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ABSTRACT

A novel method of measuring the self-diffusion coefficient of a
peretrant molecule in various polymers was devised. This method
makes use of a permeation experiment, where the radioactively
labelled moleculse exchange with the chemically identical but non-
radicactive molecules through the polymer membrane specimen. The
rate of permeation is measured by the excitation of the non-radio-
active molecules which act as the solvent in a liquid scintillation
mixture, with subsequent excitation and fluorescence of the
dissolved scintillator soclutes. By maintaining the concentrations
of the radioactive and non-radiocactive molecules in the vapour phase at
the same level, a self-diffusion coefficient D* at one precise
penetrant concentration level can be determined.

The diffusion coefficien&s measured were compared to those
obtained from conventional sorption-desorption methods, and the
comparison was discussed in terms of the basic definitions of the
different diffusion coefficients.

The diffusional behaviour in silicoue rubber and S-B-S block
copolymer was discussed mainly with reference to the free volume theory
and the activated zone theory, with particular emphasis on chain
mobility. Dynamic mechanical studies were also obtained in these
polymers and related to the diffusion characteristics through chain
mobility and free volume concepts.

Diffusion in filled systems and the two-phase S-B-5 copolymers was
discussed with the help of mathematical models derived for analogous
electrical conductivity through hetereogeneocus medium, and a certain
order of polystyrene domain distribution was indicated in the latter.
Silica-silicone rubber interaction was considered and some

conclusions were made.
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CHAPTER I

INTRODUCTION

1.1 General.

The diffusion of molecules, both large and small, in high
polymers is a widely studied subject not only because of its
commercial importance, but alsc because of its connection with
the structural study of the polymers themselves,

Industrially the high flexibility and physical toughness
of polymer films have made them ideal materials fo; the packaging
of foodstuffs and 6ther industrial items, suéh as cosmetics,
detergents, etc. However, one important requirement for such
applications is fhat the package should prevent the loss of
volatile constituents from the contents, or prevent the ingress
of gases and vapours, particularly water vapour. In the case
of liquid mixtures, the partial loss of contents by permeation
through the container walls may lead not only to changes in
chemical composition of the contents, but also the collapse
or deformation of the packages themselves. The storage of
foodstuffs in plastic containers may lead to sorption of undes-
irable flavours and odours through the package. Similarly, the
sorption of odours and flavours from the previous contents into
the walls of the container may discourage its use for other
materials., In the manufacture of inflatable items, such as rubber
tyre inner tubes, the permeability to gases of the polymer used
is of obvious importance. The resistance of polymers to chemicals
and water is also vital in such applications as paints, coatings
and electrical insulants. Furthermore, the property of selective
transmission of gases has made it possible to employ a polymer as
part of biclogical system where, for instance, simple gases such

=



as oxygen, are transmitted to the exclusion of larger molecules
like water. By careful selection of the polymers, compounding
ingredients, and processing conditions, it is possible to meet
the practical requirements of physical adaptability and low
permeability. However, some of the means used to achieve this
end have been costly and therefore uneconomical, and it is the
continual aim of industrial research to find a material which
satisfies all the requirements.

The use of fillers in wlymers has been well known to increase
the mechanical durability and elastic properties, and since in most
cases it also reduces the permeability of the polymer to gases (1),
it would seem a reasonable proposition in some applications such
as rubber hoses and plastic containers, The mechanism of filler-
polymer interaction is not a clearly understood subject, as the
filler particles if not entirely "wetted" by the polymer may
provide large surface areas for the absorption of the gas or the
vapour involved. The concept of "bound rubber" (2), where the
filler particles and the rubber form strong, possibly chemical
bonds (3), is especially evident in the case of silica-reinforced
silicone rubber (4), 2nd it is hoped that this work will throw more
light on the matter.

Apart from the technological importance, diffusion of molecules
in polymers can alsc be used to study the behaviou? of the polymer
chains themselves; since the thermal mbtions of polymer chain
segments is one of the controlling influences on the rate by which
a diffusing molecule can translate through the polymer. This is
similar to the molecular theory advanced for the dynamic mechanical
relaxation in polymers, where the displaced polymer chaine after
tﬁé removal of the external stress tend to diffuse back to their
undisturbed equilibrium position by Brownian motion at a rate which

2=



depends on the displacement and the nature of the polymer (5).
When very small diffusant molecules are used, their thermal
motions are rapid compared with those of the polymer chains, their
rate of permetion will therefore depend centirely on the latter.
Molecules comparable in size with the polymer segments inveolved
in thermal motion of the polymer diffuse by more complicated
mechanisms which are dependent on both the diffusant and the
polymer. By using varying sizes of the diffusant, it is therefére
possible to study in some detail the mechanisms involved in

polymer segmental motions.



1.2. Major features of diffusion through polymeric systems.

The permeation of gases and vapours through polymeric systems
can occur by two entirely different processes. In the case of porocus
media, such as paper, fabrics and glass-like substances, the main .
1,

form of transfer is by capillary flow or convective flow. f no

porosity is present, as in homogeneous amorphous polymeric

il on proeet
materials, the transmission mechanism is of-the activated diffusion
;jpef~ifé. a process in which the gas or vapour dissolves inte the
polymer at the inflow surface and diffuses through the polymer
under a concentration gradient.and evaporates from the surface at
the lower concentration., Whereas capillary flow shows a slightly
negative temperature dependence, (due mainly to changes in gas
v1sc051ty), activated diffusion is characterised by a large
positive temperature dependence.:]Also, in capillary flow, the
transmission rate is not dependent upon the nature of the diffusant

etler wllh

molecule, but in the case of activated dlffHSlgg both_ the solubility

Londrent
and diffusivity are hlghly dependent on the nature of%the diffusant
molecule{j In most investigations of diffusion of gases and vapours
in polymers, the polymers are assumed to be structurally homogeneous
and diffusion occurs by an activated mechanism; however,_evidence
has been advanced for the presence of microporous structures in
certain amorphous polymers below or near their glass transition
temperatures, in semi-crystalline polymers above the glass
temperature, and in filled polymers. In these cases it is necessary
to assume a combination of these mechanisms.

In the absence of porosity, khe diffusion of a molecule through
the polymer can be regarded as the movement of the molecule through
the free volumes formed between adjacent polymer molecules by
thermal motion. In elastomers the kinetic motion of the segments
is comparable to that of molecules in a normal liquid, in short-range

—he



respects, and the energy required to form such "holes" is low.
Thus diffusion is a fast process. In other polymers with high
glass transition temperature, such as polystyrene, much higher
energy is required for the formation of free volumes large enough
to accommodate the diffusing molecule, and diffusion is a
relatively much slower process. This is because on approaching
the glass temperature the movements of the polymer segments
become more and more restricted, and more energy is required to
displace the polymer chains, Tt is generally true that raising
the glass transition temperature of a polymer will lead to a

slower diffusion processzj



1.3. The Diffusion of small molecules as a means of evaluating

chain mobility.

In the molecular theories of polymer viscoelasticity (Chapter
2.8), it is assumed that polymer chains, if free to do so, undergo
translational diffusion through their surroundings. This movement
occurs as a result of random translations of sub-chain units
(segments); Co-operation of several neighbouring segments is
necessary for the re-arrangement process to occur. 4 term,
monomeric friction coefficient, may be defined as the force on a
chain monomer unit due to viscous resistance when travelling at
1 co/sec. through its surroundings at rest. Thus nE% is the friction
coefficient governing the motion of the segment of n monomer units.
eb is usually calculated from the viscoelastic relaxation spectrum,
H, or the retardation spectrum, L. (6).

There have been attempts to measure ép from self-diffusion
experiments of the polymer by using radicactively labelled polymers
(7) and spin-echo nuclear magnetic resonance methods {8). But in
these cases the friction coefficient of the entire molecule is
measured.

The use of small molecules (each comparable in size to a re-
arranging segment) in trace amounts as penetrant in a diffusion
experiment may be interpreted more meaningfully. These molecules
diffusing down a concentration gradient may be regarded as pushing
their way individually past the polymer segments. The frictional
resistance they encounter will be closely related to that experienced
by the polymer segments themselves, in their random thermal motions,
(i.e. £0). Under these conditions the friction coefficient of the
penetrant, g, , may be expressed by the relationship (See Chapter 2.8):-

€, = ki/p_ 1.1

-



where % is the diffusion coefficient of the penetrant
extrapolated to zero concentration, and k is the Boftzmann
constant.

The variation of 6%with the size of the penetrant has been
investigated by several workers (9-12). It was found that for
large molecules there was marked dependence, and for smaller
molecules (C4, C5 hydrocarbous) the dependence was less (12).

By comparing the friction coefficient of a penetrant of
suitable size in the polymer medium with the monomeric friction
coefficient (13), the latter may be evaluated from a diffusion
experiment, which is usually quicker and easier to perform than
a viscoelastic experiment.

Foliowing the seme logical argument the activation energy
of viscoelastic relaxation, d‘tt, should also correspond to the
activation energy of diffusion,rd‘4o, of a foreign molecule at
temperatures above the gless transition point, Tg, since the
activated processes involved in both cases can be similarly

interpreted (See Chapter 2.4 and 2.8).



1.4, Present Study.

Silicone rubber and styrene-butadiene-styrene three-block
copolymer are the polymers chosen for study in this work.

The very mobile silicone rubber chain segments make this
polymer highly permeable to gases and vapours (14). The study
of the concentration dependence of the diffusion coefficient
of a penetrant, of a size comparable to that of a polymer segment,
would be interesting because of the possibility that the polymer
chains may be even more mobile than the penetrant. High mobility
of chain segments also means low activation energy for chain
rearrangement, and diffusion and viscoelastic processes in this
polymer should not be too temperétgre-dependent. Also silicone
rubber has bheen known to have special interaction with silica
fillers, with the formation of "bound rubber" as mentioned
previously. The proportion of this "bound' rubber is known to
increase on storage (4). It is hoped that the present study will
explain some of the intriguing behaviour of this polymer,

Three block copolymers, such as the most commonly known
styrene~butadiene-styrene copolymer, are a recent addition to the
list of commercially available polymers. These polymers possess
rubbery properties at normal ambient temperature, but at elevated
temperatures become thermoplastic. Therefore, they require no
vulcanization, and processing operations can be carried out auto-
matically at highly economic speeds.

The requirements of a A-B-A type three block copolymer are
that A is a thermoplastic block-:J;\nut,(with a high Tg value), and
B is an elastomeric block .« IBE A two-phase system is formed,
with the middle-block phase constituting a continucus three-~
dimensional elastomeric network and the dispersed end block phase
serving as multi~junction points for the ends of the middle blocks.

This is diagramatically illustrated in Fig.1. A good balance between
-8-
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processing performance and elastomeric character can be obtained

at a range of selected molecular weights for A and B. It is desirable
to have a discreet thermoplastic phase and a continuous elastic

phase., Considering a styrene-butadiene-styrene (S-B-S) copolymer, the
styrene domains as illustrated in Fig.1. serve both as multiple
cross-links and as filler particles. The diffusion cf ga;es and
vapours in.this polymer has not been well studied up to date by other
workers., It is worth noting that the morphology of the styrene
domains actually vary with the way by which the polymer film is
prepared (15). Casting the film from 'good' and '"bad" solvents

has a considerable infMience on the structure of thesq polymers, and
this should be refi;:fj:'in the diffusion studies.

The design of the experiment in this work enables a self-
diffusion coefficient of the penetrant in the polymer to be measured.
This is clearer in interpretation than, for instance, a normal
permeation experiment where the mutual diffusion coefficient is
measured. A mutual diffusion coefficient involves mass flow as
well as true diffusion (see 2.1), and although it is of great
practical significance (because it enables the actuel amount trans-
ferred to be calculated), it does not describe fully the movement
of the penetrant in the polymer. A self-diffusion ccefficient of
the penetrant in the polymer indicates exactly the frictional

~

resistance it expericnces “n the circumstances.



CHAPTER 2

THEORETICAL

2.1, Definition of diffusion cocefficients.

Diffusion is defined €§ the process by which molecules are
transported from one part of the system to another as a result of
random motions. Fick (16) analysed the diffusion of isotropic
substances by comparing it with the mathematical treatment of heat
conduction earlier derived by Fourier (17). According to this
theory, the rate of transfer of the diffusing substance across
unit area of a2 section is proportional to the concentration
gradient measured normal to the section, i.e.

F=-Dgs 2.1.

where F is the rate of transfer per unit area of

section per second,

¢ is the concentration of the diffusing substance

x is the space coordinate measured normal to the section,

and D i3 called the diffusion coefficient,

The differential form of Egn. 2.7 ean easily be derived as

(18) :~

de | o, e
dt de 2.2

Equgtions 2.1 and 2.2 are popularly known as Fick's first
and second laws of diffusion.
In cases where the diffusion coefficient is itself a function

of concentration, as in many cases of organic vapours in polymers,

de d dc
& " & P& 2.3

For a2 two component system, i.e. a mixture of substances A
and B, the diffusion coefficient relating to the movement of A and
B must be defined with a certain frame of reference. A few important

-10-



definitions of different diffusion coefficients are listed below:-

Volume~fixed reference.

The section across which the rates of transfer of A and B are
measured is so chosen that the total volume on either side of it
remains constant. |

The volume transfer of A and B per unit time across unit area

of the section are, respectively:

v
= DA VA E_EA

d x 2.4

v d C

- ~B
and Db VB T x 2.5
where V, is the nartial specific volume of A

A

VB is the partial specific volume of B

By definition of the frame of reference

v d C v

—A aCy =
D, V, s5h + DBVdeB_O 2.6

Since only A and B are present

C =
VA At VB CB =1 2.7
or differentiating
dac. ac
Sba 2vB _
VA Tt VB T 0 2.8

In order that both Egn. 2.6 and Luyn. 2.7 be satisfied, it must

follow that

v _ v
D, D, 2.9

Thus the behaviour of two components on mixing with no volume
change may be defined by a single diffusion coefficient, referred
to conveniently as the mutual diffusion coefficient and dencted by

AB®

Mass-fixed reference.

By defining the section across which transfer of A and B are
measurcd as one where there is no change in mass on either side of

m
it, we can define a mass-fixed mutual diffusion coefficient DAB in

a similar manner.

-11-



One component-fixed reference.

If a section fixed with respect to one component, say the

polymer component, B, is used, then clearly Dg = 0. Only cone

diffusion coefficient DE is then needed to describe the behaviour.

Relations between DXL ﬁzigand Dz.

The three diffusion coefficients as defined above are related

to each other as follows (19){-

b o 2
D, = D, (Vg Cp) 2.10
where Vg is an arbitrary specific volume of B,
depending on the reference used for its definition.
b v .2
D, = D, (VB CB) 2.11
. I}D v )
1.€4 L= Dﬂ (volume fraction of B) 2.12
. m v V¥V, M2
and D, = D, (Cy/Cy)
v
= Dp (basic total volume/true total

volume)2 2.13

Intrinsic diffusion coefficients.

When the ccmponents 4 and B as discussed above in the volume~
fixed frame of reference are of different mass and size, the rates
of transfer of 4 by random motions may then become greater or less
than that of B, To compensate for this, so that the volumes on
either side of the section are equal, a whole solution of & and B
will flow together in the appropriate direction (20)}. This effect
has been observed in polymer-soclvent systems by Robinsen (21). Since
the polymer molecules diffuse much more slowly in this case than the
solvent molecules, the movement of the polymer me;sured from the
mutual diffusion coefficient is mostly mass-flow. Thus the overall
rate of transfer of either compcnent across a volume-fixed section
is a combination of mass-flow and true diffusion resulting from
random molecular motions., The mutual diffusion coefficient DXB is
~12-



therefore unnecessarily complicated by the presence of this mass-
flow, hence arises the necessity of defining a new coefficient
known as the intrinsic diffusion coefficient. The reference section
is defined as one s; fixed thot no mass flow occurs through it,
and it must move with the mass-flow to maintain this condition.

When the partial velumes of 4 and B are constant, the intrinsiec

diffurion coefficients D, and DB can be related to the mutual diffusion
i

coefficient DEB in a polymer-solvent system by the following

expression (22):-

v
D__fi = Df‘LB/(’]—vficfx)
v
= DAB/(VBCB)
= DEB/(volume fraction of B) 2.1
I_)_B =0 2.15

(if B is sluggish compared to i)

and D, = D:/(Volume fraction of B)3 2.16

It is evident from Egn.2.14 that at low penetrant concentration
the mutunl diffusion coefficient approaches the same value as the
intrinsic diffusion coefficient of the penetrant.

Self-diffusion coefficient.

By using radiocactively lzbelled molecules it is possible to
cbserve the rate of diffusion of one component in a two component
system of uniform chemical composition. This involves the inter-
change of labelled and unlabelled molecules which are otherwise
identiecal and so no mass flow occurs. However, these "self-diffusion
coefficients", although involving no mass flow, are different from
the intrinsic diffusion coefficients if the thermodynamic activity
of component 4 is not equal to its concentration. Johnson (23) has
demonstrated this point cxperimentally for metal systems.

P

L relationship between the intrinsic diffusion coefficient D .,

and the self-diffusion coefficient - denoted by D,* exists as follows:

(24):-
~13-



Dp=D,*d 1nC 2,17
where a, is the thermodynamic activity of component A
and CA is the concentration of component A.
Dﬁ‘ is also related to the thermodynamic mobility, M., by the

expression
* .
DA = RT m 4 2.18
Theref D, = RTm —-——-cd in aa 2.1
ercfore = a ' .19

-4



2.2. Steady state permeation through a plane sheet.

i, thin membrane approximates to an infinite plane sheet across
which diffusion occurs in a linear direction X. After a certain
time a steady state is reached when the concentration remains
constant at all points in the membrane. Fick's "second law™

(Eqn.2.2) then reduces to: (if D is constant)

—— = 0 2.20
dx2

The frame of reference is:-

x=0,t=P,c=c

1

X =1 t:t,c=02 2.21

where 1 is the thickness of the membrane,

i}

01 and 02 are the concentrations of the

penetrant at the two faces respectively,
t is the time.
On integrating Egn. 2.20 with respect tc x, we have

de '
& = constant 2.22

On further integration, and applying the reference frame 2.21,

€-C x 2.23
& =C, "1
Since (Eqn. 2.1) F = -D S
- - dx
e F = D(c1 - CZ)/l 2.24

Thus, if the thickness 1, and the surface coﬁcentrations C1,
C2 are known, D can be clearly deduced from a single observation of
the flow rate, F.

In deriving ¥gn. 2.24% an assumption has been made that D does
not vary with concentration. Thus the concentration varies linearly

with distance from 01 to C, through the sheet. In the case of con-

2

centration dependent diffusion coefficients, as is indeed the case

~15-



in most polymer-organic vapour systems (Chapter 2.4), the simple
value of D deduced from z measurement of the steady state of flow
is some kind of mean value over the range of concentrations

involved. If D is a function of C, Eqn. 2.20 must be replaced by

d dc
Tx Py =0 2+22
Hence
d ¢ :
F = =D -— = constant 2.26
d x

5till holds, as is expected in the steady state.

Integrating Eqn., 2.26 between C, and C

o 1 2
F= = %J -
1 3 DdC = D (C, - C,)/ 1
c
where D = p—ts— lebdc 2.28
12 Y2

and this is the mean value deduced from a measurement of F. It
follows from 2.26 that if D varies with concentration, the concentration
will not vary linearly with distance in the membrane.

The concentration dependence of D can be obtained experimentally
by measuring F for a series of C1 values with C2 fixed at a low value

which may be zeroc, Differentiating the curve relating F and C1 will

show this dependence. If C, = O, a relationship (25)

2 ——
= db
DC=C1 =D+C, , 2.29

can be conveniently used,

Barrer (26) obtained a series of typical steady-state concentration
distribution curves across a membrane by deriving a sclution for Eqn.
2.25, applying the right boundary conditions, and evaluating the flow
rate F (C) at different concentrations, Knowing the concentration
distribution through the membrane, the concentration dependence of D
can be deduced from a single experiment using Eqn. 2.26, since
%g at different concentrations can be measured from the slopes of

the concentration distribution curves,
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The Concept of 'Permeability Constant' or 'Permeability Coefficient'.

In some systems the actual concentrationsc1 and 02 are not known,
but only the vapour or gas pressures 2 and P, on two sides of the
membrane. It is then possible to define a term, P, referred to as
the permeability constant, as the amount of gas or vapour at some
standard temberature and pressure, passing per unit time through unit
area of a membrane of unit thickness, when the pressure difference
across the membrane is of a unit measure (say 1 cm Hg). The rate of

transfer then can be expressed as:

P(p, - p,)
P ol 2
1

If the external vapour pressure is linearly proportional to the

2.30

equilibrium concentration within the membrane, i.e. if Henry's law is
obeyed, then
C = 8Sp 2.31
where £ is the concentration within. the material of the
membrane in equilibrium with an external pressure p,
_ and S is the sélubility.
Substituting Eqn. 2.31 into Eqn. 2.24,

DS (p1 - pa)

F = T 2.32

Combining Eqn. 2.30 and Eqn. 2.32

P = DS 2.33

Thus for a system where the diffusion coefficient does not vary
with concentration, and Henry's linear sorption isotherm is obeyed,
the diffusion céefficient may be determined by measuring the
permeability constant and the solubility. This is known as the steady
state permeation method of obtaining diffusion coefficient.

biffusion coefficients may also be cobtained from the '"time-lag"
method and the "early time" method. (27-30). These methods also
involve permeation through & polymer membrane and are therefore included

here,



The time-lag method:-

From the moment the diffusant is admitted to one side of the
sheet and prior to the establishment of a steady state, both the
rate of flow and concentrat@on at any point of the sheet vary with
time. If the diffusion coefficient is constant, the amount of
diffusant which emerges from the low concentration side of the

membrane, (actually C_ = 0), per unit time, Qt is given by the

2

expression (31):-

Q Dt 1 2 & (-1 Dyt

= = - - - = —5— exp. (—&—)

1C, 1 [ T2 Lr 2 R
2.34

As t =~=3 o0, the steady state is approached, and the
exponential terms become negligibly small, so that the graph of Qt

against t tends to the asymptote

2
Qt=]_)_(_:_‘l_(t-1) _ 2.35
1 tD
which has an intercept, L, on the time (t) axis given by
2
1
L= 5 2.36

Thus the diffusion coefficient can be easily calculated from the
time lag L, i being the thickness of the membrane.

By measuring the time-lag and the steady-state rate of permeation,
or permcation constant, in one experiment, it is possible to obtain
all the three parameters P, D and S by using equations 2.33 and 2.36
(32, 33). This is subjected to the conditions stated earlier of
constant D (with respect to time and concentration) and Henry's linear
sorption isotherm.

The early-time method (27-30).

An alternative expression for the solution of Eqn. 2.34 is

@7 12

2asp 4Dy & 122y
p - 25D [_ 1 _ 2] RS
®: )""mz-;:o exp w5 ) G20+ 1} 2,37.
where S5 is the solubility,
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g% is the rate of increase of pressure in an initially evacuated
vessel of volume V due to vapour leaving one face of a plane sheet
of area A and thickness L. The other face is in contact with a

vapour at pressure Py

When t is small, Eqn. 2.37 approximates to:-

1/2 S
in (t1/213-’§) = 1n [(2_.“".21) (T) }Eﬁ% 2.38

172 8By against 7 should be a straight

Therefore a graph of o
line of slope (-ia/QD) from which the value of D is obtained. Again
this method applies strictly to a constant Di

The attraction of this method lies in the fact that since the
extrapolution is towards t = o, a value ofiQ;?o is obtained.

Thus the diffusion coefficient at zero concentration can be obtained
from one experiment instead of the lengtgyextrapolation to zero

concentration, otherwise needed.

Meares (30) obtained all the parameters involved in the relation-

ship D = Doe 2.39

by first determining Do using the qarly time method and then using
Frisch's equation for time-lag (34, 35) to obtain the term ﬁc, from
whichpmay be deotsrmir-d. The early-time method, though not very
widely practised, is seen as a very flexible znd fast method of
extracting substantial information on diffusion of small molecules
at very low concentrations in a polymer system unperturbed.

An interesting comparison of three diffusion ccefficients
obtained from steady-state permeation, time-lag, and early time for
the same penetrant-polymer system was made by Barrer and Chio {(36).
The three procedures for measuring D refer to different time
intervals. The steady-state measurements give the coefficient
appropriate for *time =% the time-lag method gives a mean value
over a time interval comparing with the time-lag, L. The ecarly time
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procedure gives an average value over a still shorter period.

If the diffusion coefficient is time dependent, the three
coefficients would, therefore, be expected to differ, Barrer

and Chio, however, did not find any significant difference between

these diffusion ceocefficients for n-butane in silicene rubber.
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2.3. Sorption and desorption in a plane sheet.

The steady-state permeation method as described previously
can be very time-consuming, as the diffusion coefficients of some
vapours in polymers can be as low as 1510 cm2 sec-.'1 This perhaps
was the reason for the search of transient methods which would give
rapid results. The kinetic study of the sorption and desorption of
gases and vapours can be made both simple and rapid.

The polymer membrane is maintained initially at a uniform
concentration Co (C0 may be zero). At the start of the experiment,
both sides of the membrane are simultaneously exposed to a vapour
of fixed pressure, at a constant temperature. Assuming that the
surfaces of the polymer exposed to the vapour immediately attain a
concentration value equal to the equilibrium concentration value,

the mass uptake of the vapour by the polymer can be expressed as

(37):-
g 0 "
Mc . 8 1 2_2,,.2]
Mao-‘ 1 1‘,2 HZ—O (EWEDS exp.L—D(Em + 1D t/l J
. 2.40
where M 1is the total amount of the vapour sorbed by the sheet
t

at time t, and M _ is the equilibrium .orption attained theoretically

o

after infinite time.

The same equation holds also for desorption if M%n is the amount

desorbed at infinite time, and M, is the amount lost up to time t.

t

Eqn. 2.40 for short times approximates to

ME 4 (93)1/2

ﬁ:’oz I 'ﬂ" 2.41
Therefore, a plot of Mt against t1/2 is initially limear and

M

D from which D may be calculated.

has a slope of ;3(5) /2
If the "half-time" i.e. the time, t; o, at which Mt/wucf 0.5

is measured, then

D= y1%/64 t ) 2,42

5
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The equations 2,40, 2.41, 2.42 apply to systems where the
diffusion coefficient, D, remains constant with respect to con-
centration and time. In cases where D is a function of concentration,
the value of D obtained from these equations is a mean value over
the concentration range involved.

