solution was added to an aqueous solution of the aﬁnnonilmi salt in
sufficient quantity to liberate all the ammonia, Evaporation of
water and ammonia f‘rom suitable aliquots yielded dry lithium bromide

and a small amount of lithium hydroxide,

(c) The exchange reaction
Addition of 5 ml, of acetone, methyl ethyl ketone or
ethylene glycol diacetate to the. dry salts, ensured solution of the

haiogenated salt, but left the hydroxide undissolved, 5 to 10 ml.

_ of ‘the compound were added and. the mixture was heated for about an

hour at a temperature of from 40 -to .;.60°C, at which stage sﬁfficient
exchange had occurred., i‘he solvent .and compound were carefully
seiaarated by fractional distillation at .reduced pressure and the pure
fraction so obtained was ready for use,. Purity was checked as in
2.1.72@ aoboveand since the volume. of fractions was generally in the

region of 0,75 ml. good separation was achieved and redistiilation
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2.2, Measuremeit of Radioactivity

2,2,1, Choice of Counter

The types of instrumenf and the..methods ava.j.lable for
aséessing radiatioh from radioactii}e materials _have been qonpetgnfly
dealt with in:the 1iterature‘(5 9) and further discus,s“ionv of these is
beyond the scope of this work, By virtue of the amount of |
radioactj.ve material which could be safely a.nd conveniently handled,
a Geiger-Muller type of counter was selected, Thése counters are
reasonably sensitive and the electronic equipment associated with
their use is of fairly rugged design and gives good continuous
service if properly maintained,

Since both Br82 and I131 are ¥ and/3 emitters the
consideration of design of counter resolved itself into & choice
between solid counting with an end-window countér and liquid
counting with a solution counter, The latter method was adopted
sinée .the samples Werevliquid and could be readily brought into o
solution whereas the conversion of 0.01_ ml, of a volatile liquid
into a solid sample would have been very difficult, A In addition‘“ |
it is easier to attain reproducibili’ty of geometry with a liquid |
éou.nter.

The counters used were of the self-quenching type with‘
an external quenching time superimposed on them to ensure ”
ﬁnif‘ormity as each counter has its own individual dead=-time, The
correction which must be applied to a count to allow for those

incidents which occur during the dead-time, is discussed in’

_2c 24e (d) (pr' b5 ’ L“6)- N

. 2.2.2‘ Apparatus

(a) Counters

Liquid counters of type M6 and M12, as manufactured by
20th Century Flectronios following the design of Vea11(®®), consist
of a giéss skirt around a cylindrical Geiger-Muller tube, This

skirt protrudes slightly 'beyond the counter as may be seen from

N
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figure 5, and liquid is contained in the annular space between the

counter and the skirt., - Providing the liquid is always at the same

" level in the tube the geometry is fixed. The M6 and M12 counters

have capacities of about 12 ml. and 17 ml., respec*biveiy.

(b) Lead Castle

In order to protect the counter from external radiation
either of cosmie, laboratory source or of light origin, it is
enclosed in lead in what is referred to as a castle, The designh
of one type is given in figure 6 and follows the pattern as
manufactured by ERD Engineering Company, Slough. It consists of .
a hollow lead eylinder with a slidiﬁg cover and the wall thickness
is sbout 1% inches, A glass cup with platinum élec*brode, and |
partly filled with mercury, is held at the bottom of the castle in
a threaded brass container, The counter, with anode connection in
the mercury is supported on the cathode connector which rests on the
brass, Since the brass is screwed into the castle and this is in
turn earthed; the cathode is at earth potential., The anode is
connected via the platinum electrode and a screened cable to the

probe unit and high tension supply.

(¢) Electronic equipment

The Dynatron type 200A scaling unit was used to count

and register the nuwber of pulses arriving in a random manner over
a period of time. The design consists of two electronic scales
of ten with neon indicatars which successively register units and
tens and are followed by a mechanical register of four digits,
For use with the counters described, fhe paralysis time was set at
300 m Ss.

A type 10144 probe unit was used to_reduce the potential
applied to the anode of the counter by some 2@ volts (for a
deaﬁ—time setting of 300 u4s.) following each registered pulse,.
This unit provided an output pulse suitable for operating the

scaling unit from which it drew the necessary powexr for operation,.
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The power unit. was a Dynatron type P200A, and provided a
stable voltage source for opefating the counters. - Regulation was
such that 10 per cent, variations in mains véltages were reduced to
fluctuations of not more than 0,66 per cent, in the output voltage,

The counting set up can be seen in figure 7.

(a) ' Stendard .

For éheCking day to day stability a reference source or
étandard.was constructed from a thin brass tube of dimensions such
that it:fitted into:the amnnular space in the counters, At a point
on this tube a groove.was cut so that when in position in a counter
it was weil within the!.counting. volume, This ensured that a
cobalt~60 sdurce (5.3.years half~life(57)) sealed into this groove,

- was always in a position of reproducible gecmetry.

2- 2; 3. Prooeduz_‘e

The electronic equipment was allowed to waxm up for &
few minutes and the high tension adjusted to the required value for
the counter chosen. . The standard was counted for a periocd such
that at least 10,000 counts were registered and the rate was
calculated, . If fhis did not agree with pfevious results within
the statistical error to be expected, vide 2,2.4.(a), the count
was repeated until the required reproducibility had been attained
of the reason for bad behavio@r ascertained, and rectified. . When
the instrumenté were found to be satisfactory, the standard was
 removed and the counter filled with the solvent to be used for the
preparation of ;amples; Tﬁis was counted for a period of-
approxiﬁately the same duration as estimated for subsequent sampiés}'
Reduced to a counting rate this was the blank or background and ‘is
due to radiation which has penetrated the lead screening.

The sample to be couhted, having beén.made up to a -
desired volime (2.3.3.(2), p. 55).Was used to rinse out the counter
at least three times.. .The counter was filled to a predetermined

level and the sample counted at the same voltage in the castle for -
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a period of time sufficient to-give the statistical.accuracy desired,

The counting rate was calculated and corrected for background,

2,2.4, Sources of Error and their Experimental Assessment

(a) Statistical
Coa physical measurements are subject to error, and it -is
desirable that the magnitude of this possible deviation of the

observed result from the true one, be known, The errors associated

with Geiger-Muller radiocactivity measurements are due largely to the

* random nature of the -disintegration and background processes, The -

most useful error formula is that for the standard deviation of a
series of observations, the figure obtained being a measure of the
relative precision of all the measurements and their internal

consistency, If n determinations of a certain quantity x are made,

the standard deviation of the mean value X is given by the relation:

n
4 doviats SNCEENY |
- Standard deviation = Lo coeseessss 39,
‘ \ n(n - 1)

Since individual nuclei .decay independently of one another,

the laws of probability can be applied to the observed results from

.counting these random incidents, Errors due to the measuring

instruments can be noted because they cause large or erratic
departure from ~,t,he deviations calculated on the assumption of a
random disintegration i)rocess... A series of similar determinations-
on a sa_:rgple' result in a numbexr of different va_lues which, if we
assume that deeey is not appreciable, will be distributed about an
average .value in a random manner,

.Suppose that n is the average number of particles
detectable in a ginen time interﬁal,' the proba’ejlity Py, that n
particles will actually be detected in this interval is given by the

(61)

Poisson relation
@t

P = n s

n n,

00'0000;65 L|-0~

S~ ES s e Cyate i ~ - )

to background of 20, the exrrors in background determination could

be neglected,
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(b) Radioactive decay
Rediocactivity is a chance phenomenon,. and the rate of

disintegration cannot be affected by any known physical or chemieal
process oy condition, It has been shown that the rate of deocay at
any instent ;{s proportional to the number of unstable nuclei
preserit(éz) ‘.'. The relation is expressed as follows:

~N/&t = KN | | beisiisienies W2
Infegrati‘on of this equation gives |

Kt

' N = N e covecrssnvass U3
where N is the original number of unstable nuclei at time t = 0,
N is. the nurber present after time t, and K is the disintegration
constants The half-life t1 is the time in which the activity of
an isotope has decreased to half and t1 = 1n2/K. Equation 43 can

thus be written as

Vess0sdoseeede l‘l"'

0.4343 Log Wy, = —0ef23 b

z
and by plotting log W/N o versus t, the half-life can be evaluated
from the slope of the resultant straight line. Alternatively, if
the half-life is known, any results obtained can be corre"cfed to
t = 0,

While the half-life of 113 1 is well established(l*) the
value for Br82 as given in the literature when this work was
commenced, varied from 34 to 36,1 hours, Two determinationsg were
carried out and the results obtained were plotted according to the
above équa’ﬁion. The results obtained were 36,05 and 36,1 hours
as calculated from'the ﬁlots in figure 8, Subsequently a rep‘ort<63 ),
of an ac':curate. cietennination, was obtained and the value as given
thére of 35,9 hours, has been used th:cpughouﬂ Using the céirect

half-lives, the error due to decay shouid not exceed that due to

randonisation.

(c) Reliability of counting

When the voltage applied to a counter, exposed to a

source of radiation, is increased from zero, a threshold value is



703)cjd ~I3]HN0) - § bIf

2602 /041
177744 oos/ 77174 oo/
_ _ I ! [ |
14 oote
I
H/or [uorporsoa % 2-g -300)s .
SYA opE/ - dboj/o1 burjosado / 1
ﬁ \H\H ﬁ
P e
;7 — oosz
\ .
/
!
/
/
!
]
I
! — o092

727

/0

o

¢

o/

(4

7G 707 SoAIIS HBIBF -G bIf

S/r704/

o o oof 08 09 o oc

l

I

AREER

_ i T T _ T I
N 1.0

O —

co

$o

wWN

o) ) JV o/




- L) -

reached at which the counter ﬁégins to operate.  Further slight
increases resﬁlt in a rapid rise in counting rate tb a value which
should only increase gradually with further increases of the
voitaget This latter region is referred to as the plateéu and it
is necessary to select a ﬁosition on this plateau at which to
operate the counter, This voltage is generally 60vvolts above that
at which the first reliable count is obtained. It is also
necessary to select counters such that the plateau slope is less
.than 0,05 per cent, for the rise in counting rate per volt increase,
For a 20 volt change in mains voltage of 220 volts, therefore, the
error due to the resultant variation of 0.66 per cent. in the
ccuntef voltage, will not exceed 0.4 per ceht. of the counting rate
since the qounters used were normally‘qperated in the region of
1150 volts,

An example of a plateau is given in figure 9 in which
the counting rate is plotted versus voltage applied, The plateau
which extends over at least 300 volts was not completed but the full
curve is indicated to illustrate tﬁe region of continuous diséhargé.
Counters were checked from time to time: to ensure that the |
characteristics were still sﬁitable and conformed to the limits set,

To check overall reliability of the complete equipment,
the standard was counted at various periods during a day and for a

number of successive days. The results are given in table 8,

Table 8: Counting reproducibility

Experiment 1 | Experiment 2 |
Date Time c./m, Mean Date Time c./me Mean |
139 176 13 9 1764
10 1771 12 1777
11 1765 16 1758
2 777 1k 9 1801
1 1778 1768 + 3 12 1775 1766 + 6
15 1759 46 4753
16 1758 15 9 1746
17 1759 121777
18 1781 16 1738
Maximum deviation 13 - Maximum deviation 35 |
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The stapdard deviation in both cases is well within the expected
s%atistiCal error of 0.8 per cent, This type of test indicated
two sources of error, namely that overheating of the sealing unit
caused a bias in the fesults during the course’of a day; and that
after some 23 months of conbinuous operation the souler valves

were becoming umrelisble as fluctuations in the counting rates were
greater ﬁhanlwgs expected from the number of incidents observed, |
By directing a fan onto the sealing unit the first source of'er£5r
was minimised and by ieplacing the susPec% valves the instrument

was again brought into relisble operation;

(a) Coincidence correction

A1l instruments of detection have a fihite resolving
time which limits their abilify to respond separately to events
occurring close together,vand corrections for this effect must be
made where it exceeds the desired accuracys  Several authors(éh)
have reviewed the techniques available for determining tﬁe dead=time,
These in order of accuracy and difficulty arel ‘(i).single
pairea~éource measurements, (1i) measurement of sources of known
relative intensity and (iii) multiple paired=-source measurements
with least=squares analysis of the daba.

