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PREFACE

Since a great deal of work has been published on
plasticized polyvinyl chloride, it was thought that attention
should be directed to studies on other plasticized polymers.
For this reason, a chemically similar polymer, polyvinylidene
chloride was chosen to be investigated.

Another objective of the study was to evolve a
method, using a series of more or less empirical equations,
to describe the temperature, frequency and concentration
dependance of the dielectric and the thermodynamic activation
préperties of plasticized polymers. By this method a mass of
data could possibly be reduced to a few equations eliminating
the necessity of bulky tables and graphs for the presentation

of experimental results.,
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THEORETICAL INTRCDUCTION



A. POLYMERS

The Structure of Linear Polymers

The properties of linear polymers vary quite widely from the
hard brittle substances through soft resilient rubbers to viscous liguids.
Although they are nearly all composed of a long chain carbon backbone, it
is the substituent group on the carbon atom which causes the variations
in physical properties from one polymer to another of similar molecular
weight.

The novelty of the polymer is limited to the long chain of
carbon atoms joined by primary valence bonds. The basic concepts of
physical chemistry which apply to simpler molecules are also attendant
in the case of polymers, modified only by the'abnormal length and
molecular weight of the polymer. |

Macromolecules possess internal flexibility due to vibration and
rotation of segments of the polymer chains. The flexibility and strength
of a polymer is determined by the nature of the groups on the chain, the
interchain and intrachain forces, the degree of coiling or kinking of the
chains and the length of the chains.

A ﬁinimum degree of polymefization is necessary for mechanical
strength. Below a certain degree of polymerization the tensile strength
of a film is negligible, and above this the tensile strength increases in
proportion to the degree of polymerization. On reaching higher degrees of
polymerization the dependancy of tensile strength tapers off and tends to

become independent of the chain length. This is due to the fact that the



strength of the polymer largely depends upon the mechanical entanglement
of the chains.

In a crystalline solid, each molecule (or atom or ion as the
case may be) is held, by forces of attraction and repulsion, in an
equilibrium position. The molecule may undergo rapid vibrations in this
position but diffusion is extremely infrequent since the average ampli-
tude is only of the order of five percent of the distance between egqui~
librium positions. The material is rigid, hard and has a definite shape.
As the temperature is increased the vibrations increase and at the melt-
ing point the crystal structure breaks down and far reaching geometric
order is absent. The molecule is not in a fixed equilibrium position
but possesses translational energy, as evidenced by Brownian motion, and
self diffusion is possible. The resulting material can retain no definite
shape but assumes that of the container. This liquid can be supercooled,
the viscosity increasing exponentially, and at low enough temperatures
becomes hard and brittle - a glass. The transition from a rigid glass
to a viscous liquid occurs in narrow temperature intervals, the soften-
ing point, with no change in structure and no discontinuity in the
primary thermodynamic variables (heat capacity, free energy, etc.).

Therefore, for low molecular weight materials, we have in the
crystalline state long range order and a high viscosity; in the glassy
state very short range order and a high viscosity; and in the liquid

state very short range order and a low viscosity. The situation with



respect to high polymeric materials is more complicated. In this case
the ”moleculéo or monomer unit is joined to two adjacent"molecule;§ by
primary valence bonds and to four others by relatively weak Van der
Waal's forces, the magnitude of which depends on the substituent groups
of the‘lmolecufz o Thus there is very great strength along the axis of
the macromolecule for all polymers and at right angles to this the forces
are relatively weak and the intermolecular bonds (Van der Waal's) are
easily broken. Long range entanglement of polymeric materials thus
replaces long range crystallinity of simpler molecules.

In rubbery polymers there are very small interchain forces
and a very kinked and coiled chain. The distance between chains is
further increased by the introduction of alkyl groups at regular
intervals and the presence of double bonds increases the possibility
of a more kinked and coiled chain (e.g. natural rubber which is
cis-polyisoprene). The presence of low interchain forces means lower
potential barriers which allows chains to slip past one another more
easily. The coiled and kinky nature of the chain is responsible for
the springiness of rubber. The low interchain forces are responsible
for the speed at which elastic recovery takes place. In rubbers, a
certain amount of crosslinking is necessary to prevent displacement of
the linear molecule as a whole. Fix-points from chain to chain are

necessary at widely spaced intervals (just as in the case of bedsprings)

to provide a co-operative motion of all polymer molecules resulting in



a motion of segments of the chain rather than the whole molecule.

Mark ( ML ) considers these properties on the basis of Brownian
motion - a. microbrownian motion or movement of segments of the molecule
and b. macrobrownian motion or motion of the molecules relative to one
another. Hence rubber would be described as a substance possessing rapid
microbrownian motion and no macrobrownian motion. Just as glasses are
liquids with high viscosities; Mark describes rubbers as liquids with
long range entangliementis.

Usually rubbers, unless stretched, do not give X-ray patterns
and in the normal relaxed state are not crystalline.

Vinyl polymers with polar side groups generally possess different
properties from rubbers. Unless monomer is present there are no unsat-
urated linkages along the main carbon chain. This restricts the chain
from assuming the kinky and coiled up configuration of the rubbers.

Polar groups closely spaced along the chain interact with such polar
groups on adjacent chains, thus segment motion is reduced due to these
strong attractions. Hence we have a material which at normal temperatures
has little or no rubbery properties. The properties may be between the
extremely brittle polyvinylidene chloride, which will neither bend nor
stretch without breaking, to the alkyl polyacrylates which are soft and
elastic, behaving much like rubber latex. The difference in physical
properties of the vinyl polymers depends to a large extent on the

strength of the interaction of the polar side groups and on their size.