Prager et al (42:) have shown.that the "integral diffusion
coefficient™, 3, over the range 0 to C, is given to a good
approximation by the average of the values of D obtained from
absorption to, and desorption from, the same equilibrium amount
sorbed, Pbo . Thus,

D=2 (& +5 2,43
where Da is the mean absorption value

Dd is the mean desorption value
A series of sorption and desorption experiments for different

values of M enables D to be determined &8s a function of C1.' D is

related to D by a relationship (see Egn. 2.29).
C=¢c dD
Dc - 01 =D+ C,| dC1 244
Hence D can be evaluated.
C=C’I

Crank and Park (39) have derived a method to determine the
quantitative dependence of diffusion coefficient upon concentration
from sorption data by the use of successive approximations, They

assumed the relationshie:

1 1

Thus if D C1 is plotted against C1. the gradient of the tangent

at a point corresponding to a certain value of C, will give a first

1
approximation of the value of D at that concentration. Using this
first approximation value of D, a theoretical sorption-time curve

can be constructed, and a value of D from the calculated curve is then

obtained according to Egn. 2.42, and compared with the experimental
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value of D. There will be a difference because Eqn. 2.45 is not
exactly correct. Thus a second approximation is carried out by
plotting D C1 (D is now the value obtained from the first approx-
imation) against C1 again, and differentiating. By repeating the
procedure until the value of D from the theoretical curve is almost
equal to the experi@?@tal one, a real D ~ C relationship can be
obtained.

This method is applicable no matter what the D - C relation-

' ship is, but it is tedious and lengthy.

Other methods of determining concentration dependence include
Kokes' (40) method of approximation from Da and Dg over small
concentration ranges; Barfer and Brooks' (41) method of using
successively smaller concentration intervals in a series of
sorption experiments; Prager's (42) step-function approximation;
Fujita and Kishimotos' (43) method of moments, Huang's (&l4)
polynomial approximation; and Crank's (45) weighted-mean
diffusion coefficient approximations.

These methods will not be dealt with in detail here as they
are of no direct bearing to the main work described in this thesis,
where the diffusion ccefficient is obtained from permeation
experiments, Sorption experiments were carried out mainly to
determine the vapour pressure-concentration isotherms.

Summary.
In sections 2.1, 2.2 and 2.3, the definitions of the diffusion

coefficients, and the methods of cobtaining diffusion coefficients

- S
~

from permeation and sorption experiments have been(f B P
discussed, However, it is essential to understand which of the
numerous diffusion coefficients defined in 2.1 are the ones
measured experimentally. The presence of the penetrant in the

polymer causes a change in the position of local volume centre,
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and local mass centre, as well as causing a mass flow of the
solution, These effects give rise, therefore, to differences in
the various diffusion coefficients definzd by different reference
frames.

In a permeatioq experiment where the gas or vapour is allowed
to diffuse from a high concentration to a lower concentration
across the polymer membrane, a mutual diffusion coefficient, with
a fixed-volume reference (if there is no volume change on mixing),
DXB’ is measured.

In an absorption-desorption type of experiment, a polymer
fixed mutual diffusion coefficient is measured.

The diffusion coefficient obtained from the exchange of labglled
and unlabelled molecules in the polymef; as is the case in this work,
is a self-diffusion coefficient, D;, as defined before (Eqn. 2.17).

It is obvious from the relationships (derived in Section 2.1)
between these coefficients, that at zero penetrant concentration,
they should all have the same value, If only limiting behaviour
is required, it is advisable, in experiments of this kind, to keep
the penetrant concentration as low as possible and to extrapolate to

zero concentration.
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2.4, The free-volume theory as applied to solvent diffusion

in polymers.

The dependence of diffusion coefficients of organic solvent in
polymers on concentration has been found to be very pronounced in
many cases (46-51). Many authors have attempted to explain this
phenogenon; early suggestions included explanations of thermo-
dynamic non-ideality in polymer-diluent mixtures (52), and of
immobilization of penetrant molecules in the polymer network (53).
These theories have later been found to be insufficient to account
for the actual data. The zone theories of Barrer (24) and Brandt
(54) which will be discussed, are also not useful in the temperature
range just above the glass transition temperature because of the
rapid variation of activation ensrgy with temperature, and the
consequently large number of degrees of freedom, g, involved in the
calculation (see section 2.5). The free volume approach (49, 51,
55, 56) is a useful quantitative treatment which explains both the
temperature and concentration dependence of D.

The origin of the free wvolume concept was the equation derived
by Doolittle (é;, 58) to explain the dependence of viscosity of
simple liquids on temperature. A liquid is pictured as a2 mixture
of frece volume and occupied volume. Tge iarger the free volume,
the easier it is for molecular motion to occur (59, 60). Simply,
it can be expressed as

72 =A exp. B/ f) 2.46

where A and B are constants independent of temperature, and
f is the fractional free volume which increases with temperature,
?1 is the viscosity.

Williams, Landell, and Ferry (51) have derived, from the
Doolittle concept, a similar expression, (WLF expression), for the
dependence of viscosity of a bulk polymer on temperature.
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With the presence of a diluent, the viscosity of the subsequent
concentrated soclution has been shown to be dependent on the diluent
concentration, if the fractional free volume is assumed to be
proportional to the diluent concentration (62). Further work by
Ferry and Stratton (63), on the dependence of viscosity on pressure
and tensile strain analysed in the free volume concept, indicate that
the polymer segmental mobility (bulk viscosity) depends on the. free
volume in a manner suggested by Doolittle.

Fujita, Kishiméto and Matsumoto (49) considered that the mobility
of the diluent molecules (hence the diffusion coefficient of the
dilpent-polymer system) should also be controlled by the free
volume of the system, and derived an expression for the dependence
of D on concentration.

It is best to begin the derivation of an expression for the
diffusion coefficient in terms of the fractional free volume by
using Cohen and Turnbulla' concept of identioal molecules (64).

A liquid is envisaged as consisting of "hard spheres" where
molecules reside within cages bound by their neighbours. Occasionally
a vold is opened up because of thermai fluctuations to allow a con-
siderable displacement of the molecule., Diffusion occurs as a
result of redistribution of the free volume within the liquid.
The total probability,P(v*) of finding a free volume exceeding a
given volume v* is represented by

P (v*) = exp (~bv*/¥) 2.47

where b is a numerical factor near unity, intrcduced to

correct for overlap of free volume,

and v is the average free volume of one molecule,

i,e, the total free volume divided by the total number

of molecules.
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To apply Eqn. 2.47 to polymer systems the various parameters
need to be re-interpreted. Thus following Fujita (55) v is regarded
as the average free ﬁoiume per unit volume of the system, and
designated by the symbol f; the product bv* is written as ﬁ and
is interpreted as the measure of the hole size.

Then we have, for polyme¥ systems,

P (B) = exp (-B/f) 2,48

Now the mobility of a diluent in the polymer medium should
depend upon the probability of its finding a hole in its neigh-
bourhood large enough to allow its displacement. If the minimum
hole size for a particular diluent displacement is Bd’ then
a = Ad exp (-Bd/f) 2.49

d

where My is the mobility of the diluent molecule,

Ad is a constant depending upon the size and shape
of the diluent.

Ad and Bd' by their definitions, should be independent of
temperature and diluent concentration, thus the mobility of a diluent
is primarily determined by the average fractional free volume of
the system. It is interesting to note that by comparing Eqn.2.49
to Eqn. 2.46; the viscosity (although a simple liquid is referred to
in Eqn. 2.46), an expression for a polymer system can be similarly
derived (65) ) is found to be inversely proportional to the mobility.

The thermodynamnic diffusion coefficient, D (66), of the

th’
diluent is related to’yé molar mobility m, by the expression (67):

where R is the gas constont, and T is the zbsolute temperature
of the system.
Combining equations 2.49 and 2.50, therefore
Dy, = “ﬂ RT exp (-By/f) 2.51
f, the fractional free volume, is dependent on the temperature
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and diluent concentration, and is hence written as f(v1,T), v, being
the volume fraction of the diluent.

Fujita and Kishimoto (65) have established that if the increase
in free volume of the system is proportional to the volume of the
added diluent, then f(¥,T) turns out to be a linear function of v,
given by the eXpression:-

f (v1,T) = f (o0,T) + ﬁa(T) v, 2.52

where fa(T) = ]’(T) - f (o0,T) 2.53

and }((T) is the proportionality factor between the free volume
increase and the volume of added diluent; and f (o,T) is the value
of f at zero diluent concentration.

Substituting Eqn. 2.52 into Eqn. 2.57, we obtain

D, /m) = Bd/Q(T) v, /{E(O,T)]E +/3(T)f(o,'1‘)v‘1g 2.5k.

Note Dth tends to D at zero diluent concentration,

At a fixed temperature, B, ﬁ;(T), £(0,T) are all constants,
. ! oo M.
2 I (B, /D) =Kv, /(K +Kv) 2.55

where KI, K", and K" are constants.

Since v, is small in practice, the term K’"v1 in the

1

denomine tor is negligible compared with K",

e I (D, /DY) = RV, 2.56
K'
i.e. Dth = Dy exp ( K" 1) : 2.57

This represents the concentration dependence of diffusion
coefficient often observed in practice.
Eqn. 2.S54% can also be expressed reciprocally as

. 20D (t0,7)2

= + S— 2.58
1n(Dth/Do) B, Bd'_TT) v,

Experimentally a plot of 1/|:‘In(Dth/DO)J against 1/y, should
give a straight line. From the intercept at ‘l/v1 = 0 and the slope,
respectively, values of f(O,T)/Bd and [f(O,T))E/Bdﬁ(T) can be

-
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obtained. Thus knowing either f£(0,T) or B a from gthér experiments,
all the three parameters may be evaluated. £(0,T) should be
independent of the diluent species.

It should be noted that the thermodynomic diffusion coefficient,
Dth

coefficient Dﬁ as defined in section 2.1. At low concentrations,

y as defined by Egqn, 2.50 is equivalent to the self-diffusion

therefore, D approximates to the intrinsic diffusion coefficient
' th :

DA’ since

= pid
Diy, = .13& ( T35 aA) 2.59
where CA and aA are the concentration and activity of
component A {dilvent) respectively in the polymer-diluent
mixture {See section 2.1)

Temperature dependence.

For amorphous polymers above the glass transition temperature
(61, 68),
£(0,T) = £(0,0) + % (T-To)  2.60
where f(0,T) and £(0,0) are the fractional free volumes at

temperature T and the reference temperature Toj lif is the thermal

expansion coefficient of the free volume 2nd is roughly equal to the
difference between its liquid~like and glass-like thermal expansion
coefficients,

Eqn. 2.51 becomes (writing D for Dth)'

D = A RT exp{-Bd/ (f(o,o) + 0‘%('1‘-'1'0)).} 2.61

at reference temperature To,

1 !
D, = AdRTo expz'-Bd/f(o,o)j 2.62

Assuming AdRT and AdRTO to be almost equal and combining Egn.

2.61 and 2.62, we have >
f(o,0) N £{0,0) (T-To)
(T-T0)/1n(D/Dy) = By%e By 2.63

Therefore (T-To)}/1n(D/Dy) is linearly related to (T-To).
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Since f(o,0), Bd,uﬁf are independent of temperature,

(T-To)/1n(D/D.) = K, + K, (T-To)

T-To
K1 + Kz('l‘ -To)

are constants.

2,64

e 1n(D/QD) =
where K1 and K2

Eqn. 2.64 resembles the WLF equation derived from viscosity
considerations (61), and it has been shown to be experimentally

valid in various diluent-polymer systems (9).

Relation of D, with Tg.

Newns and Park (69) have recently derived an expression linking
Tg with the diffusion coefficient of benzene at zero concentration
in various elastomersz by using the free volume concept. Sub-
stituting Tg for the reference temperature To, Eqn. 2.61 can be

written

D = ART exp{ -By/ [f(o,Tg) + s (T—Tg)]'} 2.55
By
({0, Te) + (T-Tg)]

Rearranging inD = In(AdRT) - 2,66

at a constant temperature T,
°‘f, R and f (0,Tg) are constant,

A, B

a! a4’
therefore,

Tg = C1 + 02 / (03 +log D) 2.67
03 is small in magnitude compared tolegd. TFor polymethyl-

acrylate-benzene system, C, was found to be only 0.53 (70). A

3
linear plot was obtained, using ten different polymers, of Tg against
(C:5 +1log D51, where D is the diffusion coefficient of benzene at zero
concentration. Polyiscbutene did show a rather large deviation and

thkis was explained by the large B, value in this polymer caused by the

d
steric hindrance of the two methyl groups.

It is seen, therefore, that the free volume theory can be
applied successfully to explain the concentration and temperature

dependence of diffusion of organic diluents in polymers, and possibly
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to predict the diffusion coefficient from a knowledge of the glass

transition temperature, or vice versa,
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2.5. The activated zone theory.

This theory is due to Barrer (71«78}, according to which
transport of a molecule in a polymer medium takes place.when
local conditions are favourable, i.e. when the concentration of
thermal energy is sufficient to enable the localized chain
environment to acquire the transition (activated) state necessary
for any rearrangement of molecules.

Suppose the assembly cf hydrocarbon chains in the rubber
contain N1 degrees of freedom (oscillators and restric?ed
rotators require two squared terms each to specify the'vibrat-
ional or rotational degres of freedom).

The chance of an energy :y E being distributed among g degrees

of freedom, is (78):-

;E/RT "ij‘ g1 4 2.68
R TJ (g-1)!

Since there are N1 possible places where the zone centre may
be located, the chance of these g degrees of freedom being
together in a group =(ﬁ%-§ N,

Number of such group#which may be chosen from N1 degrees of

.freedom is El
g

Therefore, Ehe number of these activated groups
=1,
By 67" 1 -E/RT
= N1 L{RT) T——T—-1] 2.69
Since g may vary from 1 to N1, total number of activated

zones = N
“-L/RT N, o

o o e
1 B Y M
Z( gt e

1

2.70

However, the above derived equation tends to give a "clustering"
picture of the process, as it is evident from Egn. 2.70 that only
zones of 1 degree of freedom are present in large numbers. If one

assumes that an average region contains n degrees'of freedom and
~32-



g-1
in Egqn. 2.70 by (%—) , one can then
1
shift the pattern closer to experimentally extrapolated ones

1, 81
then replacing(ﬁ—)
1

where the largest number present are zones ceontaining 10 - 20
degrees of freedom (76).

However, size n <§'N1 the same difficulty remains.

Thus a segmental behaviour of polymer is next assumed where
the rubber is divided into small regions (or guasi-molecules)
whose identity may change, but whose number NE is constant.

Then the number of zones activated becomes:

-E/RT n , E, &1 1
ZN = N e 7‘{'.:.'1 (73 &=y 2,71

The activated quasi-molecules may then undergo internal
reorientation processes. Eqn. 2.71 has the correct form to
explain the experimental data. The terms of the summation lead
to a maximum value for an intermediate value of g. (See Fig.2).
The most likely number of degrees of freedom as indicated by the
peak increases the largerthe activation energy term E/RT. This
suggests firstly that the motion of many polymer segments is
involved in the diffusion process, .nd secondly more degrees
of freedom are excited the higher the activation energy. The
average energy in the chosen g degrees of freedom, represented
by E = gRT, varies with g as shown by the locus of maxima in
Fig.2. 2ones which are '“hotter" than average in total energy
content (E > gRT) and zones which are "colder" than average
(E<€gRT) are both less probable than zones containing average
total energy (E = gRT).

In an activated region, many sets of livbrations of —CH2
units are possible, but only a fraction,cil, may be successful
in producing net transport of a solute molecule in one direction.

The chance of a translation in the x-direction, in the absence
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of external forces, is 1/2. Also, however,;ﬂ may include the
possibility that for a successful translation there must be a
synchronisation with time and direction of sets of lib?}ations.
Such synchronisation is an improbable event and the value of ol
would therefore be reduced This is corrected by multiplying
each summation term by f , where ’o £ 1 but remains to be
determined.

If the mean 1ifetime of the activated state is”rﬁ and the
period of a lib ration is TE, the number of sets of libC}ation

AT

during the period of activation is ——- per zone. The total number
, o
of sets of successiul lib/rations in the activated regions

involving N1 solute molecules is then, {(from Eqn. 2.71),

2 1° - I; RT (g~1)! 2.72

In each second this becomes

g-1
- N _;E/RT X (Ey 1
17 &= T RT (g-1)1

The diffusion coefficient (78) then becomes

N2 2,73

-1
_ . g & 1
2 - i —
p=A BRT >A 22 CFD G 2.7h
g: 1 To
where A_is the average distance moved in the x~-direction

by the solute per unit act of diffusion.

" -
If the mean value of /A is 3 x 10 cm. 7; ~ 10125ec.,
2 -
&4 -E/RT E 1
= L, — —_— .
D 8 x 10" e 22% T ) (3=7) 10 sec
8 2.75

Barrer (71) considered only a few terms in the summation are
likely to meke contributions to D, and without serious errors
a single term in g will suffice.
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A similar expression can be derived for the self-diffusion
coefficient in rubber (71), thus

(BT 2 2 -
R T {(g-1)! cm sec.

2.76

Thus the diffusion coefficient is derived for penetrant-
fubber and rubber-rubber systems from considering the statistical
probability of finding an activated zone involving several seg-
mental motions.

Barrer and Skirrow (77) have fitted experimental values of
Do in the expression

D=D ¢ &/RT 2.77
into Egn. 2.75 and found for hydrocarbons diffusing in rubber the
degrees of freedom vary around 20, increasing with decreasing
temperature.

It is apparent that an appreciable zone of activation is
necessary in order for a unit diffusion to take place. This
view is supported by the large energies and entropies of
activation for diffusion and flow in elastomers observed (71)
as compared with monomeric liquids even when cohesive energy

dengities of polymer and liquid are similar,
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2.6. Brandt's Theory.

Brandt (54) proposed a molecular model for the diffusion
of small molecules in high polymers, and obtained from it an
activation energy term. Although the value of his calculated
activation energy turned out to be too low compared with the
experimentally determincd one, it is nevertheless interesting to
consider his theory in some detail as it gives an insight into
the molecular movements involved in the polymer segments during
diffusion.

Basically Brandt agreed with Barrer's zone theory, but
whereas Barrer assumed one of the summation terms in Eqn.2.75
was large enough so that the others could be neglected without
substantial error {(as mentioned in section 2.5), Brandt considered
this an unwarranted assumption, and actually evaluated Eqn. 2.75
numerically by substituting mathematically derived values for
the parameters involved in the equation.

The assunptions made can be summarised as follows:-

Te The activated state is considered as the case in which two
polymer chains, originally appioximately parallel, have
moved apart to accommeodate the passage of a penetrant
molecule (Fig.3).

2 The activation energy is thought to‘consist of two con-
tributions (& and b):-

(a) An intermolecular term due to the repulsion which
the chains experience from their neighbours on
making room for the peneirant molecule. This
cnergy term can bé taken as the product of the
internal pressure and the volume that has to be
swept out by the chains to allow the penetrant
molecule to pass through.
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(b) An intramolecular term due to the resistance of
the chains themselves to '"bending." It is
assumed that the bending of the chains involves
a partial rotation of chain units out of their
equilibrium position against a hindering
potential of internal rotation.

3. The activated state as shown in Fig.3 is formed by the
partial rotation of each backbone chain unit against the
hindering potential, such that the total torsional strain
is distributed evenly over the whole segment.

b, The number of degrees of freedom in a segment is proportional
to the segmental length.

5. The probability that the g degrees of freedom contained in
a segment will co~operate in a diffusion step is

1 B
Pg =(“E—) 2.78

where m is a term corresponding to the number ot different

directions of motion, and in this case is taken to be two, since

a rotation against a hindering potential may proéeed in only two

different directions (24).

The total energy found with g degrees of freedom in the

activated state can be expressed as:-

E = Ei + Eb + Eth 2.79
where Ei is the intermclecular term 7
Eb is the intramolecular term
Eth is the thermal energy which is not part
of the activation energy but of the total
energy.

Now,

E =P AV 2.80
where Pi is the internal pressure,
AV %is the volume swept out by chains to zccommodate

the penetrant molecule.
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E = v{; | 2.81

where

i

is the length of the segment

Ais the length of one back bone chain bond

measured along the chain axis,

4} is the potential of hindered rotations for an

| angular displacement.
Eth = g RT _ 2.82

Since the nunber of degrees of freedom available to a
segment is proportional tc the length of that chain (assumption
4 above)

g = -2-7% Z | 2.83

where Z is the proportionality factor which represents the

number of degrees of freedom associated with one backbone
chain, Brandt has justifi ably used Z = 1 for most of his
calzulations (79). )

Furthermore, the term AVmay be represented by

AV = -;- ( 6p -‘1’1%/2)2 [SE/( 6p -‘,5%/2)2—1'] %GCN
2.84

where €p is the diameter of tne penetrant molecule

ﬁéis the average diameter of the polymer molecule

?)is the free volume per unit length c¢f the pelymer.

The potentizl of hindered angular rotation
-1

, 1/2
\!J = 9 ";JT’\. 52 [Sa/( 6; - /2)2 - 1] 2.85

Substituting Eqn. 2.83, 2.84, 2.85 into 2.80, 2.81, 2.82,

E=E +5 +

=26 - ‘%/2){ A/22Z (6p c}a’}/zﬂzw €NP
+36¢!z {L%?‘/ZZ(EI) 4>/a))2 }"1
+3R‘I‘ 2.86
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From Egqn, 2.86 it is possible to plot the energy factors
against the numbers of degrees of freedom g. Brandt found that

Ei and Et increased linearly with increasing degrees of freedom,

h
but Eb varied from a high value for small g, to a much diminished
value at higher g's. Consequently E has a distinct minimum value
at an intermediate number of degress of freedom, g min.

By substituting different values of g, and therefore E, into
the right hand side of the Barrer equation (Eqn.2.75), value of

D at a fixed temperature can be cbtained. The activation energy

term can be evoluated from the Arrhenius relationship

D= % EEI/RT

Brandt also preceeded to prove his point that more than one
term in the summation series in Egn. 2.75 give equally large

contributions to the diffusion coefficient, D. He plotted .

- .

E B 4 ] g ~E/RT against the number
log [(RT) -@'_")-’,.; » log (X)® and log e
of degrees of freadom g, and then adding the three terms to give
a sum plot agesinst g, This is shown in Fig.,4. It is evident
from the sum plot that several terms of the series in Egn.2.75
are of nearly the same magnitude.

An interesting observation is made by the author in
comparing Brandt's -nd Barrer's respective plots of

-1

E 8 Y .
log [(-- ) L against g. Barrer assumed constant E/RT

RT {g-1)}
with respect to g, and obtained a maximum as shown previously in
Fig.2. Brandt, however, assumed E/RT to be itself a function of g,
and his plot showed a minimum (Fig.%4). If Barrer's log

g-1
E 1 : i : \ )
[(RT) (5'1)3 against g plot is uséd in Brandt's addition

(Fig.4), a sharp peak in the sum will be observed, thus illustrating

Barrer's assumption that only a few terms in the summation are

significant contributors.
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Another point of arbitration is Brandt's assumption
(Assumption 3 listed above) that the activated state is formed
by the partial rotation of the backbone chain. This mzy be the
case when very small penetrant molecules are involved.  With
larger molecules complete rotational transition may occur, and
the energy required is much higher. This may account for the
lower evaluated activation energy from Brandt's model, compared

to the cxperimental value.



2.7. Theory of Paul and Di Benedetto (80,81).

In their approach the miymer is pictured as consisting of
cell models which contain polymer segments arranged more or less
parallel to each other, i.e. some kind of short range order is
assumed. As the chains fluctuate, due to thermal motions, a
volume is swept out, and the intermolecular forces, or van der
Waals bond encrgies, will be altered. The variation in this
intermolecular energy, which is taken as the average potential
energy of molecular interaction which accompanies a volume change,
is related to the activation cnergy of diffusion. The process of
diffusion of a smail molecule in the polymer may be visualised
as follows. A gas molecule is originally trapped by parallel
bundles of n-centré segments, each centre heing a back-bone
carbon atom. The gas molecule has a collision diameter rg, and
it is undergoing vibration. After some time a unit cell right
next to the trapped gas molecule slowly, with respect to the
vibrationzl motion of the gas molecule, will increase in volume
due to normal thermal motion. Once the unit cell's volume has
increased by enough to accommodazate the gas molecule the latter
can pass through the unit cell. The volume of the unit cell
that will just permit this unit diffusional jump is taken as a
cykinder whose diameter is 'g and whose length is 2nA. (82).
(24 is the distance of the effective carbon-to-carbon bond).

i.e. 5(nv) = j%— rz 2An 2.8%

The amount of excess energy required to produce this volume
fluctuation is the activation energy for the fluctuation. This
activation energy is related to the variation in the average
potential energy of molecular interaction which accompanies a

volume change of 2 n (—‘E— )ré .
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Paul and Di Benedetto assumed that a Lennard-Jones (6-12)

potential function describes the potential energy of interaction t’b

Thus ¢ = ¢ [e-‘f-;-;z -2 (;; 1 2.88

where 8‘ and P‘ are energy and distance parameters, and

PI is the distance apart between centres.
By assuming a picture mode for chain interaction, Fig. 5,
it is clear that

fi?=fo? 4 i® @A 2,89
where I)o is the nearest neighbour distance, andﬁ_ is the
distance between centres.
Substituting BEqn. 2.89 into 2.88, and arbitrarily summing

up for 10 centres on either side of the centre in question, the

total interaction energy
*

o €[ (497 - () o

where C and D are terms lineafin olf’é/aﬁ,
Eventually, ' 8
N AR Y
y : [y [
. ' J
where V* = 27\P 2.92

the activation energy dEd is given by
=% (&) 2.93

where A(#) is the additional energy required to create a void
whose excess volume is 2'/\n (—'1{—) rz s and No is the Avogadro's
number,

The unit cell volume in the activated state Va is related
to the average effective volume (nv) by the equation
*2

Combining equations 2.91, 2.93, and 2,94

LnN g * 11/2 11/2
4z, - 1§ﬁf077(c —() 1—2.32

[(_,5/2 o )5/2| - )00
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By plotting Ed values against (r;)a for each polymer system
for various gases whose ré 2 values have been calculated, and then
superimposing plots of Egn.2.95 with Va substituted from Eqn. 2.94,
and with appropriately substituted values for the other parameters,
the theory may be validated. This has indeed been done by Di
Benedetto and Paul (83) for polyvinyl acetate.