The probe and SCaiing units used weré set for 300.4s. and
as it was intended that counting rates should not exceed 2,000 G/,
and thus involve corrections of less than 1 per cent;, the first
method was adopted to check the resolving time for the counting
equipment,  This method is based oh the following drgument:~
During cach dead~time intervel ¢, the number of lost counts will
depend on thé true counting rate N, and on the average will be ¢Ne
If n is the 6bserveé'counting rate, there will be n iﬁtervals pe?
unit of time when this 1oés oceurs., The tobtal loss will therefore
be ¢lNn Qouﬁts per unit ofvtime, and the true counting rate |
N = n + ¢Nn or, since N is approximately egual to n,

N = n'+_¢n2 , | seeevprnccve 45,

For nett counting rates the background count must be subtracted.
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If two samples A and B, of approximately equal strength are counted
independently and together, couﬁtihg rates n,, Ny apd Dyp counts per
sec, are obtained, (Care must be taken to maintain the same
goemetry.) With bothvsaﬁples removed the background count R Q./s.

can be measured, Accdrding to equation 45 nett counting rate

_ ;2
NA =mn, + ¢nA -y
;N = n, -+ 6nS - ;
B~ Pt fhg T Iy

, - 2
and Np = yp # ¢nAB

-

Y

and, since N, = N, + Ny, the dead-time can be determined, Thus

n, + ~ -
N - I B o
o = > 5 B ) boosccesacanee LF6p
Tap T Ty "B |

Two experiments were carried out, the same equipment being

used in both cases except that the counters were changed in order to

make certain that the dead-time measured was that of the electronic,

- apparatus and not the counter, The results are given in table 9,

Table 9: Dead~time determination

Experiment 1 - Eipériment 2
Sample  cu/s. Sample /s,
A 31,3105 A 128,9 + 0,5
AB 239,7 + 045 . AB 192,3 + 0,6
B 1174 + 0,4 B 68,3 + 0,3
Backgnd, 1,25 Backgnd, 1,26
¢ = 298 ms. (+ 10%) ¢ = 307 .us., (+ 9%)

' The déad-time was thus taken as 300 4s. and where the
éounting rate exceeded 2,000 c,/m, corrections were applied

according to equation 45,

(¢) Choice of solvent and technique of handling samples

As comparatively cheap and readily available solvents for
sample preparation, alcohol and aqueous alcohol mixtures were thought
to offer possibilities, It was found, however, that when counting

mefhylviodide in alcohol, there was loss of activity with time as may

bé-seen from the following table:



- 47 -

Teble 10t Activity loss from alcohol solution

Time after start Counting rate

minutes Ce/Ms

10 . 1356

15 ' 1334

23 1314

29 1326

by ‘ 1284

89 1215

101 1147

190 968

Chloroform, being Similér to the materials being
invesﬁigated, was then tried and the tops of the counters were
ground flat so that a glass plate, moistened with glycerine, would -
seal the sample in the counter when placed on top of it, Tests
carried out under these conditions gave reproducible results even
when the sdlution was left in the counter overmight, As a further
precaution the stoppers of the measuring flasks were also coated
with glycerine to improve the seal of these, These precautions
were takén throughout the experiments irrespective of the

volatility of the compounds being dealt with,

20 20 50 Hazards

The counter efficiency for the isotopes handled, was low
and as the active material had, in the initial stages of an
experiment, to be diluted 104 times, alkyl halide was required with
a specific activity of about 1.5 me./5ml. An initial activity of
2 me, of lithium iodide and 2,5 to 3 mc. of the bromide was,
therefore, necessary. |

131

The radiation from 1 me, of I~ or Bro2 at a distence of
1 foot is equivalent to 2,8 and 16,1 milliroentgen/hour,
respectively(65). The tolerance dose rate which should not be

exceeded for personnel exposed to radiocactive materials has been

laid down as 12,5 mzme/hour by the International Committee on
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Radiological Protection(66). At allltimes it is desirable to keep
well within this limit,

During the process of labelling alkyl halides, the times
of exposure were short; the main reaction vessel was also masked

L
with lead bricks as an added precaution, so that the hazard

involved was negligible, The iodine was received as an aliquot

from the Biophysics section.of the N,P.L. and coﬁstituted virtuall&
no hazard. The active bromide, however, wﬁs received as a direct
shipment and as the activity_on arrival was usually in the region
of 40 mec., exposure.at short range except for very short periods,
was out of the question.

The intensity of radiation decreases with distance
according to an inverse square law and distance is used as a means
of protection.where‘it is not possible to handle material behind
lead screening, A1l handling tools and opening devices were of
such a design as to allow the operator to be at least one metre
from the éource When dealing with it, and for most of the operations

further protection was achieved with lead bricks,

2.3, Measurement of Diffusion Coefficients

2eJelse Selection of Method

Three methods have been reported for work of this nature
iﬁCorporating the use of radiocactive materials:
(a) Jehle(67) allowed active material to diffuse vertically from
one tube into another across an originally sharp boundary, He
measured the change of concentration with time, at a known
' distence from the original boundary on the initislly active half.
A screened, collimated counter was used and a diffuéion'coefficient
calculated from the data obtained. The method, though feasible,.
raises great difficulties of operétion due to the necessity of
eliminating convecticn in the tube and in limiting vibration in
the apparatus. Jehle used tubes of 11 cm., diameter in his work

(68)

but Wang and Kennedy reported that, using tubes of only
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145 cm, diemeter, they had difficulty in obtdining 1 per cent.
accuracy and considered the method inconvenient for ordinary

laboratories,

- (b) Porous diaphragms between the active and inactive liguids

establish a well defined boundary and successfully eliminate the

effects of convection and vibration by virtue of the small
(69)

‘_capillaries in the diaphragm. In this method' ;] however, each

~cell has to be calibrated with a material of known diffusion

coefficient and thus offers only a relative method,

(30).developed the capillary tubeimethod

and this was later modified by Wang(}7). ‘This method gives direct

(c) .Anderson and Saddington

results and is the method which has been adopted, Tubes of small
enough dismeter to ensure that effects of convection and vibration
are eliminated, are sealed off at one end and ground to a suitable

length., These tubes are filled with labelled material and jmmersed

_ in unlabelled material of sufficient bulk to ensure that the

diffusing labelled matérial does not affect the originally established
concentration gradient of active to inactive material., Convection or
stirring in the bulk liquid prevents any local concentrations The

activity in a tube is determined before and after diffusion has

occurred, and the diffusion coefficient calculated according to an

equation derived for these particular“conditions(7o); viz,:

- n oo - w(on1)? i Ppt/12°
Wy b 5 ST 7
Cd q<2 n;6 (on+1)

where-C’o and CAV are the concentrations before and after diffusion
has occurred, D is the diffusion coefficient in cm?seé:1, t is time

in seconds and 1 :the length of the diffusion path in cmy

24342, Apparatus
(a) Diffusion tubes

Twenty-seven of these tubes were constriicted from

capillary tubing which had been checked for uniformity of bore by
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measuring the length of a mercury thread at different points in the
tube, ~ Flat-topped pieces of glass rod were sealed-into one end'of
- short :leng‘chs ‘of the capillary_a.hd the tubes were ground to required
lengths, To provent damage of the capillary by the grinding paste,
$he tubes were partly filled with beeswax, Removal of the wax was
difficul't and ioarticularly[in'the case of the smallest diameter
tubes only two of the ‘origi'nal five could be used as the others

were damaged.

~ Table 11: Tube lengths and volume ratios

Tube Length Volume ratio to tube ¢ according to:
~ ' Mexcury Active solution
1 2,792 + 4002 41,0000 - 1,0000
2 2,806 + 4,003 - 1,0000 049914
3 2e 806 + ,003 - 0.9993 0, 9945
L 2813 + 4001 1,0241 1,0281
5 2,671 + 4003 1,0663 1,0788
6 26794 +. 4002 1,0153 ~ 1,017
7 2,805 4, ,001 1,0262 1,0333
8 2,808 +.,002 1.0153 1,0085
11 3,986 +, 4002 0.7908
12 34979 +£.4002 0.7915
13 3,996 +, 4001 0, 7901
Al 3,973 £ 4001 047901
16 24832 + ,002 005627 ? 05652
17 124795 £ 4001 065619 0u5711
18 2,785 + 4002 005554 0.5583
19 2,793 +..002 045561 0.5582
20 14997 £.,4001 0s3972
21 14997 #4001 04023
22 14988 +.,001 0, 4001
23 1,991 + 001 10,4009
2 14992 4 .,001 04399
25 24783 '+ 4005 Qe l2L3
27 2,812 + 4001 Qu 4242

Three sets of tubes, 3 cm. long, were made fram
capillaries of Q,679L + 40006, 0,5084 + ,0002 and 0,4382 + .0061 mm,

diameter, respectivelys Two further sets of 0,5084 mm, diameter,
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were 2 and L cme long, respectively., All tubes were ocalibrated
with me:cuny and a radioactive solution and their length acourately
measured with a travelling microscope, After these tubes had been
in use for some time it was observed that the openings had been
damaged by repeated use and they were reground and recalibrated;
This meant a great deal of repefitive measuxrement to ensure
aceuracy and retarded the work by more than a month. From time to
time the 14 tubes in major use were checked one against the other
with active solutions.. In table 11 the lengths and the

intervolume relationship for the'réground tubes are given..

(b) Diffusion cells

The design of these cells was altered a good deal in the
initial stages of the experiments. The designs used by previous
workers were unsatisfactory for the purpose of this work; they
used volumes of bulk liquid far in-egcess of the amounts of'élkyl
halides which could be used economically. Certain of the
materials used in constructién of the cells could not be utiliséd
because of their solubility in, or reaction with the organic
liquids., All~glass apparatus was necessary and the first type of
cell used is shéwn in figure 10,, This cell consisted of a
flat-bottomed containing vessel made from a B-50 socket, The:
upper portion of the cell consisted of a B=50 cone, rounded over,
and carrying a mercury-.seal and hollow central tube; to which two
cups were fitted in such.a manner as to allow the stirrer to
operate between them when driven through the seal, The_dﬁps,were
only large enough to hold one diffusion tube eaéh and ensuréd that
this was kept in a vertical_poéitioﬁ;, BEach cup was approximately
1¢5 cnu;deep; |

"These cells were about 545 cm, in diameter and 15 cm.
in height and 100 ml, of materisl were required to ensure that
the tubes were: immersed. to a sufficient depth. For each run with
- elght tubes, thereforéy 400 ml. weré necessary, , Difficulty was

also experienced with the mercury seals- when the more volatile
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gompoupds were used; as the build=up of pressure in the eell forced
liquid through the seal, Taps were fitted so that the excess
pfessure éould be released but these made the cells even more
cumbersome,

After the necessary experimental tests, (2,3.5.(b),
Pp. 61 and 6_2),' these cells were replaced by the smaller type shown
in figure 11, The containing vessel was in this oase made from a
B-29 socket end the cell, which required 33 ml. of liquid, was
abomit 3 cm. in diameter and 15 cme high,  The domed portion was
made from a B«29 cone and ca.fried a centrally placed rod to whioch
two cups were attacheds Relative to the rod, a sleeve was offset
on the dome and a stirrer passed through this and was held in
position by é rubber collar, The stirrer was a rectangle of glass
which passed around the cups. Stirring was achieved by vertical
movement,. Lugs were attached to both portions of the eells so that

these could be held together by springs to prevent loss of vapour,

(c) Pipettes and micro-syringe

Pipettes were drawn out of 4 mm. glass tubing so that the
first 4 cm, were sufficiently fine to pass through a capillary of
O¢ldy mm, diameter,  The intermal diameter was tested by 6bserving
the- size of resultant bubbles.wk'len air was blown through them whilst
the tip was immersed in chloroform,.

The micro-syringe consisted of an aluminium baxrrel, to
which a micrometer head ca.rryirﬁg a fibre piston of small diameter,
was fitted, Control was. good and small volumes could be readily
handled, The pipettes were attached to the syringe by mea.né of a
shaped pie;;'é of pressure- tubing and thus formed a rigid unltw:Lth

the syringe..

(d) Constant temperature baths

Three water-filled baths were fitted with heating elements,
stirrers and toluene~.or mercury-filled regulators,  The heaters and
regulators -were coupled ,up'through "Sunvie" relays and temperatures

were maintained with fluctuations of less than 0.03°%6.  The baths
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were in temperature controlled rooms and were run at 7,35, 19.35
and 30..0000f These temperatures were measured and checked from

time to time with N,P.L. standard thermometers.

2+343. Procedure

This was carried out in three stages:

(a) Measurement of initial concentration, C,

Active material and standard tubes were placed in a bath
at the desired temperature and allowed to reach equilibrium, The
tubes were overfilled with active material by means of the pipette
and micro=syringe described above, The excess of liquid was
allowed to evaporate and each full tube immediately immersed in
approximately 15 ml, of chloroform, Active material was expelled
with air and unconfaminaféd solvent into the suirounding chloroform,
which was then poured off and made up to a volume of 100, 50 or 25 ml,
These solutions were coﬁntedvas detailed earlier (pe 40, paragraph 4).
This procedure was repeated until reproducible values were obtained
and after suitable correction the values for CO were calculated by
means of the calibration figures for the tubes used in the next

stages

(b) Measuremeﬁt of the final concentration, C,.

- Four diffusion cé¢lls, each containing 33 ml. of inactive
compound were placed, together with the active compound and the
tubes to be used, in the required bath. After temperature
equilibrium had been reached, the tubes were overfilled, placed in
the cups and lowered carefully iﬁto the cell. The fwo portions
of the cell were rotated slowly in opposite dﬁrectioﬂs to remove
excessive active material from the tops of the tubes and so establish
‘the diffusion boundary at the mouth of the‘tube. After attaching
the sprinés, the cell was replaced in the bath.  An hour laterx, the

cell liquid was gently stirred with the vertical stirrer in order

to remove any local concentrations due to diffusion from the tubes.
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After a presoribed time the tubes were removed from the cells,
'imméfsed in chloroform, emptied as in {a) above, and counted. . For -
each run eight results were obtained; four for the largest. diameter
tubes and four for the 0,51 mm., diameter tubes, The tubes of

3 cme length were used in the majority of the experiments., Using
£ubes éf different diameters ensured that there was always a check
on the general canditions of the experiment as any‘irregularity
resulted in high diffusion coefficients for the larger diameter
tubes, relative to the others, Unless résults for both sets of

tubes agreed within exPerimental error, they were discarded.

(c) Special considerations

The general procedure descfibed sbove could not always
be carried out.s With methyl iodide, for example, the tubes had
to be tied in position with pipe cleaners as the density of this
compound is greater than that of the tubes, This, in addition to
the high volatiiity of the compouhd, causéd great difficulty and
only a limited number of results could be cbtained,

In order to use the radioactive materials to the best
advantage, each labelled compound was generaliy used to éarry out
a series of experiments at the different temperatures, This
necessitated working fo a:tight schedule and it was not possible
to calculate results for each experiment as this was completed,
with the result that where faults arose they were not readily
detected until a series of expériments were evaluated., Results
were thus depleted'throughout a series by a persistent fault in
ohe,of the tubes, for example, the expefiments on n-butyl iodide

at 7 end 30°C,, vide table 18 (p. 72).