The presence of polar side groups tends to provide a large
number of fix-points thus limiting segmental motion. The polar attraction
may be so great as to produce crystallization in a number of vinyl
polymers where the polar group is relatively small (e.g. polyvinyl
chloride, polyvinylidene chloride).

The microbrowniah motion of polar vinyl polymers is determined
by the strength of the polar interaction. From the standpoint of macro-
brownian motion the vinyl polymer chain is stiffer and less subject to
coiling than in the case of rubber, chain entanglement is not as great
as in the case of rubbers and so macrobrownian motion depends to a
greater extent on the polar interaction. Hence in polymers where polar
interaction is small, more rubbery properties will be exhibited but at
the same time a greater tendency to creep or cold flow is produced in
the absence of crosslinking agents. Whereas rubber has been described as
a ligquid with long range entanglements polar vinyl polymers have been
described as glasses.

Mark describes the properties of polymers as the combination of
three physical states of polymers. For fibres the solid crystalline
state is accentuated with only enough of the rubbery state to give resil-
iency. A typical rubber requires the bulk of the material in the rubbery
state with a fix-point system. The plastic material is a combination of
the solid and liquid states with very little rubberiness. The interre-

lation of the three states can be shown in the following ways



Brittle

Point

SOLID

microbrownian motion
frozen in

macrobrownian motion
frozen in

sustains external
forces

high modulus of
elasticity

RUBBERY

microbrownian motion

macrobrownian motion frozen

in

Flow

Point

rapid

sustains external forces

low modulus of elasticity

Plasticigers

LIQUID

microbrownian motion
rapid

macrobrownian motion
activated

does not sustain
external forces

flows and has medium
viscosity

FPlasticizers are materials which are added to polymers to

alter their physical properties in order to increase the scope of their

commercial uses.

increasing the tack of the resulting composition.

modify the mechanical properties (e.g.

electrical properties of polymers.

Plasticizers facilitate processing by softening or
They are used to

reducing the brittleness) and the

Some of these effects can be accom-

plished by other means which are usually, however, deleterious to the

polymer.

might result in slight decomposition of the material.

Raising the temperature for instance will soften the polymer but

If the degree of

polymerization is reduced the polymer will become softer but with a result-

ing decrease in its tensile strengbth and a greater tendency to creep.

Copolymerization is an excellent method for altering the properties of



polymers but is limited to some extent by the degree to which two (or
more) monomers can be combined and also by the number of monomers which
are available for copolymerization. Hence plasticizers are the modifiers
most commonly used today.

There are certain basic requirements which must be considered
in choosing a plasticizer for a given polymer.

Compatibility refers to the maximum amount of plasticizer which

can be added to a polymer without causing phase separation (i.e. the
plasticizer must be miscible with the polymer). If such is not the case,
the plasticizer molecules will aggregate, weakening the structure, and
will eventually exude or sweat out.

Permanence: In most cases it is essential that plasticizer is
not lost from the composition. In only a few instances the plasticizer
is incorporated merely to facilitate processing operations such as molding
and the loss of plasticizer from the finished article is not a serious
consideration. When the plasticizer is added to effect relatively per-
manent changes in the mechanical or electrical properties of the polymer,
it is essential that the loss of plasticizer be extremely small. Con-
sequently plasticizers are chosen which have low vapour pressures and
which are relatively large in size to decrease diffusion to the surface
of the material and hence eliminating evaporation from the surface. This
usually means that the molecular weight be high relative to the molecular
weights of common solvents (which are plasticizers but lack permanence).

The plasticizer must also be stable to light and heat to avoid production




of dbjectionabie by-products. Certain plasticizers are chosen for
specific purposes (e.g. tricresyl phosphate imparts flame resistant
properties to compositions containing. it)e

Efficiency concerns how much a given property of the plastic
(brittle point, second order transition temperature, flexibility, hard-
ness, etec.) is altered by the addition of a fixed amount of polymer.
Most theories of plasticizer action so far have dealt with the subject

of efficiency as the manner in which a certain property changes with

composition.

Mechanism of Plasticizer Action

An excellent summary of the findings of various investigators
with regard to plasticizer action is given by Stickney and Cheyney ( S1 ).
From this paper an overall picture of the polymer-plasticizer interaction
is given from a more or less kinetic viewpoint.

The modification of the mechanical properties of a polymer by
plasticization must result from a modification of the mechanical binding
or intermolecular forces. The effect of plasticizer addition reduces the
number of interchain linkages which are not due to primary valence bonds.
In polar polymers, solvation is necessary for compatibility resulting in
the masking af polymer active centres. According to Stickney and Cheyney

the efficiency of a plasticizer depends on the surface it presents in

the composition and hence on its shape. Hence on a weight basis low



molecular weight plasticizer should be more efficient since small
molecules present a greater surface than an egual weight of large
molecules. However, on a molar basis high molecular weight plasticizers
should be more effective.

The shape of the plasticizer is not determined by the molecular
model shape but by its form in the plasticized composition and is thus
affected by the polymer-plasticizer interaction. The physical or mechan-
ical properties are determined by the shape of the polymer-plasticizer
complex,

The effect of temperature on a plasticized polymer is generally
less than on the unplasticized polymer especially in the case of polar
polymers. In the unplasticized polymer the interchain links are broken
at higher temperatures and polymer-polymer interaction is reduced. In
plasticized polymers there are fewer polymer-polymer links and these of
course will be reduced as the temperature increases but at the same time
polymer-plasticizer links will be broken with the possible reforming of
more polymer-polymer links.