Again the assumptions made in this model approach does not
allow for complete segmental rotation which is necessary for large
diffusing molecules. However this, and Brandt's theory, show that
it is possible to work out zn energy term for diffusion purely by
using molecular models, and applying the right values to.the

parameters involved.
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2.8. Some aspects of viscoelastic behaviour in polymers.

When a polymer molecule is subjected to an external force,
it will assume a new equilibrium state in which segments cccupy
new positions with respect to the centre of gravity of the
molecule; When the stress is removed, the segments diffuse
back to their unstressed positions, (which are positions of
minimum free energy and maximum entropy), with reference t6 the
centre of gravity of the molecule, which in the meantime may have
moved as a result of viscous flow. The ability of the segments
to return to their previous configuration is referred to as the
elastic property. The readiness of the segments to flow past
each other is related to the viscous property. In high polymers,
both these properties are inherent, hence the behaviour is

referred to as viscoelastic.

In the phenogmenclogical description of viscoelasticity
(6, 84~90), which will not be dealt with here in detail,
mathematical models are made which consist of perfectly elastic,
YHockean," springs, and perfectly viscous, "Newtonian'' dashpots,
to represent the combination of elastic and viscous responses
exhibited by polymers. From these models it is possible to work
out values for relaxation and retardation times, which are
respectively, the time taken for the stress in the polymer to
relax to 1/e its initial value when the polymer is held under
constant strain, and the time taken for the strain to "decay" to
an equilibrium value when the polymer is held under constant
stress. The viscoelastic behaviour of a polymer is too complex
to be represented by a single model, and can be described by a
large number of these models either in series or in parallel.
Thus, a generalised model has a distribution of relaxation times,

instead of a single relaxation time.

ol



For a single model under a sinusoidal strain, the stress
is also sinuscidal but lags behind the strain because energy is
dissipated., A sinusoidal strain may be written:

e =e exp (iwt) 2,%

where w is the angular frequency which equals 2 M f (f is
the frequency). The relationship between stress and strain when
the strain is alternating is

F=mG*(w)e 2.97
where F is the force
G* {w) is a complex shear modulus; or complex
rigidity.
G*(w) in turn may be expressed as

e =a'w) + 1@ W 2.98

where G'(w) is the component of shear stress that is in
phase with the strain, divided by the strain, and

G"(w) is the component of shear stress that is 90° out of
phase with the strain, divided by the strain.

G'(w) is a measure of energy storage,

G"(w) is a measure of energy aissipation.

If T is the relaxation time, as defined before, of the single
model (the model used here contains a spring and a dashpot in
series -~ called a Maxwell element), then the real and imaginary
parts of the complex rigidity may be represented as:~
G r2)/(1+wr?) 2.99

GwI) /(1 +wT?)

G'(w)

H

G"(w) 2.100
where G is the spring rigidity.
For a generalized model containing an array of Maxwell

elements in parallel, the corresponding equations are

{1 (G} e ‘Ea) /(1 4+ we B2 ) 2.101

Zi (Gi w?{ Y/ (1 4+ wa 12;2) 2.102
=45~
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vThus the behaviour of the system in static or d&namic
strain experlments may be calculated, once the dlstrlbution
functlons G'(w) and @¢"(w) are known, and conversely, the
p0351bility arises of determlnlng the dlstrlbution function :
from the observed mechan1ca1 behaviour.

This lafler problem is a &ifficﬁlt ooe as it is complicated
by the very wide range of relaxation times which have to be
taken into account when dealing with most polymers. Experiments

are necessary whoge time-scales cover a range comparable with
the relaxation tlmes.‘ Since no 51ngle experimental method is
capable of coverlng the time range of the order of 155 sec to
105 sec, &a combination of methods is required.

In the lonéestwtime rangé (101 - 10° secondsj the study
of creep under static load or stress relaxation at constant
strain has proved most useful, For shorter tlmes methods .
employing alternating stresses or strains are almost 1nvar1ably
used. For very short times'( 15" second) wave propagation
methods and mechanical impedence methods are employed, Ferry (6)
has given an excellent review of all the experimental methods
used in these time scales. In an apparatus used by the author
(87) a dynamic mechanical instrument is employed which measures
the stress response, in-phase and out-of-phase, when a sinuscidal
stress input in the frequency range 103 - 151 cycles per

3 ---‘10'1 seconds), is applied. In all

second, (time range 10
experiments accurate thermostating is essential, as the visco-
elastic behaviour of polymers is strongly dependent on temperature
(see later section)., One of the advantages of methods which make
use of electro-mechanical transducers 1ike the one employed by

the author is that the sample is subjected to only very small

stresses and strains so that the conditions of linear visco-
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elasticity (88), on which are based the stated equations 2,99 -
2.102, are fully satisfied.

Tempnerature dependence of viscoelastic properties,

It is a well known observation that visco-elastic parameters
like G'(w) when plotted against log w and log t separately, show
similar shapes (t is the absolute temperature). They can be
superimposed by shifting them along the log w or log t axis.

This is known as the time-temperature super position principle,
and it can be applied to curves of stress relaxation (89),
creep (90), G'(w) and G"(w) (91,92), as well as the relaxation
time spectra derived therefrom. The superposition principle is
important practically because it enables data obtained at
different temperatures to be translated into those at corres-
ponding frequencies, and vice versa. Therefore if experimental
conditions limit the frequency applicable to a narrow range,
the viscoelastic behavicur can be measured within this frequency
range over several temperatures, and the data converted to a
fixed reference temperature, and combined to give a master
curve (93).

The kinetic theory of rubber clasticity (94) showed that
the modulus of the polymer network at equilibrium was proportional
to the density f’, and the absolute temperature T. Therefore to
convert the complex moduli obtained at T to a reference temperature
To, it is gecessary to apply a 'wvertical shift", i.e. for instance,
G'(t) must be multiplied by a factor -l;—%’- , before the

"Horizontal shift'' of + log.a is added, where & is known as

T T
the shift factor, and is measured by the horizontal distance apart
between the reference temperature curve and the curve at temperature

T,
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William, Landell, and Ferry (61) in their important work
published in 1955 have found that for a variety of polymers,
and also for polymer sclutions and some non-polymeric sub-

stances, a,, can be expressed in the form:-

T .
__=17.44 (1-Tg)
log an = (51.6 + T - Tg) 2-103

where Tg was chosen as the reference Temperature, To,

This equation fits well over the range from Tg to (Tg + ‘100)60.
A physical significance may be given to the numerical

coefficients in Eqn. 2.103 by making use of Doolittle's free

volume equation for viscosity (57, S58) (see section 2.4).

Doolittle's equation may be modified to express aT in the form:-

log dp = m&%ﬁm 2,104

where fg is the fractional free volume at Tg

andl(ag - ué) is the difference between the coefficients
of thermél expansions above and below Tg. Comparison between
Eqn. 2.103 and Eqn. 2.104 gives fg = 0.025 and (di - dé) =
4.8 x 1C-)"+ deg.‘q The latter is close to the observed value
for many polymers, and the former is certainly of the right
order of magnitude, -

A theoretical justification eof the superposition principle
can be shown in Bueche's molecular theoxy of viscoelasticity
(95).

Molecular interpretation.

Earlier theory by Kirkwood (96) assumes 2 molecular model
in which the chain atoms lie on a cubic lattice of James zand
Guth (97), containing n bonds of length b. If there are D
chains per unit cross section area, and an alternating tensile
stress [E%exp (thi] is applied to the terminal planes of
the cubic network, each chain in the direction of stress will
experience a force givaﬁ by:
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F =

3 exp (iwt) 2.105

Brownian motion of the chains allows a strain to develop
in the direction of the stress, It is assumed that this is
accompanied by a contraction of half the longitudinal strain
in chain perpendicular te the.stress.

By postulating a probability distribution of a chain, a
generalized diffusion equation of Brownian motion was derived
(98), and this is

| 25T @ AFREN VD /KT ) = g%

2.106

where Jis tlre probability distributZon function
t is the time
D is the internal rotatory diffusion tensor given
by
D =kT/§ 2.107
where ﬁ is the resistance tensor.
Kirkwood and Fupss (98) derived a rotatory diffusion tensor

S

in Zgn. 2.106. Kirkwood's final expression for the retardation

D., abé?sjbond S, to replace the general diffusion tensor, D,

time is

oM _T/R
L(T) = S?RT (1+I‘/l‘m)2 2,108

where Mc is the molecular weight between Jjunction points,
J is the density
'E; is the retardation time of maximun loss compliance,

In the theory of Rouse (99), a polymer chain is regarded as a
succession of 'submolecules', each long encugh to obey the
Gaussian distribution function for random chain configurations
(94). 1In the presence of a shearing force, the unstressed
equilibrium configuration is disturbed, and the free energy is
increased. Thus by co-ordinated Brownian motion of c¢hain segments,
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the molecules continually drift back towards their most
probable distribution of configuration at a rate proportional
to their displacement from equilibrium . Rouse has obtained
expressions for the complex viscosity of a polymer solution by
calculating the free energy stored in the distorted molecules
aécording to Gaussian distribution of the chains. The shearing
force was considered to vary sinuscidally with time. From his
expressions the relaxation spectrum of the molecules may be
derived. It was assumed by Ferry (100) that for an undiluted
polymer above its Tg, Rouse's Theory might be obeyed over a
useful range of relaxation times. The relaxation and retardation

time spectra can then be expressed as:i-

BEAT) = AN (;32 N 50) 1/21;1/2

TN Z 2.109
1/2
LD -y =", 0
o alr de

o

where ;—5 is the unperturbed mean square displacement
length zf n monomer units,
ao is the monomer friction coefficient which is equal to
the force (in dynes) on a2 chain monomer unit due to the viscous
resistance when travelling at 1 em/sec through its surroundings
at rest. (go is therefore characteristic of the particular
polymer and temperature),
M is the monomeric molecular weight
N is the Avogadro's number,
Over the frequency range where the theory is applicable, a
plot of 1n H (T) against In7 should be linear with a slope of
1

- /é. Brom comparison with experimental curves over this

region, the monomeric friction éfo can be evaluated provided
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P , M, and ;__2 are known. (:TE may be obtained from the intrinsic
viscosity inoa @ solvent). °

The theory of Bueche (95) was formulated directly to apply
to solid polymers. Brownian motion is not as directly applied
as in the case of Rouse. Successive 'submolecules' are directed
in sequence parallel to the x-, y- and z- a2xns of a rectangular
co-ordinate system, thus a force applied in the x-direction
extends only one-third of the submolecules., These extended
submolecules behave like springs with moduli givén by the
Gaussian chain theory, so that Brownian motion within the sub-
molecules is the source of the restoring forces. The whole
molecule is pictured as consisting of masses of submolecules
connected by identical springs. If a force is applied to such
a system, a complicated set of vibrations will be executed by
the springs as the model extends., Bueche then calculates the
chanées in positions of the masses with time when their
vibrational motions are damped by a viscous medium. It is
interesting that his final expression, approximated to short

times (10]) are:-

H(T) = 42 H (T) (Rouse) 2.111
L(T) == L () (Rouse) 2,112

FE

Activated molecular movements.

It is worthwhile to note that in 211 the preceding
expressions for relaxation and retardation time spectra, the
temperature appears only in a minor role in the rubber elasticity
term. Yet the sensitivity of viscoelastic properties to changes
in temperature is one of the striking features of viscoelastic
behaviour, It is fairly apparent that the temperature influence
must be exerted through the frictional constants invoked by all
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the molecular theories.

The monomeric friction coefficient, Eo, as defined under
Egqn. 2.110 can be related to the diffusion coefficient D by
the Einstein expression (102):-
Rt
2o

Bueche (103) has obtained an expression for the diffusion

D=

2.113

coefficient by a direct walk analysis as:=

2.114

where a is the average distance moved by a chain atom in
a single 'jump,’

J is the jump frequency

n is the number of atoms

From Eqn.2.114 and 2.114 therefore,

Eo = < - 2.115
a d

Bueche then proceeded to estimate the average jump frequency
(J) with which a polymer segment moves. This is taken as to be
proportional to the probability of an enthalpy greater than
some minimum activation‘energy being localized on  neighbouring
segments, the co-operation of which is mpecessary for rearrange-
ment to occur., Bueche'é expression for J based on Einstein's
distribution function (102) is difficult to apply directly.

Fox et al (104) by analogy with Eyring's basic equation

{(105):=
J =K%EAG/RT 2.116
obtained Eqn.2.117 below
Y %8 4 H/RT .
ToKE (2 e 2.117

h ‘agRT
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where K is the chance of the activated state passing
forward into "reacted:® state™ rather than back to the "unreacted
state", and this can be taken as 0.5 in the present application.
The term dg expresses the total number of degrees of freedom of
the rearranging zone, as g is the number of co-operating monomers
and 4 is the CP/R per mole of monomer,

Combining Eqn.2115 and 2.117,

AH -~  AH/RT
2h e
go = ;2-12 (m) e 2.118

Bérrer's activated zone theory as described in Section 2.4
can be equally well applied here. Egn. 2.75 describes the
movement of a polymer segment through its surroundings.

It is seen therefore that the activated process in the
diffusion of a foreign molecule, and that of the polymer chains

themselves are very similar and comparable processes.
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2.9. Theory of liquid scintillation counting.

In recent years a method has been developed to detect weak
beta emission from isotopes like 140, or carbon-14, by dissolving
or suspending the radicactive sample in a 'scintiilating' liquid.
This method is known as liquid scintillation counting, and it
eliminates, or greatly reduces, the effects of self-absorption
and window absorption (106). It has been shown to be capable of
high sensitivity and to provide high efficgency for large samples
- in low-level counting (107). In a binary system, i.e. a liquid
scintillator consisting of a fluorescent aromatic solute in a
usually aromatic solvent, the passage of an ionizing particle
through the solution causes ionization and excitation primarily
of the solvent molecules. Subsequently the excitation energy
may be transferred to the solute, the fluorescence of which
represents the scintillation emission of the binary solution.

The emission may be shifted in the wavelength to match the
response curve of the photomultiplier tube (which is the
detector), by the use of a 'secondary' solute. These processes

will now be considered in more detail.

Fluorescence of'aromatic compounds.

When an aromatic molecule absorbs ultraviolet radiation,
its grelectron system is excited from its ground singlet state
S° into one of the excited singlet states S1, 52, S3 ...Sn
(Fig.6), Superimposed on each of the electronic levels are
vibrational sub-levels, but these are not important and are not
considered, There is, however, also a sequence of excited

qr electron triplet states T1, Ty TB"' each lower in energy
than the corresponding singlet state. A singlet state is one
in which all spins are paired and has no net electro’ ! magnetic
moment, atriplet is formed by spin inversion of an excited singlet
state ~ called 'intersystem crossing' - and is aotually a com=-
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bination of three states which differ in orientation of the
magnetic moment with respect to arbitrary chosen reference
axes (108). At higher energies there is also a2 series of
f-clectron excited states.

The excited singlet and triplet states undergo transition
to the ground state S0 by the process of flvorescence,
phosphorescence, and delayed fluorescence., Fluorescence
corresponds to a radiatitve.: transition from S1 to So'
following absorption. The radiative lifetime of S1 is

approximately 10.-8 to 159

second, which is long compared with
the period of molecular vibrations (ca. 15'? sec.) so that the
molecule reaches thermal equilibrium before emission, and the
transition occurs from 510, (the symbol o denotes ground
vibrational level).

Phosphorescence is an emission at longer wavelengths than
fluorescence, which decays exponentially with a much longer
decay time (ca. 154 sec, or longer). This process is due to
the transition of the triplet state T1 to the ground state So'

Alternatively the triplet state 'I‘,| may acgquire sufficient
thermal energy to return to 51, leading to delayed emissions.
The subsequent 51 - S0 luminescence has the same spectrum as
the normal f{lucorescence, but its decay period is increased to
ca. 180 sec, or longer.

The fluorescence quantum efficiency, g, of an aromatic
compound is defined as the ratio of the number of fluorescent
photons emitted to the number of molecules originally excited,
For aromatic sclvents, such as toluene, g is about 0.1, but for

efficient fluorescent solutes used in liquid scintillators,

g approaches unity.



The scintillation process (Fig.7)

The scintillato? solution consists of a main solvent in
which are dissolved a primary solute {scintillator) and in some
cases a secondary solute (wavelength shifter). When ionizing
radiation falls on this solution, the radiation transfers its
energy to the solvent - denoted by X. The concentrations of
the sclutes are sufficiently small and direct excitation can be
neglected. As a result of this energy transfer, the processes
occurring in the molecule of X are:~

(1 Excitation into gr.singlet states,

(2) 41" electron ionization
(3) Excitation of other electron states, and
(&) Icnization of electrons other than 4 electrons.

Process (1) is the cause of main fast scintillation emission.
Recombination of ions as a result of process (2) also leads to
singlet Tf excitations, and on de-excitation this also produces
scintillations. About 12% of the excited molecules are in
excited Yl ~electronic singlet states, the remainder, as in
process (3), dissipate their energy thermally and do not
therefore contribute to the scintillation. Process (4) leads to
temporary or permanent damage. Normally process (1) leads to
excitation into 82 and 53 singlet states, and the first of the
secondary processes is the de-excitation of these states to the
S1 state. This process is known as internal ccnversion, and is
common to all types of organic sc¢intillator systems.

'The solvent excitation, S1X’ does not remain stationary
within the solution., There is thermal diffusion (Brownian
motion) of the solute and solvent molecules, and there is also

excitation migration between the solvent molecules. This
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migration process is due to the successive rapid formation and
dissociation (in about 10'° sec.) of excited dimers (“excimers")
between adjacent excited (51) and unexcited (So) solent
molecules. Due to the diffusion and migration processes, the

solvent excitation S1 moves quickly through the sclution until

X
it comes out into the proximity of a solute molecule ¥. The
latter is chosen to have its lowest excited singlet energy S1Y
below S1X' On close approach of the excited solvent molecule

and Y, the excitation S, , undergoes solvent-solute energy transfer

1X
to Y, where it is rapidly internally converted to S]Y' If“tbe_
molar concentration of Y is sufficiently high, (1—é 31-1), the
energy transfer quantum efficiency is of the order of unity, so
that practically all the excited solvent molecules transfer their
energy to the solute, rather than dissipating it by the competing
processes of solvent internal quenching or solvent fluorescence
(Fig.?7).

If a secondary solute (Z) is added, having an S,, state of

12
energy less than that of Y, this would lead to an extension of
the process as described in Fig.7, with further transfer etc.
between Y and 2, similar to those between X and Y.
Quenching.

Any soluble material, other than the scintillator solvent and
solutes, present in a liquid scintillator may cause a reduction
in the scintillation efficiency. This is due to the interference
of the impurity which competes with either solute Y or Z for the
excitation energy of X, and absorbs this energy but does not give
rise to light emission when de-excited:. Dissolved oxygen is a
quenching agent and does effect considerable pulse height

attenuation (109), It must, therefore, be removed by, for
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instance, degassing under high vacuum.

Apart from impurity quenching, the addition of highly
coloured or opaque materials to the scintillator solution may
be deleterious. These substances absorb some of the
scintillation light flashes before it reaches the photo-
multiplier, therefore reducing the output pulse amplitude.
Secondary solutes can be advantageous in such circumstances by
shifting the spectrum of the scintillation emission to a region
in which the specimen is more transparent.

A similar effect, leading to 2z diminution in the scintillation
signal, is produced by dirt or by condemsation of water vapour
on the specimen vial or the photomultiplier window, and these
should be avoided.

The scintillation signal is detected by a photomultiplier
tube asseﬁbly, the working of which is described in detail in
Chapter 4.4,

Choice of scintillator solution and solutes.

Hayes et al (110) compared the relative scintillation
efficiencies of 49 carefully purified solvents, each containing
3 g1” ! of 2,5-dipheyloxazole (PPO). All but anisole of these
solvents were alkyl benzenes. It is therefore rather
interesting that n~decane, a ssturated hydrocarbon, as used in
this work, was found to exhibit good characteristics as asolvent
with fair efficiency. It is suggested that excitation of non- 7T
bonds must have been responsible for the excited solvent state, and
this is quickly transferred to the solute molecules.

The main compounds which have been used as primary solutes
fz211 into two groups, firstly the oxazole and oxadiazole
derivatives, and secondly the substituted p-oligophenylenes,
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The practical.requirements of a primary solute are good
solubility in the solvent, and high quantum efficiency of
fluorescence.

A szecondary solute does not vary in basic chemical nature
from that of a primary solute, and its inclusion in the scintillator
mixture to iﬁprove the emissicn spectrum has sevéral advantages.
Primarily, it enables more efficient matching of the photo-
multiplier sensitivity curve (Chapter 4.4); it also lowers
the adsorption by the optical system and the walls of the
counting vials. A popular secondary solute is 1,4 bis-phenyl
oxazolyl benzene (POPOP), which has an emission maximum of
4320 AO. This matches quite well with the sensitivity meorimum

of about 4000 A° for most E M I photomultiplier tubes (111).
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CHAPTER 3

PRELIMINARY INVESTIGATICNS INTO INSTRUMENTATICON

AND EXPERIMENTATION

3.1. Existing methods of measurement.

The measurement of organic vapour diffision in polymers
can be broadly classified by three methods:-
(1) Membrane permeation methods;
(2) Sorption and desorption methods;
{3) Radiotracer methods;
although some radiotracer methods may involve (1) and (2).
In the permeation method, the polymer in the form of a
membrane is placed in such a position within the experimental
set up so that the diffusion of the penetrant in the polymer
may be followed by measuring the flux, or amount permeated per
second, through the membrane. The calculation of the diffusion
coefficient, D, from the flux, F, has been given in Chapter 2.2,
In the simplest case,
F=0D £1§— 3.1
where A C is the concentration difference across the
membrane, and 1 is the membrane thickness.
There are many metheds of measuring the flux, ¥. One of
the best known methods is the one used by Barrer (77), where
the flux is measured by the increase in pressure in an initially
evacuated and degassed chamber separated from the solvent vapour
chamber by the polymer membrane. A sensitive Macleod gauge is
used for measuring the pressure increase. Alternatively, a
Bourdon gauge may be used {112). The flux may also be obtained

by condensing the vapour permeated, and then transferring it
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periodically tq vapourise in & known space where the pressure
is then measurcd (113). Most recently Pasternak et al (114)
have devised-and patented a method where the flux is measured
by using a carrier gas which sweeps away the permeated vapour
confinuously, the amount of which is detected by a thermo-~
conductivity cell., Other methods include the use of mass
ﬁbéctrometry (115), chemical analysis (116), radiotracers (117),
and gas chromatography. All these methods require a con-
centration gradient of the penetrant across the polymer
membrane. The concentration is determined separately usually
by the equilibrium uptake of the vapour by the polymer under
steady conditions, in a2 sorption method.

The sorption method is a rapid method of determining
the diffﬁsion coefficients, as during the early stages the
mase uptake of the vapour (Mt) at time t, and the équilibrium
mass uptake (Mo°) are related to the diffusion coefficient
D by the expression (See Eqn.2.41)

M

s . Sy e RNV
T = TGP 3.2

where l is the thickness of the membrane.

The quantitie.: Mt and can be determined by a wide

%m
variety of methods. The use of a sensitive helical quartz
spring from which the plymer is suspended, is probably the most
common {118). The increase in weight is given by the extension
of the spring, which can be measured by using a cathetometer,
_Other methods which have heen used to determine the amount
sorbed or desorbed involve the following:- dielectric measure-
ments (119), tungsten helical spring (120-122), sensitive
stress gauge (123), electrical balance (124,125), measurement
of the volume change of t.e ambient vapour (126), use of radio-
isotopes (118-127), and direct weighing (39, 52).
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The use of radiotrecers in permeation and sorption methods
have already been mentioned (117, 118, 127). In the case of
permeation, the radicactive vapour permeated is transferred by a
current of alcochol vapour to the measuring apparatus. In the
sorption method of Park (127) the polymer is first "saturated"
with a radioactive vepour, and the amount sorbed is determined
by replacing the radioactive with the non-radioactive vapour,
and analysing the vapour periodically by counting with a Geiger
tube.

Another method of employing radiotracers to measure the
diffusion coefficient at a fixed concentration level is the
so-called "composite layer" method (9;10,128-131). In a typical
case a very thin film of radioactive-labelled penetrant saturated
polymer was applicd on top of a thicker film of unlabelled
penetrant saturcted polymer. Assuming that the Fpparticle
absorption follows a logarithmic law, theoretical curves of
log D against I can be censtructed, where I is the observed
activity and D is the diffuéion coefficient. By comparison
of these curves with the experimental ones of log (time)
against log I, valu .s of the diffusion coefficient can be
calculated (9). With soft beta emitters and thick polymer
‘specimens, it is sometimes sufficiently accurate to assume that
the measured activity is directly proportional to the con-

centration of the labelled compound at the surface (132),.
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3.2. Introduction of present method.

The permeation method deseribed in 3.7 has the disadvantage
that a concentration gradient is required. Thus besides the
physical difficulties of membrane distortion due to the pressure
difference, incomplete degassing which may lead to "false"
pressure increases, and other complications involved with
measuring vapour pressure with a delicate instrument like the
Macleod gauge, the value of the diffusion coefficient obtained,
{(which may be concentration dependeﬂt), is the mean diffusion
coefficient over the concentration range involved (see Chapter
2.2).

The sorption methed has the same problem. Aldo if the
diffusion coefficient is large, then the kinetics cannot be
adequately followed,

The “composite layer" method of Moore and Ferry (132)
appears to give a result fbr diffusion coefficient at a fixed
concentration level, However the mathematics involved is
complicated, and not fully justifiable, since the counting
efficiency of the Geiger counter itself may vary as the labelled
molecules move nearer (133). Also the efficiency of a thin
end-window Geiger-Muiler tube when detecting beta-emitters is
very low, and a high margin of errors has been allowed in such
an experiment (129).