(d) Calculation of the diffusion coefficient and energy of

activation

Bquation 47 can be transformed as follows:
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For+a given temperature D is a constant and for a given tube so is 1,
and the only variable in e, therefore, is t, By choosing suitable
velues of & over a wide range, corresponding values of F were
calculated and curves drawn of e versus F, . From fhe value of Y
determined _expeﬁmentelly, and assuming. a value of F = 1, an
approximate value can be calculated for e from equation 51, With -
this a value of F can be obtained from the curves and by
resubstitution in 51 an improved velue of e calculated, Thus by
successive approximation an accurate value of F can be obtained,

For sufficiently large velues of t, suchvthat 4 is less
than O.4, F terds to unity and the-corre‘ction, being log F, is zero,.
For reasons of necessity, however, values of t had to be chosen
such that the value of ¥ fell between OuL and 0;55. .In most ca-ses,
therefore, F had to be evaluated and since the method of succ,e-s’sive
approximation is laborious, a curve relating ¥ and F was drawn and
is given in figure-12,

_Equa’tion 5l can now be solved as the only unknown is D,
Following the above procedure diffusion coefficients for the x_rarioxis

tubes were evaluated at the three temperatures selected. The
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‘Tube Filling E? ;%'DmeTﬁe?§?+ o e‘i%@h
1. ©, 100 1443 25 1521 0,35 ,00125 14,0013 2890
2 " " 4437 " 1533. 0,55 ,00197. 1,0020 2880
3 " " 1446 " 154 0473 400261 14,0026 2900
8 " R § iy, "7 1555 0,93 .,00329 1,0033  290L
b Oy 50 1644 " 1608 1,01 ,00362 1,0036 1650
5 " " 1670 " 1618 1,3 L,00466 1,0047 1678
6 " Moo 1662 " 1628 1.47 400527 1,0053° 1671
7" "6l " 1639 1,65 L00591 11,0059 1651
16 v " NM2,0 " 1653 1,88 L0067k 1,0067  918.0
17 " " 871.4 26 0900 18,00 ,L,06LL9 11,0666 929.5
18 " " 811,7 " 0920 18,33 ,06567 1.0679 . 898.9
19 " " 841,5 " 0945 18,75 06717 1,0695 900.0
1 c 100 1341 " 1438 23,63 08465 1.088L 2920
2 " 1326 " 449 23,83 ,0853L 1,0890 2890
3 " 4392 " 1506 24,01 L,08602 1.0900 2856
g no4308 " 1519 24,32 08713 1.0910 285k
b Oy 50 . 1518 " 1531 24,52 ,08784 1.0918 1657
5 " "o 4538 " 154 24,73 L08860 41,0926 1680
6 " " 4486 " 1557 24,95  .08938 1,0935 1625
7 v m4505 " 1609 25,02 ,08963 1,0937 . 1646
16 " 25  1637. " 1621 25,35 ,09082 1,0951 896,5 -
7 0" " 1674 " 1632 25.53 ,09146 1,0958 917.0-
18 " "oo4632 " 164y 25,73 L09218 1,0966  895,5-
19 o " 1655 M 1654 25,9 .09279 1.0972  908.0-

Values,for tubes 2, 3 and 8 are converted to values for tube 1

according to the ratios in table 11 (p. 54)1 thus we find

2890
2906
2916
2880

and

2920
2916
2872
2830

The value of 2830 has been discarded>since it differs from the

mean of 2900 by far more than the expected deviation of 0.8 per

cent,

to equation 39 (pe 41) is 743 or less then 0,3 per cent,

this figure for tube 1, the C, values for the tubes used in the

From

The standard deviation of this mean calculated according

experiment have been calculated and the Cpy/Co or ¥ values derived.

From a knowledge of ¥ » the value for F in equation 51 (p.55), has
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been obtained from figure 12 (follows p. 56)s . Ih equation 54
(pe 55) the only unknown is thus D and this can then be calculated

according to the following equation:
2

”""(lOg .FSE ~ log b’ + ldg F) stossnnios 58

D= 2 ..
N7t log e

where 1 is the length ih cm, of the capillary, given in table 11 .

(pe 50), and t is the duration of the experiment in sedbnds,

Teble 12: Caloulated values of C_, J , F and D
I T A log ¥ 2 log ¥ D ’5,“951 ,.
el » omisec.
Lo 2983 L5533 L7429 1,0052  ,0022 1,567
5 3128 536k T 7295 4,000t L0017 15522
6 2968 5630 T,7505 14,0059 o025 14480
7 2968 & ,5529  T,7426  1,0052 @ Q022 1,562
16 1639 L5601 TL7483 41,0057 LOP2L 1e540
A7 1656 u5612  T,7492  1.0058 002 1,492
18 1618 5552 T.7MAS 1,053 40022 14523
119 1618 L5560  T.7451 1,005k L0023 14527
b 2982  J5557  T.U8  1.0055  ,0022 1551
I 5 3128 537 T7301  1,0042 L0018 1,518 |
6 2968 L5475 T.738h 1,008  ,0020 14587 |
7 2968 L55M6  TLZWO  1,0053 L0022 1.5k |
16 1639 (5L70  T.7380 1,008 L0020 14631
A7 1656 (5537 T 32 4.0052 L0022 1545
18 1618 05528 f.7uR% 14,0052 L0022 TR
19 1618 L5609 T.I4BS  1.0057 002k 1,493

(b) Results for iso-butyl iodide at 30°C,

" In the following teble #he D x 10° veluss in om, QS‘ec;f are
given for all the experimemts carried out for-iso-butyl fedide at
30°C, tégether' with their deviation &, from ‘the' mean,

| In: caleulating the mear, the values for tubes 3, 5 and 6
in vexper‘i?inent. 6, were disregarded as being cbviously su‘speci‘iﬁ‘v -Tll'a‘er
standard. devjia't"i‘oﬁ was: calculated according. to' equation 39 (pe 4A) .

Thus.

standard deVia'ﬁion = ey ey eree e 59 i

where n: is the number® of observations considerede
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Table 13: Diffusion coefficients for iso-butyl iodide
at 30°C, and values of A '

Expt, Tube o Hiéslg? D | Expt. Tube ]C)H:és;2?1 I\
5 3 1.551 .008 12 L 1,567 <02l
5 1,505 .038 5 1,522 ,021
6 1,583 040 6 1.480 .057
7 1,514 ,032 7 1,562 L019
45 4.487 056 16 1,540 003
16 1,507 .036 17 1,492 L0571
17 1,569,026 .18 1,523 020
19 1,583 L040 19 1,527 016
6 3 1,74 - 13 b 1,551 .008
5 1,383 - 5 1,518,025
6 1,404 - 6 1.587 « Ol
7 lost - 7 1.549  ,006
15 . 1,615 072 | 16 1,634 0N
16 1,528 .015 17 1545 .002
17 1.525 020 18 5,002
19 1.608 065 | 19 1,493 .050 -

The mean for the above values is 1,543, The sum of the squares of

the individusl deviations from the mean is 0,040337 so that

standard deviation = %Wog%é%lﬂ = J 6?68653:
The result for iso-butyl iodide at 30°C. is thus

D x 105 = 1,543 + 0,007 cm.zsec:'1
The intermal error 1s thus better than 0.5 per cent, whilst the
worst result has a deviation from the mean of less than 6 per cent,

LS

2e3¢5e Sources of Error and their Experimenfal Assessment

From equation 54 (p. 55) it can be readily seen that

the accuracy with which D can be measured is dependent on the

" accuracy with which t, 1 and ¥ can be evaluated, 1In addition to

their direct effect ih the equétion there are numerous errors which

may arise from the design of the experiments as a whole and in

technique..
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(a) Effect of time

The measurement of t was aceurate to at least one part in
a thousand and, in moét cases, was better than this, The time factor
in itself, thus constitutes only a very small error,

The actual value of -t chosen for a perticular value of D
was, however, important as the value of Cyy Varies exponentially with &
Since the negative log is involved in the final evaluation, #nd log 8/7‘\‘2

| and log F are small, the smaller the value of log & the smaller will be
| the felativ’e error in =log 25 and hence in D¢ By ¥irtue of the
| diffusion rated, however; low values of ¥ would have necessitated
large values of ., This would have inciirred large losses due to
decay with ecorresponding counting difficulties and in the case of the
bromides, loss of opportunity for replicatiors

1t was, therefore, necessary to choose a ¥alue of ¥ which
could be evaluated in a re_'a_SOnablev time with accuracy. By determinihg
¥ values at different times, values for D were. calculated and an
indication obfairied of the tpper limit at which Y cotild be measiired
with reasonsble accuracys, Furthermore, by measuring D over different
pez_;iodé it was possible to assess whether .convection or ¥ibration was
affect';ing resilts since D would increase with time if either effect was

| markeds |

Results ’b’ébulated below reflect wvalues of ¥ and D
mea‘su‘r‘éd for ethyl bromide in the large diameter tibes, 1 and 2; for
different times of diffusion,  Other similar experiments were also
carried out but as these gave similar results to those tabulated,.

| they are not quoted.
| v : .

Tsble 14: Valuss of ¥ and D determined at different values of t

imeh,, | 6 9 2 15 20 22 2% 36

m i oo i e

Sy | L6030 45809 (5463 LU998 43029 L3975 L35I L226k

X, 6521 45663 5528 JLEB1 (3983 3916 ,3813 0319
Dx 167 | 5017 3680 3.37  3.26 3.6k 3428 BT 3443

CIH_??.'?QG . 3,98 3462 3,46 3,73 3460

>3055 3i19 3053
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It is apparent that for a ¥ velue of 0,55 or less, reasonable
results could be expected, No marked effect due to vibration or
convection was noticeable though it was apparent that greater

replication was necessary to achieve accuracy in the evaluation of D,

(b) The influence of stirring and cell design

Assux'zﬁhg that there is little convection in the bulk
l‘:'i.quid, diffusion of material from the tubes will result in a
concentration of active material at the tube openings with a
.resultant suppression of diffusion rate, This would probably be
marked only in the early staées and the effect would tend to disappeér
‘with long periods of diffusion, due partly to convection in the bulk
liquia and to the decreasing rate of diffusion with time, In order
to reduce the tin;e_s of diffusion, tests were carried out to ascertain
the amount of stirring required to obtain accurate values of ¥ in the
region of 0;5, At the same time the smaller cells, with their
different method of stirring, were also tested,
| The initial experiments carried out will not be quoted as

these were useful only in the development of the methods adopted.

The main experiments using sec-=butyl bromide are given as éxamples and
these were followed by experiments with ethyl iodide which confirmed
the results for the butyl bromide, and have consequently been omitted.
Large cells containing sec~butyl bromide were 1ef'£ untouched for 18

and 36 hours, whilst another was stirred mechanically for 18 hours,

" Small cells were carefully hand-stirred at the start of the

experiment and again an hour later and were left for a further 23 hours.

Results for thsse runs are tabulated in table:15.

Table 15: Effect of stirring

Time Conditions Dy 10,5-—1

h. Cllly SECy

18 Static 1.805 + .026

36 " 1,939 + 018

18 Mechanica‘lly stirred 1,933 + .036 ;
2 ' Small ¢ell; hand-~stirred 1,951 + ,011 |
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Providing, therefore; .tha{.: stirring was carried out in the initial
stages or the times taken increased considerably, either cell type‘
could be used, The hand-stirred smaller cell was the most’
convenient and wes used in all subsequent e}qaex"jments. During the
cours'é of these expériments further observations were made with
regard to stirring but in all cases, except where this was ex_gessive,

the results were constant,

(¢c) The effect of length of diffusion path

The actual length of the capillaries was determined w:Lth -
good accuracy as may be seen from table 11 -(ps 50)3 ‘. Since D is
proportioﬁal to l2 the '-'ié‘:c"ror introduced is wvery small, namely
(.02%)°, T:'xla:ng(3 6) considers, however, that the iffusion path may
be affected by an accumulation of active material above the mouth
of the tube when there is no stirring, or by a. sweeping out of
material from the tube mouth when stirring is excessive, He
eliminates any error‘s;- By using tubes of different lengths to obtain
the necessary correétions. As may be seen from table 16 the
results for tubes of different lengths do not differ significantly
and the effects found by Wang are nbt apparent under the conditigiqg

- adopted here, -

‘Table 16: Tube length and variation in D

Conmpound Temperaﬁuré' Length Dx “IOY5 N |
- °c.,. CTle . emZsecy i
EtT 19435 2 2.226 + ,010.
| 2,212 + 01k
N 24200 # 4009
nPrBr 7:35 2 14995 + 014
s 2,015 £ 4011
secBuBr 735 2 1,602 1 «009
N 1,615 + 017
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(d) The effeét of vibration and convection as Checkedeith tubes
of different diameters
As. on additional chéck to that in (a), on the effect of
- vibration and:.convection, tubes of different diameters were used:
since ‘the smaller the diameter of the tubes the smaller should be
the effect produced by either convectioniorcvibration." The
_smailer the diameter, however, the greater are the difficulties of

£i1ling and emptying of the tubes and any errors in analysis are

- proportionally-higher because of the smaller volume, = Tubes of

* three diameters were used and results are given in table 17.