The efficiency of a plasticizer has been determined by the
changes produced in certain properties of the polymer (e.g. the brittle
point, second order transition temperature, Young‘s modulus, dielectric
loss, etc.). As a result the efficiency of various plasticizers may be
described, with fair success, in terms of the property studied (e.g. the

variation of brittle point with composition). Since these methods elicit

different responses from the plasticized compositions it is often difficult

to compare data from one to another. A great number of these tests are

time dependant which also introduces further sources of incongruity.
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B. THE DIELECTRIC METHOD OF INVESTIGATION

In the dielectric method of investigation of polar polymers

with structures of the type

] }‘cw
- CHq - ?H - or - CH, - ? -
X n X n

(where X is a polarizable group)} & force is applied directly to the
polar groups and the properties measured provide an indication as to the
magnitudes of the binding forces present and the relative freedom of the
dipoles from one polymer to another.

If we apply an alternating electromotive force to a capacitor
having a polar polymer as its dielectric, & current flows through the
dielectrice The magnitude of this current depends on the structure of
the polymer, the frequency of the applied voltage and the temperature.
At high frequencies dipoles present are not able to follow the applied
field and the current flowing is due to electronic polarization plus the
Maxwell displacement current. This current is a capacitative current as
it leads the applied voltage by 90° and is present at all frequencies,
At very low frequencies the dipoles are able to follow the field and
the current carried is proportional to the magnitude of the dipole
moment of the polar group. Thus a further current is superimposed
on the electronic displacement current, both being purely capacitative,
As the freqﬁency is lowered the dielectric constant approaches that
found by d.c. measurements and is designated by €o. As the freguency

is increased the dielectric constant approaches the optical dielectric




constant €e which is equal to (according to Clausius ( Cl ) and Mosotti
( M2 ))the square of the index of refraction.

At intermediate frequencies an interesting process takes place,
At lower frequencies the dipole is oscillating in the alternating field
and the current being carried is purely capacitative. As the frequency
is increased the dipole becomes less and less able to keep up with the
applied field and begins to lag. This lag results in a current being
produced which is out of phase with the electronic polarization. A purely
capacitative current is represented by a vector at right angles to the
voltage vector, and a purely resistive current is represented by a vector
lying along the voltage vector (Fig. 1).
If the dipolar oscillation lags behind
the electronic polarization, the current
flowing through the capacitor has a com-
ponent in phase with the voltage and

hence can be represented as a resistive

E component which results in the dissipa-
Fig. 1 . tion of heat in the dielectric. This

lag becomes greatest when the frequency of the field is of the same order

of magnitude as the relaxation time W of the dipole. This relaxation

time % is defined as the time required for a steady state orientation to

decay to %/e of its value. As the frequency of the field is increased

>

&
further the dipole is less able to follow the field due to 'viscous drag

and eventually becomes " frozen in® at which point the electronic displace-
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ment current only is present and there is no resistive component.
Debye introduced the complex dielectric constant
€ = & - 56" 1.
wﬁere €' is the dielectric constant, 6" is the loss factor (a measure of
the energy dissipated in a dielectric) and j is the operator for 90°
rotation and is equal to \/ - 1 .

Thus going from low to high freguencies at a given temperature
it is found that the dielectric constant €' goes through a sigmoidal
increase and the loss factor €% goes through a maximum, and on an g
versus log f graph is symmetrical about its critical frequency. As the
temperature is raised the maximum in the loss factor is shifted to higher
frequencies as is the point of inflection of the dielectric constant curve.

Quite similar curves are obtained if € and 6 are plotted
against temperature. The loss factor g” goes through a maximum at a
given temperature, and as the frequency is increased the peak occurs at
higher temperatures, the point of inflection of the e’ curve occurring at
higher temperatures as the frequency is increased.

If a plasticizer is added to the polymer, the peak in the g”
versus log f curve, at a given temperature, is shifted to higher frequencies
or in the corresponding 8" versus temperature plot, the peak at a given
frequency is shifted to lower temperatures.

To provide a qualitative, if not quantitative, picture, the so-
called Debye equations are employed. The complex dielectric constant
given in equation (1) is also given by the equation

€ = €pt € - €w o,
1+ jur
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where €p is the static or low frequency value of the dielectric constant.
€o 1s the valuve of the dielectric constant at optical frequencies.
W is the angular frequency of the applied field and is equal to
2T £ where f is the frequency of the field.
J 1s the operator for 90° rotation and is equal to \/_:_]—_“-
T is known as the relaxation time.
If the second term of equation 2. is multiplied by its complex

conjugate and placed in the form of equation 1. thus

€ =6p+t (€ - Ep) - j(Bg - B Yo 3.
1 +wR? 1 w2 s

!
we find that € and 6" in equation 1. are given by the following expres-

sions.
'
8 = e& * geo - em) Ll_a
1 +w212
1
€ = (6 - € )T 5,
1 +WwEpR

Rearrangement of these give the following equations which are more

amenable to discussion.

8‘ - oo = 1 Lae
(€0 - €3 1 +we?