Thus a new method has been designed which it is hoped will
provide a simple, precise, and efficient way of measuring the
diffusion coefficient of an organic vapour in polymers. The
method involves the exchange of labelled and unlabelled solvent
molequles through the polymer membrane. Schematically the
method is illustrated in Fig.8. The dark dots represent the
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radicactively labelled molecules, and the white circles
represent the otherwise identical but unlabelled molecules.

In Fig. 8(a) the polymer membrane separates the two types of
molecules in contact with their liquid reservoirs which

control their vapour pressures, i.e. concentrations in the
gaseous phase. These molecules undergo random thermal motions
and after a time t, some mutual exchange through the polymer
will occur, the molecules first @issolving in the polymer then
evaporating. This is shown in Fig. 8(bk). Again by random
motion, as shown in Fig. 8(c), the permeated molecule goes into
solution in the opposite reservoir. Since the motion of molecules
" in the gaseous phase (in the absence of all other gas molecules)
is mary times faster than the motion of the molecules in either
the liquid phase or the polymer, and provided the liquid
reservoirs contain many more moclecules than the ones exchanged,
the rate of increase of, say, the dark mclecules in the non-
labelled reservoir can be taken as the rate of permeation
through the polymer, This rate of increase is measured hy
employing a sclute in the liquid reservoir which becomes
fluorescent when in contact with radioactive molecules {sce
Chaptef 2.9).

The nbn-radioactive molecules act as the solvent in the
liquid scintillation mixture. The whole liquid scintillator
reservoir is enclosed in a completely light-tight compartment
which enaﬁles the photons emitted as a result of fluorescence to
be counted by a photomultiplier-counter assembly.

Since therc is a uniform concentration of the penetrant
molecules throughout the polymer, with a concentrgtion gradient

of the radicactive molecules, the self diffusion coefficient of
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the penetrant molzcules at a precise concentration level can
be evaluated, because the movement of the radicactive molecules
can be followed.

The method involves no pressure difference, no necessity
of employing complicated measuring devices; and it ie rapid
and accurate, The limitation of the present apparatus is the
temperature range practicable (See Chapter &), but this can

be improved with further design.

-65-



%3.3. The Apparatus.

The apparatus is shown diagrammatically in Fig. 9. A
glass diffusion line was used, and the temperatures of the
penetrant reservoir, diffusion cell, and 'collecting' cell
were controlled by different water baths thermostated to
+ 0.,1%.

The radicactive penetrant is placed in the container R
which is joined to the main frame by a cone-and-socket
connection, H

2
of the liquid in R is controlled by the thermostat bath A.

s which is sealed by mercury. The temperature

The diffusion cell D comsists of two flatly ground glass
flanges held together by three threaded bolts and nuts, as
shown in Fig.10. The polymer membrane is placed betwecen the
flanges. The whole cell is immersed in a thermostat bath B.

The liguid scintillator is placed in the collecting
vessel C, which is also connected to the main frame by a conc-and
socket joint H1, sealed by mercury. The temperature is controlled
by circulating water from a thermostat bath through the jacket J.

The exposed parts of the diffusion line are heated by
electro-thermal tapes, to prevent the existence of "cold" areas
where vapours may condense.

The whole diffusion line is separated from the high vacuum
line by twc grease-less taps G1 and G2, which are made of poly
(tetrafluoroethylene) (PTFE) plungers and seals fitted within
glass containers (Jencons).

The 'collecting' vessel C is situated above the photo-
multiplier assembly PM, which in turn is situated within the
lead castle P. The whole of the vessel C is painted black,
s0 that there is no transmission of light to the photomultiplier
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tube from the surroundings. A polyester disc DS is "cemented"
to the vessel C by applying a polyester resin which is then
crosslinked by amines. This disc rests exactly on top of the
lead castle, and black mdhesive tape is wrapped round the
Junction to ensure nc light is penetrated.

The photomultiplier tube (sece Chapter %) is connected
through an emitter follower to the electronic counter E.

The high vacuum line (see Chapter 4) produces a vacuum

3

of 107 mm Hg, and the pressure is measured by a vacuostat

gauge .



3.4. Procedure.

The apparatus is assembled by first pipetting 1 ml of
radicactive penetrant into the vessel R, and 6 ml of scintillator
into €, which are then inserted onto the main frame line. The
polymer membrazne, in the form of a circular disc with a diameter
equal to the outer diameter of the diffusion cell is carefully in-
serted between the flanges in the diffusional cell, and cautiously
clamped. The penetrant and the scintillator are then frozen by
methanol/solid carbon dioxide mixture (-7000), after which the
system is opened to the high vacuum line whereby the air is
removed. The system is then closed to the vacuum line, and the
frozen liquids allowed to melt, when most of the dissolved gases
will vapowrise into the evacuated space. This degassing
procedure is repeated four or five times until no significant
increase in pressure is observed on melting of the solvents:

The three thermostat baths are brought into operation, and
a short time lapse (10 minutes) is allowed for the various
parts of the system to reach thermal equilibrium.

The increase in count rate wivh time is then noted and
plotted to give a linear relationship the slope of which

represents the perweation rate.
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3.5, Polymer specimens and materials.

The polymer used for this part of the work was silicone
rubber (polymethylvinylsiloxane) crosslinked with 2%
"Perkadox" (containing 2,4 Dichlorobenzoyl peroxide in
plasticizer). This rubber was moulded in a press for 7
minutes and 230°F, and the product was in the form of a membrme
of uniform thickness 0.5 mm + 0.62 mm,

The radioactive penetrant was 1 —1QC labelled n-decane
with an activity of 0.3 mCi/mM, diluted to about % x 104
times its original volume with non-active n-decane.

The scintillator was prepared in a similar way as
described in Chapter 4. This consists of 0.5% by weight of
2,5 - diphenyloxazole (PPO) dissolved in redistilled n-decane.
The suitability of this solution as a scintillator was tested
by adding known quantities of active penetrant, as prepared
above, to the scintillator, and measuring the count rate
increase. A linear relationship was observed (Fig.11). The
calibration was repeated with a more universal scintillator
solution containing 0.5% PPO and 0.03% POPOP (1,4 bis-phenyl-

i Yoluere

oxazolyl benzene&. Evidently the n-decane scintillator was Hund
to be less efficient. The reason for this has been explained in
Section 2.9. It is satisfactory to note that there is no self-
quenching which, if present,will be shown by a '"tailing off"
shape in the calibration curve.

The vapour/pressure-temperature relationship of n-decane was
calculated from Marsden's (134) experimental data using the

Clausius~Clapeyron equation

log P = -2336/T + 8.1228 3.3
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where P is the vapour pressure in mm. of Hg
and T is the absoclute temperature.

The relationship is shown graphically in Fig.12.



1O
VAPOUR
PRESSURE
C MMHg?
5
@
O I { . Jj
20 . 30 40 50 60
TEMPERATURE (€°C) |
FIG. |2

line - calculated curve

® -Marsden's experimental
points (134)



3.6, Counter Characteristics,

The presence of noise in electronic circuits is always a
sour¢e of interference and error in taking measurements. The
detailed construction and working of the photomultiplier tube
and the counter is given in Chapter %, and will not be repeated
here, I£ is sufficient to give a summary of the process of
"detecting photons being liberated in the liquid scintillator
solution due to radicactivity.

Each radicactive disintegration will result in outgoing
" photons which, after striking the cathode in the photomuitiplier
tube, will be accelerated downwards through a series of dynodes
to produce an electron current of certain strength. This
electron current is then sent to the counter by an emitter
follower in the form of an electronic pulse signal. The pulse
height will be proportional to the number of photons which hit
the cathode, and the voltage applied across the photomultiplier.
' The number of counts per second measured will be proportional to
the number of disintegrations per second, i.e. the strength of
the radicactivity. Noise in the electronics will give rise to
pulses which may also be registered in the counter., But since
these noise pulses usually have smaller pulse heights than the
corresponding pulse heights due to radioactive disintegrations,
they may be eliminated by using 2 discriminator or screen device
which eliminates pulses below a certain set magnitude. The
optimum high tension voitage (H.T.V.) and the discriminator bias
setting (D.V.) may be determined as follows:

The efficiency of count (given by the ratio of counts per
second measured to the actual no. of disintegrations per second)
is plotted against increasing H.T.V. (Note that the source count
is obtained by substracting the background count from the total
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count observed), This will assume the shape shown in Fig{13).
where a plateau region is reached after sufficiently high
voltage is reached., The final H,T.V. chosen must lie within
this region for two reasons:-

(1) The plateau region indicates that all pulses

due to radiocactive disintegrations are detected;

(2) A fluctuation in the H.T.V. will not cause any

great change in the count rate measured.

The discriminator bias voltage is introduced, at a fixed
H.T.V., and the source and background counts are measured with
increasing discriminator voltage. The introduction of the
discriminetor bias veltage will not only eliminate most of the
nqise pulses, but it will also prevent some of the smaller
source pulses from being detected. Thus the efficien¢y of
count may be lowered with increasing discriminator voltage.
From a plot of background count against discriminator setting,
a value of.D.V. is selected which eliminates most background
noise (Fig.14).

The optimuﬁ H.T.V. is then selected using this discriminator
setting,,by plottinc (source count)a/(Background) against
increasing H.T.V. (Fig.15). A peak is shown, the position of

which gives the optimum H.T.V.
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3.7 External factors affecting the photomultiplier tube signal.

The noise pulses inherent in the photomultiplier tube are not
constant but vary with temperature primarily. If the collecting
veasel C in Fig. 9 is in physical contact with the top of the
photomultipliér tube, (as was originally the case to improve
Optical transmission), any variation in the temperature of the
circulating water in the jacket J will have a deastic effect on
the noise pulse level measured. This is illuétrated in Fig.16.

To minimise heat transfer from the temperature jacket to the
photomultiplier tube, an air gap is introduced. This reduces
the number of photons reaching the cathode and so lowers the
efficiency of count in the presence of a discriminator. The loss
in efficicncy with the bottom of the scintillator cell approximately
1,5 mm. away from the cathode face was found to be about 20% of
the original efficiency. This is a necessary sacrifice. Although
the conduction of heat through zir is poor, a stream of cooled
air was circulated in the space between the collecting vessel and
the photomultiplier tube to ensure constant low noise level,

This was done by drilling two holes through the polyester disk
(DS in Fig. 9) and inserting two darkened rubber tubgs, ., which
acted as inlet and cutlet of the cooled, dried air respectively.
A compressed mitrogen gas cylinder may be used, and it may be
cooled by passing through a methanol/carbon dioxide cold trap.

The usé of nitrogen has another advantage. It flushes out
the atmospheric air within the lead castle, so that condensation
of water vapour on the collecting cell and photomultiplier tube
is not a problem. Water condensation, otherwise a likely
occurrence especially on freezing the scintillator, not only

causes a "colour quenching' effect (see $.9), i.e. poor photo
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tranemission, but it may also cause short contacts in the
electronic circuits within the assembly.

The exposure of the photomultiplier tube to any light
"leaks" will not only cause a sudden and large increase in
the count rate, but it will also damage the instrument.
Thus it is very important that the whole system on the

collecting cell side must be perfectly light-tight.
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3.8. lLimitations and errors of the method.

The long and winding path which the penetrant molecules
have to travel from the sclvent reservoir to the collecting
cell makes it difficult to assume that the time taken for this
gaseous diffusion is so short compared to the diffusion in the
polymer as to be insignificant, especially if the vacuum is not
sufficiently high. Thus the count rate increase will measure
the combined permeation of the molecules through the polymer and
through the gas. In the case of mass flow where the collecting
cell is kept at a lower temperature than that of the solvent
reservoir, the flow of the molecules in the gasecus state will
be very much faster due to & "distillation" type of behaviour,
and the rate of permeation measured will correspond to the
permeation rate in the polymer. But since this involves a con-
centration gradient of penetrant across the polymer, one of the
basic aims of the exPerimént iz not satisfied, and a new
experimental design is required.

Also in this method it was a tedious process to assemble and
¢lean the diffusion line. The greaseless taps used which
employed PTFE plungers and screw threads were rather fragile
and were found to distort out of alignment after a periocd of
use, The glass apparatus makes it especially wulnerable to
light penetration into the photomultiplier compartment, as light
can be reflected from the inside walls of the diffusion line which
is painted black. The diffusion cell, too, needs improvement, as
no provision was made to fix the polymer in position, and hard
clamping of the polymer may dc physical damage tc the polymer

around the edges.
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A new permeatiocn appertus was designed and is described
in the next chapter. This apparatus is made from metal, which
eliminates the light leak problem. It is geometrically compact
and easy to assemble, and is fixed in position with respect to
the photomuitiplier tube. The diffusion path of the gas
molecules is short, wide and straight, and the permeation
rate measured is the permeation rate through the polymer.

Metal greaseless high vacuum taps were used, which are not
physically distortable. A metal grid support was inserted to

prevent the polymer sagging; should there be any swelling.



CHAPTER 4

EXPERIMENTAL

4,1. Construction of the permeation cell.

The cross-section view of the assembled apparatus (to
scale) is shown in Fig.17. The top section of the cell
consists of two brass components which have been hollowed and
shaped from solid brass cylinders on a lathe. These components
(the light and heavy right-slanting shaded parts in Fig.17)
were joined together by 'sweat' soldering.

The bottom secticon was similarly machined from a solid
brass cylinder. In addition holes were drilled through the
sides for vacuum, water, and nitrogen inlets, This main
section was joined to the metal part of a glass-to-metal seal,
MG, by soldering. The glass part of the seal was in fact
fused on to a flat glass plate to form the bottom '"'window" of
the scintilliator cell, L.

The top and bottom sections are assembled by the metal
collar, R. Four diagonally placed screws, A, can be tightened
into the main bottom block, thus clamping the polymer specimen,
P, which has been placed in position. A metal grid, G, is
placed beneath the polymer, and this serves two purposes.

It defines the exact area across which transfer occurs, and it
keeps the polymer horizontal, i.e, prevents any '"sagging."

The whole apparatus is connected to the high vacuum line
via two metal high vacuum stopcocks GT1 and GT2 (Hoke 4111M2B),
1/16" copper pipings were used as the connectors, and joints
were made by soft-scldering.

Three copper~constantan thermocouples T1, T2, and T3
were placed respectively in the positions shown in Fig.17. ™
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was inserted in the centre of a screw, X, (This was done by
carefully drilling a hole down the middle of the screw without
thorough penetration, and placing T1 in this hole). X is
removed when filling or emptying the solvent reservoir S.

T2 was placed in a 1little groove by the side of the polymer
specimen as shown., T3 was attached to the side of the
scintiliation cell L,

Thin walled copper pipings (J) were used to control the
temperatures of the solvent reservoir and the scintillation
cell. These pipings were coiled round the respective parts
of the system, and good thermal contact made by poly (dimethyl
siloxane) applied in benzene solution and cross-linked in situ
with benzoyl peroxide, using a hot-air blower.

The solvent reservoir was then further thermally insulated
from the surroundings by a covering of asbestos "paste." This
is shown in the photograph in Fig.18.

The coiled piping around the scintillation cell was con-
nected to the "inlets'" drilled through the main brass block,
by two sllicone rubber tubes, as illustrated in Fig.19.

In addition, two other holes were drilled through the main
bottom section to accommodate two copper tubes. One was used
as inlet for the dried and cooled nitrogen gas (its use is
explained in a later section), the other served both as an outlet
for this gas, and as an insert for the third thermocouple, T3.
Also a passage was drilled horizontally to connect the bottom
compartment of the cell to the high vacuum line through the
metal stopcock TC2.

The middle part of the assembly is heated electriqally

by the element H as shown in Fig. 17. Theelement was made by
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wrapping 'nichrome' heating wire vertically round a.former, and
then insulating it with asbestos paper paste. The former was
made of a thin nickel strip bent into a circle, and insulated
again by asbestos paper paste. The resistance of the wire was
approximately 33 cohms, and the- input was controlled by a
transformer variac, which stepped down the mains voltage to about
70 volts for maximum heating. This corresponds to a maximum
power input of 140 watts.
A separate glectrical cord was wraﬁped round the top of
the bottom brass block to ensure the temperature of the inter-
mediate parts of the system did not fall below that of the top
or bottom reservoir, otherwise condensation problems might occur.
The whole apparatus when assembled is situated in an exact
position relative to the lead castle and the photomultiplier tube
as shown in Fig.17, and Fig. 18. By wrapping some dark rubber bands
flat round the brass support, the cell is held firmly in place
with a light tight seal between the cell and the lead castle.
A small gap is left between the bottom of the scintillation cell
L, and the top of the photomultipiier tube PM (Fig.17). This
is constant, and is of the order of 1-2 mm; its intrcduction
to prevent thermal conduction to the photomultiplier tube has

already been mentioned previously (Chapter 3.7).
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4,2, Temperature control.

Ideally the temperatures of the three main parts of the
system, i.e. the active reservoir, the polymer specimen, and
the liquid scintillator reservoir, shcould be independently
adjustable., This, experimentally, is difficult to achieve because
of heat conduction through the metal sides of fhe apparatus
itself. The liquid scintillator cell is the easiest to control,
as this is glass insulated, and it is possible to adjust the
temperature of this part to any convenient value without
affecting the rest of the system. In practice the top reservoir
needs to be 'coecled' to maintain it at a temperature near to the
temperature of the scintillator. The higher the polymer
temperature, the greater the need for cooling, because the
electrical heating element is situated adjacent to it.

The difference in temperature between the centre of the
polymer membrane and the edge of the specimen (where in
practice the thermocouple T 2 in Fig.17 is located) was tested
by attaching thermccouples to these places and performing a
"dummy' run. It was found that after an equilibrium state
had been reached, the difference was only about 1%c.

Thermocouples were alsc attached to the areas near the
glass-to-metal seal MS in Fig.1?7, in a "dummy" run to ensure
that no 'cold' spots existed (i.e. colder than the solvent or
scintillator reservoirs), which might cause condemsation of
the vapours.

The time taken for the polymer to reach the equilibrium
temperature after the application of heat was also noted. This
was found to vary between 10 and 30 minutes, depending on the

temperature, which is well within manoeuverable limits.
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The temperature of the photomultiplier tubs is kept cool
by a continuous stream of cooled, dry nitrogen which is
applied from one of the inlets. The variation of photo-
multiplier noise level with temperature was discussed

previously (see Fig. 16.).
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4,3. High vacuum technigques.

The high vacuum line used employs a straightforward mercury
diffusion pump followed by a rotary backing pump. The pressure
is measured by a vacuostat gauge which is sensitive to 153mm.
of mercury. The line is illustrated in Fig.20.

High vacuum silicone grease was used for all the glass
stop cocks, (but not inside the diffusion apparatus).
Regreasing of the astopcocks and re-oiling of the rotary pump
were carried out from time to time. The vacuum produéed was £

163 mm Hg.

The high vacuum line is connected to the diffusion cell
by two thick-walled rubber tubes:. The whole cell was tested
intensively for vacuum-tightness by evécuating‘to 163 mm,
leaving for a period of time (1-24 hours), and measuring the
increase in pressure. When a leak was suspected, the whole
cell was pressurised with compressed nitrogen and placed under
water, and carefully observed for the escape of any tiny
bubbles. It was found that the worst location for leaks (in
fact the only one in the present system) was the soft solder
interface in the top éection of the cell. This was readily
resoldered. Presently no appreéiable increase in pressure

was observed after 10 hours.
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4.4, Photomultiplier tube and counting equipment.

The scintilation counter consists of the scintillator cell,
photomultiplier tube and emitter follower, high tension voltage
(H.T.V.) suppy, discriminator bias device, a timef and scaler
detection unit, and a chart recorder. It is represented
schematically in Fig.z21.

The photomultiplier tube (E.M,I., type 60975) used has a
"venetian-blind" structure where the dynodes (D), are arranged
-in rows as shown. The cathode (C) is made of a semi-conducting
compound, in this case a caesium-antimony compound, which has
good photoemissive properties. IPhotoelectrons impinging on the
first dynode produce a number of secondary electrons which are
accelerated onto the next dynode of the multiplier, where they
in turn produce secondaries: The overall multiplication factor
of the photomultiplier tube, or gain, is dependent on the number
of dynodes and on the applied potential. The counter therefore
operates as a spectrometer in which the anode current is
proportional to the energy dissipated in each "scintillation."
Although the pulse size of this anode current signal may ke
affected by geometry and other factors, the number of pulses will
be equal to the number of scintillaticns ceccuring in the
scintillator, provided that at least one photon for each
emission is observed by the photomultiplier tube.

High gain and low dark current are two important require-
ments of a photomultiplier tube. (Dark current is the measure
of electrons emitted from the cathode even in complete darkness
due to thermionic emission, etc.) The photomultiplier tube
used also has a maximum quantum efficiency at approximately

3700 Ao, which corresponds very well with the flucrescence quantum
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emission maximum of 3650o shown by the scintillator solute
2-5-Diphenyloxazole (PPO). For more details on photomultiplier
tube designs and theories, an excellent series of documents
published by E.M.I. is referred (135-137).

The signal from the photomultiplier tube is sent to the
counter U via an emitter follower E, A chart recorder R is
used for registeriiing automatically the increase of activity
with time.

All experiments were carried out at a H.T. voltage of
1030 volts, and a discriminator voltage of 8 milli-volts:
The choice of these values was based on the investigations

performed in Chapter 3.
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4.5. Materials.

(a) Chemicals.

1-C-14 labelled n-decane (Radiochemical centre, Amersham)
of 3 mCi/mM activity was used. The amount purchased was
equivalent to 0.1 mCi (0,005 ml approximatelys, and it was
delivered in a sealed glass tube. This was frozen in ligquid
nitrogen before it was broken open and dilutea with 2 ml, of
distilled A,R. n~decane. 0.1 ml of this solution was further
diluted with 20 ml of n-~decazne, and this was used as the
diffusant,

Since the Curie (Ci) is defined as tae quantity of any
radioactive material in which 3.7 x 1010 disintegrations occur
per second, 1 ml of the above solution, which is approximately
the amount used in each run, would correspond to 9.2 x 103
disintegrations per second.

The actual count rate of 1 ml of n~decane diffusant
calibrated in situ, at 1030 volts high tension supply and 8 mV
discriminator setting, was 126) counts per sccond (C.P.S.)

See Fig.23.’

Thus the absolute counting efficiency of the system waa.
found to be about 14%,

The efficiency was lowered by many factors, a few of
which are listed as follows:-

(1) The use of a discriminator veoltage to reduce

background noise leads to loss in efficiency.

(2) The presence of a small air gap between the
photocathode and the scintillator cell also
reduces the efficiency of ?ransmission of
the photons.
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(3) The chemical nature of the solvent itself
(n-decane) may lead to low solvent-solute
transfer of excitation (see Chapter 2.9).

However the 14% efficiency was found to be sufficient
experimentally for the necessary measurements to be taken.

The scintillator consists of non-actives, redistilled
n-decane (British Drug Houses) as the solvent containing 0.5%
by weight of 2,5-diphenyloxazole (PPQO) as the primary solute.
PPO has a fluorescence quantum emission maximum at 3650°A, and
this matches well with the maximum sensitivity of the photo-~
multiplier tube used at 3700°A (See Chaper 4%.4)., Thus, there
is no need for a2 secondary solute {(wavelength shifter). 1In
any case the secondary solute 1,4 bis~phenyloxazolyl benzene

(POPOP) was found to be insoluble in n-decane.

(b) Polymer Specimeng.

The silicone rubber used, I.C.I. low shrinkage grade, is
poly (dimethyl siloxane), ¢ Si (CHB)E-O}n, with about 0.5
mole ofo vinyl substituted side groups introduced to promote
cross-~linking,

The cross-linking agent used is 2,4%-dichlorobenzoyl
peroxide dissolved in equivalent amount of silicone oil
{("Perkadox" ~50). 2% of Perkadox -5 is the amount used to
vulcanize the rubber. The rubber was press moulded at 230°F
for 7 minutes, and the membranes were in the form of moulded
sheets 0.5 mm thick, uniform within + 0.02 mm.

The filled samples were prepared by compounding the rubber
with fine silica fillerﬂ("Aerosil 2491") in 5 parts per

by fwei gkt
hundred parts of rubberA(5 phr), 10 phr, 20 phr, and 30 phr

amounts. These samples were similarly vulcanized as above.
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The characters of the silicone rubber (E303) used are

summarised in Table 4.1 below:

TABLE 4.1
Moleculsr weight (Mv) 800,000
Density . - 0.98 g1

Percentage vinyl struatures :(&pprox.) 0.5 mole %

These moulded samples of silicone rubber were extracted of
21l low molecular weight impurities by boiling acetone in a
Soxhlet apparatus for 6-7 hours. They were then dried in a
warm oven (40°C)before use.

The styrene-butadine-styrene (S-B-S5) block copolymer used
is a cémmercial polymer marketed by the Shell Chemical Company
under the name KRATON o1,

The properties of this polymer are given in Table 4.2:

TABLE 4.2
Density 0.94 gml™)
Weight of styrene 28%
ﬁn 78,000
Diene microstructure {(138)
Cis - 1,4 by
Trans - 1,4 51%
1,2 (vinyl) 8%

The number-average molecular weight (ﬁn) was determined
with a HewJéttParkard 202 high speed membrane osmometer,

using toluene as solvent, at 25°C.
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The weight fraction of styrene was determined using

Kolthoff's method (139).

Cast Samples.

Films of uniform thickness were cast from toluene and
methylene chloride, The polymer was weighed and dissolved in
the solvent. The concentration of the solution was about
10%. After the polymer was dissolved, the homogeneous
solution was poured onto clean mercury contained in a
erystallizing dish.

The solvent was allcowed to evaporate slowly at room
temperature and atmospheric pressure. Complete evaporation
of solvent took about a week, The films after being removed
from the mercury were air dried for at least 10 days before

being used.
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L,6. Procedure of Measurement.

4.6.1. Assembly,

The permeation cell is thoroughly cleaned by soaking in
3

acetone and then evacuated to 10”7 mm Hg. 6 ml of the prepared
liquid scintillator is transferred to the bottom cell. The
polymer Specimen, which is cut out to size, is placed on top
of the lower flange and accurately aligned. The top half of
the cell is then carefully lowered on to the bottom half with
the thermocouple T 2 (Fig.17) in position. The four clamping
screws and the collar (R} are then slowly tightened. The top
ccll is then charged with about 1.5 ml cof active n-decane
sclution by using a long drawn glass pipette through the

screw hole, X in Fig.1?7. The screw is then replaced, and
tightened onto a soft lead washer in between the bottom of the
screw head and the cell, to ensure a vacuum seal. The cell is now
assembled,

L.6.2. Degassing.