. iTable 17%: Tube diameter and variation in D

Compbund - . Temperature Diameter - Dx 1051
. °c, . TN, “uom?Sec:'
B6T  ..30,00 Ol . 2,561+7,021
‘ 0451 2,579 & 012
0,68 - 2.5% £ 4015
' 0,51 - 1,940 +°,011
0,68 14929 £ 4010
secBuBr . 30,00  Ouldy 2,163 + ,017
0,57 . 24231 + ,012
0,68 2,220 + 4015

Tt will be seen that though the two larger diameter #tabes are in
‘good. agreement the smallest diameter tubes are decidedly lower for

sec~butyl bromide, Other experiments were attempted but in most

cases ‘there was always doubt as to the reliability of the results
and it was not possible to obtain the necessary replication, In

view of the agreement of the two other sets throughout the

-investigation the discrepancy due-to the smallest tubes was

distfegarded, Four of each of the larger diameter tubes were used

in most of the experiments and it was obserwved that if anything

untoward occurred during an experiment, this was reflected as a
large discrepancy between the results cbtained with each set.-of

tibes. - In these cases the results were discarded and the experiment
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‘ .
repeated after the fault had been recognised and rectified.

(e) Hydrostatic effect and purity of the bulk liquid

Bearing in mind that limited volumes were available,
suitable volumes had fo be selected to ensure sufficient coverage
of the tubes, Results for volumes of 30, 33 and 35 mli were
2,236, 2,233 ana 2,232 x 10° cm?secr1, respectively, The volume
of 33 mle used was thus well within any limit there might be. Due
to ineqﬁalitiesvin the lengths of the solid portions of the tubes
and in the levels of the tube holders, tubes were not always

immersed to the same depth in the bulk liquids A note was made of

the relative positiohs of tubes in a cell but over a periocd of

months no correlation was found between the results obtained for
those tubes immersed to a lesser depth, relative to the others,

It is thus evident that no effect due to differences in
hydrostatic pressure was noticeable under the conditions adopted.
- In certain cases repeat runs haé to be carried out in

the same bulk liquid, Considering the largest tubes used, -with
volumes of 0,01 ml.!vtwo of which Were.immersed in 33 ml. of bulk
1iquia, the highest concentration of labelled compound in.the bulk
1iquia'§ould be only one-thousandth of that in the tubes at the end
of a second run. This should have no measurcble effect on the
diffusion rate and this was inAfact found to.be the case,

It was virtually impossible to prevent actinie
decomposition of some of the higher homologues. This manifeested
itself as a colour in the 1liquid but had no apparent effect on the
refractive indices at the concentrations encountered. Slight
impurity of this nature in the bulk liquid should have no effect
on the diffusion of the labelled material, This was checked by
usihg colpured'and pure materials as bulk liquids in two
sucéessive exﬁériments but no sjgnifibant differerices could-be
detected. L

Purity of the labelled material was, however, élways

- maintained since any free halogen would lead to the measurement of

a coefficientvdgs partly to free halogen and partly to alkyl helide.-

\



..65-.

Any foreign impurity such &s the alcohol, the solvent or water

would result in the measuremenit of the interdiffusion of the alkyl

halide in the resultant mixtutre,

(f‘) Turbulence effects

It was thought that the novement of the tubes into and
through the bulk liquid during the establishment of the boundary

and subsequent removal from the cell, might cause turbulence in

the liquid, This might then result in the removal of liquid from

the tubes and affect results, In order to check this, tubes were

£illed and counted, énd after drying them they were overfilled and
introduced into the cells, _x;otated in the usual way and immediately |
removed and counted, There was a slight difference in the

counting rates before and after immersion but this was so small

that the change in D was negligible and well within the normel

CITOY e

(g) Effect of errors in: ¥

As is apparerit from the above, the expected errors can

all Be reduced to low valiues., The error ih ¥ 4 which is due to

technique and to errors in counting (2e2.ha(2), ooo0d, 02),
can, however, not be reduced to below that of the cambined errors

involved in the evaluation of C, and C, and this error is the

in counting rate was about 0,8 per cent. Tn the ‘evaluation of

\ limiting factor in the accurate determination of D, The error
1 C 5 this error’ could be reduced by repetition but, except by
ll replication the expected error in C y could not be léss than

- 0,8 per-cent,  In combininhg the errors of a quotierit the error

is given by the square root. of ‘the sum of the squared percentage
errors and it is estimated that the error in ¥ was thus seldom
" less than '1 per oent. For a value-of \\/ ="04b5 the resultant

eryror -in D was .sl‘i"ghtly_\; gréatejr:-than' 3 per:cent., By 'keepihg \(

as low as possible and repeating measurements,.it was possible to

reduce the internal error and evaluate D with fair accuracy, It

lis realised, however,.that the results might be biased, but it is
t , ‘
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~ estimated that this would not be by more than 1,5 per cejita

2pke  Measurement of Viscosity Coefficients

Methods and apparatus for the evaluation of viscosities
are meny and varied and with the theory have beeh comprehensively

dealt with in the_literature(71). It is considered unnecessary

to give further details here and only pertinent information is
. i

given,

2.4,1. Apparatus

Two Ostwald type viscometers were used of 12,282 and
11.981 ml, capacity and with capillaries of 12,5 and 12,3 cm, length,
respectively, The times of flow for water at,19.3500. were 357.6

~and 2;010 seconds; respectively,

2,442, Procedure

. Viscometers were cleaned with filtered chromic acid
solution, washed with filtered distilled water and dried, where
necessary, with pure acetone and a stream of dust-free air, The
viscometer was filled, allowed to reach temperature equilibrium and,

after ensuring that the volume was correct, it was vertically aligned.

. Liquid was transferred to the upper bulb by suction with a syringe

and the free flow of liquid timed between two marks on either side of

this bulb. This was repeated until the accuracy of the value was
satisfactory, Values were obtained both for the liquid of kwnown and

for that of unknown viscosity at the three temperatures concermed and

the unknowh viscosity was evaluated by application of  the following

equation:

' = f2 to "N . 60.
2= i v .

The viscosity of the~unknown;n72, can.be determined if the densities

P y .and the times of flow t, are known for the known and. unknowm

1iquidsqbere.designated by the subscripts 1 and 2, respectivelye
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Where the times of flow diffefagreatlyja correction for the
kinetic end effects, as indicated in 2,4‘3§(b); has to be applied,
| The enei*gy of acti’vati-o’ﬁ- is 'evaluated from equation 25, viz.-

/7 = ’70 eE?/RTg. by plotting log 7 versus 1/T and calculating

EL, from the slope of the straight line obtained,

' 2,443, Sources of Error and Experimental Details

(a) The effect of errors in the physical constants used

From equation 60 it is apparent that the accuracy'with
~ which Mo can be determined,, depends on the accuracy with which
the viscosity of the standard and the densities of the compounds
, are known, The viscosity of water, which was used as the
standard, is known to four figures with a presumed accuracy of
0.1 per centy The densities are known to five figures with a

. presumed accuracy of 0,05 per cent, The effect of thise errors

should be negligibly small,

(b) The effect of times of flow

Assuming that there are no other effects due to times of
flow the effect of errors in t should be very small since these

were measured to an accuracy of 0,05 per cent, . Combining this

| errar and those given in (a) the combined error should not be

greater than 0,11 per cent, - Where the times of flow for the two
,?liquids concerned differ and are relatively short, however, kinetic
| _ C A A , : '

(end effects due to the different flow velocities become apparent

and must be allowed for,

Poiseuilléfsfequation(72) for the relationship between
{viscbsity"and other factors for flow of a Newtonian"liquid throﬁgh
a capillary, is

L .
R - | reviveans

where h is the 1iquid head, g the grevitational constant, r the
radius of the capillary, v the volume of flow and 1 the length of

b C ,
kthe cepiliary, « In applying this, however, one does not encounter
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a situation in which the f'low of the liquid is confined within o
-vlength of capillary, Corrections due to the net energy losses
sustained in establishing flow in the capillary, and in returning
to flow in the wider tube beyond the capillary, must be epplied,
Discussion of the effects involved are to be found in ‘bhev
I_Literature(ﬁ) and the correction which should be applied is
derived below:

eeesseveasvne 62
8lv 8170
or ' ’)’] = C[Jt - (B/)/t) sesvre0cencrs 63-
Thus M= Cpity - (Bp1/t1) veescassesaes Ol
and N,= Cpoty = (BPY/tp) ceveeenssesns 65,
4 B |
Now if C = e ~ — s00000sssseve 66
t 2
ik 1
N B) p.t, 2P
"72 = ("""‘- + -""; /‘)2 2 T seecrescarave 67
(P‘It‘l 1’-,? t2 .
2 2
t t, ~ t
and i ”7 = 471 {)2 2 + B ﬁz(“"z"—"’""‘“‘lg TR 683
2 F1 Y '(t12 t,

which is equation 60 plus a correction term, Where _t1 and 1:2 are
similer this correction is practiéally zero and can be omitted but

in t.he oompounds investigated they were widely different and it was
negessary to apply the correction, ,The viscosity of benzene is
accurately known over a wide renge of temperatures and this ¢ompound
was meesured as a check on the accuracy of the method and the applied

c_o‘rrection.- Agreement with the data in the literature was good.

;i(o) Surface tension effect

In an enrléavour' to reduce the effect of the widely
differing times of flow, a smaller bore capillary viscometer was
tried as t’hé relative difference in times would be reduced, With
water as the standard, ?howevér, the results obtained were high and
this was attributed to the difference in surface tension betwoen

this liquid and the organic materials being investigated, Values
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for berizene were also high but By using benzene as the standard,
values for the 1iduid investigated, namely n~butyl icdide, were
brought into line with the previous defermination as can be seen’
from figure 13- (follows.p. 70). The surface tension of benzene

end n=butyl iodide are very similar, With the wider bore capillary
the effecﬁﬁdue to the difference in surface tension.was assumed to
be negligible since results were the same whether water or benzene

were used as standards,
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PART TIT

VISCOSTTY AND SELF-DIFFUSION COEFFICIENTS OF PURE

ALKYL, HALIDES

341 Viscosity Coefficients

The results have been presented in graphical form in
figure 13 in which log ,7 is plotted versus the reciprdcal of the
(55)

gbsolute temperature, The data in Timmermens have been
included for the sake of comparison. The four liquids investigated
Were.n~ and sec~butyl bromides and n~- and sec~butyl iodide, Results
fér n-butyl iodide are given for the two viscometers both for water
and benzene as the standards,  The discrepancy in the case of the
sﬁaller‘capilléry with water is clearly noticeable, It is apparent;
however; that the slopes of the curves are similar so that activafion
energies would in any case be comparable.

A marked discrepancy between the values determined and
" those from Timmermens is apparent only in the case for sec~butyl
iodidg. This set of measurements was repeated and the velues
obtained verified‘those previously déetermined at the lower
temperatures, The value at BOOC. lined up with these, where
previously it had been higher, The linevthrough these points is
virtually parallel to that of n-butyl iodide. It will be seen that
fér the bromides measured; the slopes are also the same and on this
bagis it is felt that the results obtained for séc-bﬂtyl ibdide‘are
moré likely to be correct than those quoted in the literature,
' The activation energies c¢alculated from the above results
are tabulated together with those calcuiated from published data
for the other alkyl halides in table 21 (p..76). They arevthere
discussed and compared with the values obtained for the diffusion

process.,
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3.2, Self-diffusion Coefficients

3.241,. Experimental Details

As indicated in 2,3.5.(g) (p. 65) there are certain
limitations to the accuracy which can be attained in the evaluation
of ~the diffusion coefficients. ~In order to ébtain results with
a reasonsble degree-of’accuracy it was necessary to make a large
nunber of observations and to treat them statistically.. The amount
of work involved was considerable and the number of observations
‘.made and usedvin each determination has been listed together with
Ereasons for the non~inclusion of certain of the observations. This
Elist includes‘actual results only, and does not take into
'consideration experiments which had to be discontinued due to
1breakages, failure of air conditioning plant, thermostats or
%tirrihg devices,.

1 In certain cases additional problems arose and a nunber

%f experiments were lost, The exﬁeriments with methyl iodide were
%ompliCated by the High density of the liquid and although the
ﬁUbes were fastened in position these did on occasions float loose.
fhe low boiling poinhts of this material, ethyl and n-=propyl bromide,'
i;creased the difficulties and on occasion caused the loss by.
eﬁaporation of lébelled material before sufficient measurements of
tbe concentrated material had been made, In the case-of the
bfomides this led to considerable loss of time as Br82iwas not
readlly available,.

No explanatlon has been offered in the table in cases
where two or three. results have not been taken into consideration.

| 'These were generally inadmissable due to bad technique or loss of

the individual sample by spillage or accident,
{

1
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Table 18: Reasons for disregerding certain of the observations

No. of cdbservations

ﬁ Temp. .
ECompound og, Made Used Remarks
MeI 7 16 16 . .
19 26 14 First ten discarded as technique
and apparatus were being developed.
30 16 13 Near boiling point. Bubbles formed
in three tubes.
BtI 7 26 18 An experiment of 8 results was
disregarded as the counter was
suspect, .
19 3L 32
30 32 29
nPrl 7 28 28
19 36 32 Incorrect time chosen for first 4
with resultant poor accuracy.
30 L0 40 Increased replication was found to
: be necessary at this temperature.
fisdPrI 7 2l 24 i
: 19 2l 20  Results for one cell obviously false
due to excessive stirring. :
30 2k 20 Repetitive fault due to decreased
volume in two capillaries because of
glass splinters from pipette.
nBul 7 32 28 Two tubes faulty.,
19 32 31
30 32 25 Same two tubes faulty as in experi-

ments at 7°C. and bubbles found in
two others.

isaBul 7 32 24 Bight discarded as material found
; to be coloured i,e. impure.

19 2h 23
30 32 28 Group of 4 obviously false,
secBuI 7 32 32
' 19 32 by
30 32 31
EtBr 7 24 16 Eight results not considered as

serious discrepancy between smaller
and wider diameter tubes,

19 50 L8 Major portion of earlier tests
carried out with this material but
reproducibility poor.