" = Wt 5a.
€o ~ €oo 1+t

Plotting the left hand side of equations 4a. and 5a. against logla?®
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the symmetrical curves of figures 3 and 2 are obtained. The corresponding
curves of. €' and 6“ against log ai*e also symmetrical and give curves
similar to those of figures 2 and 3. The maximum in the absorption curve
can be found by setting. ) C“ = 0. It is thus found that the maximum
occurs when WT =1 or at lo;:t = 0. The value of &2 at the maximum is
usually designated by wm and the value of the frequency corresponding to
Cum is known as the critical frequency, f, .

The values of 8. and 6“ at wm are designated by e'm and G“m

and are found by setting W% =1 in equations 4. and 5.

€, = € * € Lbe
2

" :

€, = 6o - €e 50.
2

The relaxation time ¥ wused in equation 2. and subsequent
equations is commonly called the relaxation time and is a measure of the
decay of the macroscopic polarization of the medium. For this reason
Powles ( P1 ) prefers to designate it as the decay time. This relaxa-
tion time T is related to the intrinsic relaxation time ’t*which is of
the order of magnitude of the time required for a given molecule, if fixed
and released, to revert to random orientation in the absence of resulting
macroscopic polarization resulting from the surrounding molecules.

The intrinsic relaxation time 't'* is independent of the value of the in-
ternal field, but its relation to® , the experimentally determined
quantity, can only be determined by assuming an expression for the in-
ternal field. The resulting relation between T and 't*will then depend
on the choice of the expression for the internal field. However, the
difference between the two relaxation times diminishes as the ratio of

€0/€w decreases. The tendency of the polarization to maintain itself
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FIGURE 2.

FIGURE 3.

LOG wY
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is always active to some extent so that T is always greater than ’t’* o

Most experimental results now are expressed in terms of W orc,\pn1°

Distribution of Relaxation Times

]
It G' is plotted against G' a semicircular plot should be

obtained (Fig. 4) which is described by the equation

(8- 02 J0)® 4+ () - (Cos % 6.

This curve is predicted from equations 4. and 5. on the assumption of

a single relaxation time. However, ideal behaviour is quite rare in con-
densed phases, the experimental curves deviating from the curves predicted.
Cole and Cole ( C2 ) showed that generally the experimental curve is still
circular, with the centre of the circle shifted below the e axis (i.e.

to negative values of €") (Fig. 5).

The model upon which this theory is based is obviously too
simple. The forces of interaction and thermal motions vary from place
to place and from time to time and consequently every dipole in its
particular situation has, at any moment, its own intriunsic relaxation time.
When in measurements an average is taken over all conditions, a distribution
of relaxation times about a most probable value will result. Consequently

equations 4. and 5. should be written oo

6' G“ + (60 - 6*)/. G‘Stz dt L{.Co
0 o

1 +w? p?

"

]
]

(€0 - Bew ) G(®)da® 5Ce
1+ w? el

L~




FIGURE 4.

FIGURE 3.
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Where G( ) is the distribution function of relaxation times and G(% )

dT is the fraction of molecules at a given instant associated with relax-
ation times between T and T+ dT . Various types of distribution
functions havé been tried with varying degrees of success. Cole and Cole
adopted an empirical function which still permitted interpretation from

a circular arc plot. These authors showed that in the case of a distri-
bution of relaxation times the locus of the €' - &" curve is a circular
arc with the centre of the circle lying below the e’ axis. Equation 2.
was modified to give

€ = Ep+ € - €o 7,
T + Geg)t - B '

For a single distribution time h is zero giving the original
equation. For a distribution of relaxation times h lies between zero and
unity. The value of h can be determined relatively simply from the cir-
cular arc plot (Fig. 5).

From equation 7. it can be shown that the maximum in the &

curve occurs when Wm = 1 . In the case of a single relaxation time
To
T =T o, but in the case of a distribution of relaxation time T o is some

average value about which the relaxation times are spread and is referred
to as the average relaxation time.
In 1937 Fuoss began his series of papers entitled . Electrical

N\
Properties of Solids in which he did much to elucidate the nature of

Debye dispersion in vinyl polymers. His work led to an attempt by Kirkwood

and Fuoss ( Kl ), to derive theoretically an expression for the distribution
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of relaxation i‘ﬁ.mes. The result obtained

G(’t) = l 80
2coshy +2

vhere y = 1n 7
To

was not too successful however, but a more empirical relation developed
about the same time by Fuoss and Kirkwood ( F1 ) proved more successfuls
¢" = e" . sech | pin @ 9
wn
where B is a parameter and W m 1s the angular frequency corresponding to
the maximum value S“m of €". This equation for a single relaxation time
with B = 1 can be derived from equations 5. 5b. and 6. The B factor
serves to flatten the curve out to match the experimental results and can
have values between zero and unity. An analysis by BSttcher ( Bl ) shows
that the Cole-Cole and Fuoss-Kirkwood expressions are in agreement and a

constant value of B in the latter corresponds to a constant value of h in

the former.
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C. INTERFPRETATION OF DIELECTRIC DATA

When the dielectric data has been obtained, the problem then
arises as to how to interpret the data.
| Frank ( F2 ) enumerated a number of methods for determining
activation energies for the relaxation process and the relative merits of
the various modes. The main variation in the procedures is in the eval-
uation of the temperature dependence of the relaxation time and the relax-
ation time at a given temperature. Knowing these it is possible, through

the Arrhenius equation
1 = ce/ET 10.
L4
to evaluate the activation energy A. The method deemed to be most
reliable involved finding at various frequencies the temperature at which
the loss factor, € , reached its maximume
Following a suggestion by Eyring ( E1 ) that the theory of abso-
lute reaction rates could be applied to the process of dielectric relax—
ation, it became possible to interpret the results in terms of the free
energy, enthalpies and entropies of activation. The mathematical expres-
sion of the absolute rate theory is
| K = kKT o ~AF¥/RT 11
h
where K is the specific reaction rate
K is a probability factor (usually taken as unity)

k is tThe Boltzman constant

T is the absolute temperature
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h is Planck’s constant

aF® is the free energy of activation

R is the gas constant
Using the thermodynamic relation AF = AH - TAS, eqguation 1l. can
also be written

A A
-4H/RT AS /R
K = Y kT ° e / s € 113..0

h
where 4H¥ is the enthalpy of activation
and 48™ is the entropy of activation.