To degas the polymer, scintillator, and diffusant, the
liquids involved must be frozen before the application of high
vacuum, This is done by employing & selid COZ/methanol mixture,
which is pumped through the temperature jackets round the top
and bottom reserveoirs by a peristaltic pump via silicone
rubber tubing. Since the freezing point of n~decane is —2900,
it is sufficient to pump the methdnol mixture at a temperature of
-50°C in the vacuum flask. The viscosity of the methanol
inereases rapidly with decreasing temperature, and at -720 it
becomes a slurry. The speed at which the mixture can be
punped through the system, the;efore, decreases at such low
temperatures, the maximum cooling efficiency being achieved at
around --5000 .
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To prevent condensation of water vapour from the air on
and around the photomultiplier tube, which could interfere
with the electronics and optical properties, a continuous
stream of cooled drynitrogen from a compressea oxygen-~free
nitrogen cylinder is applied to the chamber to flush out
atmospheric air. The coolant is thus circulated until the
thermocouples T I and T 3 (Fig.17) register temperatures
lower than the freezing point of n-decane. The high vacuum
line is then slowly opened to both compartments of the cell,
care being taken not to cause either the rupture of the
membrane due to yneven pressure, or spilling of the active
decane from the top reservoir due to a sudden upward motion
of the air originally above it. The pressure is reduced to
about 0.5 mm of Hg for the first evacuation. The cell is then
isolated from the high vacuum line and the n-decane allowed to
warm up. This operation is allowed about 20 minutes, by
which time most of the dissolved oxygen from the decane
. should have left by degassing into the partial vacuum above
it., The n-~decane systems are then frozen again., and the cell

3

evacuated to 10° mm Hg. This procedure is repeated four or
five times until on opening the isolated system to the high
vacuun line after a period of about 20 minutes, no appreciable

inecrease in the pressure occurs.

4,6.3. Tabulation of Readings.

After degassing, temperature controls are started. The
electrical heating element H (Fig.17), and the heating cord,
are set at the required voltages. The bottom cell is heated
directly by circulating water from a large water bath (4 O.1°C)

with the peristaltic pump, which also pumps through a separate
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coil on the top cell above the active decane reservoir.

For high sample temperatures, the active reservoir itself

is cooled by reaming chilled tap water through the coiled
spaping (see 4.2), the temperature of the reservoir being con-
trolled by the rate of tap water circulation. It is possible,
especially at low polymer temperatures, to control the
temperature of the top reservoir to within 1° of the bottom
one.

The H.T. supply to the photomultiplier tube was switched
on after the cell had been assembled on top of the photo-
multiplier. 100 second counts are taker as soon as the
varioﬁs thermostat devices are operating. A lapse of about
30 minutes is allowed before thermal equilibrium is reached and

from then onwards the readings are tabulated as below:-

oL Thermo~.| Thermo- | Thermo~c} 100 sec¢ ] Activity
Relative. couple..:| couple | couple | counts (counts

Time from . - |T 1 T 2 T3 (cp 1008)] per sec.)
start {mirs.)|Reading | Reading | Reading C.PsS.
(oV) (mV) (mV)

A straight line plot of activity against relative time
represents the permeation of the active n-decane through the
polymer, and the slope of this plot is proportional to the
permeation rate. The rate of decane vapour transfer from and to
the liquid reservoirs through the evacuated space is very much
faster by comparison, . A typical experimental
plot with the limits of statistical error included, is shown

in Fig.22.
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It is important that a steady state is reached both in
terms of temperature and flow for the rate to be meaningful.
Occasionally the system can be opened to the vacustat gauge
to check that no external gas has diffused.

After a satisfactory plot has been obtained at a certain
temperature, the temperature can be raised to a new value by
increasing the voltage supply to the heater. Howevér, a
corresponding increase in the top reservoir will also be
observed because of heat conduction, and this is corrected,
or in some cases partly reduced, by increasing the flow rate
of the cooling wnter. The water is chilled by passing through
a Eoil immersed in ice., In cases where it is impossible to
maintain exactly equal temperatures between the top and bottom
reservoirs, the féspective temperatures are noted and taken
into consideration in the calculation,

Thus a series of permeation rates at different specimen

temperatures can be obtained with a fixed penetrant activity.



4,7. Calibration of active n-decane.

Calibration of the radioactive diffusant in air was carried
out in the cell, by adding known quantities of active decane
to 6 ml of liquid scintiliator solution, and taking counés at
the set H.T. The presence of dissolved oxygen in the
scintillator reduces the efficiency of count due to quenching
(2.9). Therefore, a second-balibration was carried out in
high vacuum. This was done by adding a certain amount of ' 'C
labelled n-~decane to the cell, which was then assemsled and
thoroughly degassed in a manner as described in section 4.6.2.
The count per sec, of the degassed scin’illator was then
noted. Air was then let in, and the system left for sbout an
hour for the count rate to drop to its equilibrium value.
The count per sec. of the scintillator with dissolved oxygen
was then recorded; and the weight of active n-decane can
be read from the first calibration. By cross-plotting the
weight of n-decane thus obtained against the count rate in
high vacuum, an accurate calibration curve in high vacuum
was obtained. Direct attempt to weigh an exact amount of
active decane into the system and counting the activity after
four or five evacuations is bound to lead to innacurate results
because some of the decane invariably is removed on evacuation,

The two calibrations are shown in Fig.23
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4.8, Possible errors.

There are a few errors which may arise from inaccuracy
of measurement or limitations of the measuring instruments,
and these are listed below:-

(1) Counting error.

When a single count is taken of a radicactive source, the
standard deviation from the true value will be equal to the
square root of the mecan count taken (140). The percentage
error can be expressed as equal to (-—%ﬁrs;x 100, where n
is the number of counts read within the period. Thus the
higher the count rate, the smaller will be the percentage
error.. High count rate can be achieved by either having a
highly radicactive source or counting for a long period of
time. In an actual permeation run the count rate is actually
changing with time, a long counting period is therefore not
suitable, and a compromise has to be reached.

(2) Temperature error,

The thermocouple readings can be read to 0.01 mV
accurately, and this represents a maximum error of about 0.5%
for the temperature range 30 -~ SOOC, for each thermocouple
reading.

(3} Error in measurement of thickness.

The thickness of the polymer membrane was measured by a
micrometer screw gauge, and this is accurate up to 0.01 mm.
Therefore for a film about 0.5 mm thick, the maximum error is 2%.

(4) Error in measurement of cross-section membrane area.,

The radius of the circular section of the cell through which
permeation occurs is measured with a pair of internal Vernier

callipers, and this is sccurate up to 0.1 mm. The percentage
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error here has a maximum value of about 3%.
The maximum error for the whole system is estimated at

about 7%.
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L.9. Sorption Apparatus -~ electro micro-balance.

A commercial (C.1. Electronics Mark 2B Ser,No. 1412B)
electro micro-balance was employed in a modified vacuum
housing. This balance works on the principle of a moving
vane interrupting a light beam to two photo-cellg, the
variation in light intensity resulting in a change in the
output electric current. There are five ranges on the
measuring scale viz 0 ~ 100 mg, 0 - 10 mg, O ~ 2.5 mg, C - 250/ug,
and O - 25/ug. However, the more sensitive scales are not
really useful in practice because the slightest vibration will
cause a large swing of the needle on the scaler. Ranges of
0 - 10 mg and 0 - 100 mg were used,

The whole apparatus is shown in Fig.24. The balance B is
situated in a glass housing with the polymer sample P sus-
rended from one arm and a counterbalancing weight on the other
arm.

The temperatures of the polymer and of the solvent reservoir
were controlled by running water from a thermostat bath through
the glass jackets, J.

The balance was carefully calibrated as follows. The two
arms of the balance were brought into exact equilibrium by
attaching small weights to the pans and using the zero
adjuster on the scaler. After this had been achieved, standard
weight samples which had been cleaned and dried were added to
the sample pan one at a time. The needle on the scale was then
adjusted to its correct value by altering the potent¥ometer
setting on the side of the scale. The same procedure was then
repeated for the other range.

After the balance had been calibrated, the polymer, in the

form of a long rectangular film, was attached to the sample arm.
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of the balance by a fine wire after the sample pan was removed.
Again the two arms were brought into balance by adding or
removing small weights (in the form of short lengths of fine
wire) on the right-hand pan. The weight of the polymer before
it was inserted was measured and recorded. The thickness was
also measured if the kinetics of sorption (i.e. diffusion
coefficient by sorption) was required to be examined.

. The temperature jacket was then fitted round the polymer,
and a corresponding jacket on the right hand side of the
balance, The solvent reserveir was then filled with sufficient
amount of n-decane, zbout 10 ml, and fi'ted on to the vacﬁum
line, The apparatus was then ready for the start of the
experiment.

The whole system except the cold trap and the pumps was
enclosed in a hard wood box with a perspex window front with
holes cut out for wvacuum téps, as shown by the dotted line in
Fig.24. The box acted as a hot air oven, being heated by two
200 watt light bulbs. This was necessary if the solvent
reservoir temperature was higher than room temperature other-
wise the "exposed" parts of the system would act as cold
surfaces for condensation to occur. The temperature of the
chamber was controlled by a step-down transformer which controlled
the potential supplied to the light bulbs.

The system was degassed by evacuating and pumping for
12 hours. This could not be applied to the solvent reservoir
' because of inconvenience in freezing the n-decane. The n-decane
was out-gassed by pumping out most of the air above it together
with some of the solvent, and isolating it for the dissolved
oxygen to have time to escape the liquid phase. This was
repeated several times.
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After evacuating and heating the polymer and the solvent
to the required temperatures, tap X was closed, and taps Y and
Z opened. n-Decane vapour at a fixed pressure would then
1&15336 through the vacuum to reach the polymer. Sorption
of the molecules on the polymer would then cause an increase
in weight, and the readings on the scaler were taken with
time until an equilibrium uptake was reached. Temperature
of the solvent reservoir was then increased, and a new
equilibrium uptake value obtained, Therefore at one polymer
temperature, the equilibrium sorption values were obtained
for various n-decane activities {vapour pressures). The
whole procedure was repeated for different polymer temperatures,
and a series of concentration vs vapour pressure isotherms
were obtained,

From the plot of EE against t1/2 where Mt = uptake at
time t, %o = equilibriu: uptake, a diffusion coefficient

could also be worked out, (See Chapter 2.3).



4,10. Quartz spring balance.

This experiment was performed to supplement the
electromicro-balance results for high vapour activitibs. The
maximum temperature to which the hot air chamber C (in Fig.2u)
could be heated in the electromicro-balance work was around
45°C, At reservoir temperatures near or higher than this
value, inaccurate activity of the vapour would result, and it
would not be correct to take measurements.

A diagram of the quartz-spring apparatus is shown in
Pig.25, and it is sufficiently self-explanatory. The polymer
is suspended at the end of a helical quartz spring Q, and its
temperature is controlled by the thermostat bath A. The
solvent is contained in the reservoir S, the temperature of
which is controlled by bath B. R is a vapour reservoir to help
the solvent vapour attain a steady pressure quickly. High
vacuum stopcocks X, Y and Z, separate different parts of the
system from the high vacuum line.

The working principle is simple. The uptake of the vapour
is measured by the extension of thne quartz spring which is
measured by a cathetometer C. The extension-weight calibration
of the quartz spring was previously oblatned: by using
standard weights, and the calibration is given in Fig.26.

The exposed parts of the system are heated by electro-
thermal cords (H), the temperature of which is controlled by
a voltage transformer.

The experimental procedure is the same as the one
described for the electromicro-balance, the only difference
béing the actual method of measurement of the weight increase,
and also in this case the n-decane can be readily frozen by
immersing the reservoir in a MeOH/002 mixture,
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4.11. The Dynamic Mechanical Apparatus.

The dynamic mechanical apparatus (87, 161) will not be
described in detail here, and only the basic working principles
are given. The polymer in the form of a rectangular beam specimen,
is clamped rigidly at both ends and is oscillated in bending
geometry by a central clamp, The central clamp is driven by a magnet
suspended on thin wires in the centre of a coil. The force is
produced by the action of a sinusoidal current in the coil of the
magnet, It is resisted by the mass of the moving system, the
rigidity of the specimen,.and the rigidity_of the suspension wire.
The equation of moticn for such a system may be worked out, and
the resulting solution for E' and E'' at low frequencies of input
current (i.e. less than one-fifth of the resonant frequency) may

be simply given as:-

1 Fo
| R it
E' = ¢ xo 005}3 b1
F
1 O s .
[} -— —
E' . g % sin B 4,2
where F is the maximum driving force
o

Xo is the maximum linear displacement of the driven clamp.
K is a geometric factor for the specimen given by
K = 2bh”/1 4.3
(where b is the width, h the thickness and 1 the length
of each half of the specimen between each rigid clamp and
the oextral clamp.)

- e
l@ = tal! %T = J (where tan&is the loss factor)

An essential step in the measuring process is the conversion of
the linear displacement into a proportional voltage. This is done
with a Bently transducer, operating in conjunction with a Bently
proximatﬁr circuit and a power supply. The Bently system produces
an output veltage proportional to gap and gap variation from the
probe face to the observe& surface, That is
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where ﬂg'is the peak linear displacement
V is the RMS value of the output voltaée
and B is a constant of the transducer system.
In principle, the dynamic properties of a specimen are given
in terms of quantities which are measurable.
The peak driving force is proportional to the R.M.S5. value of
the driving current, thus:
F =N k.5
where N is a constant dependent on the strength of thg magnet
and the properties of the coil. Similarly, the peak displacement is
proportional to the output voltage as givei by Equation (h4.4).
Combining Equations 4.1 and 4.2 with Equations 4.4 and 4.5
gives E' and E'' in terms of actual measurements.
E' = E% % Cosls 4.6
B'' =78 = sinf 4,7
At some high frequencies, depending on the rigidity of the

sample, the vibrating system will possess an amplitude rescnance.
The condition for a maximum in Xo with varying frequency is (161):-
2

KE' = M LA 4.8

whefe v, is the resonant frequency; Measurement of LA thus
gives an accurate value of E' at that frequency.

In order to convert the amplitude of the output voltage (V)
to absolute values it is necessary to know the value of the constant
Ni/KB. If the transducer system could be calibrated, at varying
settings of transducer sensitivity, the constant B could be obtained.
Then, knowing the values of N, K and i, the constant Ni/KB could be
calculated.

Itﬁ@é‘not possible to calibrate the transducer as in practice
it was not quite linear and it proved-difficult to exactly reproduce

a particular sensitivity setting. Also with change of temperature
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slight distortion of the samples occurred, thus altering the
transducer setting.

The results were, therefore, converted to absolute values in
the following way. Egquation 4.8 states that KE! = Mwoz. The
geometrical factor, K, is determined by direct measurement of the
specimen and the mass, M, of the vibrating system by weighing.

The resonant frequency may be determined accurately and thus the
absolute value of E' can be obtained at this frequency.

At a given temperature the time required to take measurements
over the complete frequency range is about 30 minutes. The trans-
ducer setting remains constant at a constant temperature. Thus the
term Ni/KB in Equations 4.6 and 4.7 is constant for a set temperature,
and it only remains to determine its absolute value. A plot of 1/V! is
made against the logarithm of frequency in the region where the °
inertial term isnegligible. V' is the n-phase component cof the
output voltage and equals VCos B. This plot is extrapclated to
the resonant frequency where the exact value of E' is known. Thus
the 1/V! curve is calibrated, i.e. a value is given to the constant
Ni/KB.

During the experiment, the apparatus was placed in a cylindrical
brass container which was then sealed off by assembling the ground
flange of the plate attached to the top of the apparatus, and
the similar flange of the container. The apparatus was then
evacuated, and placed in a temperature bath. Measurements were
obtained at the resonant frequency and frequencies of 30, 10, 3,

1, 0.3 and 0.1 cycles per second, at selected constant

temperatures.
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. CHAPTER 5

RESULTS

5.1. Sérption Results.

The equilibrium uptake of the n-decane by the polymér at fixed
experimentél conditions was measured by both the qﬁartz-spring énd
electrsmicfo-balance méthods Aescribed in Chapter 4. The réason for

-using'bﬁth methods, besides for checking purposes, was_asrmentioned
 in Chaﬁte; 4, i.el tﬁat at high vépohr pressures the eleét?omicro—
balanqe.m;thod becomes unfeliable owing to the possibilitf of vapour
condensation on the Qa;lé ofwthé.apparatus. The concenfrétian
meaéhre& was expresséd-as the.yeight of the n-decane sorséd fer unit
weighé-of the polymen.(g/g). " The conc?ntration measured by the two
‘methods was found to be the same under similar experimental con~
aitions. The data obtained from these experiments were, therefore,
tabulated together.

The vapour pressure of n-deéane at a constant liéuié'temperature
is obtéined from the vapour p:essure-temperature relationship as
expféssed in ﬁig.12.

The calibr;tion graph fof‘the quartz-spring is shown in Fig.26.
This was theﬂ‘used to correct 6bserved extensions into the weight
increase.

The equilibrium sorptioﬁ results for silicone rubber, filled and
unfilled, and S~B-S block copolymer are shown in Tables 5.1 - 5.5.
(Note that g represents data obteained from .quartz-spring, e denotes

electromicro-balance data, and b denotes data from both methods.)
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TABLE 5.1. Silicone rubber (without filler)

Weight of polymer sample = 17.5 milligrammes (m.g.)

Polymer Liquid Vapour Equilibrium
Temperature | Temperature| pressure | uptake (mg) Concentration
(°c) (°c) (mmHg) (g/g)
40.0 28.0 2.3 1.93 0.110 b
32.0 2.9 2.63 0.150 b
34.0 3.3 3.43 0.195 b
35.5 3.55 b ok 0.23 b
37.0 3.9 5.45 _ 0.31 b
46.8 29.0 2.45 1.31 0.075 g
31.6 2.85 1.59 0.091 g
35.2 3.50 2.50 0.142 g
38.2 4,15 3.60 0.205 g
42,6 5.25 5.40 0.307 g
bk 0 5.65 6.68 0.380 g
50.5 35.0 3.46 1.62 0.093 g
36.4 3.73 1.92 0.110 g
41.0 4,82 3.15 0.180 g
&b 0 5.68 3.35 0.218 g
Ll 4 5.90 4 .94 0.236 3
45,5 6.15 4,72 0.269 g
47.5 6.90 6.85 0.392 g
48.8 7.35 9.3 0.534 g
53.0 36.0 3.66 1.71 0.098 g
39.5 L 45 2.29 0.131 g
41,8 5.00 2.85 0.163 g
45,0 6.00 3.56 0.204 g
47.8 ?.00 4,93 0.283 g
50.4 8.00 ?.90 0.452 g
55.75 32.6 3.02 1.22 0.070 g
36.6 3.80 1.38 0.079 g
41,0 4.80 1.61 0.092 g
46.5 6.50 2.65 0.154 g
Lg.2 7.50 3.94 0.225 g
51.2 8.30 5.00 0.285 g
53.0 9.10 7.45 0.4ak g
44,5 5.82 2.13 0.121 g
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TABLE 5.1 (Continued)

Equilibrium

Polymer Liquid ‘Vapour

Tgmperature Tgmperature pressure j uptake {mg) Concentration

(e) (°c) (mmHg ) (g/g)

60.0 35.4 3.55 1.05 0.060 g
38.2 4,15 1.26 0.074 g
b2.6 5.25 1.45 0.083 g
46,7 6.55 2.17 0.124 g
50.2 7.90 2.87 0.164 g
53.5 9.30 3.78 0.216 g
55.1 10.1 4.80 0.273 g
56.8 11.4 5.78 0.330 g
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TABLE 5.2. Silicone rubber (5 phr filler)
Weight of polymer sample = 16.90 mg.

Polymer Vapour Vapour Fquilibrium
Temperature | Temperature| pressure | uptake (mg) Concentration
(°c) °c) (mmHg) (e/8)
43,0 31.4 2.80 1.37 0.081 g
32.8 3.05 2.13 0.126 g
34.5 3.35 3.12 0.184 g
36.8 3.84 4.50 0.266 g
43,6 32.5 3.0 2.58 0.153 g
35.2 3.50 314 0.186 g
37.6 4.00 3.97 0.235 g
4o.6 L.70 5.92 0.350 g
k7.0 33.5 3.20 2.43 0.144 g
37.7 4,05 3.24 0.192 g
L2.0 5.10 5.55 0.327 g
45.0 6.00 8.50 0.505 g
49,3 34.0 3.28 1.645 0.097 g
37.0 3.90 2.43 C. 14k g
4o.1 4.60 3.1k 0.186 g
43,0 5.36 4.05 0.240 g
46,2 6.36 6.15 0.363 g
51.0 33.5 3,20 1.k 0.085 g
37.5 4.00 2.10 0.124 g
41.5 4,95 2.80 0.165 g
LS. 4 6.10 5.45 0.322 g
48.0 7.05 6.10 0.360 g
55.5 38.4 1 .20 1.525 0.0917 g
42,3 5.14 2.17 0.129 g
4s5.0 6.00 2.60 0.154 g
48,0 7.04 3.25 0.192 g
51.0 8.20 5.05 0.298 g
59.8 38.5 4,20 1.14% 0.067 g
43 5.35 1.50 0.089 g
46.8 6.60 1.69 0.100 g
51.0 8.20 3.14 0.186 g
56.0 10.50 5.10 0.301 g
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TABLE 5.3. Silicone rubber (10 phr filler)

Weight of polymer sample = 18.00 mg

Polymer Vapour Vapour Equilibrium Concentration

Temperature | Temperature | pressure |uptake (mg) (e/g)
(°c) (°c) (mmHg)

4o0.0 2.7 2.20 1.83 0.102 b

3.1 2.75 2.07 0.143 b

35.6 3.60 4,56 0.254 b

37.6 4,0 7.45 0.414 b

4 0 2.5 1.95 1.35 0.075 g

27.8 2.30 1.7 0.095 g

33.8 3.25 2.67 0.149 g

38.4 .20 4.53 0.252 g

41.5% 4,95 7.10 0.395 g

b4 .6 30.6 2.70 | 1.22 0.068 g

34,5 3.35 2.17 0.121 g

35.2 3.50 2.58 0.1k g

36.5 3.75 3.25 0.181 g

40.0 L.55 3.30 0.212 g

4o.8 4,75 5.20 0.289 g

41,6 4.95 5.52 0,307 g

k2.9 5.35 8.10 0.450 g

47.0 27 2.20 1.27 0.071 g

28.5 2.36 1.44 0.080 g

31.1 2.76 1.80 0.100 g

33.5 3.20 2.28 0.127 g

24,6 3.40 2.46 0.137 g

36,0 3.65 2.58 0.144 g

40.6 4,72 4,33 0.241 g

43,2 5.42 5.56 0.309 g

Le.s 6.50 13.0 0.725 g

50.0 30.0 2.60 0.521 0.029 g

33.2 3.12 0.955 0.055 g

37.8 k.06 1.64 0.092 g

Lo.2 4,60 2.25 0.125 g

44,0 5.68 3.25 0.181 g

47.0 6.70 5.85 0.326 g
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TABLE 5.3 Continued.

Polymer Vapour Vapour Equilibrium
Temperature | Temperature | pressure | uptake (mg) Concentration
(°c) (°c) (mmHg) (g/g)
5.40 30.5 2.70 0.521 0.029 g
34,2 3,32 0.88 0.049 g
38.7 k.25 1.49 0.083 g
40,8 4.76 1.91 0.106 g
L2.5 5.22 2.03 0.113 g
43,8 5.60 2.65 0.147 g
47 6.68 3.27 0.182 g
50 7.80 4.85 0.269 g
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TABLE S.4 Silicone rubber (20 phr filler)

Weight of polymer sample = 20.0 mg.

Polymer Vapour Vapour Equilibrium
Temperature | Temperature| Pressure uptake (mg) Concentration
(°c) (°c) (amHg) (8/g)
35.0 24,5 1.9 2.60 0.130 b
29.5 2.5 3.50 0.175 b
32 2.9 4.50 0.225 b
34 3.3 6.20 0.310 b
41.0 26.4 2.1 1.70 0.085 b
30.0 2.6 2.20 0.110 b
32.5 1 3.0 2.80 0.140 b
34.6 3.4 3.8 0.190 b
35.8 3.6 4,70 0.235 b
Ls,2 28.0 2.3 1430 0.065 g
31.0 2.75 " 1.66 0.083 g
33.5 3.2 2.10 0.105 g
35.0 3.5 2.68 0.134 g
36.2 3.7 3.00 0.150 g
48.0 29.4 2.5 1.10 0.055 g
33.5 3.2 1.64 0.082 g
35.2 3.5 2.06 0.103 g
37.5. 4,0 2.70 0.135 g
38.5 4,2 3.50 0.175 g
51.5 28.5 2.4 0.70 0.035 g
34.0 - 3.3 1.20 0.060 g
5.8 3.6 1.56 0.078 g
37.5 4.0 1.80 0.090 g
39.0 4.3 2.20 0.110 g
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TABLE 5.5. Styrene-butadiene-styrene,

3-block copolymer

(Films cast from toluene and methylene chloride showed exactly similar
results).

Weight of polymer sample = 139.2 mg.

Polymer Vapour Vapour Equilibrium
Temperature | Temperature| Pressure uptake (mg) Concentration
(°c) (°c) (mmHg ) (g/8)
35.0 26.5 2.12 14,8 0.106 e
29.0 2.45 21.2 0.152 e
31.0 2.76 27.8 0.200 e
33,2 3.15 42.8 0.308 e
38.0 25.2 2.00 14.0 0.101 e
30.0 2.60 21.0 0.151 e
33.0 3.10 26.4 0.190 e
36.5 3.80 L8.4 0.349 e
42.0 26.5 2.12 10.4 0.075 e
30.0 2.60 14.6 0,105 e
36.0 3.66 C 2641 0.188 e
38.5 4,20 7.6 0.270 e
41,0 4.8 58.6 0.421 e
45,0 25.5 2.05 8.42 0.061 e
30.0 2.60 12.10 0.087 e
35.0 3.48 17.60 0.127 e
38.5 4,20 25.80 0.186 e
42,0 5.10 . 38.40 0.27 e
4,0 5.70 51.10 0.367 e
49,0 25.0 1.95 6.2 0.045 e
29.5 2.50 7.7 ¢.055 e
37.0 3.90 14.6 0.105 e
41,5 4,92 22.6 0.162 e
45.0 6.00 32.6 0,234 e
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The results as tabulated from Tables 5.1 = 5.5 were plotted as
concentration against vapour pressure of decane, and a series of
iso£herms were obtained. As it would be easier to check a value at
a known temperature rather than at a known vapour pressure value,
these curves were plotted as concentration against polymer
temperature at different vapour pressure valuves, Thus a series of
""isobars'" were obtained for each polymer, and these are shown in
Fig. 28 - 31. The n-decane polymer concentration was found to be
related to the temperature by the relationship

log C = m (%) + K 5.1
where C is the concentration

T is the absolute temperature

and m, K are constants

This is shown by the plot for unfilled silicone rubber shown in
Fig. 27.