30 16 15 Further replication not attempted
| because of low boiling point,
. riPrBr 7 32 31. Difficulty found in obtaining this
: compound pure due to azeotropic
mtmo
19 L8 39 Reproducibility poor; 8 disregarded
-as solution found. to be impure,
30 LO 31 Eight disregarded as same solution
, used as above,’ ’
isdPrBr 7 16 15
19 16 16

| 0 16 16
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Tenmp. No. of observations .
C
- pomound Tog, Made = Used Remarks
. | nBuBr 7 16 16 é
ﬁ 19 16 16 |
| © 30 16 16 .
| . : i
| |/isoBuBr 7 32 - 2L Solution found to be coloured for
E : one set of 8, |
i ' 19 32 ’ 27 Set of 4 obviously false,
30 32 23  Same solution as used at 7°C., and
. . 8 disregarded. ‘
secBuBr 7 16 ' 16
19 Ll 19 Sixteen results disregarded as
t part of initial experiments on §
i ' . stirring, Another 8 lost due to |
| : counting difficulties. |
1 30 28 20 Serious discrepancy between larger !
1 ’ and smaller diameter tubes for set
l v of -8 results,
i ' 5

f From the above table it is evident thgt it would be

i

impracticable to detail all the observations made and unnecessary to

give all the calculations leading up to the individual results. .The

1
*2.3.4,(a), (pp. 56 to 58) and this wes followed by all the results

{
|

values obtained in two successive experiments were detailed in

obtained for the substance at one temperature together with the method
1of calculating the mean and the standard deviation associated with it

i(2-5.4-(b), pp. 58, 59).

|

|

3.2.2._ Results

i

Mean values of the diffusion coefficients measured for the
thirteen compounds examined are listed in table 19, together with

the standard deviations calculated for the number of replications.

indicated.
!
1

None of the results for the iodides have an internal

dFviation of greater than 1 per cent. irrespective of whethgr the
r%plication was large or not. TFor the bromides the number of.
r%plicates was in generai not as large due to the greater difficulty
of obtaining bromine-82 and the limited usage that could be made of

i

a'bateh of this material,

!

i
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‘Table 19: Self-diffusion coefficients of the lower alkyl halides

Temp, : D x io5 . - 5 !
C d - Dx 10 i
g, ompour - m.zsec‘1 Reps C@nxpognd o m?sec:1 Reps |
7435 MeI 2,166 +..013 16 |
19435 2,671 + 018 1k '
30,00 . 30241 + 4,025 13
7435 BAT 1,838 + .015 18 | EtBr 2,847 + .03 16
19435 2.212 + JO14 32 | 3.483 + ,033 48
30,00 2,589 +..013 29 1176 + 084 15
7435  mPrl 1,362 + LO11 28 wPrBr 2,026 + ,009 31
| 1935 | 1.623 + ,011 32 2,380 + ,O14 39
| 30,00 1.922,1_,046 L0 2,751 + JO1k - 31 |
7035 iscPrl 14435 + 012 24 | iscPrBr 2,077 + .012 15
19435 ° 14725 + ..008 20 2,467 + 012 16
30,00 | 2.049 + .,011 20 289 x L0012 16
| 735 nBul" -1.135 + .,008 28 TBuBr 1,588 + 008 16
(1935 © 1347 + L0073 1,872 +.,011 16
| 30,00 14685 + ,007 25 2,222 + ,011 16
7035  discBul  1.OLy + ,007 24 |discBuBr 1,495 + .04k 2L
19,35 14263 +..007 23 1.800 £ ..013 27
30,00  1.543 + ,007 28 2,170-+ ,018 23
| fe35 secBul .1.,124 + .006 32 secBuBr 1,600 + ,013 16
1935 1.353 + 009 31 0 1.936 & L0119
30,00 1,607 + 012 31 2,255 + ,022. 20 |
Reps = Replica’c‘ions.

The internal deviations were well below 1 per cent, in all

1 .

éases except that of ethyl bromide where they were 1.5 and 2. per cent,
|

for the 7. 35 and 30, OO °c. expern_ments, respectively. These results

| (38)

are an :l_mprovement on those of Graupner and Winter which were:

Table 20: Graupner and Winter's values of D for EtBr

T:emperature c. 15 ’ 22,5 g 30

D"‘x 107 cmlsecs’ 3460 + 0,37 3,80 + 0,26 _‘__.3.-96 + 0419

The relation of these results to those in table 19 may be. more

readily judged from figure 15 (follows Pe76) where the log D/T

Is
values have been plotted versus 1/T.



- 75 -
3e2e3¢ General Discussion -

(a) Variation of D with chain length

There is a definite decrease in D with increase in

molecular weight in both the iodides and the bromides., The nunber .

of homologous compounds is, however, too limited to give more than

an indication of the manner of this variation, In the case of the

iodides D appears to decrease linearly with increase in the number
of carbon atoms in the chain length but for the bromides the decrease

~ is very much greater between ethyl and n-propyl than between n~propyl
and n~butyl bromide. The values obtained by Partington et al.(§9)
for the first four alkjl alcohols in the homologous series decreased

progressively less as the chain length increased,

to note that the viscosity of both the halide series, and the alcohols

_increases linearly with chain length over the range considered here.

|

|

; ,

| (b) Variation of D between isomers
( |

Both the iso-propyl compounds have significantly higher
diffusion coefficients than the corresponding normal compounds butb
in the butyl group, the iso~compounds are both lower than either the

normal or secondary ones which are themselves not significantly

different, From table 4 (p. 23 ) it may be seen that the values for

iso~propyl alcohol- are higher than for the normal alcohol, Those

,for the tert-butyl alcchol are lower than those for the normel

!

jcompound.  This fact coupled with the results for the iso~butyl

,‘compounds given 2bove might be taken as an indication that the

‘branching in the chain restricts movement of these compounds, which .

is what would be expected,

?.ZIA, Discussion of Results in Relation to Existing Theories

|

The Eyring and Frenkel theories give the only basis of

calculation upon which diffusion results can be related and it is
. ﬁrqposed to carry out calculations similar to those made by

ﬁrevious workers in this field, -

i

It is of interest
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(¢c) Evaluation of Activation Energies

In view of the discussion in 1,2.2,, (p. 23) on the
temperature dependence of Do, it has been decided to piot log D/T
versus 1/T and log '7 versus 1/T. In figures 14 and 15 the results
given in table 19 (p. 74) have been plotted‘on'this basis and the
errors indicated, It will be seen that straight lines have been
obtained in all cases, | The 1900. results seem in general to be
slightly low but this can probably be attributed to experimental
erfor rather than to deviation from ljlleérity. The results

obtained by Graupner and '\"'\,Tinter(5 8) for ethyl bromide have also

‘been plotted and agree with the present results within their

experimental error, which is very much larger than found in the
present work. |

. The energy of activation for diffus‘ion has been célculated
from the slope of the plots in the two figures and an error has been
attributed to them on the baéis of the maxima and minima of the
diffﬁsion coefficients at the extreme temperatures. The energy of
activation for viscosity has been calculated from plots, the v'alues
for which were token either from the literature or the work

reported in 3¢1. (pe 70 ). These results are given in the

following table:

Table 21: Values for ED and E’,7 for the lower alkyl halides

Compound Ep E:,) i Compound Ep En
kecales kcal., | - kecal, kcal,

Mel 2443 + 10 1,58

EtI  1.98 + .10 1,52 EtBr 2,28 + 14 1490
Pri 1,99 + 12 2,20 riPrBr 1,71 + 07 1.99

- iscPrT 2'.05 + 0 1.96 isaPrBr 1,88 + ,09 148
nBul. 2,01 + ,09  1.95 nBuBr 1,93 + .07 1,83
isoBul  2.34 + .08 1,95 | isoBuBr 2,20 + J14 1.98
secBul ~ 2.09 + .10 2,13 | secBubr 1.99 £ o1k 1.85
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The Epy values, both in the iodide and bromide series are all similar
although the values for the iso- compounds are slightly higher than
those.for their isomers. The lower boiling compounds have higher
values than the others but this seems unlikely since one would
expect any variation to lie in the opposite direction. This
discrepancy is probably due to experimental error particularly as
one would expect the agreement which is found in the En7 values to
be reflected in the values for the diffusion process. Tﬁat the
activation energies are similar throughout the series might be
‘ascribed to the predominant size of the halide atoms in the
compounds,

The similafity'of Ep in the series does not agreé with

* the observation made by Oholm(73) that solutes possessing large

|
i
i
i
i
i
|
I

diffusion coefficients usually have smaller temperature coefficients,
but the range of diffusion coefficients is not very wide and the
present results are not really suitable as-a test of this broad
genéralization, Longéworth(hz), however, examined a serieé of
meterials with molecular weights ranging froﬁ 19 to 68,000 and his
findings also disagree with those of Oholm in4that the temperature

coefficients he measured increased only slightly with increasing

particle size,

1

|

The similarity between the activation energies for the
two processes is reasonably good. This is what is to be expected
from the theories of Frenkel and Eyring which require them to be
the same for the two processes.

On page. 494 of the book by Glasstone, Laidler and

' \T\Eyring(zz) #alues for the ratio of the energy of activation for
‘viscous flow are given as lying between 3 and 4 for unassociated

| liquids other than metals.. From the published data for the

enthalpy of vaporisation given in table 26 (p..BB)a*ibEvap values
have been calculated and tﬁe ratio of these to the E;?' values
given above, are, except for ethyl iodide, within the limits quoted.
The ratios for methyl, ethyl and sec-butyl iodide are 3.76, 433
and 4,03 and for edshyl, n-propyl, iso~propyl and n-butyl bromide,

3,16, 3429, 3.37 and 3.39,.respectivelyn,.
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(b) Constancy of D 7/ T and Parameters Derived from these Values

The calculated values of D= /T are presented in the table
belows, In agreement with the fact that Ep and E"p are
consistent with one another the D#/T values, except for methyl
iodide, are fairly constant for each of the compounds. The
variation probably does not exceed the experimental error,
indicating reasonable agreement in contrast to the values for the

organic liquids discussed on page 25 (paragraph below table 5),

' Table 22: Values of D7 /T for the lower alkyl halides

Compou.nd Temp.OC. D7/T X 1010 ~ Compound D‘?}/T X 1101(_).

MeI 7435 4:.250
19,35 LATT
30,00 4,766

BT 7435 4 388 EtBr 44598

19.35 1 450 5717

30,00 1 523 , 11 800

nPrI 7435 44195 nPrBr 4292

19435 5149 L 229

30,00 2,188 : e 225

isaPrI 7435 RN isdPrBr - L7116

19435 414103 ‘ 4,092

30,00 4,173, NN

nBuT 7435 4,064 nBuBr 4,10k

19.35 3,997 . 4,006

30,00 l113 1155

fsoBul 7435 3,896 5 soBuBx 1198

19,35 3.838 3,955

30,00 " 3,954 | 4067

secBul  7.35 = 3.810 secBuBr 3,981

19.35 3,765 | 14,026

30,00 3.827 3,995

In caleulating the parameters for- the molecules we
apply the equation idevéloped by Eyring for the case of self-diffusion. -
This is

A .
D? = " 1 T ooco"-";-fn- ! . 69
e T N a6 Sl
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and yields a velue of A, ?\3/ )\1 from which My and )\2 )\3 can be

evaluated if we assume that A4 X, Ay = V/N. Values of )\1 and
(,\2 }\3)% calculated for 19.3500. are listed in table 23 and it
will be seen that A, & /\2)\3)%, and is probably smaller than
either A, or A;.  On the basis that A, is the lateral distance.
between neighbouring molecules and resistance to motion would be
least if this were not the largest value, it was assumed that

A 5¥ Aze  Scale models(ﬁ") of the stretched molecules have been

measured in order to cbtain relative values for comparison with

)\1: >\2 and }\3'

. 1
‘Table 23: Eyring values of A ()\.2-_,\3)2 and ,\2>\3/ Ay

-

1

From exptl, D”M T values Estimated from,models
Compomd A1 (N2X)2 AT A (A A/

A A I A A A
MeI  '1.83 7.58 3.3 | 3,50 ey 5.28
‘EtI 2,08 8,02 3143 1 3,50 Bolil. 8,40
PrI 2,20 8,56 33.3 3,50 5,61 9,01
iScPrI = 2,22 8.6L 3.5 | 460 6,36 8,77
nBul 24 3l 8.99 b5 3450 6.03 10,42
isoBul 2,30 9.10 35,7 183 6,65 917
secBul 2,28 9,15 37.0 5.21 6o 16 8,00
EtBr 2,06 7.76 29,4 3,50 5,23 7,81
nPrBr 2,15 . 8,38 32,3 - 3,50 5.48 8455
isoPrBr - 2,14 8.51 33¢3 | Le60 6419 8.33
nBuBr 2,27  8.85 3045 3,50 5.96 10,10
isoBuBr 2,27 8,90 3Le5 486 6,50 8,70
secBuBr 2,29 8,87 345 5400 6426 7.87

)

Thg agreemernt bétween the results calculated from the expeﬁmental
D"]/ T values and the values estimated from the models is not good
evéh though the fa&c that the estimated values should be slightly
less, is considered, The ratios N ).% », should, howeveﬂ be

comparable with those for the estimated values but as may be seen

they differ widely.  This ra’cj'_o. is also a mean value of 8 if we

assume )\1 = N, = ,)\3 = (g , ‘and j_S‘. the value obtained by applying

5 =

Frenkel"“swequlétion, i.e. equa‘cidn 16 (pa 15, -
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The experimentally derived values are based on the use
of the molecular volume V/N and this implies that the molecules
are symmetrical and that the packing is near~qubical.v This is
by no means true for the present case and all that.may beJ
expected is some relationship between the values obtained and the
molecular dimensions,  The product kzzhj appears to increase
fairly regularly with chain length and if the lateral distance
between chains, )\2, is nearly;constant in each series this |
product would be approximately proportional to the length of the
moleéule. Exact proportionality should, however, not be
expected as.some freedom of rotation about C~C bonds may be
retained.