In the case of dielectric relaxation, K is the rate of decay of
the polarization (due to the uncertainty in the calculation of the internal
field, K will refer to the rate of decay of the macroscopic polarization)
and is inversely proportional to the relaxation time, % , (i.e. the decay
time) of the dielectric. Hence we may now write

~4F®/RT
1 = _]:ﬂ « € 12,

T h
as the expression for dielectric relaxation, and by a similar substitu-

tion to that performed above an equation analogous to 1lla. is obtained

/"* »
1 - _@-‘e-.\H/RTeAS/R

T h

12a.

Thus if % is known at a given temperature, AF™ can be calculated

from equation 12. and by plotting ln 1 against 1 (neglecting T in the
) 4 T

kT term since this is usually insignificant) a straight line is usually
h

obtained whose slope is found to be —AH*%R and hence 45™ can readily be

found.
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According to Kauzmann ( K2 ) the most reliable method of
determining the dielectric relaxation time is to take 1 as equal to
2T times the frequency giving the maximum loss factor at each temperature.
This method is analogous to the one recommended by Frank for the Arrhenius
equation.

Fuoss ( F3 ) and Davies, Miller and Busse ( D1 ) employed a
method of calculation suggested by equation 5. These authors assumed

that the value of x in the equation ' =2 g" max —= is at a given
2

1+x

frequency and at different temperatures proportional to the relaxation
time. Thus from the temperature dependence of e" at a given frequency,
the relaxation rate can be determined at various temperatures, and hence
the activation energy for the process. However, the activation energies
determined by this method are not in agreement with those determined by
the method of Kauzmann. The reason for this is that the distribution of
relexation times is usually quite broad and changes with tenperature

( K2 , Fig. 8) so that 8” decreases much more slowly from the maximum than
would be expected from the dispersion equation for a single relaxation
time. This method is very similar to one suggested by Frank and found,
by him, to give an underestimate of the activation energy.

Another method which was quite recently developed by Ferry et

al ( Fy, F5, F6 ) deserves mention at this time. From their work on the
dynamic mechanical properties of plasticized polyvinyl chloride they found
that mechanical loss data at any'tempefature could be reduced to one tem-

perature to give a single composite curve rather than a spectrum. Since
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the curves obtained in the mechanical case bear a startling resemblance
to dielectric constant and loss factor curves obtained in dielectric
dispersion, they applied their method to reducing dielectiric daba with
considerable success.

The reduction of dsba in the case of dielectrics is effected

by the following ecuations:

8, P = €l TPQ/TQP + €m<l - T Po/Top ) 130
n U

D = £ TPQ/ToP 1!4—‘

W, = Wy 15,

' "
Where € and € are the real and imaginary parts of the dielectric constant

€0 1is the limiting high freguency value
Py is the density at To, the temperature to which the data is to

be reduced

-o

is the density at temperature T

W is the angular frequency

bp 1s a factor chosen empirically at each temperature to super-

pose both the G’ and C” data.

The subscript p denotes the reduced values.

The factor T‘PO/TOP was arrived at as a consequence of the fact
that the dielectric constant and loss factor vary inversely as the absolute
temperature and directly as the density of the material.

Equations 13. to 15. have been found applicable in the reduc-

tion of the data for two polyvinyl chloride samples ( F5 ) and a sample of
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polyvinylwacetal ( 7 ). However, if the shapes of individual curves

of € and e” versus log& do not coincide with horizontal shifting,

they found it necessary to use reduced variables to normalize the
magnitude of the individual curves. That is, instead of using ¢ and S",
the reduced dielectric constant (S' -~ €w) / (€o -~ €p ) and the reduced
loss factor 8"/ (o ~ €q) were used, where €p is the limiting velue of e
at low frequencies.

The method appears to be applicable to all cases in which the
maximum value of the loss factor remains the same or decreases with
increasing temperature. However, in cases in which the loss factor
maximum increases with increasing temperature ( F3, F8 ) it was found
that the data would not superpose.

The factor by describes the temperature dependance of relax-
ation times and hence could apparently be used to determine the activation
energy for dielectiric relaxation. This can be done in two ways by plotting
a. log by against T and finding the slopes at various temperatures and
substituting them into the equation

4H, = -RT® d In by 16.
at

b. log by against 1/T and determining the slopes at various temperatures
and substituting them into the eguation

A, = -Rd 1n bg 17,
g LT

Activation energies determined in this mamner were found to vary

quite widely ( F6, Fig. 6), the value at the highest temperature being in
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one case less than one third of the value at the lowest temperature. In
all cases there was a remarkable decrease shown as the temperature was
increased, a fact which is in scme disagreement with the Kauzmann-Eyring

approach which predicts a fairly constant activation energy.
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FIGURE 6
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Agpératus

A picture of the apparatus is given in Fig. 6. Measurements
of the capacitance and dissipation factor were made on a General Radio
Capacitance Bridge 716-C. The A.C. signal was supplied by a Hewlett
Packard Oscillator, continuously variable from 20 c.p.s. to 200 kc.