Determination of diffusion coefficients from absorption and desorption.

The diffusion coefficient, D, may be obtained from the rate of
absorption and desorption by the relationship (see Eqn.2.141)

4 pt, V2
iR 5.2

where

Zflz
4 o

is the mass uptake of the decane vapour at time t, M

is the equilibrium uptake, and ﬂ is the thickness of the membrane.

Therefore a plot of ﬂg against t1/2

Moo

from the slope of which the diffusion coefficient may be calculated.

should present a straight line,

Such plots for unfilled silicone rubber are given in ¥Fig. 32 - 39.
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5.2. Permeation Results.

The rate of pcrmeation, denoted as P, was measured as (counts per
second) increase per minute (c.p.s. miﬁ1). The results were tabulated
in four columns, viz. diffusant liquid temperature (T1), polymer
temperature (TB), liquid scintillator temperature (TE)’ and permeation
rate P, From T,, (and Ts), the concentration (C‘) of the 14C labelled
decane at the radiocactive face of the polymer membrane can be obtained.
Similarly from T,, the concentration (Cs) of the decane at the non-
active face is known. ’I‘1 and T

e

other, as experimental conditions allowed. In reality T was iu

were kept as close in value to each

general a little larger than T, (see Chapter 4.2). In the most extreme
case this difference reached 8°C. The error invoked in taking the
arithmetic mean of CT and CS as the average concentration, increases
with larger differences between T1 and T . Therefore in some cases

it 18 necessary to estimate the average concentration from a graphical
method as ocutlined in Chapter 2.2.

The permeation rate P was obtained by measuring the slope of the
count rate increase versus time plot after a steady state has been
reached. Some of the steady state permeation plots are shown in Fig.40 -
4, for the different polymer samples used. The polymer temperature in
° is given by the number at the end of the straight line plot, and the
two figures within the bracket represent respectively T,1 and T2.

Table 5.6 - 5.9 contain the full permeation results as well as the

exact temperature measurements taken for each run.
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TABLE 5.6. Silicone rubber (no filler)

Polymer Diffusant liqpig BYeintillator liguid | Permeation '_
Te?gggature temperature T,("C) jtemperature T,("C) Rate c.p.s.min
30.5 2k.0 23.5 2.6
30.5 27.8 20.0 3.8
30.5 27.5 24.0 4.0
30.5 26.0 22.0 3.4
34.0 26.5 23.5 3.3
34.0 29.0 26.5 3.9
34.0 30,0 28.5 5.3
34.0 29.8 27.0 I8
38.0 28.0 24.0 2.8
38.0 29.5 24.0 3.5
38.0 30.0 28.0 3.5
8.0 32.5 26.5 4.3
39.0 31.0 26.5 4.3
45.0 35.0 27.5 5.6
49.0 37.0 23.5 4.9
30,0  26.0 22.0 3.4
48.0 33.5 28.5 6.3
k0.0 29.5 28.5 5.2
38.5 30.5 29.5 3.7
43:0 30.5 29.0 3.75
42,0 33,5 27.0 5.1

Taickness of polymer membrane = 0.052 cm (% 0.002 cm).
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TABLE S5.7. Silicone rubber (10 phr filler)

Polymer Diffusant liqgid Scintillator %iquid Permeation  _
Temperature | temperature ("C) { temperature (°C) Rate c.p.s.min

(¢

2k.5 21.0 19.5 3.8

28.5 27.0 22,0 5.0

30.0 27.8 22.0 k.2

32.5 30.5 23.0 6.0

41.5 36.0 26.0 7.0

k2.0 38.5 " 30.0 15.0

Thickness of membrane = 0.062 cm (+ 0.00 2 cm).
TABLE 5.8, Silicone rubber (20 phr filler)

Polymer Diffusant liqgid Scintillator %iquid Permeation  _
Temperature | temperature ("C} | temperature ( C) rate c.p.s.min

("c)

2?.5 21.0 19-2 3'9

32.5 27,0 19.2 4,0

35.5 25.0 19.5 5.0

k1.0 31.5 25.0 5.8

44,0 34,0 26.0 7.2

Thickness of membrane = 0.038 mm.
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TABLE 5.9.

5~B-3 copolymer cast from toluene

—

Polymer Eiffusant liquid | Scintillator %iquid Permeation - _
?gggerature temperature ( C) | temperature ( C) rate c.p.s.min

32.0 28.0 28.0 1.90

32.0 24,5 20.0 1.06

32.0 24.0 18.0 1.00

32.0 275 26.0 1.50

32.0 25.0 25.0 1.22

26.0 21.0 19.5 1.00

36.0 29.0 21.5 1.25

36.5 29.2 21.5 1.35

28.0 32.5 21.5 1.60

39.5 32.5 26.5 1.55

Thickness of membrane = 0.0735 cm.
TABLE 5.10. 5-B-S copolymer cast from methylene
chloride.

Polymer Diffusant 1iqgid Scintillator %iquid Permeation  _
?gg§erature temperature ("C) | temperature (°C) rate c.p.s.min

28.0 2.5 19.5 1.20

31.0 26.5 24,0 1.40

31.0 22.5 20.0 0.85

31.0° 25.5 21.0 1.1

31.0 27.5 26.0 1.60

355 29.5 25.5 1.55

36.5 3040 26.0 1.60

40,0 2.5 28.0 1.75

Thickness of membrane = 0.05625cm.
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Calculation of the diffusion coefficients.

Using Egqn. 2.24%, the diffusion coefficient, D, is related to the

flux F by the relation

C.~C
1 2
= ..D—...—-..-—— .
F 3 5.3
where C1 and 02 are the concentrations of the diffusant at

the ingoing and outgoing faces respectively, and /{ is the thickness
of the polymer membrane. ‘

Theref..e, applying Eqn. 5.3 to the permeation of the radicactive
molecﬁles, 01 becomes the concentration of the radioactive molecules
C* at w e ingoing face, and C, = 0. The actual concentration of the
solvent molecules in the polymer, regardless of radicactivity, is the
average éf C* and CS measured. if C* and Cs are close in value, then an
arithmetic mean is taken to represent the average concentration, denoted
by C.

Thus the value of D calculated from Eqn. 5.3 is the self-diffusion
coefficient of the penetrant in the polymer at concentration C. This
is represented as, simply

D = F1l

T c* 5.4

F iz obtained from the experimentally measured permeation rate, P,
as follows:- |
From the weight/radioactivity calibration of n-decane (Fig.23),
1 count per second (cps) = 5.8 x 15“3 n-decane

: . . =1
Since P is expressed in cps min

=4
. _ 5.8 x 10 1 : -1 2
e s F=Px %5 x A B sec cm 5.5
where ‘A " is the cross section area of the polymer membrane
across which diffusion takes place. (A = 4.5 cmz.)
3

Expressing C* in Eqn.5.%4 in gem
it becomes rC‘, F’being the density of the polymer,
(r - O-986)
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Substituting F from Eqn.5.4 into Eqn. 5.3

Pl
C*

D_-=
¢
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5.3. Dynamic Mechanical Results.

The polymer measured was the unfilled silicone rubber. The
results are tabulated in Table 5.1. E:ii:gified by the rubber
elasticity correction term 2%%? are also tabulated, These will be
required later for the William, Landel and Ferry shift procedures.
The reference temperature was taken as 39°C.

The tan d values near the glass transition point are also
tabulated in Table 5.1% The modified E! and the tan b values were
plottod against log (frequency).and these are shown in Fig. 45 and

Fig. 46 respectively. From these plots the activation energy terms

at these temperatures can be derived.
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Table 50F

o Input B! 7 E! Zofo
TEMP C. FREQUENCY (f)} Log £ (volts) x 10 . 10?
0 30 1477  12.8 1.050 1.140
10 1.000 " 1,015 1.086

3 0.477 " 1.00 1,053

1 0 " 0.960 1.028

0.3 -0.523 " 0.935 1.001

22.5 30 1.477  11.05 1.04 1,091
10 1.000 " 1.01 1.069

3 0.477 " 0.992 1,043

1 0 " 0.965 1,011

0.3 -0.523 " 0.940 0.989

29.0 30 1,477 5.75  1.075 1.092
10 1.000 " 1.032 1,066

3 0477 " 1.010 1.046

1 0 " 0.99 1.011

0.3 -0.523 " 0.955 0.978

0.1 -1.000 " 0.940 0.961

. 35.0 30 1.477 7.2 1.080 1.086
10 1,000 " 1.035 1.059

3 o4 1.02 1.031

1 0 L 1.00 1.007

0.3 -C.523 " 0.96 0.973

0.1 -1,000 * 0.945 0.956

39.0 30 1,477 8.0 1.086 1.080
(To) 10 1,000 " 1.062 .. 1.062
3 0.477 " 1.028 1.028

1 0 i 1.00 1.000

0.3 -0.523 " 0.975 0.975

0.1 -1.000 " 0.950 0.950
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Table 5,12

TEMP_°C. |FREQUENCY f.] Log.f. Input(volts) | Tan d
-114 300 2.477 13.0 0.042
200 2.303 n 0.039
100 2.000 " 0.036
30 1.477 " 0.036
10 1.000 " 0.03%2
3 0.477 " 0.02&
. 1 0 i 0.02¢
-116 300 2.477 " 0.0%%
200 2.303 " 0.051
100 2.000 " 0.0M7
30 1.477 " 0.04%
10 1.000 " 0.03%
3 0.477 " 0.026
1 0 " 0.026
~119 300 2.477 " 0.053
200 2,303 " 0.054
100 2.000 n 0.057
30 1.477 H 0.056
10 1.000 " 0.051
3 0.477 " 0.045
1 0 " 0.040
-124 300 2.477 " 0.036
200 2.303 " 0.038
100 2,000 " 0.040
30 1.477 n 0.048
10 1.000 " 0.054
3 0.477 " 0.051
1 o] " 0.045

~120-



4

[

=)

.03}

02} ©
® -~124 c
O =119
® - 116
- 1l
Ol 4 4
o ' '
0 1 2

LOG CFREQUENCYD



CHAPTER 6

DISCUSSION

6.1. S-rption discussion.

When penetrant molecules‘are absorbed by a polymer sample, the
amount sorbed, or solﬁbility, will at a constant temperature, depend
upon the pressure of the gas or vapour. Four principal types of
solubility isotherms have been observed for polymer-penetrant systems
(141). These are shown in Fig.4?7 and are denoted as Types I, II, III
and IV. ;

Type I is é linear isotherm exemplified by Henry's law which is
characteristic of simple solutions. This behaviour is common when no
interaction occurs between the penetrant and the polymer, as in the
case of a permanent gas permeating natural rubber. The Lanépir-type
isotherm represented by Type II does not involve solution of penetrant
but only adsorption in a eingle layer on any adsorption site. An ex-
ample of this is the sorption of hydrogen sulphide in ethyl cellulose.
Type III inveolves multilayer surface adsorption characterised by strong
penetrant-polymer interaction as in the case of water sorption in rigid
hydrophilic polymers. Type IV involves absorption into systems showing
positive deviation from Henry's law. This is the case in most organic
vapour-polymer systems.

Our results for n-decane sorption isotherms in filled and unfilled
silicone rubber, and S-B-S block copolymer all follow the type IV
behaviour, This is in agreement with the general classification of sorption
behaviour éescribed above, as decane is a solvent for these polymers.

The temperature dependence of the solubility, S, is governed by
the Clausius-Clapeyron equation in the form

AE=-Rd1lns /a (1/D 6.1
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where AH, (the heat of solution), is the enthalpy change when
a gramme molecule of gaseous penetrant is placed in solution. This
equation allows the heat of solution to be determined.

The sorption process may be Pictured in two stages: (1) the
liquefaction of the penetrant from the vapour phase (an exothermic
process), and (2) the mixing of the liquified penetrant with the
polymer molecules (an endothermic process).

The heat of solution may be therefore written as
AE = (iHl + lle 6.2

where.[}Hl is the heat of liquefaction, and lﬁﬁh is the
heat of mixing.

For simple gases above their critical point, the heat of
liquefaction is small (otherwise they would be condensible), and the
heat of solution can be approximated to the heat of mixing, which,
according to Hilderbrand (162), is given by

L =v (g, —5’2)2 v, v, 6.3
where d;, éé are the solubility parameters
V is the total wvolume

and v1, v, are the respective volume fractions.

Therefore, for permanent gases the heat of solution is small
and positiﬁé, and solubility increases with temperature.

For larger molecules, such as organic solvents, the heat of
liquefaction usually outweighs the heat of mixing (given by Eqn.6.3)
and the heat of solution is therefore negative, and solubility
decreases with increasing temperature. This is evidenced in our
results for n-decane in silicone rubber and 5-B-8 copolymer systems
as illustrated in Fig.28-31.

The heats of solution of decane in the different samples

measured as calculated from Eqn. 6.1 are tabulated in Table 6.1
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TABLE 6.1

Polymer sample AH (K cals/mole).
Silicone rubber (unfilled - 13,4
Silicone rubber (S5phr silica filled) - 14,0
Silicone rubber (10 phr silica filled) - 20.2
Silicone rubber (20 phr silica filled) - 20.2
S-B-S block copolymer - 14,8

Since the ,Z&H measured is predominantly the heat of ligue-
faction, it is governed by the strength of the van der Waals bond formed
between penetrant molecules in the liquid state, and is not expected
to be sensitive to different polymer structures, Apart from the filled
samples (which will be discussed in Section 6.8), our ZSH values for
silicone rubber and S~B-S are nearly the same.

Barrer et al (142) measured the heats of solution of n-butane and
n-pentane in silicone rubber, and his values are tabulated in Table

6.2 with our value also imserted for comparison.

TABLE 6,2
Penetrant LXH (K cals/mole) ZlH/n
n -Gy 310 (142) - 5.27 - 1.4
n - 05 H12 (142) - 6.26 - 1.26
n=-C,o H, - 13.40 - 1.34

—————

This shows a good linear relationship between the heat of solution
and the length of a homologous molecule., The actual heat of mixing
determined by Barrer (142) was found to be about 200 cals. for
n - 04 H10 and n - C5 H12, and the;ﬁ H measured must be mglnly the
heat of liquefaction. Barrer, however, found that the j}H values

for iso-butane and neo-pentane did not correlate so simply to their

structure, He concluded that the linear addition of a CH2 group to
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a hydrocarbon will increase [&H by a fixed amount, whereas with non-
linear addition, the effective contribution to [&H will be less as a
result of screening and steric éffects. |

The appa;ently large heaté of sélution for the filled silicone
rubber may be due to the sorptibn of £he vapour in the pores or
microstructures within the silica particles. The curious
temperature dependence of this filler sorption effect cbserved and
discussed in Section 6.8 may be a reason for the large heat of

solution for the filled sample given in Table 6.2.
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6.2. Permeation features.

In a penetrant-polymer system where Henry's law is not obeyed,
it is inconvenient to make use of the relationship between ''permeability
coefficient'", P, and "solubility" coefficient', S, to calculate the
diffusion coefficient D as given by(Eqn. 2.33).

P=0DS 6.4

This is because S is defined by (Eqn. 2.31)

C = Sp 6.5

and for a type IV sorption isotherm as mentioned in the last
section, § varies with p.

Also, if D is a function of the concentration C, Eqn. 6.4 becomes
unnecessarily complicated by having to 'back-paddle" the S term to the
concentration term.

Therefore we have left the pressure term out of ouf calculations,

by using directly the equation (Eqn. 2.2k)

D (C4- cp) 6.6
T

F =

where F is the flux, or rate of transfer per unit cross-section

area, 01 and 02 are the concentrations of the penetrant at the two

faces of the membrane, and 1 is the thickness.
Referring the flux to the transfer of the radicactive molecules,

Eqn. 6.6 becomes

p* C*

F* = 7 6.7

The diffusion coefficient D* may be calculated from the exper-
imentally measured values of flux and concentration, in the manner
shown in the Chapter 5. By employing a2 non-active penetrant to make
the concentration uniform throughout the polymer, a self-diffusion
coefficient is measured, and may be extrapolated to zero concentration
(See Section 6.3).

Increasing the polymer temperature will increase D but decrease
C. This fact, plus the fact that D is actually dependent on C, will
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lead to F* in Egn. 6.7 not having a single trend in values with
varying temperature and concentration. The experimentally measured
permeation rates as given in Tables 5.6 - 5.10 by themselves have

no significant relationship with, for instance, temperature, and
these results will only be discussed in terms of the derived
diffusion coefficient and its related activation energy parameter.

At high concentrations of penetrant the polymer membrane will be
swollen in the direction of diffusion, because the edges are fixed by
the cell, Thus the thickness, 1, will increase and cause an error
in the calculation of the diffusion coefficient from Eqn. 6.7, if 1 is
taken as that for the unswollen sample. Assuming no buckling of the
sample, the swollen thickness 11can be related to the unswellen thickness

10 by the relationship
v

- 131/3
L=l ) 6.8
where v, is the volume of the sweollen system

1

v, is the volume of the unswollen system.

Owing to the practical difficulty of keeping our polymer
temperature and the active solvent liquid temperature independently
constant because of thermal conduction along the permeation cell (see
Section 4.2), we havecovered a wide range of possible combinations of
polymer temperature, Yactive" concentration and "inactive' concentration.
Strictly a computer programme is required to process the data hence
collected (shown in Tebles 5.6 amé 5.10). However, we have managed to
hold the polymef temperature constant at some intermediate values, for
the permeation rate at different "average'" (See Section 5.2) concentration
to be determined.‘ A relationship between diffusion coefficient and con-
centration is derived and is assumed to hold within the narrow

temperature range (30° - 50°C) used experimentally.
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6.3. Diffusion coefficients.

The diffusioﬁ coefficient of & penetrant polymer system may be
calculated from both sorption and permeation experimentai data.

It is appropriate at this point, before proceeding to discuss the
derived diffusion coefficients in detail, to emphasize that the
sorption method is not a suitable method for measuring fast diffusion
kinetics. This is due to the temperature changes on the polymer
surface caused by the heat of condensation of the vapour. Since the
sorption method is not a steady state method, and the rate of uptake
is determined over a very short period (+~100 sec,) for a fast
diffusion process, it is by no means justifiadble to assume the polymer
temperature is staying constant at the pre-sorption value. It is,
however, interesting to consider our sorption kinetics with the view
of interpreting and illustrating the significance of various diffusion
coefficients defined in different manners; as shown in Section 2.1.
The sorption diffusion coefficients will be treated in this contept
and they will be comparcd to the diffusion coefficients obtained from
our permeation method.

The maximum possible temperature change caused bty the condensation
of the vapour may be estimated roughly as follows. If we assume that
sorption of the vapour onto the polymer takes place instantaneocusly
(i.e. pdiabatic conditions), and the heat of solution (as calculated
from section 6.1) consists almost entirely of the heat of condensation,
then the temperature rise (AT) corresponding to sorption of 0.0l g of
decane onto 0.1 g. of polymer with a specific heat of 0.5 will be

given by

O

Ar
Ar

In reality the temperature change will not be so drastic, as

1}

{ %%g x 0.01) /0.1 x 0.5 °C

18.6°¢

sorption takes place over a period of about 100 seconds, and some of
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the heat evolved by vapour condensation is lost by radiatién, and, to
a lesser extent, convection. Crank (142) gave a full mathematical
treatment on this subject, and actually plotted the variation of sur-
face temperat&ié with time. This has the general shape shown
graphically in Fig.QB. |

The increase in temperature of the polymer wiil cause an
increase in Giffusion coefficlent and a decrease in the solubility.
Usually the increase in D has a smaller effect than the decrease in
surface concentration. The 2iffusion coefficient calculated will
thus be either higher or lower than the true value, depending paftly
on the concentration dependence of the diffusion coefficient.

There have been attempts to remove this heat of condensation
by using forced convection methods tec increase the rate of heat
loss. Downes and Mackay's '"Wibroscope' (143) is an exsmple where they
made use of the transverse vibration of a filament, the frequency of
which varies as the square root of the mass. On the whole, however,
it is not advisable to employ a sorption method to study the kinetics
of a fast diffusion process, and a steédy state method - where thermal

equilibrium is allowed enough time to be reached -~ is much preferred,

Diffusion coefficient calculated from sorption data.
A diffusion coefficient may be obtained from the rate of uptake

of vapour by the polymer at a fixed temperature and pressure. This

diffusion coefficient, D, given in the expression (see Eqn. 2.41)

ot

can be considered as the diffusion coefficient of the penetrant with

6.9

a polymer-fixed reference, defined as D: in section 2.1. This is

because the centre of the mass of the polymer is considered as

fixed in space, s¢ that only the mass flow of the penetrant is
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considered., To interpret the diffusion ccefficient in terms of true
molecular mobility, it becomes necessary to convert this polymer-

fixed diffusion coefficient into the intrinsic diffusion coefficient,
derted by DA' which is defined with reference to a plane across which

there is no mass flow (Section 2.1). Di is related to DA by the

expression (Eqn. 2.16)

D, = D:/(volume fraction of polymer)3 6.10

If the diffusion coefficient is concentration dependent, it is
necessary first to establish the D-C relationship. As mentioned in
Section 2.3, an “integral' diffusion coefficient, 3, over the range
0 to ¢, (where C, is the equilibrium sorption concentration), is given
te a good approximation by the average of the values of D obtained from
absorption to and desorption from, the same equilibrium amount sorbed,

C,- Thus (Eqn. 2.43)

]

- 1 —— ——
D=3 (Da + Dd) 6.11
Using the relationship (Egn. 2.45)
C
'ﬁ:% c:”DdC 6.12
o 0

therefore, if D C, is plotted against C,, the gradient of the
tangent at a point corresponding to a certain value of Co will giye a
first approximation of the value of D at that concentration.

From our sorption results (Fig.32-39) it is readily observed
that the rate of absorption is slower than the rate of desorption,
egpecially at higher vapour pressure, This might be due to our Di
(i.e. sorption diffusion coefficient), value decreasing with increasing
penetrant concentration (Table 6.3). Fujita et al (14k4) have
observed that for a positive concentration dependence of diffusion
coefficient, the rate of absorption is, in general, for an organic
vapour-polymer system, larger than the rate of desorption. Thus the

reverse may be true for our results, However, since in our experimental
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technique (which is the electromicro-balance method described in
Section 4.9), there is a high probability that the decané liquid

in the reservoir in contact with the vapoﬁr may not have been com-
pletely degassed, the rate of absorption may have been retarded

because of the interference of the oxygen or other dissclved gas
molecules with the gaseaus diffusion of decane vapour in the system.
Since the desorption method involves the direct transference of the
sorbed molecules from the polymer to the cold trap, no liquid decane

is in contact with the vapour, and the diffusion coefficient calculated
from it may be more genuine. We have, therefore, inciuded both

D=Da+Dd,

ol

and a
in our calculation for the intrinsic diffusion coefficient, and they
will be compared and discusséd.

We have performed our sorption runs starting from a zero con-
centration of the penetrant in the polymer because of the rapidity
of the process. It is not possible to observe the rate of uptake over
a small concentration range if it takes, for instance, only 10 secs.

In Tables 6.3 and 6.4 are shown the various stages involved in
determining a relationship between the intrinsic diffusion coefficient
and the concentration. The average diffusion coefficients over the
range O to C_ as calculated from Eqn. 6.9 for absorption and desorption
are tabulated as Ba and 3d' The mean value is denoted by D. BCO is

then plotted against Co (Pig.49), and the tangents drawn to the curve

at the chosen C0 values represent the first approximation of the i
o~ ki

-

diffusion coefficient at concentration Co' and this is denoted by D .-
More accurate approximations may be carried out by plotting B'Coagainst
C0 and repeating the differentiation, which will give iﬁt)(see Section
2.3). In view of the not too high accuracy of our sorvtion data, we

have assumed the first approximation to be sufficient for our purposes.

=130~



(o]
A’
o] 47.5° o
43
1-Of (7
2 475
0.8
- 43°
)
o.6~ o &

&)

OA- D FROM DESORPTION

®A D FROM MEAN

0O g ] I ] ] L

o O.1 0.2 . 0.3 0.4 0.5
C
o]

FIG. 49



by

D! is then converted to the intrinsic diffusion coefficient DA by

(Eqn. 6.10).

DA = Dg / (volume fraction of polymer)3
The intrinsic diffusion coefficients based on desorption data

alone are also worked out in Table 6.4,

~131-



-2¢L-

p
Polymer Decane Concent-| _Volume fraction ﬁa b 156 ﬁd D D c, b¥'x 136 D, X 166
o l:.qu:.g ration c polymer 2 - - 6 6 . - -4
Temp C | Temp C| (g/g) pentrt. Vr slope | Cm sec | slope x10 x 156 x 10 first approx.l cm  sec.,

26,0 0.078 0.104 | 0.896 | 0.060| 1.77 0.072| 2.54 2.16 0.225 1.9 2.642

43.0 | 30.0 | 0.106 0.142 | 0.858 | 0,058 1.65 | 0.072|2.54] 2.10 0.298 1.75 2.770

34,2 0.160 0.214 | 0.786 | 0.046| 1.04 0.073] 2,54 1.79 0.384 1.365 2.821

39.5 0.30 0.40 | 0.60 |0.038| 0.71 | 0.068}2.27) 1.49 0.595 0.178 3.610

26.0 0.058 0.078 | 0.922 | 0.070] 2.4 0.078] 2.99 2.70 0.210 2.40 3.063

20,0 0.080 0.107 | 0.893 | 0.070| 2.4 0.078] 2.99 2.70 0.289 2.30 3,228

47.5 34,4 0.12 0.1617 | 0.839 | 0.062| 1.89 0.0781 2.99 2.44 0.392 1.90 3.217

1.0 . 0.26 0.350 | 0.650 | 0.04%]| 0.95 0.078] 2.99 1.97 0.69 1.35 4,089

32.0 0.045 0.0€0§ 0.940 | 0.072] 2.5k 0.081] 3,22 2.88 0.173 2.60 3.127

| 35.5 0.060 0.081} 0.919 | 0.0701 2.1 0,081 3.22 2.81 0.228 2.53 3,260

57:0 | 3.5 0.070 | 0.094 | 0.906 | 0.064| 2.01 | 0.0813.22] 2.61 0.246 2.42 3.255

43,0 0.108 0.145| 0.855 [ 0.061]| 1.83 0.081] 3.22 2.52 0.365 2.98 3.328

TABLE 6.3

-5.578
-5.557
~5.549
=5 Lh2

=5.513
~5.491
~5.492
-5.388



TABLE 6.%. Diffusion coefficient from desorption results.