The fact that N, is the smellest value bears out the
Eyring definitioﬁ of this parameter for molecules of a
non-spherical nature, The values are, h0wever,'very much smaller
then the diemeters of the halogens concerned although they are
largef than their radii,

Applying the Stokes-Einstein relationship

D7 1

kT = 6ﬂ,r ere0csrsncs oy 70

the radius r has been calculated at 19.3500. and a comparison

' 1
made with the values of %(V/N)3 and values of the maximum radii
for both the stretched and coiled configurations of the molecules
(74) |

as derived from scale models As maf be seen the values
obtained from equatiqn 70 are smaller than the estimated values,
This might be taken as an indication that the factor 6 is too
large and that the equation should be modified for self-diffusion
, gonditions. .The values are, however, more realistic thén those

derived from the Eyring equation, This was also found to be

the case for the materials considered in 1,2.3. (p. 28, baragraph 2).
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Table 24: Stokes-Einstein values of r
! P ;
Compound ?;}‘ﬁﬁfﬁ;as Hu/)® | Estimated from models
r Ystretched Tooiled
A A A

MeI 1464 2435 261 2, 61,
T 1.6l 2,55 3433 31k |
rPrl 1.77 2,72 3,93 " 3,33 |
is@PrT 1,79 2,75 3,32 3,15
nBul 1.83 2,87 L. 5k 3,25 |
isoBul 1,91 2,88 3,93 3.35 |
secBul 1,95 2,88 3,70 3.30
EtBr 1,55 2.50 3,60 3,01 |
PrBr 1.73 2,66 3,25 3,18 |
iscPrir. 1.78 2,69 3,19 3,02 !
nBuBr 1.83 2.82 o Ly | 3,25 |
iscBuBr 1,85 2,82 3.75 5,18 |
secBuBr 1,82 2,83 3,70 3430 |

(¢) Values of Derived Thermodynamic Quantities

- A similar type of calculation to that carried out by

"Partington et al._(39) for the evaluation of AG* and AST the free

energy and entropy of activ.'é.tion, has been made on the basis of

equations 30 and 31 (pp.28,29). hs suggested by Eyring, & has been

—1.- .
‘evaluated by assuming that & = (V/N)3, The values obtained were

calculated at 19.35°C. and are listed in table 25.

£

" Table 25: Values of AG" and A S'i for the lower alkyl halides
Act Ast . N A
Compound kcal,/mole E.U, Compound keals/mole F. U, ;
Mel 3061 ~4,02
EtT %482 ~6432 EtBr 3453 ~L 28
nPrl 4,08 ~7.10 nPrBr 3,83 ~7e27
© iscPrl 4,05 -6.71 iscPrBr 3.82 ~6,56
nBul L4 —-e 22 nBuBr 4,03 ~7.22
isoBul L 29 ~6,69 isoBuBr - 4,06 -6.35
secBul. 4425 -7 4 secBuBr 4,02 -7.27
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As found by Partington et al. for the homologous series of alcohols
there is a small but steady increase in A G#'in spite of there
being no trend of variation in ED’ Contrary to their findings
though, .the variation is AS* is not haphazard but decreases with
increasing molecular weight of the compounds. “The values for the
‘iso~butyl compounds in each series resemble those of the iso~-propyl,
and this is of inte_rest when one considers that these compounds
have C3 chains with a substituent on the C, carbon atom,

The values of 4 St are negative and this might imply
some degree of ordering or loss of rotation of the molecules. It
is of interest to note that for the similar process of viscous flow,
Bondi(26) elso found that the values for A S# were negative for
the lower molecular weight hydrocarbons..

In calculations carried out by Eyring of the entropy factor
for diffusion on page 525 of the book "Theory of Rate Processes“(‘22 ,
he e*@mted (e As¥ / R)% for phenol in methyl alcohol, phenol
in benzene, tetrabrom~ in tetrachlor-ethane and bromine in carbon
disulphide and obtained values of 1.4, 1.4, 1.0 and Ok A,
respectively. He states that these results "indicate that a st
cannot differ appreciably from zero; 1i.e. e ast /R is
approximately unity, and the figures given are roughly equal to
S , the distance from one equilibrium position to the next in
diffusion.! As may be seen these values are very much smaller
than would be expected for the systems umder consideration. Ir,
as was found above, the value for & st is taken not as unity but
as a negative value, . the resultant value of 8 would be gi\éatér
and hence more realistie, . | |

Tt must be noted, however, that the values for & ST,
as calculated for the halides, cannot be taken as quantitative
u.since thé ewaluation of A G#, upon which these are dependent,
is by no means accurate.. The ajmension 8 is not known and the
value used assumes a compact molecule ochr_py:’mg a cubical space,

The greater the value of § s - the larger the value of A G# and the

smaller the value off A‘-S?h If one considers an elongated
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molecule moving in a direction such that the rest of the molecule
offers least resistance fo this movement, ég'would be at least as
great as the largest dimensions of the molecule. Using this
valug for 5, LBS% tends to a more negative value since. 4 G#
increases considerab}y. Furthermore, as discussed on page 16
in the paragraph following equation 22, it is felt that a factor
of 1/6 has been omitted from the Eyring equation. Inclusion of
this factor,reduceslﬁ(ﬁz however, and 4}8* is increased by

approximately 3.5 E.U, thus becoming more pbsitive.

(d) Evaluation of the Diffusion Constant, D,

The experimental values of the diffusion constant DO,

have been calculated from the equation

D= DO e.‘EJ—_/RT ‘o.lcf;c_“o‘._o""oc 71

where Epy has been obtained by the plot of log D/T versus 1/T.
Values for D, calculated according to the Eyring theory

(ppe 30,31 ) have been based on equation 38. As we are only
concerning ourselves with the diffusion constant the equation

has been reduced to:

- o (B

)
- -3
(Evap + RT)/RT ;

(2wm ( NPV

sessee (2,
For the evaluation_of this equation it is necessary to know the
latent heat of vaéorisation. The data for these compounds are
limited and it was considered best to estimate them by
application of Trouton's equation(75) or preferably that of
Hildebrand(76), which is a more accurate modification.

Trouton's rule states that the quotient of the heat
of vaporisation and the absolute.temperature of the boiling
poiht is the same for all liquids., This means that the entropy
of veporisation for a fixed pressure, is constant, Results
indicate that the rule is only epproximately true. By assuming,
as does Hildebrand, that the entropy of vaporisation for a fixed

volume is constant, a more accurate relationship is obtained,
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If the range of temperature is sufficiently small the
heat of vaporisation of a liquic'i may be regarded as constant and

the Clapeyron—ClaﬁSius equation may be integrated to the fomm

111 B = A-EI—VB'R (!3— - ;L.) | (A AR AR ERER LS 73
Po R (TO T) S v

If T is taken to be the boiling point T, so that p_ is an

atmosphere, this becomes

in -éfm (‘1 _Eh)
p - R Tb ( T ) n-c-ooo'-_-..".‘.“ 711-
= -é.g. sl—i[‘_b.g esevesvscrsee 75
R ! T ). :

where A S is the Trouton entropy normelly taken as 23,
If we take T as the temperature at which the molar
volume of the saturated vapour is 22,4 litres, then (if we assume

the vapour to be ideal),

RT, T,
p. = = : atmospheres seecrvsscas 76
o 22,k 27362

and the Clapeyron-Clausius equation becomes

T
Inp = In el £8 (1T .
p 273.2 + R (1 Tog esssesoe 77

where A S is now the Hildebrand entropy, which for normel liquids

may be taken as 22,1 so that equation 77 becomes

T
1ng:10g TO + 2.2}-0"24-.83'59 eeneaqecss 78

if p is in atmospheres,

With p as one atmosphere and T as the boilﬁllg pomt?-Tb,
values of TO may be obtained by nwneriéal solution of the above
equation, Thus, if the vapour pressure of a liquid is known at
different temperatures the heat of vaporisation can be evaluated
f‘r;'om the Clapeyron-Clausius equation. If, however, only the
boiling point is known, T, can be evaluated and since
L Hvap =T o AS where 48 is the Hildebrand entropy, the heat of
vaporisation can also be obtained and from this the enexrgy of
vaporisation, since A E = AH - RL

vep ap

In the following table the values for A H and AR
vap vap

calculated from equations 73 and 78, are given together with the

meximum, minimum and mean values of the results in the literature

(55)
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;Table 26: Latent heats and energies of vaporisation

N Colodleted o Literature - '
Compound - Vap vap vep
keel,/mole - keal,/mole . kecal./mole .
‘ Max, . Min, Mean
MeI 7.06 6.43 6454 6,51 6.52
EtT 7479 7,10 .85 T 7.7
nPrI 8456 7.79 - - -
iscPrT 824 7,52 ; - s
nBul 9426 8a 46 8445 8o 43 8ellr
isoBul 9,03 8,25 P ‘ - -
secBuT 9.02 84 2L - - -
EtBr 696 6434 6a 72 6438 6,58 |
PrBr 7478 7.10 - - 7.13
iscPrBr 751 6,85 - ~ 6.79
nBuBr 8.55 7481 - - 7.78
isoBuBr 8.31 7459 - - _ 0
secBuBr 8.31 7.59 -~ - -

The calculated valges for ﬂiﬁm@p appear to be greater than the
values in the literature by the amount RT since there is good
agreément between Ajﬁvap'and the figures in the last colum, Since
this colum is incomplete, however, the values calculated for the
heat of vaporisation have been preferred for substitution in
equation 72 since any error that is introduced by this would be
uniform throughout the series,

The values of D, calculated at 19.,35°C, from the experi-
mental. values of D and ED, together with the values calculated
according to the Eyring equation are listed in table 27, The Do
value derived from the experimental values is temperature
dependent and is lower than the value which would have been obtained
had Ep been used in calculating it. Since the D_ in Eyring's
equation is also temperature dependent it is felt that the value
given here is'thé one with which the Eyring value should be
compared although'there might be-a slight difference in the degree

of the temperature dependence in the two cases,
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An alternative method for the calculation of Do is By

application of Frenkel's equation

2 .
1 AED/RT
D: 5 gi’ [S] esasestaqanse 79
o .
62
whence DO = v In order to evaluate frg.it has been
o

assumed that this is the time taken for the molecule to travel a

: 1
- distance égwmith an average thermal velocity of (8RT/# M)Z2, where

M is the molecular weight, The value of 0 has been taken as
equal‘to.(V/N)% and the calculated values of D are also listed in
table 27, By rights a Do value should have been calculated from
the experimental results on the basis of a temperature dependence
of T%'but it has been considered that, in view of the expected
relationship with the calculated values which are at best only

correct to the order or magnitude, this is unwarranted,

Table 27: Comparison of experimentally derived and calculated

values of D_ x ‘IOLF in cm.zsec:1

! T

‘ D D D
o

D, D, Dy

BExptl, Eyring Frenkel

(0] o

Exptl., Eyring Frenkel | CO®Owd

Compound

MeI 17.49 142 1,63 ‘ .

EtI 6,68 16,5 1,70 EtBr 17.62 18,4 1,99
PrI  4.98 18,8 1473 PrBr 451 20,5 1499
isdPrI 7,78 18.9 1,75 | isPrBr  6.27  20.8 2,01
Bul .28 20,7 1,76 BuBr 5,18 22,6 2,00
isoBul  7.08 20,5 1,76 | isoBuBr  7.93  22.5 2,00

secBul %4, 93 20,7 1,76 | secBuBr 5e 94 22,6 2,00

The Frenkel equation is only intended to give‘a rough
estimate, of the correct order of magnitude, and this is achieved,
The Eyring equation is supposed to give a better estimate, but
there is no evidence of this in table 27, thus confirming the
deductions of Graupner and Wigter(BB). It will be noted that,
except for methyl iodide and ethyl bromide, which, owing to their
volatility, give the least reliable results for Do’ the Eyring

values are much larger than the experimental velues and an order of

magnitude larger than the Frenkel values. The use of the slightly
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higla values of AHvap in the calculation of the Eyring values Wﬂ_j.
tend to make these smaller but as this is involved as the cube
root it should have only a limited effect, As was discussed on
page 16 in the paragraph after equation 22, it would seem that a
factor 1/6. is missing from the Eyring equetion, especially if it is
o be brought in line with that of Fremkel, ' It is evident that
division of all Eyring values for Do in table 27, by 6 would effect

a much better agreement.

3e3.. Conclusions regarding the Eyring Theory

By application of the Eyring equations it is possible to
. meke an assessment of A 4 end ( )\2%3)% from values of D, % and T.
In the evaluation, however, experimental results bear out the type
of model used in only very broad outline, From values of D, ™
and V/N, actual calculated values of )1 and ( )\2 XB)% differ
niarkedly from those expecteds This is in part probably caused
by considering that the molecules occupy a nearly cubic packing,
Ap(’.tr"‘t from methyl iodide, where the disagreemwent with Eyring is
least, the molecules genei*a.’l.’l.y considered would in fact not occupy
a cubic céll in a packing based on a nearly rectangular prism.

| Eyring has made mention of an alternative mechanism by
which diffusion ca.n occur, This is the bimolecular process
whereby vtwo molecules roll around one another and thus change
their relative positions, This is in contrast to the process of
sporadic Jumping on which his theory is bas‘ed. It is possible -
‘that if the bimolecular mechanism were investigated more fully it
would lead to a more precise: model. It does allow for the |
comparativély small energy of acfivation for diffusion or viscosity
when this is compared with that for vaporisation, i,e., with the
energy -necessary for the formation of a complete hole,  Furthermore-.-
the btimolecular model would result in small values of )\ 1.’