The null point was determined by amplifying the signal from the bridge
by a stabilized amplifier and observing the signal on a Simpson milli-
amneter with a 100 m.a. movement.

The sample disks, 2 inches in diameter, were placed in a
General Radio precision sample holder type 1690-A with the sides removed
for the purpose of ventilation (Fig. 7). A wooden box insulated with
glass wool and lined with sheet aluminum served as an air thermostat.

The temperature was controlled by an Aminco bimetallic thermoregulator
which activated a Fisher-Serfass electronic relay. Heat was supplied by
two toaster elements, both controlled by powerstats, one of which was
operated by the relay, the other was set to maintain the thermostat just
below the regulating temperature. A fan in the box provided air circula-
tion through the cell. For experimental runs below room temperature air
was passed through a series of drying tubes and then through a copper
coil immersed in a dry ice-acetone bath and then into the box. An air
puup which was activated by the relay forced the air through the cooling
system into the box. At lower temperatures pieces of dry ice were dropped
into the box to facilitate temperature control. Above room temperature
it was possible to maintain the temperature within #0.05°C while below

room temperature it was only possible to hold the temperature to within
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a few tenths of a degree, the lower the temperature the poorer the control.
A calibrated chromel—coﬁstantan thermocouple was placed in the housing of
the dielectric sample holder and e.m.f. readings were made on a Leeds and
Northrup potentiometer.

Resistance readings were also taken on the sample. For this
purpose é Wheatstone Bridge was constructed according to a paper by Avins
{ A1 ) modified slightly by Funt. A circuit diagram is given on the
following page (Fig. 8). All resistors up to 10,000 ohms in the ratio
arms were l.R.C. 0.1% precision wire wound resistors. The 1 megohm
resistor and the bank of 20 megohm resistors comprising the 100 megohm
arm of the bridge were special high stability carbon deposited 1.R.C.
resistors. A Rubicon decade resistance box served as the third arm of

the bridge.
Materials

§§£§g} Two samples of Saran A were obtained from the Dow Chemical
Company. One was a sample of molecular weight in the neighbourhood of
10,000 and the other had a molecular weight of around 100,000. These
are designated in the following work as Saran (M.W. 10,000) and Saran
(M.W. 100,000). They were given no treatment except pulverization. The

chlorine contents of these samples are respectively 73.8% and 75.2%.%

Vinylidene Chloride: This monomer was also obtained from the Dow Chemical

Company. The monomer was distilled and the fraction was collected which

boiled between 30.8 = 31.2°C at a pressure of 750 mm of Hg. The refractive

* (chlorine determination by National Testing Laboratories, Winnipeg, Man.)
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index was found to be 1.4272 at 16°C.

Polyvinylidene Chloride: The polymer was obtained by the emulsion

polymerization of the monomer. The following recipe was used:

Water 300 ml.
Vinylidene Chloride 250 ml.
Sodium Bisulphite 0.25 go

Potassium Persulphate 0.60 ge
Antarox A-400 L oml,

The polymerization was carried on at room temperature under
nitrogen for nine hours with agitation. The emulsion was broken by
addition of aluminum sulphate. The polymer was then washed with volu-
minous quantities of water to remove salts and emulsifying agents.

The sodium bisulphite was added to remove oxygen from the
water and monomer. The potassium persulphate supplied free radicals for
the polymerization. Antarox A-400 is an emulsifying agent. The polymer
was found to contain 74.6% chlorine. *

Hexachloro Benzene: This compound was recrystallized three times from

benzene. Long white needle-like crystals were obtained having a melting
point of 225 - 226°C.

Mineral Oil: The mineral oil used was medicinal grade Nujol. It was not

given any treatment. A distillation of the material produced no distillate

below 300°C.

a@=-Chloronaphthalene: This plasticizer was a Fisher Reagent grade chemical

and was given no treatment.

* (chlorine determination by National Testing Laboratories, Winnipeg, Man.)
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Lead Stearate: This compound was used as a stabilizer in the plasticized

compositions. It is a Witco Chemical Company product known as Witco

Stayrite No. 30.
Toluene: Eastman Reagent grade toluene was used in the making of the

various compositions.

2-Butanone: This was obtained by redistilling the technical product in
a fractionating column. The fraction boiling between 77.8 - 78.8°C was

used. Its refractive index (nD) was 1.378L at 22°C.

Method of Plasticization

Since no equipment was available for milling and calendering
the plasticized mixture, other methods were necessary to obtain a homo-
geneous sample.

It was found that a mixture of 70% toluene and 30% 2-butanone
peptized and partially dissolved the saran after a short period (2 - 3
hours) of heating. On evaporation of the solvent a paste resulted which
could be handled quite easily. By repeated stirring and mixing of the
paste a relatively homogeneous sample was obtained.

The following method of preparing the samples was adopted. The
saran, which was coarsely granular, was ground in a mortar until a fine
powder was obtained. About 5 grams of the powder was weighed accurately
and transferred to a 100 ml beaker. A weight of Lead Stearate correspond-
ing to about 1% of the total sample weight was added to the beaker.