Polymer - - :
Temp.C  C, =~V T;x 106_ D,C, * 100 D' x 10° D, x 10
43,0 0.104 0.896 2.54 0.255 2.60 3.615
0.142 0.858 2.54 0.360 2.40 3.799
0.21% 0.786 2.54 0.592 2.20 4,531
0.0 0.60 2.27 0.908 1.50 6.942
k7.5 0.078 0.922 2.99 0.237 3,00 3.828
0.107 0.893% 2,99 0.320 2.95 L. 141
0.1617 0.839 2.99 0.483 2.80 4,749
0.350 0.6%0 1.045 2.60 9,469

2.99
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These diffusion coefficients will now be compared to the self-
diffusion coefficients (D*) obtained from the permeation method.
D* is calculated from the expression (Eqn. 5.6)

D* = g% x 2.18 x 1'-6 cm® sec | 6.13
where P is the experimentally observea count rate increase
C* is the concentration of the radioactive moleculés at
the "“ingoing" face
1l is the thickness of the polymer
and the factor 2.18 x 107® is the radioactivity weight
calibration term.

The variation of D* with the mean "overall" concentration (i.e.
regardless of radioactivity) can be worked out knowing the concentration
of the inactive molecules Cs' (see section 5.2).

In Fig.50 can be seen the three diffusion coefficients, viz:
intrinsic¢ from mean sorption, intrinsic from descrption, and self,
plottéd on the log scale against the penetrant concentration, A
reasonably'justifiable linear relationship is established for each case,
their values will now be discussed.

The self-diffusion coefficient, D*, as measured by our permeation
experiment, is a direct measure of the penetrant mobility 3f the polymer.
It is in fact equivalent to the thermodynamic diffusion coefficient
defined in section 2.4 by (Eqn. 2.50)

Dth =RT my 6.14

where my is the molar mobility

D* and Dth are related to the intrinsic diffusion coefficient

by a thermodynamic function as follows (Egn. 2.18, 2.50).

- dln¢C
® —_ ———
e el - 6.15

where CA is the penetrant concentration

and aA is the penetrant activity.
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d ln as
The term 4 1ln Cp can be evaluated from an

empirical relation of the form (67)

"2
d_1n ap _ BG+2CC + 51)02_ ; 6el6
d In Cy A + BG +CCy + DG

where A, B, C, D are empirical constants
used to fit the experimental curve,
Alternatively the Flory-Huggins equation leads

Io

2
dine, — 1 - (A+1)CM 2Xchwr 6017

oF low PQKefrant' Qckce»\tmb;ov\,
where X is the interaction. parameters

The factor d_1ln a,

—

d 1In Cp )
and will be taken as such in our discussion. This

is normally close to unity,

means that (self-diffusion coefficient)/(intrinsic
diffusion coefficient) should also be close to
unity, or these coefficients should be nearly

equal to each others

It is interesting to note that although
the polymer-fixed mutual diffusion coefficient
(given by D' in Table 6.3) decreases slightly
with increasing penetrant concentration, the
intrinsic diffusion coefficient actually increases
exponentially with concentration (Fig.50)s This
arises as follows. At very low penetrant conc-

entrations, mass flow results in negligible back




flow of the peneirant and so‘the measu?ed diffusion
coefficient is very little affecteds At higher
penetrant concentrations, however, an appreciable

back flow of the penetrant résults from the mass

flow, and so the measured diffusion coefficient is mducg{
below the correct wvalue given by the intrinsic

diffusion coefficient.

Having dealt with mass flow, it is
now appropriate to compare the various diffusion
coefficients, vizs Dp(mean), Dp(desorption), and
D which are all supposed to be related to the true

mobility of the penetrant molecule in the polymer

systeme

Firstly we shall compare values
of intrinsic diffusion coefficients derived
from sorption and desorption rates, As mentioned
previously it is suspected that the rate of
absdrption is controlled by the transport rate
from the reservoir io the polymer, and it nay
have been retarded by dissoloved fgases, which

had not been completely removed, oxr
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even by the self-diffusion process in the vapour state at high vapour
pressures, The desorption experiment involved direct transfer of
sorbed molecules from the polymer to the cold trap. The liquid
penetrant reservoir was isolated from the polymer so that there was

no possibility of interference from any other undesirable gas molecules
and the whole process occurs at near zero penetrant vapour pressure.
The rate of desorption would also not be affected even if adsofption
onto the stopcocks or glass vessel walls did occur. As seen in

Fig.50 the DA value from the mean sorption and desorption data is

lower than that fromdesorption data alome., In addition the dependence

on concentration is much smaller than that of e’ther the D (desorption)

or the D* values. (‘For' ‘ﬂuS rea.son we. nmtt a{g:c«;ﬂmr Aere""

PR

‘to ﬁe reéajion rl: hmeenzccb e am/*f-cﬁf Mfﬂnffé“‘o/ffu;uon A

.——'\-_

CO%CICQ; Géﬁ‘npdn w So/a yu L‘I’(h %,l“ll(f Ip["ﬂfn 4‘wr—' -’*“: ""\e*'* mlevh, D¥
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From Fig.50 we can see that the concentration dependence of DA

and of D* are, within experimental limitations, nearly equal. The D*
value can be extrapolated to zero concentration, and applying the
derived Arrhenius relation for temperature dependence (see Section 6.5)
the values of DA and D* at zero concentration and at a fixed temperature

(4300)'are evaluated, the ratio DA/D* is determined and is approximately
equal to 1.5. Theoretically th;; is considerably higher than the value
of near unity predicted by our definitions (Eqn.6.15)., There are a few
reasons which may be forwarded to account for this difference.

The possibility of temperature variation on tie polymer surface in
a sorption experiment has already been discussed. ZExactly how DA is
affected is not known,but we can assume this as a source of ina;:;racy.
In the permeation experiment the same amount of heat of condensation would
be given out by the vapour but a steady state was allowed to be reached
before readings were taken (Section 4,6), so this is less of a source of

error.
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The relation D, = Dz /(volume fraction of pol,,vmer)3 assumes
that on sorption ag_the vapour, the polymer swells only in thickness
but not in cross-section area, i.e. anisotropic swelling is assumed.
This is probably true if the centre of the polymer is still in the
unswollen state. As the penetrant diffuses further in the polymer,

the stresses, which previously maintained anisotropic swelling, will be
relaxed and swelling will become more isotropic. For pure isotropic

swelling, D, is related more accurately to DR by a relation (.145).

A
D, = Dgﬂ&olume fraction of polymer)S/3 6.18
Garrett and Park (145) have proposed that since for most systems
the swelling is neither isotropic nor anisotropic, a geometric mean

should be adopted, and this corresponds to

D, = DR/(volume fraction of polyrner)7/3 6.19

—

Thus the better approximated DA would be lower than the one cal-
culated from the previous relation;;ip (Eqn.6.10). This could be
another contributory factor in our E& value being higher,

Strictly we can go ahead and estimate the quantity ¥ in the
relation

£
Dy = DZ/(volume fraction of polymer) 6.20

if we assume

X
true D, = D* = S22 Gy Db/(volume fraction of polymer)
.‘H“ 4 1lna A
£ A 6.21
b . 3
The measured DA = DA/(volume fraction of polymer)
Therefore
D* dilangC (volume fraction of pol er)3 - % 2.
D.“d1na polym 62 A
measured _A A

Since all the other terms can be determined experimentally, X
can be evaluated. Therefore, it may be possible to discover the true

swelling behaviour of the polymer under the experimental conditions.
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It was, however, decided nof to apply Eqn. 6.22 to our data
because of the larger disparity between our D* and DA values than even
6.22 can predict, -

Another possible reason for this difference could be the actual
silicone rubber samples used for these experiments. For the permeation
experiment, sample "E303" as characterisecd in Chapter 4 was used. The
sorption experiment was performed earlier with "'"E302" with the same
molecular weight and other physical characters as "E303" but is described
technologically as the higher "shrinkage" grade. The term "shrinkage!
refers to the physical change in size of vulcanised rubbers, due to the
removal of volatile cyclic compounds from the pol mer. In a "low
shrinkage!" sample, most of these volatile substances have been removed
by the manufacturers. The molccular mobility, however, shcould not be
affected to any significant degree by this physical effect,

A small differcnce in the molecular mcobility between the labelled
and unlabelled molecules would be caused by the "isotope” effect.

This is because the mass of the nucleus in a C-14 atom is heavier than
that in a C-12 atom, and the rate of movement of the former should,
therefore, be fractionally slower (146). Although this effect is
important to the actual gas velocity, it should not affect molecular
movements which are relaxation contrclled, such as diffusion in a polymer
medium,

In conclusion to this section it can be said that the relationships
between the mutual diffusion coefficient, intrinsic diffusion coefficient
-and the self-diffusion coefficient, have been quite thoroughly explored.
From these relationships it is possible to gather more information on the
ﬁolymer swelling and penetrant activity behaviour. The experimental disparity
between DA and D* can be partly attributed to the experimental inaccuracy
in a sor;;ion experiment, wrong assumption that swelling is entirely
anisotropic, and the difference in "'grades" between the polymer samples

used.
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6.4. Interpretation of concentration dependence of diffusion coefficient.

It is a well known phenomena that the diffusion coefficients in many
organic molecule-polymer systems are clearly concentration dependent
(55, 38, 69). This dependence varies from a ten-fold increase of the
diffusion coefficient (in increasing the concentration from zero to 0.1
volume fraction of penetrant) for n-butane-polyisobntylene system (38),
to an almost independent relationship reported by Newns and Park (69)
for a benzene-silicgne rubber system. Many theories or explanations have
been put forward to account for these observed concentration dependences
of the diffusion coefficient, a few of these will be briefly summarised
before interpreting our results in terms of the _ree volume theory as
outlined in Section 2.4 which the author feels is the most fundamental and
direct approach of all the presently available theories,

Barrer and Ferguson (67) by making use of a model representation of
the zone theory (Section 2.5), derived an expression for the thermo-
dynamic mobility, mse in terms of the volume fraction of the penetrant,
and a parameter 7 defined as the number of either the polymer segments
or the penetrant molecules which must be displaced outwards simultaneocusly
for diffusion to take place., Their finel expression was

mg =) By [vy 002 4 (1w )P 6.23
where K is a proportionslity constant

PB’ PA are probability terms for A and B.

v, is the eolume fraction of & (penetrant).

By choosing a suitable value for %, m, can be calculated and matched

d
with the experimental diffusion coefficients, beaing in mind that
dlna dlna
% =PndInc, " %7 TTac,

It is always difficult to justify, without fundamental reason, the
choice of a parameter to fit an equation so that it may correspond with
the experimental value. Barrer and Ferguson have shown thattthe zone

theory can be used to explain the concentration dependence of D, but they
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have not shown how it can be uséd to predict this dependence in other
systems. No definitive conclusion is offered, and certainly no evidence
is advanced for the chosen value of Z in Egn. 6.23.

Prager and Long (38) in their experiment on the diffusion of
hydrocarbons in polyisgbutylene, found a drastic dependence cof the
sorption diffusion coefficient (denoted by D in the last section) on the
penetrant concentration. They did not convert their D values to the
intrinsic diffusion coefficient, D,, which, if they had, wculd have
made the concentration dependenceﬂzven more proncunced, It is a pity
that in their publicaticn (38) , they have not interpreted their
results quantitatively, and no numerical solutica or mathematical model
was forwarded te explain their findings. The explanation presented by
Prager and Long for the concentration dependence of the diffusion
coefficient was based on Eyring's "hole" theory (147). According to this
theory there are in any liquid or solid a number of holes arising from
thermal fluctuations; diffusion fakes place by a molecule leaving its
current position and jumping intc one of these holes. In order to form
a hole a certain number of van der Waals 'bonds'" must be broken. These
"honds" are assumed to be either between two polymer segments, a polymer
segment and a molecule of the diffgsing hydrocarbon, or betwsen two
molecules of the hydrocarbon. The last case is the least probable at low
penetrant concentrations. Prager and Long assumed that the polymer-
hydrocarbon bonds ere weaker than the polymer-polymer bonds, consequently
the energy required to form a hole of a certain size decreases linearly
with increasing hydrocarbon concentration, and the number of such holes
should therefore increase exponentially with increasing hydrocarbon
concentration. The diffusion coefficient, being dependent on the '"jump"
frequency, is directly proportional to the number of available holes, and
ig, therefore, given by
D, = D_ exp (aC) 6.24

C
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where DC and Do are diffusion coefficients at concentration C
and zero respectively, and a is a constant.

The above treatment resembles, in basic assumptions, the free volume
theory as given in Section 2.4. The number of '"holes" big enough to allow
diffusant molecule displacement, corresponds to the probability of
finding a hole large enough in the vicinity of the diffusing molecules,
and is given by(Eqn. 2.48)

P(B) = exp. (-B/f)
where f is the average free veolume per unit volume of the system,
B is a measufe of the hole aize.

The thermodynamic diffusion coefficient, D pr 18 in turn related to this

t
probability by the expression (Eqn.2.51)
Dy, = R T Ay exp. (—Bd/f) 6.25

If the free volume increases linearly with penetrant concentration
(165), then Dy depends exponentially on C.

Comparing the frece volume theory to Prager and lLong's hypothesis,
it is clear that the former consists of fundamentzl parameters which may
be derived and substituted into the main relationships, and the latter
consists only of o gualitative assessment, although in both cases, an
experimental dependence is predicted.

From the free volume theory, the following expression has been

derived (Eqn. 2.58)

1 _ ot fremli? 1
1niDth?E°| B, By gﬂtﬁ v,

The parameters have already been defined in section 2.4,

A plot of 1/ln(Dth/Do) against ‘I/v1 should, if the theory is obeyed,
ygeld a straipght line, the slope and intercept will represent the obvious
terms in Eqn. 6,26 respectively.

Since our data for concentration yariation of the diffusion

coefficient in silicone rubber do not cover a large enough temperature
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range for it to show the température dependence, we have only plotted

this relationship for one temperature (30.4°C). This is shown in

Fig.52. From the slope, rf (o,T)] 2 /Bd F_(T) is known. The intercept
when 1/VA = 0 is so small that it is difficult to be evaluated graphically.
However, if we assume that the linear relationship is accurate enough

we may substitute the straight line by an empirical equation derived

by substituting values in the equation:
¥y=mx + ¢
m, the gradient, is determined by the sbpe and is equal to
2,85. Table 6.5 shows the various values of ¢ obtained by substituting

the chosen values of x and y.

Table 6.5
X y c
0.5 1.5 .075
0.75 2.2 070
1.0 2.92 0.070
1.5 4,36 0.078

Thus the average extrapolated y-intercept value = 0.075

From Eqn. 6.26 therefore

£ (1) _ 4,075 6.27

Ba

and [f (0,T) 2

N}
A

f (0,T), the fractional free volume at temperature T, may
be derived from the relation
f (0,T) = £ (0,Tg) + o, (T-Tg) 6.29
where f (o0,Tg) is the fractional free volume at Tg.
A Muniversal" value for f (o,Tg) may be assumed (6), and thisdzqualdlﬂb
to 0.025.
u%, which is the coefficient of thermal expansion, has a "universal
value of 4.8 x 154 deg.~1
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We have, therefore, from Egqn. 6.27, 6.28 and 6.29, with "universal"
values of £ (o,Tg) and % substituted,

Bd = 1.39 B 6.29
B = 234 x & 6.30

These values are only very rough approximations of the true value,
as we have assumed the "universal" values in our calculations, and the
graphical intercept obtained is only an extrapolated wvalue. Strictly
a more accurate estimation of the free volume parameters f (o,T) and
o may be made by plotting Fig.52 at two temperatures far enough apart
for the temperature dependence in these terms to become significant.
From the intercepts of the two plots, the exact value of f (0,T) may be
detefmined by substituting a known value of o for silicone rubber {163),
and subsequent values of Bd and fkT) may be determined from the
respective slopes. In the temperature range covered by us, (30-5000),
the free volume plot (Fig.52) for all the temperatures very nearly all
fall on the same straight line, this is the reason we have assumed the
funiversal" free volume parameters.

Since the corresponding B value for viscosity is near unity (6),
it would appear, (BA/B_>‘1.), that the minimum hole size required for
diffusion is slightly larger than the minimum hole size for polymer
segmented motion. Bdéfs also approximated toj}ﬁ:EElHa, where JAHD
and ZBHa are the activation energies for diffusion znd polymer
viscoelastic relaxation respectively (see later section). We have

obtained values of élHD and Z&Ha at 5.75 and 5.3 K cals/mole

respectively (see Section 6.5 and 6.9). Thus By from activation energy

ST .

i /\’ - . i .
comparison is about 7 /. Thus from both observations B, isifnear;

. T AN
51*6‘ unity. It appears, therefore, that the penetrant molecule
.. ~ i Ty 3 - » l
(n-decane) is §1un12; in sizet ib} a silicone rubber chain "segment"

which is taking part in thermal motions.
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ﬁB(T) is given by the expression (Egn.2.52)
£ (v, = £ (0,T) + ﬁ(T) v, 6.31

and is, therefore, a measurement of the concentration dependence
of the free veolume in silicone rubber. Its small value suggests that
the effect of diluent on the free volume of silicone rubber is rather
insignificant. The concentration dependence of the diffusion
coefficient of n-decane in silicone rubber is small and is given to a
good approximation by

log D, = log D_ + 2.0C. 6.32

Newns and Park (69) have in fact found no concentration dependence
of the diffusion coefficient in a benzene-silicr-ne rubber system.
This point will be discussed further under section 6.6.

For extrapolation to zero concentration purposes, we have plotted
the concentration dependence of D of n-decane in silicone rubber and
S-B-S block copolymers as log D against C in Fig.53 and Fig.54
respectively. Within the narrow temperature range there was no
noticeable change in the gradient of the linear plots, and relation
like Eqn.6.3%2 for silicone rubber, and

log D, = log D + 2.5 ¢ 6.33
for the S-B-S block copolymer may be assumed for extrapolation purposes.
The diffusion behaviour of this later polymer will be discussed in

Section 6,7.

-145.~



- \ l

_6.0 L

o ol o2
- € (g/)

FIG. 53- CONCENTRATION
- DEPENDENCE OF D
SILICONE RUBBER



log D

-64

Toluene cast, 32°C

-]
CH,Cl, cast 3iC

O

1 C ¢g/9q) -2

FIG. 54, SBS COPOLYMER CONCENTRATION
DEPENDENCE OF D.




6«5 Temperature dependence of the diffusion coefficiente

The temperature dependence of the diffusion coeff-
icient is one of the most valuable sources of information
on the mechanism of diffusione We have already seen how
the free volume theory can be applied to account for the
concentration dependence of the diffusion coefficient, by
a similar argument the temperature dependence can alsé
be illustrated by the free volume conbept. In the case
of concentration, the fractional free volume has been
shown to increase.rith increasing penetrant concentration
(Eqne 2.52) in the manner

£ (vy,T)= £ (0,7)+ ﬁ('l‘)vl 6434

Temperature also increases the fractional free volume

of a polymer, and at zero penetrant concentration this is
given by (Egqne 2.60) ‘
| £ {(0,7) = £(0,0)+ O{i_(T-TO) 6435

where £ (0,T7) and £ (0,0) are the fractional free
volumes at temﬁerature T and a reference temperature To
respectively;(xf is the coefficient of expansion of the
free volumeo

In section 2.4 it has been shown that the diffusion
coefficient is dependent on the free volume in the manner
(Eqne 2461)

D= AdﬁTexp.{-Bd/[f(o,o) + Ap (T=Ty )]} 8636
By differentiating 1ln D in Eane. 6;56 with respect

to (1/T),

d1nD o -T - T2Bd£0<? s 6437
a (1/7) [T -7, + o,o)/otf]

If we define the activation energy of diffusionqﬁmb, as

ABp—= - R dind 6038

i(1/7)
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2
T B/« '
then ZXHD = RT 4 _ a’7e 5 6039
[v -2, +i‘(0,0)/a(f]

D .
If we further define two parameters Cy and C, as

Cl = Bd/f(0,0) . 6440
= 6o 4l
02 f(o,o)/ocf _ 4
then .
RC£C2T2
AHD = RJ’T + j 2 60418.
| [c2 + 1 -1

From parallel argument Ferry(6) has derived a similar

éxpresasion for the apparent activation energy of viscoelastic

relaxation H_, and this i§ zgiven by

RCyCoT

a’

Afs = 5 6e41b
e, 4 = 2y
where C; = B/f£(0,0)
and C, is given by Ean, 64l
From Eqne 6e4la and Bon. 38.41b
A, ~ RT B
b —_— "'""E 6. 41c

AE_ B |
Fige55 shows the variation of theoreticalAHa with temperature
,ZXHa being calculated using the universal values of £(0,0) and
dToZXHD, as apparent from Eqne6bes4lc, should also vary in a
similar manner with temperature.
Over the range of tempera£ure used in our experiments, the
variation of the diffusion coefficient with temperature seems
to. follow an Arrhenius type of relation, and logD against 1/7T
is plotted for each of our polymer samples, these are shown in
Figs.56=59, “Table 6,6 éhows tﬁebﬁp and D° values hence obtained,

TABLE 6. 6

silicone r.|silicone zo silicone rfp S-B-S |S-B-3
(lunfilled) (10phr f£.) }{20phr £.) (toluene)(CH?Clz)

AR : : ' )

Xcals/molel 5475 7440 8480 7065 |10 50
0.

Docm2sec 0.015 0,23 2,16 0,21 14,153
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Since the Arrhenius relationship can be represented also by
log D = log D° - g%%gg—ﬁ—f— ' 6.41

The value of D° which is the diffusion coefficient at "infinite
temperature''can also be determined from extrapolation of the Arrhenius
plots, and these values are also tabulated in Table 6.6. Both of
these parsmeters may be interpreted as follows.

The activation energy of diffusion may be interpreted in general
as the energy to be overcome for the penetrant molecule to move from
one site to a new position. Brandt (section 2.5) has split this term
into two contributions - viz: an intermolecular term due to the repulsion
the polymer chains experience from their neighbours when displacing them-
selves to accommodate the penetrant molecule, and an intramolecular term
due to the rasistance of the chains themselves to ''bending" (restricted
rotation)+ The activation energy term therefore depends on the size of
the penetrant molecule, and, more important, on the ease of segmental
rotation of the polymer chains (especially for diffusion of large
molecules). The activation energy for the different polymers listed
in Table 6.6 will be dealt with again under the respective sections later
on.

The interpretation of the constant D° is less clear. The theory
of rate processes (147) relates D° to the entropy of activation for
a diffusional jump AS* through the equation

'D° = (ed°k T / h) exp (Ast/R) 6.42
where B is the length of a unit jump
k and h are Boltzmann and Planck constants respectively, e

is a numerical constant,

log D° has been observed by Barrer and Skirrow (77) to vary
linearly with.AHI/T in several cases. 8ince the latter is also related
to the number of degrees of freedom involved in a diffusion process (see
Section 2.5), it would appear a linear log D° against IBHD/T relationship

would justify the zone theory.
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Barrer et al (141) in their work on the diffusion of butanes
and pentanes in silicone rubber as compared to natural rubber found
a linear log D° against lSHD/T plot for natural rubber, but the points
for silicone rubber scemed to have g much higher log D° values than the
linear relationship would predict, The author, however, after checking
the mathematics involved in their calculation, found that this was in
fact due to the omission of the factor 2.303 in Barrer's calculation for
log D° in the expression

) AR
- —— e
log D" - log D + 555357

Making the due correction, a good linear relationship was estdiished.
We have also included loglJO againstj&HD/T plots for the polymers listed
in Table 6.6 at BOOC, and these points fit in beautifully with Barrer's
plot, forming a "master" plot involving diffusion of n-butane, neo-butane,
n-pentane, iso-pentane and n-decane in natural rubber, filled and
unfilled silicones, and S-B~S block copolymers cast from different
solvents. This ischown in Fig,60. This plot suggests that the energy of
activation is proporticnal to the entropy of activation in a diffusional
process, and in terms of the zone theory. a greater activation of energy
requires the co-operative movement of a larger number of segments. 4 few
interesting observations «re made from Fig.60 and these are listed below,
and they will be discussed further in the later sections respectively:
For unfilled silicone rubber, log D° increases with larger penetrant
molecules in the order
n-decane »~ n-pentane_»” n-butane,
for filled silicone rubber, log [F increases with filler content
in the order
20 phr >~10 phr 2> unfilled.
for S-B-S block copolymer, the diffusion of n-decane has a higher

log 0° value in the sample with the more diffused morphology than the
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one with better phase separation (see Section 6.7),
and for similar penetrants, the log D° values for silicone rubber
gfavery much lower than those for natural rubber. This is probably due

again to the segmental mobility of the former.
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6.6. 8ilicone rubber (unfilled).

In this section we shall summarize socme of the results observed
in the previous sections and try to gather a complete picture on this
polymer.

The first indication of the very mobile nature of the silicone chain
segments is the negative concentration dependence of the mutual diffusion
coefficient measured from sorption (see section 6.3). Interpreted in
terms ofmass flow this has been attributed to the polymer chains being
more mobile than the penetrant molecule (section 6.3, Fig.51). Later on,
from free volume theory considerations we have shown that the free volume
in silicoﬁe rubber is not affected to any significant extent by the
presence of the penetrant (¥gn.631). 1uis again reflects an inherent
high chain mobility. Our results for the diffusion of n-decane will now
be tabulated together with Barrer's results (141) for n-butane and
n-pentane in the same polymer, so that a fuller discussion can be made

on the various parameters involved. These data are shown in Table 6.7.