It would, however, be necessary in applying this model,

to review the process as the present theory has been derived

ostensibly on the basis of the Einstein concept of D = gkT,.
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This concept Would not necessarily apply to the bimolecular model,
a.nd'if‘- it did would have to be specially derived, This argument
applies equally to other models which might be put forward and for
which it is as difficult to cater. |

The theory of Born and Green, while more rigorous than
those which give only an order of magnitude, canﬁot be applied to
experimental results as the distribution functions and intermal
Torces have not been evaluated for complex molecules, Their
theory does not lead to equations for the evaluation of diffusion
and viscosity coef‘fiéients which are more accurate than those of
Eyring.

For the evaluation of the frequency of Jjump, Eyring has
used a more precise model than has Frenkel but this has not
resulted in better results in the calculatioﬁ of absolute values
.of thé diffuéioﬁ constant, The Eyr':.ng frequency is given in terms
of thé activated complex and enables one to calculate free energies
and ertfopies of activation. The latter is of particuler interest
but when one comes to apply the Eyr:mg equation, which appears to
bé a theoretical advance on that of Frenkel, 'there are too few
measurable qﬁantities to allow a relia‘ble evaluation of /.\G:’E and
A ST to be made. |

The Eyring theory leads to values which are correct

“¢nly to an order of magnitude and it is difficult to see how this

- can be avoided from the approximations which have to be employed

“in’ the evaluation., -
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PART IV

SELF-DIFFUSTON IN A BINARY MIXTURE

4e1s Theoretical and Historical Background

hedet. General Considerations

In order to understand self-diffusion in a mixture it is
necessary to consider Ehe process of interdiffusion., This is
actually rather complex. In a binary mixture of A and B, A and B
diffuse individuwally along their own concentration gradients bﬁt
in oppssite directions. Each process will have an individual
diffusion coefficient; Hartley and Crank(77) have called these
Mntrinsic" diffusibn coefficients, .

These intrinsic ooefficients arc not necessarily related,
Associated with the movement of each molecule is a volume, and it

is almost inevitable that the volume of A jransported in one

direction will not equal that of B transported in the other

direction. As Hartley and Crank have pointed out, a mass-flow
must take place in order to maintain balance, This mass~flow is
to be distinguished from the random mixing process which
characterises pure diffusion. Thus, an interdiffusion coefficient
is a composite of fhe intrinsic diffusion coefficients and the mass-~
flows Prior to Hartley and Crank's paper, the truth of this had
already been realised in the case of metals and the existence of
mass~flow had been demonstrated by the experiments of Smigelskas
and Kirkendall(78). They showed that inert markers placed at the
goundary between zinc and copper underwent progressive displacement
as a result of mass~flow arising from iéck of balancé between the
volume diffuéion of zinc in one direction and bf copper in the
opposite difection. The solid state often carmot accommodate the
emount of mass=flow required, with the result that metalic

interdiffusion is then acoompanied by formation of cavities.
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It is.clear that it would be preferable, on theoretical
grounds at least, to measure intrinsic diffusion coefficients, as
theée refef to true diffusion of each constituent along its own
concentration gradient, If some of the molecules A are labelled
in one part of a uniform mixture of A and B, the self-diffusion
coefficient of labelled A in the mi%ture will be a measure of the
infrinsic coefficient of A, The same applies to B and the use of
isofbpes, therefore, presents itself as the only means of measuring
intrinsic diffusion coefficients in liquid mixtures, Furthermore,
the conditions required for carrying out experiments of this nature
necessitate the absence of concentration gradients, so that, where
the diffusion is strongly concentration dependent, only cne
measurement is required at each concentration instead of the
cumbersome procedure mentioned in 1,1.8, {p. 18, parograph 2),

In the present instance, labelled materiel contained in a capillary
tube was immersed in an unlabelled mixture of virtually the same
composition and the self-diffusion coefficient was measured in the
normal way. By choosing different co?positions, diffusiéh
coefficients of each coméonent in the systeﬁ could be determined

over the complete range from O to 100 mole per cent. of each,

Lole2e Literature Survey

In recent years, the significence of intrinsic diffusion.
coefficients and the use of isotopes to measure self-diffusion
coefficients of individual constituents in mixtures have been

increasingly apprecilated. The greater proportion of the reported
(30,%40,68, 79~88)

work has been carried out in ionic solutions where

it is possible to evaluate these coefficients at very low

(89) (50)

concentrationses The theories of Nernst , Onsager and Fuoss s
and Onsager( 91.) which are derived for these cbncentrgtions, have
beeh examined and agreement with the experimentally derived values
is good, . Measurements have been made of the self-diffusion |
(32,67, 88, 92-94)

coefficients of both ionic species of a dissolved salt

and in a recent experiment Wang(gs) has, in addition, evaluated the
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18 oo

self-diffusion éoefficien#-of the solvent, Water, using sz
he discusses the effect of the ionic hydration on this, .He found
that in certain cases the coefficient for water was higher than in
the pure state., He has also measured the self-diffusion
coefficient of ovalbumin and of water in aqueous solutions of the

(96)

protein and finds that the coefficient for water is, in this
case, lower than in the pure state, His work is a step forward
in the elucidation of the structure of water in different solutions,

In dealing with organic mixtures'?7™1%) tpe method of

evaluation of diffusion coefficients have mostly been based on

"normal analytical procedures and the results are therefore mutual

diffusion coefficients, Koeller and Drickamer(102) studied the
self-diffusion of labelled carbon disulphide in organic mixtures

under pressure,

Lhele3« Inter-relationship of the Various Diffusion Coefficients

The first appreciation of the distinction between
intrinsic diffusion coefficients and the interdiffusion coefficient
appeafed in studies of diffusion in metals. In 1942 Johnson(105)
measured self-diffusion coefficiénts of gold and of silver in an
alloy containing-50.8.a£omic per cent, éilver using radio~isotopes,
and showed that they were very different. They also differed from
the "chemical diffusion coefficient", i.,e. the inter-diffusion
coefficiént, measured in the usual way over a small concentration
range to avoid effects due to concentration dependence, Some years

(104)

after this excellent experimental study, Darken showed a clear

appreciation of the relationship between the intrinsic coefficient
and the inter-diffusion coefficient in metals and the part played
by mass~flow in the latter, He thus anticipated the paper of
Hartley and Crank(77), and arrived at essentially the same equation
relating the coefficients as they did, This equation has. also been

(105,106,107)

derived more recently by other workers The

-relationship derived by Hartley and Crank may be written in the form
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D, = OVD; + OV, veseseanerans 80
where DV is the mutual or interdiffusion coefficient, DA and DB
are the two intrinsic coefficients, CA and Cy the concentrations
of each component in moles per unit volume and V, and Vg the
respecti&e moler volumes of components A and B in the mixture of

A and B, & defect of Darken's treatment is that he assumed equal

molecular volumes for his two interdiffusing metals and thus arrived

at the equation

DV = NADB + NBD.A ‘e'ssnses0cevas 81

where NA and NB are the mole-fractions of & and of B, respectively.
The assumptiop is quite unnecessary'and equation 80 is therefore
preferable to that proposed by Darken,

According to equation 80, interdiffusion coefficients
éhould always lie between the intrinsic diffusion coefficients;
DA and DB' The data of Johnson do not in fact appear to conform
to this, since the interdiffusion coefficients for his alloy at
various tenperatures were roughly equal tc the sum of the
self~-diffusion coeff1c1ent of silver and of gold. Darken(1o4)
pointed out that, in a non-ideal mixture, the intrinsic diffuéion
coefficient is not identical with the self-diffusion coefficient

and the latter must therefore be distinguished by the symbols

Dz and DB. Tt w1ll be shown in 4. . (pe. 102) that
5 o d 1n ay ) 'Dx d 1n NAfA 8
A7 "A alnC A diIng,

A
where a, is the acfivity, NA the mole fraction and fA the activity
coefficient of A in the mixture. A similar expression holds for

'DB' | .
£ ' -
Since CA , NA + NB = 1 and CA/CB = NA/NB

NAVA + N V

Vg d1n N

AT N V + NBV A
By substitution in equation 80

d 1n NAfA

- B4 ar T #y
DV_ d]ﬂNA (NAB+NBDA) bo-no-aooooo..83

it can be shown that 4 1n C
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d In Npfy

) &In N,F B
d In NB

since acc'ordi-ng to the Duhem relationship(108 FRTSS 4.5

A

Darken shoéwed that, using the values of Wagner and
Engelhm*dt“oS) for activity coefficients of silver and of gold in
an alloy, values of D calculated by equation 83, from Jolmson's
values of Dz and D;, agreed well with the experimental values of Dv-.

In liquids intrinsic diffusion coefficients cammot be |
measured directly, but in metals the extent of mass-flow can be
followed by inert merkers and used to evaluate D Avand DB' | In

(110)

this way Seith and Kottmann obtained D, and Dy for a silver~gold

alloy of the same composition as used by Johnsons. They were able to -
prove that these values were related to DX and Dg by equation 82,
In the present experiments, it can be assumed that

mixtures were nearly ideal, that is f A is unity, whence

- * ' o
Dv.. Al)j]; * NBDA esosbroaincds 84. .

4e2, Experiment

L4e2¢1e General Procedure

Use hes been-made of two of the compounds for which
self~diffusion coefficients have been determiﬁed and found to be
reasonably different, Ethyl iodide and n—butyl.iodide were chosen
as being the most suitable as they have‘coeffiéients of 2,212 and
1347 x 'IO"'5 cm?sec:1, respectively, at 19.3500. The difference
between the coefficients for methyl iodide and n-butyl iodide is
greater but the low boiling point of methyl iodide would have

" complicated the technique unnecessarily. As it was, the
preferenfial evaporation of ethyl iodide from the mixtures caused
difficulty. The iodides were preferred to the bromides since
iodine~131 has the longer half-life and was generally always
available,

Self-diffusion coefficients were measured for the
individual compounds at five different concentrations and values

for the diffusion coefficients of each of the pure compounds into
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the other were obtained, On the whole the experiments were carried
out at 19.3500. but for the 1:1 mole ratio mixture, and puré ethyl
iodide into pure n~butyl iodide, coefficients were measured at three
temperatures so that the energies of activation could be evaluated.
The foilowing viscosities were aiso determined:
(a) viscosity of the equimolar mixtures at 7.35, 19,35 and 30,0°C.,
and, (b) viscosities of two other mixtures at 19,35°C,  The former
enabled comparison of activation energies to be made, and from a
plot of viscosities at 19.3500.,.see figure 17, the viscosity of
any mixéure at this temperature could be estimated and used to
compute values of D; The procedure adopted for these determine~
tions was the same as that detailed in 2.4.2. (pp. 66,67 ).  For
the purposes of calculation it was assumed that the heat of |
solution was negligible and that there was no resultant volume
change on mixing, Densities Wére accordingly calculated on the
basis of the weights and volumes ofvthe compounds which

constituted the mixtures,

Le 242+ Special Precautions

Although the méthod used was tﬂe'séme as was applied for
the measurement of self-diffusion coefficients of the purg compounds,
‘certain added precautions had to be taken to overcome problems
peculiar to measurements in mixtures, These are discussed in detail

in the following sub-sections:

(a) Evaporation losses

Because of the difference in boiling points, 72.3 and
130.4°C, for ethyl and n-butyl iodide, respectively, the loss of
ethyl iodide from a mixture was greater then that of n-butyl iodide.
For each experiment, therefore, fresh mixtures of labelled material
were made ‘up, so as to ensure thét there were no great changes in
concentration from one experiment in a serieé, to éﬁother. In the
making up of a mixture precautions were taken to restrict -

evaporation losses and the n-butyl iodide was always weighed out
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first and the ethyl iodide added to it irrespective of which
compound was labelled,

The evaluation of the initial concentration CO was
complicated by this loss of ethyl iodide as reproducibility could
not be obtained due to the small change in concentration each time
the bottle containing the active sample was opened. | In the case
of labelled ethyl iodide the concentration decreased and for
labelled n~butyl iodide it increased. Solutions for the
determination of the initial concentration were accordingly made
up prior to and immediately after the experimental tubes were
filled and the mean taken of these values, The difference was not
great and over the eight tubes the error should have averaged out
since thosé tubes filled first would have differed from the mean
to the same extent, but in the opposite direction, as those tubes
filled last, Internal errors for each exp;riment were on the
whole fairly smell but in certain cases the reproducibilify'
between experiments was poor with the result that a large number

of experiments had to be carried out.