Plasticizer was added by one of two methods depending on the

nature of the plasticizer. The hexachloro benzene which was crystalline
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was weighed accurately on a watch glass and transferred to the beaker.
Nujol and a-chloronaphthalene were liquids and were dispensed from a
hypodermic syringe which served as a weight burette.

To the mixture in the beaker, 75 ml of the 70 - 30 toluene -
2-butanone mixture were added. The beaker was then placed on a hot plate
and allowed to reflux for 2 - 3 hours. On cooling,a paste formed and this
was stirred at frequent intervals and heat was again applied to evaporate
the solvent,

A powder resulted which still contained a trace of solvent.

The latter was removed by vacuum drying, which, in the case of hexachloro
benzene and Nujol, was for a period of 48 hours. The a-chloronaphthalene
which was more volatile than the hexachloro benzene was only dried for a
period of 24 hourse.

The powder was then added to a die (Fig. 9) which had previously
been heated to a temperature of 130 - 160°C depending upon the nature of
the composition. The die was placed in a Carver press and a pressure of
about 12,000 psi applied to the sample. The die was allowed to cool to
room temperature and the sample freed from between the plates. 4 circle
was scribed on the disk 2.0 inches in diameter and the material outside
the line removed.

After the edges were trimmed on the sample, 18 micrometer
readings were taken at regular intervals on the 2 inch disk. Three
measurements of the diameter were taken 60° apart. The disk was then
coated with aguadag (colloidal graphite) and placed in the dielectric sample

holder for dielectric measurements.
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Experimental Results

The calculated values of loss factor and dielectric constant
are given in Tables 1 to 21. Graphs of loss factor and dielectric constant
against temperature for the unplasticized polymers and for Saran (M.W. 10,000)
plasticized with a~Chloronaphthalene are given in Figures 10 to 18. Since
very little difference exists between the curves for the pure polymer and
those for the hexachlorobenzene and nujol plasticized samples they are not
included. In Table 22 are given the values of the temperature at which
the peak in the loss factor occurs for the different frequencies and com-

positions. Figure 19 shows the variation of log 1 with 1 for the un-
Y T

plasticized polymers and the a-Chloronaphthalene compositions from which
the thermodynamic data are calculated, Table 23 lists the calculated values
of AH*; AS~; Ty (the value of T at T = 1) and the densities (calculated

from the physical dimensions of the disc) for all compositions.

The Dielectric Dispersion Curves

On comparison of the dielectric constant and loss factor curves
with those of previous investigations ( F3, F7, F9, F10, Fll1, F12, F13, M3,
S2 ) the general aspect of the curves is quite similar. On closer inspec-~
tion of the curves, however, a number of interesting sidelights appear.

The maximum values attained by the dielectric constant and loss factor
curves are possibly lower than would be expected from the highly polar
nature of polyvinylidene chloride. Two explanations can be put forward for

this behaviour, both of which depend on the crystalline nature of the polymer.



Temperatures in °A

Substance
Polyvinylidene Chloride
Saran (M.W. 100,000)
Saran (M.W. 10,000)
Saran (M.W. 10,000) with
1.0% Lead Stearate
3.0% Mineral oil¥
6.0% Mineral 0il¥

10.0% Mineral 0i1¥
14.9% Mineral 0i1¥
1.04 Hexachlorobenzene
LeL% Hexachlorobenzene
7.9% Hexachlorobenzene
12.4% Hexachlorobenzene
19.8% Hexachlorobenzene

2L+'7% Hexachlorobenzene

A - T T R

49.5% Hexachlorobenzene

&

The 2% Hexachlorobenzene
3.1% a-Chloronaphthalene
6.0% a~Chloronaphthalene

10,0% a~Chloronaphthalene

15.0% a~Chloronaphthalene

B B B B B

25.1% a~Chloronaphthalene

¥ also
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TABLE 22

5000

at which fmax ocecurs

100c¢c.

300¢.

lkec.

3kee.

10kc.

30kce.

100ke.

294.1
298.9
29604

291.2
289.0
289.4
295.9
296.1
289.5
286.0
288.4
288.6
288.0
288.0
28644
289.0
285.2
2797
270.9
261.5
Ry 2

297.0
301.2
298.4

293.2
291.4
291.5
2975
2977
292.6
287.9
290.5
290.8
290.4
290.6
288.2
291.0
287.2
281.6
273.2
263.7
247.2

301.4
30446
302.6

296.4
295.1
2954
300.6
301.2
296.1
291.5
29449
293.9
293.8
294.2
292.6
29402
290.6
2841,
27645
267.4
251.2

306.4
309.5
307.2

301.6
299+ 3
2995
305.2
3055
2997
296.3
29845
299.0
298.2
298.7
298.0
299.7
296.3
290.0
281.0
271.5
25562

contain 1% Lead Stearate

311.3
315.0
312.9

306.6
30ke6
30hok
309.9
310.5
305.2
301.3
303.7
303.3
302.8
303.7
302.6
304¢3
300.9
294.8
28604
276.3
260,2

318.7
321.2
318.9

312.9
311.4
3105
3145
316.5
309.8
307.5
309.5
310.2
308.9
310,2
307.9
309.7
306.5
300.9
292.2
281.9
266.7

325¢5
327.8
325.7

320,2
317.9
317.3
322.2
322.8
317.5
314.3
316.0
316.7
315.3
31644
313.8
317.2
313.3
307.9
299.0
288.7
27,7

3347
337.2
335.2

328.8
326.9
325.7
332.2
331.7
325.7
3227
3253
325.2
325.8
3243
32005
323.7
322.1
317.0
307.2
30045
281.7
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TABLE 23

Activation Enthalpies (AH*), Activation Entropies (AS*), extrapolated
temperature for ¥ = 1 (T,) and calculated densities (d) for all samples.