TABLE 6,7
i
aH {0
Diffusing Diffusion Kigig/;g o2
molecule Concentration coegfici nt_ Kcals/moie folo ; “m &e
(30 °C)ecm sec :

n-butane small,assumed S.hox 166 ! 4.2 ~5.27 (0.00168*

(141) zZero
n-pentane " 4,48 x 156 4,3 -6.26 {0.00185*

(141)
n-decane extrapolated 1.07 x 156 5.75 -13.4% §0.015

to zero

* These values are the V'corrected" wvalues from Barrer's published data
(142) (see last section).

The diffusion coefficient is essentially a measurement of the
velocity of translation of the penetrant through the polymer, but it is
not by itself a mearure of the polymer character. Since the thermodynamic
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diffusion coefficient is related to the mobility term mg o

by the relation (Ean.2.50)
D= Rde
aﬁd moﬁility is inversely proportional tothe frictional
force existing in the system, a Stoke-Einstein type of relation
can be used to relate D to the friction coefficient , as follows

kT

D = be 43

nf

where & is the friction coefficient of a single -CHQ—
unit in the penetrant molecule, and n is the number of such
units in a penetrant moleculees Thus in a homologous series
of chemical compounds, this predicts that the friction experienc
~ed by the diffusing molecule increases with its length, and
the diffusion coefficient to decrease accordingly as shown
by Eqne 6¢43. Therefore ithe ratio of the diffusion coefficient
6f n-butane, n-pentane, qnd n-decane should be 2.5:12.0:1.
Table 6.7 shows a ratio of about 5314.,2:1l, The value for n-decane
seems to be lower than the predicted value, which indicates
that n-decane diffuses by a different mechanism from that of
n-butane and of n-pentaﬁe.

The activation energy of diffusion as given in Table

6.7 is best interpreted by considering the related 1ogD0
parameter (see section 6e5)s Since AH/T is linearly related
to logD0 (Pize80), and logD0 is related to the number of degrees
of freedom(i7), a greater[ﬂﬁ)means cooperation of polymer
segments involving a éreater number of degrees of freedom

is reguired,
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It is readily seen, therefore, that although the actual friction
experienced by n~decane in the polymer is much higher compared with
the lower hydrocarbons, the rearrangement process of the polymer segments
needed for the penetrant translation is not appreciably more complicated.
This supports the theory that diffusion of a penetrant molecule in the
polymer medium occurs with the penetrant molecule participating in the
thermal motion of the polymer chains themselves. Diffusion does not
necessarily involve the penetration of the entire molecule into a new
"hole," tut possibly one portion of it followed by the rest as scon as
further thermal fluctuaticns of the polymer segments have formed additional
voids along the direction of translation. As the size of the penetrant
increases the activation energy (and so the number of degrees of freedom)
will increas=z until 2 certain limiting value, when the activation energy
jSHD should become constant. The size of the penetrant molecule before
this value is reached should correspond to the size of the polymer segment
involved in thermal fluctuations. Flexible molecules larger in size than
that of a polymer rearranging segment will diffuse by segmental motions
themselves, and the cnergy of activation should not be higher than the
energy requiréd for polymer chain relasetion. Chen and Ferry (9) using
Moore and Ferry's "composite" method (132) measured the diffusion of radio-
actively labelled n-hexadecane in silicone rubber, and obtained an
activation energy of about 5 K cals/mole. They have stated in their
publication that the error involved in their method for silicone rubber
was large because of the high diffusion coefficient, so - allowing for
this and our own errors, we Can assume ““HD for n-decane and n-hexadecane
in silicone rubber to te nearly equal, This suggests that at decane we are
very near to this "limiting" value as mentioned above.

Tie variation of{ﬂﬂD with the size of penetrant is shown in Fig.61;
in section 6.9 this will be further discussed in relation to our results
for dynamic mechanical data fcr this polymer.
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It is interesting to note that in Barrer's experiment (141) he
compared the diffusion of n-butane and n-pentane in silicone rubber with
that in natural rubber, and found that in natural rubber the diffusion
coefficient of an identiml hydrocarbon is about 25 times lower and the
activation energy is about 3 times higher. This means that the
frictional resistance encountered by the diffusing molecule in naturzal
rubber is higher and more co-operation of the polymer segments is
necessary (g = 20) for penetrant translation. This again emphasizes
the ease of segmental rotation in silicone rubber.

The heat of solution term, zkHsoln’ in Table 6.7 is not important
as far as molecular motions are concerned. As mentioned in Section 6.1
it is dependent essentially on the size of the penetrant molecule, when
expressed per mole , since it consists mainly of the heat of liquefaction.
The heat of solution per CH2 unit from Table 6.7 in fact works out to be
roughly constant, and is about - 1.3 kcals.

The D° value in the last column of Table 6.7 has already been
described primarily as an entropy of activation term. Log p° is in
fact directly related te the degrees of freedom g in the éone theory.
p° is seen to increase with larger penetrant size. This would be
expected as larger penetrznt molecules require greater disturbance of
the surrounding molecules which have to rearrange to permit diffusion

to take place.
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6.7. Styrene-butadime-styrene 3-block copolymer.

The styrene-butadiene-styrene 3-block copolymer, as the name
suggeste, consists of a block of polybutadiene chain terminated at each
end by closely identical polystyrene block§. This copolymer, referred to
as S-B~5, exhibits the uninue property of being rubbery at room
temperature and thermoplastic at higher temperatures. This is due to
the vast difference in the glass transition temperatures (Tg) between
thése respective blocks. For the polystyrene component the Tg is about
100°C, and for the polybutadiene component, about -99°C. (87). From
low angle X-ray diffraction (149) and electron micrography (138)studies,
a two phase structure with the polystyrene phase immobilized and
distributed in some form of order (see later notes) is indicated at least
at room temperature. The glassy regions can be considered as impermeable
to the penetrant molecules, so that transport only takes place in the
amorphous phase.

Qur permeation experiments were performed on samples of S-B-S
cast from two different scolvents, toluene and methylene chloride.

The effect of casting this polymer from different solvents on the
morphology of the resulting film is discussed in detail elsewhere

(87, 138), here it is sufficient to present the evidenced result, with
little discussion on the mechanism of structure formation.

The solubility parameters of the various components involved in the

film-casting process are given in Table 6.8,

TABLE 6.8
ca s 1/2
Component Solubility Parameter (cal/c.c)
Polystyrene 9.1
Polybutadiene 8.6
Toluene 8.9
Methylene chloride 9.7
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Since the enthalpy of mixing is expected to be proportional to the
square of the difference in the solubility parameters, as given by
(Eqn.6.3)

.éHm= Vz(r.{l - 52)2 v, Y,

the c¢loser they are th~ better is the mixing process.

Methylene chloride is therefore a better solvent for the poly-
styrene phase than the polybutadiene phase, whereas toluene is an equally
good solvent for both components.

The sample cast from toluene has been observed by low angle X-ray
diffraction (LAXS) to possess a discreet phase separation with spherical
polystyrene phases distributed on a cubic lattice structure (149). The
sample cast from methylene chloride, hcwever, has been shown from the
same evidenc: to possess o less ordered structure with the polystyrene
domains having a more diffused pattern of distribution, with some
continuous polystyrene phase. These two types of morphology are
represented in Fig.62,

The diffusion results obtained for each of these samples are

presented in Table 6.9.

TABLE 6.9
Diffusion coefficient extra-i . S
polated to zero pengtrant { l&HD 2D -1
cogcengﬁation at 30°C. K cals/ cm sac
Sample cm~ Sec | mole
i
Cast from toluene 5.55 x 107 ] 7.65 i 0.210
_ i :
Cast from CH, cl, |  3.89 x 107 {10.60 14,13

i
i :

The complete Arrhenius plots for the diffusion coefficients (extra-
polated to zero concentration using Eqn. 6.33) for both these samples are
shown in Fig.59.

To interpret these results, and the difference between the two

samples varying only in morphology, it is necessary to assume that the
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polystyrene domains act as geometrical obstructions in the path of the
diffusing molecules, and introducing a structure factor, k, which can
be worked out quantitatively if the "filler'" (polystyrene) particles are
assumed to be arranged in some form of model structure.

In the case of zero souvption by the polystyrene

Deg_p-s) = Dp ¥ 6.45

where D(S-B—S) ig the diffusion coefficient in the copolymer
DB is the diffusion coefficient in the pure polybutadiene
phase alone.

Various expressions derived for the analfous problem of electrical
conductivity may be used to determine k. Thus Lord Rayleigh (50) and
later Runge (151) considered the case of a cubic lattice of uniform
spheres for obtaining an expression which may hold to high "filler"
concentrations,

k= (v ica-avA - 0.394 v,"%) ft2w,-0.39 vA1°/3)]
| 6.46
whereas it was derived by Thirion (152, 153) that
k = (1-VA)-1 [1 + VA/(1—i42/z)] 6.47

Many other expressions, often more complicated, are known either
for spheres (154), for cylinders (151), or for oblate or prolate ellipsoids,
the former approaching the lamellae type of filler (155).

Bvidence (87, 149) has shown that owr toluene cast S-B-S film
sample has a cubic lattice structure of spherical pclystyrene domains.

It would, therefore, be appropriate to apply the Rayleigh and Runge model,
and determine a value for the structure factor k.

The volume fraction for the polystyrene in the 5-B-S sample used

is 0.28 (sec section 4.5), substituting this in Eqn. 6.46, we obtain
k = 0.78

Now the diffusion coefficient of n-decane in the pure polybutadiene

has not been obtained by us, but a good approximation may be derived from

Newns and Park's "master plot" relating diffusion coefficients of a fixed
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penetrant in various polymers to the Tg values of these polymers (69).
They derived a relationship (Eqn. 2.67) (D0 = Diffusion coefficient

Qd}d?ékdé to zero concentration at 25°C)

T = C. + C, 6.48

g 1
(log D_ + 03)

where ¢ has a small value of about 0.53 and :herefére does not

affect log D0 to any large extent. Tg therefore is related linearly
to (log D + C3)—1. Assuming TS of pure poly-butadiene (PBD) to be
-99°C quoted earlier, and that of silicone rubber (PDMS) to be +123°C
(69), the ratio of D0 in PBN/Do in PDMS can be worked out from Newns
and Parks! linear plot. This was in fact found to be 0,58, Since we
know the diffusion coefficient of n-decane in silicone rubber

(1.07 x 166 cm2 sed! at %0°C - see section 6.6), it can be reasonably

assumed that the diffusion coefficient of n-decane in PBN = 0.58 x 1.07

X 156 cne 365 at 20°C, which is 6.22 x 157 en® sev .
- =1
Thus D = 6.22 x 10/ cn> sec
B
Applying Eqn. 6.45 therefore
=7 2 -1
D(S-B—S) = 0.78 x 6.22 x 10" em” sec
- > _
= 4,85 x 107 cm  sec

7

From Table 6.9, the measured experimental value = 5.55 x 10 cm2 3651.
The comparison is good considering the approximations taken, and this
seems further justification of the cubic lattice structure in the
toluene cast sample, and of the non-sorption by the polystyrene phase.
The result for the methylene chloride cast sample seems best
approximated by Bottcher's model of suspended ellipsoids (156). We

have not actually calculated the value of D directly from his

(8-B-3)
model, but since the ratio of the D/DB value for Rayleigh's model and

Bottcher's model is 0.38/0.25 (157), therefore
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D GH.Cl. cast

Predicted 2" "2 _ 025 | o
D toluene cast ~ 0.8 = "
The experimental ratio as given by Table 6.9 = %4%% = 0.70

A reascnable comparison can, therefore, be made.

We have thus shown that the two phase structure in S-B-S can be
represented reasonably well by assuming a cubic-lattice distribution
of the spherical polystyrene domains in the toluene-cast sample, and a
suspended ellipsoid polystyrene structure in the methy%ene-chloride
sample. F ,‘s.-‘.;..sq seems to indicate either the collapse of ;the cubic lattice
structure or the conversion of the ellipscid structure to the cubic with
increasing temperature, LAXS investigations of the sample at higher
temperatures under the same physical conditions may reveal more about
this phenomena,

The activation energy, [&HD, is observed to be higher in the more
randomly distributed sample {Table 6.9.} This egain suggests that

the structure may be changing slightly with temperature.
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6.8. Filled Systems.

The use of silicone rubber industrially invariably includes the
compounding of a filler, as the gum rubber is so weak in mechanical

strength as to be useless in most applications. The interaction between
fine silica fillers and silicone rubber is chemically and structurally
a complicated process. It is not well understood despite much work
done in this field (see for example, &4, 142, 158, 159). The sorption
and diffusion data obtained in this work are discussed in the light of
current theories (4,142) and it is hoped a few conclusions may be drawn
from this,

There are two main considerations in discussing the role of a rigid
filler in the polymer in a vapour permeation experiment. Firstly the
actual solubility of the vapour in the filled system will be affected
in a manner depending on:

A. The preferential'adsorptisn of either the polymer molecules

or the vapour molecules onto the filler surface.

B. The existence of vacucles or porosity in the filler particles

which may absorb the vapour.
Secondly, the diffusion coefficient is dependent on a structural factor
(see last section), which allows for the fact that the average diffusion
path is increased by the presence of the filler particlcs because the
localized direction of flow is not always normal to the geometrical
cross~section of the membrane (159). This structural factor can be
esfimated from analagous solutions of conductiéity in a hetereogeneous
medium as discussed in Section 6.7.

Sorption considerations.

When fine silica such as "Aerosil 2419" (particle diameter approx.

1804°) is mixed with silicone rubber on the mill, the filler particles
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may experience two or perhaps three types of interactions with the
silicone rubber. They may be attached "chemically" to the polymer
chains, thus forming additional “cross-link" points, or the polymer

can be physically absorbed on the filler surface, forming "coated
silicas.,” (4). In addition it is conceivable that the filler particles
themselves may form "clusters,"

For "cross-linked" silicas, the filler particles can be con-
sidered as an independent phase the rubber phase, and the
equilibrium sorption of a vapour by the whole system can be written

S=V_8 +V_ 8 6.49
T r

ff

where Sr and S, are the equilibrium sorpticn coefficient of the

f

vapour in rubber and the filler, Vr and V, are the respective volume

f
fractions.

If the polymer completely "wets" the filler surface, i.e. for
"eoated silicas," the filler particles may preferentially abso?b the
polymer rather than the penetrant, and Eqn. 6.49 then reduces to

S=85 Vv, 6.50

However, it is conceivable that absorption of the decane vapour
may still teke place in the internal pores of the filler, which are not
accessible to the siloxane but may be to the penetrant molecules, which
have smaller cross section areas,

In our data, as expressed by Fig.63, a curious behaviour is observed
which may be related to the porous sorption effect as mentioned above,

At low temperatures (below 40°) there is little @ifference in the amount
sorbed between the filled and unfilled samples. As the temperature is
raised, the second model (Eqn. 6.50) is progressively more obeyed until
ultimately the sorption of the vapour is expected to become proportional
to the volume fraction of the rubber. If we envisage most of the silica
as being "wetted" by the polymer, and only a small portion in the cross-
linked form, the total sorption will be equal to the sorption by the
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rubber, the sorption by the small amount of '"non-wetted" silica, -and
the scrption ip the pores of the filler. If the sorption by the silica
is strongly temperature dependent, and this is evidenced by the high
heat of solution in the filled sample {see section 6.1), then Fig.63
can be explained if the adsorption on the "free" filler varies from a
value higher than the rubber sorption coefficien; at low temperatures,

to a value approaching zero at temperatures higher than 5000.

Diffusion parameters.

The Arrhenius relationship is found to be reasonably obeyed in the
filled samples (Fig. 57-58). From the Arrhenius plots, the usual
parameters are derived and these are tabulated beleow (the unfilled

sample is inserted for reference.)

TABLE 6.10

Silicone Ds Ag 0 Diffusion cgeffiqient (20°¢)

soln D D -
rubber Keals/ {Keals/ 2 e51 cm ®ec
sample éoie} mole) cm 8
Unfilled | - 1.4 | 5.75 0.015 1.12 x 10°
10 phr.
filled 6
(vr=0.955) - 20.2 7.4 0.229 1.12 x 1
20 phr. P
(V.=0.91)§ -20.2 § 4.8 2.158 1.04 x 10

It is quite significant that the diffusion coefficient of the filled
sample is not reduced as would be predicted from structural considerations.
On closer examination, however, we discover that the structure factor, k,
(as defined in section 6.7), assuming a Rayleigh model (150), would work
out to about 0.98 and 0.93 for the 10 phr and 20 phr filled samples
respectively. Thus the diffusion coefficient should not be greatly
reduced anyway. It is also possible that some filler particles may
have "through" porous holes, which may shorten the diffusion path of
the diffusing molecule. The Y“clustering' of the filler particles may
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also create microstructures between particles equivalent to pores.

The larger heat of solution in the filled systems is obviously
linked to the sorption by the "free''silica as described above. That
there is no difference between the 10 phr and 20 phr samples may be
further evidence of the "¢lustering" behaviour of the silica particles
as mentioned previously.

The D° value describes the entropy of activation, and since it is
seen to increase with filler content, it seems likely that the polymer
segments become more restricted with increasingly filled samples, and
this in turn is reflected by the higher activation energy of diffusion
observed, (i.e. higher number of degrees of freedom is involved).

There may have been an error in the evaluation for the activaticn
energy of diffusion in the filled samples because of the "free" silica
sorption effect described previously. At low temperatures some of the
sorbed vapour which is sorbed onto these silicas may not participate in
the diffusion, and the diffusion coefficient obtained'thus gives some
mean value between the diffusivity in the polymer phase and the zero
diffusivity of the vapour absorbed on the filler. The overall measurad
diffusion cnefficient would be therefore smaller than the real value.
Since this absorption on +he silica is shown to gradually disappear at
higher temperatures, the diffusion coefficient then approaches the true
value. The activation energy shculd, therefore, be lower than the
measured value. This problem is, however, deemed not too serious, and
the general picture of diffusion of n-decane in silica-filled silicone

rubber remains as described.
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6.9, Comparison of diffusion and viscoelastic relaxation parameters.

Two parameters can be meaningfully used to correlate diffusicn
behaviour of a penetrant molecule in a polymer to the thermal chain
mobility behaviour of polymer chains themselves. These are the

friction coefficient,l, , &ud the related activation energy term.

The monomeric friction coefficient, 80, is defined as the measure
of frietional resistance per monomer unit encountered by a chain segment
in translatory motions.

The friction coefficient, gq' of the penetrant molecule in the
polymer matrix, is given by the expression (Egqn. 1.1)

%, = KI/D, 6.50

where D{J is the diffusion coefficient at vanishing concentration
of penetrant, and k is the Boltzmann constant.

Therefore, if a penetrant similar in size to the monomer unit is
used, E. 1 should be very near to f’o' Ferry (160) has in fact
tabulated 51 Values for various penetrants in the size range near to
that of the monomer unit, and comparéd them favourably with ,f,o. Thus
he confirmed that the force experienced by a monomer unit in the "relaxing"
polymer segrent is almost exactly the same as that experienced by a
penetrant molecule in pushing its way through the polymer medium. 50
can, therefore, be estimated from a knowledge of 31 , and diffusion -
may therefore be used to predict the time scale of transition zone of

viscoelastic properties.

(49
From thérvolwne theory, f;o may be expressed in the following manner:

Since g ok -~
! m

(where m is the mobility)
and m = A exp (-B/f) Eqn. 2.49

therefore, log §O = const. + B/F 6.51
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where B, f have been defined previously (Section 2.4).

A similar expression may be derived for diffusion (49,55)
log 51 = const. + Bd/f 6.52

The ratic B/%‘ can be determined from the measurement of the

activation energies of relaxation and diffusion, since (6)

dlna
’é'Hd.“ WT 6.53
where aT is a shift factor and can be defined as
1.1 .
in W, = B(f fo) 6.54

Over a narrow temperature range

'B—d =(AHD-RT)
B . Y e

a

6.55

Bd is found to be usually smaller than B, and this means that the
minimum hole size required for the translation of a penetrant molecule
is smaller than that required for a polymer segment. Thus if g.1 = go
and AHD<M3’ this suggests that more than one monomer unit isinvolved
in a polymer relaxing segment. Hypotheticzlly if we can increase the
size /rn\fa homologous series of penetrant until ﬂ,Hﬁ-RT=ﬁHa, then the
ratio of é“./ &‘o should approximatet?;he nunber of monomer units involved
in one rearranging segment.

In our data for siliccne rubber the activation energy of viscoelastic
relaxation was found to be 5.30 K cals/mcle from the WLF shift procedure
(Fig.64). The activation energy of diffusion of n-decane was found to

be 5.15 K cals/mole.
B,/B % 1" D
If we assume that th:L;s is near enough for unity, and further taking
&, to be 8.9 x 10° (160), then 6./ & at 25°C works out to be about 7.
Each rearanfing segment in silicone rubber consists therefore of seven
monomer units. The above assumptions need to be substituted by more
data for hydrocarbons in between C_ and C‘IO and even higher ones, so

5
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that a value of &1 can be chosen which gives a AHD value which is a
géod match to the IﬁHa value. Nevertheless it is shown that from a
combination of diffusion and mechanical data, an estimation of the size
of the very popularly referred to ''polymer segment" can be made.

Fo; the 5-B-3 polymer, the ZﬁHa value was found to be 12 K cals/
mole (87). Since our diffusion value for n~decane is 7.65 K cals/mole
{Table 6.9), Bd/B is about 0.6_; The polymer segment involved in
thermal motions appears to be therefore larger in size than the
penetrant (n-decane) molecule. At 250 the ratio ,ff;,l/g o works out to
be about unity. This seems to indicate that the polybutadiene segment
involved in its own relaxation is about 1 - 2 monomer units in size.
The value of &o used to estimate the above ratio is the one quoted for
1,4 - polytutadiene with a cis:trans:vinyl ratio 43150:7 (160), this
value may not be completely true when applied to our polymer, and some
errors may have been incurred.

The activation energy (about 18 K cals/mole) measured from the loss
peak at and near the glass~transition temperature (Fig.46, Chapter 5),
of silicone rubber may be interpreted as follows. It is much higher
than the Arrhenius activation energy measured at ambient temperature,
due to restricted segment.l motions (Section 6.5), and to a lesser degree
the crystallisation of the silicone rubber at -50°C (163). The
quantity corresponds in magnitude to that predicted by the free volume
theory (Fig.55), the fact that it is larger may be due to the deviation
of the true free volume parameters from the "universal" values, and the

effect of crystallization.
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6.10. Development of the Apparatus.

The main problems facing the design of a permeation apparatus with
the principles described for our method can be listed under the
following headings:

1. Light (photomultiplier}

2. Temperature control

3. Good vacuum

4, Efficient transfer of penetranf

5. Non-interference with electronics of counting instrument

In our glass diffusion line (Chapter 3), we initially concentrated
on 2 and 5, with the result that the apparatus performed well on 2, fair
on S and 3, but poor on 1 and 4 (reasons given in Chapter 3).

To improve 4, and 1, we designed the metal permeation cell
(Chapter 4). This we achieved with some success, with 3 and 5 remaining
good., However, we underestimated the rate of heat conduction along the
metal walls of the cell, with the inevitable consequence that our
temperature control became less precise, the temperature of one part
of the system being affected by heat changes in another part (see
Chapter 4, Section 2). Therefore, a third design (based on our metal
cell design) becomes desi—able which conceris mainly the elimination
of problem 2 listed above.

Since our major problem is the heat conducted between the active
reservoir and the polymer membrane (See Fig. 17 and 65), with the
scintillator cell reasonably well thermally insulated by the metal-to-
glass seal, the solution lies in the search of a way to insulate the top part
of the system thermally from the middle part. This must be done without
affecting conditions 1, 3, &4, 5 listed above. One way in which this
can be done would be to use a tough thin stainless steel tube to

separate the top anc middle parts of the cell as shown in Fig.65. Since
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the amount of heat conducted is proportional to the cross-section area,
this will be reduced greatly, and the remaining small amount of heat
which may still manage to be conducted should be eliminated by efficient
thermostating.

It must be pointed out that the problem of membrane distortion due
to uneven pressure appliéd on two sides of the membrane in a '"mormal®
permeation experiment, should hot be one in our method, where there

should be no pressure gradient whatsoever across the membrane.
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Conclusions,

We have shown that a simple, rapid and accurate method can be
used to determine directly the self-diffusion coefficient D* of a
penetrant in the pelymer matrix; the design of the apparatus is
to date not perfect but it can be readily further improved. The
working of the method depends on the penetrant being also functionable
as the solvent medium in a liquid scintillator mixture, This should
impose no great limitation as many organic molecules can act as
primary solvents for liquid scintillation counting (106)}.

Theoretical definitions of various diffusion coefficients have
been illustrated by comparing diffusion coefficiernts we obtained from
sorption methods and cur permeation experiment. From these comparisons
it is possible to gather more information on the manner of swelling
(i.e. isotropic or uni-directional), and the thermodynamic behaviour
regarding penetrant activity etc.

The concentration dependence of the diffusion coefficient was
explained by the free volume concept, and a few '"free volume parameters"
have been estimated and interpreted accordingly. Barrer's zone theory
wes found to be a convenient way of describing the activation energy
variation among different polymers, and a linear log D° versus ISHD/T
relation was found to hold for all our data.

The morphology of S-B=-S block copolymers was looked at from the
diffusion coefficiunt variation, and from the assumptions of Rayleigh's
and other hetereogeneous models used for conductivity, good comparisons
were observed regarding the structural distributions of the styrene
phases between our study and low angle X-ray diffraction evidences.

Silica filler-silicone rubber interaction, an up-to-date not
fully comprehensible subject, was looked at from the sorption and

diffusion data. The data could only be explained if sorption of decane
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into the silica (pores) was assﬁmed large at ambient temperatures and
low at high temperatures.

The free volume thecory can be used to correlate diffusion data
with dynamic-mechanically obtained data to yield new information on
polymer chain mobility. TLe length of.the motional segment in the
polymer can be estimated, ané for silicone rubber this was estimated
at 7 monomer units. Further work in this and other fields menticned
above should provide more fruitful contributions to present-day

knowledge of molecular motion in and morphology of polymer systems.
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