(b) The effect of density

This effect was only evident in the experiments

- discussed in hele (pe 101), in which pure n-butyl iodide was

diffused ‘into ethyl iodide, The densities for these two compounds
are 146165 and 1.9383 g. per ml., respectively, at 19,35°C, with
the result that when a tube containing nnbﬁtyl iodide was immersed
in ethyl iodide the n-butyl iodide floated into the bulk liquid.

it was therefore necessory to invert the tubes for this experiment
and they were attached to the central stem of the cells with pipe
cleaners and this meant that they were not always vertical, The -
introduction and removal of the full tubes from the cell ligquid
was difficﬁlt as liquid tended to drain out of them particularly

on removals The results were, however, reasonable and as they

‘are. intended only to give an indication. of the type of result to

Be;expected no attempt was made to imprdve the technique.
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(c) Possibility of exchange

The addition of a labelled to another unlabelled compound
gives rise fo the possibility of exchange bétweenvthe labelled
iodine in the one and the unlabelled iodine in the other. If this.
occurs the diffusion coefficient measured is not that of the
originally labelled compound alone but is that of a mixture, The
composition of this mixtuie will depend on the degree to which |
exchange has occurred and might even vary during the course of an
experiment,

Two 1:1 mole ratio mixtures were made up with labelled
ethyl iodide. The one was used for measurement of the
self-diffusion coefficient of ethyl iodide and the other was képt
at 20°C, for five days, Had exchange occurred during this time,
the diffusion coefficient subsequently measured for this material
should have been lower than that dbtained for the first mixture,
sipce the diffusibn coefficient of n~butyl iodide is lowef than
that of ethyl iodide., Any effect that might have been apparent
was, however, masked by the loss of ethyl icdide from the mixture,
In a later experiment in which a trace of n-butyl iodide was
allowed to diffuse in ethyl iodide, two successive runs were
carried out with the same active solution, Because of the low
cbncentration, losses due to evaporation were negligible, The
diffusion coefficient measured in the second run was, if anything,
lower than in the first one whereés if exchange had occurred it
should have been higher, Similar results were obtained when a
trace of ethyl iodide was added to n-butyl iodide, Furthermore,
in experiments carried out on the labelling of halides, in a case
where no solvent was added the efficiency of labelling was faund

to be very poor. This would indicate that in the pure state

- 1little exchange occurs and this would be even less at the lower

temperatures encountered in the diffusion measurements. It is
felt, therefore, ‘that over the period of the experiments and at
the temperatures used.the effect due to exchange can be neglected
as being so limited as to be masked by the inabcuracies inherent

in the method,
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(d) Concentration differences

Diffusion was carried out from a mixture containing one
labelled compound into é mixture of the wunlabelled compounds,
The composition of the two mixtures was as nearly the seme as was
possible but, since the two miitures could not be made up
simultaneously and the proportionate loss from the smaller volumes
of the active mixtures was higher, there must always have been
some slight discrepancy between them. From the results obtained
it was obvious, though, that the effect of these small variations
could be disregarded in establishing the different points since
the dependence on concentration, though marked over the complete
concentration ranée, was limited over small differeﬁces of
concentration, In their experiments Mills and Kehnedy(9h)
investigated the effect of concentration gradients on the
measurement of individual diffusion coefficients and found that
this was only appreciable at the high concentrations wheére the
total change in concentration was relatively large,

| The desirebility of having the concentration of the

bulk mixture equal to that of the labelled one, and the limited
amount of material available, made it necessary to fractionate
the mixtures after every three experiments, Pure compounds were

‘thus repeatedly used to make up fresh mixtures when their activity

had decreased sufficiently.

he3s Results and Discussion

Although the number of independent results: cbtained in
this dinvestigation is limited to eighteen the amount of work
involved in their determination was c0nsiderab1é, perticularly
as most of the results obtained in the first twenty experiments
were carried out under conditions which méde the results suspect;
A great deal of trouble was also encountered with temperature
control of the corstant temperature room, and stirring motors

either ran too hot and vibrated excessiwvely or stopped altogether,
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In all these cases results were suspect and had to be disregarded,
In all some seventy-five experiments were carried out.

The mean values of'the resulté measured at 19,3500. are
listed below together with the self~-diffusion coefficients of the
pure compounds as given in table 19 (p. 7k ), as these are the zero

points for the two series of self-diffusion coefficients,

Table 28: Values of D" for ethyl and n~butyl icdide

in a binary mixture

Crnpd., Moleffraction DEtI x 107 (Cmpd. Mole-fraction -‘Pziul x 102
©of EtI cmsecy of BtI cmlsec |
EtI 1,00 2.212 +..0% |nBul ,L,975 + ? 2,046 + 4019
$7995 + L0001 2,060 + 015 L8012 4 ,0011 1,897 + .016
60l + L0003 1,910 + ,012 6029 + L0021 1,677 % 011
4948 + L0047 1,840 + 019 <AI70 £.0027 1,59 x 010
2500 + ,0006 1,618 5 011 w2460 + ,0018 1,500 + 011
W025 + 7 1,510 + ,013 0,00 12347 + .0075
_____ __,_______________n-___-__h..___-.._g
EtI into pure nBul 1,764 x 013 | rBul into pure BT 1,823 x ,011

It is apparent that the results for the two series are independent of
one another and that they are significantly different over the whole
concentration range. The coefficients for ethyl iodide decrease
towards a value which is higher’than the self-diffusion coefficient of
n-butyl iodide in itself as the mole~fraction of ethyl iodide decreases
from one to zero; +that for n—butyl’iodidé increases to a value less
than that of ethyl iodide in itself as the mole-fraction of n-butyl
ilodide decreases from one to zero. In theif experiments on

(111) determined the

mixtures of water and alcohol, Hammond and Stbkes
limiting values of the interdiffusion coefficient by extrapolation and
found that these differed froﬁ the self-diffusion coefficients of the
two pﬁre compounds in a similar fashion to that found here. The two

values for the self-diffusion coefficients of trace amounts of the

one compound in the other are in fact the limiting values for the
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interdiffusion coefficients as may be mﬁre readily seen from

figure 16 where the values given above are plotted together with
the curve for the interdiffusion coefficients. calculated from
equafion 8y, This interdiffusion curve is‘also dependent on
concentration but to a lesser degree than the self~-diffusion
coefficients, Wang(jjz) measured the self=diffusion of glycine at
low concentratioﬁs of the amino acid in water and his limiting
value is in agfeement with that found by Lyons and Thoma§(113) for
the interdiffusion coefficient, At finite concentration the
interdiffusion coefficients are in this case less than the
self-diffusion coefficients for glycine, According to equation 8k
this is not possible since the self-diffusion coefficient of water
is higher than that of glycine and the interdiffusion coefficient
should lie between them{ The solutions are, however, not ideal,

and Wang has shown that, if this is taken into account by plotting

Dv d 1ln NA / d lnNAfA in place of Dv’ as required by eguation 83,

the resulting values lie above those for Dzlycgne’ as'wquld be
expected; that is the case’is similar to that of the silver-gold
alloy, Darken's discussion of which is mentioned in paragraph 3 on
page 9{. |

In the present work it has not been possible to determine
the interdiffusion coefficients. Those would be obtained most
conveniently by an optical method, but, as the refractive indices
of the two compounds are not very different and the method could
only be applied when the concentration differences were large, it
would be of little value.

The results for éthyl and n-butyl iodide in the 1:1

mole ratio mixture were (1,588 + ,009) x 1072 and (1,336 + ,006)
5

% 107 emsec. at 7.35%, and (2,128 + .018) x 10~ and
-5 2 -4 _ on .

(14856 + ,014) x 1077 cmfsec, at 30,00°C,, respectively. The

viscosity of this mixture at 7.35, 19,35 and 30.00°C. was found

to be 0,8356, 0,7252 and 0.6521 centipoises. From plots of

log D/T versus 1/T and log ¥} versus 1/T, the energies of

activation'have been calculated and are given in table 29 together
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with the velues previously given for the pure compounds in table 21,

(pe 76).

Table 29: Values of By and Ei7

Compound System . ED , | E’?

kcal,/mole kecal,/mole
BtT Pure compound . 1,98 + 10 1e52
nBul " " 2,01 + .09 1495
EtI © Mixture - 1,61 + o11 1,84
nBul " 1.87 + 409 1.8L
EtI Into pure nBul 1,71 + ,08 -

As would be expected from the similarity of the ED values for the
pure compounds there is not an appreciable difference between these
values and those for the mixture though the value for ethyl iodide
is sdmewha‘t lower,  The value of E:q ié also in good agreement
with the ED values and agrees with that for viscoﬁs flow in the
pure n~butyl iodide. As a matter of interest the ED value was
also determined for the diffusion of pure ethyl iodide into pure
n-butyl iodide and this was also in good agreement with the other
values, which indicates that the energy of activation should be
the same over a large concentration range, since the diffusioﬁ
coefficient measured was a mean value over a wide variation in
éonoentration-(see lh_lh); |

In 'the discussion of the values of D»7/T (pp. 25 - 28)
the constancy of these values and their possible variation with
temperature were pointed out. A natural extension to this is that
at a given temperature :|_n a“series of mjxtu;es D*v\?/ T and hence D*‘))
might well be independent of composition, providing that molecular
packiné and spacing do not vary with concentration. Viscosities
were determined at different compositions of an ethyl iodide/n~butyl
iodide mixture and are presented graphically in figure 17, From
this curve and those in figure 16, Dx”') values have been calculated

)

and are given in the following table:
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Table 30: Values of D' for the binary system.

Mblzfﬁg:;tlon I§;1ﬂ7x 107 ' DiBuI'v x~107
4.0 . : 143 1423
0.8 | .32
0.6 . 1333 1,17
Ol | 1,33 117

02 - 1,32 | 1.18
0.0 | 1429 1417

The values for ethyl iodide are reasonably constant but those for

n-butyl iodide are high at the low concentrations of this material,

This deviation is not unexpected since the change in D:Bul with
concentration'is not linear whilst that for n7 is practicaliy

linear,

4oke Interdiffusion between Pure Liquids

As mentioned in 1,1,8. (paragraph 2, p. 18),
concentration dependence is‘an important factor in the measurement
of diffusion coefflclents in llquld mixtures., It is hardly likely

that a dilute solutlon of ethyl jiodide in n-butyl iodide will have

‘the same interdiffusion coefficient as dilute n-butyl iodide in .

~ ethyl 1od1de, 51nce in one the main process is diffusion of a

small molecule in a medium of larger molecules and, in the other,
the reverse is the case. The data recorded in table 28 (p. 98)
and plétted on the following page in:figure 16, gives a true
piéture for this sjstenu It is perhaps noteworfhy.that the
interdiffusion coefficient as depicted‘by the broken line curve,
varies less than the sélfndiffusion-coefficients, but is certainly
not concentration independent.

EBarlier workers have. often been unable to avoid widé
concentration differences because of experiméntal difficulties,
and it therefore seemed desirable,fq include some measureménts-of

this kind. - The extreme éases,;diffusion of pure ‘labelled ethyl
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the nurber of molecules per unit area per second, is

d CA
Flux = <N D ——— cesevesesnnes s 86

The flux is also-equal to VANCA

and hence
dx
D = -V —— esosBovvssesae 87
A A ai1nCy
KT d 1n a,
andlf VA_ AFA - Rl qA d}c PeR®OTRNOLOOGISILIE 88
DA = q w ssoesveseseve 89«
d In CA

This will apply to any component A in a mixture and DA is therefore

the intrinsic diffusion coefficient of A,
Let us now consider a mixture in which component A is

labelled with a small amount of radioactive A, For the labelled

material we can similarly write

- *
d In &
L3 *® A
= asciscmentnen-r3 seevec0ensves O
D, qy KT 7= o . 20,

but since qA}E by its nature is equal to 9, and since the labelled
material 1s only present in trace quantiti‘es we can take aﬁ as

equal to CX and hence

D = qu.T ’ s0sesveseec e 91
‘ d In ap
and from equation 89, D, = DA P

[ B N E N NN NN NN 92

A
which 1s the relationship given in equation 82,

In equation 91 it is dif‘ficult to eva;uate Qe According
to Stokes' law for a sphere q, = 1/6 ®r 7 and it is probable that
in any relationship q, will be inverseiy ‘proportional to the
viscosity of the medium and to a quantity 6y which depends,
according to Stokes(zo) s primarily upon a linear dimensidn of the
diffusing molecule A, _a.n.d to the inter-molecular distance according
to Eyr:i.ng(zz). It is thus legitimate to write q = 1/’707; but in
a mixture, OTA is probably not jndependenf of the composition though

this may be assumed to be so as a first approximation. By



substituting for 9

Dy = K /G coverercsases 93

and, s was shown for the present case in table 30 (p. 101), DX ”r}

is in fact consta.nt.
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SUMMARY

The self-diffusion coefficients of MeI, and Et~, nPr—.
isoPr—-, nBu~-, isaBu~ ana secBu~iodides and bromides were determined

by epplication of the capillary tube method and using iodine=131

and, bromine-82 for labelling the compounds, Viscosities were

measured for those conpounds for which the data in the literature
were insufficient for calcylation of energies of activation,
The diffusion coefficients were of the order of 2 x_'lO'"5

dm.z'sec:1 with activation energies of 2 kcal.,/mole; determined from

piots of log D/T versus 1/T. The temperatures at which coefficients

were measured were 7+35, 19.35 andy}O.OOOC. The activation energies
ﬁeasured agreed with those for viscous flow as is required by‘the
theories of Frenkel and Byring,. It was found that D /T was |
reasoniably constant for each compound as is to be expected from the
relationships derived by these workers and from the Stokes—Einstein

équation, Parameter values calculated from these various

relafionships were, however, in.very7poor agreement with the

expected values; those for the Stokes~Einstein eguation were the

most reasonable,  Further application of $he Frenkel and Eyring'

theories to the experimentel resulss and %0 the results in the
literature, indicate that these $heories are only very approximate,

Self-diffusion coefficients of ethyl and n-butyl iodides

were measured in mixtures of different compositions., These

coefficients differed from one another and were concentration

dependent, Viscosities were also measured at different compositions

of the mixture and D values at a fixed temperature were found to

Activation

s

be reasonably constant for both series of results.
energies for the self~diffusion of #he two compounds at a fixed

composition were in fair agreement with those for the pure compounds

as well as with that for the viscosity of the mixture. The

self-diffusion coefficients were discussed in relation to the

intrinsic and interdiffusion coefficients, On the assumption that

these mixtures are very nearly ideal the self~diffusion coefficients
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were taken to be equal to the infrinsic coefficients and
interdiffusion coefficients were.caiculatedlat different
compositions; These interdiffusion coefficicntc nnfc.foun& to
be concentration dependent but to a lesser.degree than the

self-diffusion coefficients.
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