Substance
Polyvinylidene Chloride
Saran (M.W. 100,000)
Saran (M.W. 10,000)
Saran (M.W. 10,000) with
1.0% Lead Stearate
3.0% Mineral 0i1%

6.0% Mineral 0il¥
10.0% Mineral 0il¥
14.9% Mineral 0il¥
1.0¢ Hexachlorobenzenéd®
Leld HexachlorobenzeneX
7.9% Hexachlorcbenzene®
12:.4% Hexachlorobenzene®
19.8% Hexachlorobenzene®
24 T% Hexachlorobenzened
49.5% Hexachlorobenzenét
Thel% Hexachlorobenzend®
ﬁ.l% a-Chloronaphthalenelt
6.0% a-Chloronaphthalene®
10.0% a—Ghloronaphthalenet
15.0% a~Chloronaphthalene®

25.1% a—Chloronaphthalene*

oH*
kcal./mole

385
41.9
40.8

40,1
39.6
bl
45.0
L3.7
42,6
39.5
41.3
40.6
k1.2
LO.5
41.0
Llok
39.6
37.8
36.1
3he2
9.9

os™®
cal./°C/mole

83.9
93.7
90.9

91.2
90.7
96eks
105.9
101.2
100.2
91.8
96.6
941
96.5
93.8
96.3
96.7
92.2
887
86.9
8Le5
76,0

& also contain 1% Lead Stearate

Tx
°4

269.8
275.3
272.6

2676
265.7
267.0
273.8
273.5
268.1
263,0
26642
265.8
265.7
265.5
26L.6
26667
262.5
25665
2185
239.5
223.1

d
grams/cc.

1.29
1.73
170

1.75
1.69
1.6,
1.58
1.51
L7k
1.74
1.76
1.78
1.81
1.80
1.89
1.93
1.75
1.70
1.70
1.68
1l.64
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Saran is one of the most crystalline of the vinyl polymers, which is due

to the highly polar nature of the dipole, and the crystallinity is, possibly,
a form of association which results in a decrease in the dielectric constant
from that expected. Since the dispersion region occurs in a temperature
range below the softening point of the polymer (where the polymer is still
quite hard and brittle) it is quite possible that although there is dipole
freedom, the actual displacement of the dipoles may be relatively small and
consequently the dielectric constant would be rather small.

Another point of interest is that the value of Gﬂmax appears to
increase with temperature. Since the density decreases with increasing
temperature the behaviour expected is a decrease in the value of GI;aX as
the temperature is increased due to the decrease in the number of dipoles
per unit volume. Also the value of the loss factor at the higher frequencies
and lower temperatures does not appear to be approaching zero as are the
values at the lower frequencies. The circular arc plot gives a better in-
dication of what is happening. Figure 20 is a Cole and Cole plot for Saran
(M.W. 100,000) at 31.5°C. The low frequency part of the curve appears to
be quite normal but a deviation is noted at the high frequencies. The curve
appears quite similar to that found for solid DBr ( Pl ) which is given in
Figure 21 and shows the resultant curve for two dispersion regions which over-
lap. The author has also separated them into two separate dispersion regions,
both of which show a distribution of relaxation times. In the case of the
Saran there are not enough points to calculate the secondary curve, but the
principle curve shows a very great distribution of relaxation times, the

value of h (c¢f. Fig. 5) being in the neighbourhood of 0.56 and the values
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of €p and 8o being respectively 4.49 and 2.91.

There are a number of indications pointing to the crystalline
regions as the cause of the secondary, lower temperature dispersion region.
In his investigations of polyvinyl chloride Fuoss ( F12, F3 ) found a low
temperature dispersion region which was quite broad. The loss factor peaks
for this region were shifted to lower temperatures with addition of plas-
ticizer while at the same time the value of e"max decreased until the
maximum disappeared. Fuoss ( Fl4 ) attributed this dispersion region to
the presence of crystalline areas in the polymer. In the case of the present
investigation on polyvinylidene chloride the dispersion region occurs above
and below room temperature so that it facilitated the investigation if the
study was made in two sections -~ one above and one below room temperature.
Due to slight distortions in the sample (usually less than 1%) in the first
section it was necessary to normalize the data from the second section to
that from the first. This could usually be done by expressing the change
as a change in the geometry of the sample, so that data at all frequencies
would be normalized by the same factor. However, difficulty was observed
in some cases, the data at high frequencies were not continuous after
normalization. This phenomenon did not appear in the case of Saran plas-
ticized with e-Chloronaphthalene, however, it did to a minor extent with
mineral oil and to a very marked extent with hexachlorobenzene. Figure 22
shows the effect for Saran plasticized with 75% hexachlorobenzene. In this
run, the section above room temperature was completed first and then the
section below room temperature. There is a very marked jump in the 100kc.

data and the effect becomes less pronounced as the frequency is decreased
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and at 3,000 ¢/s is not noticeable. A seample containing 20% hexachloro=
benzene does not show this effect while a sample containing 25% hexachloro-
benzene does exhibit this behaviour. In the former case, the low temper-
ature section had been completed first while in the latter case the low
temperature section was done last. In practically every case where the
high temperature section was completed first, this phenomenon is evident.
The value of €" at a given temperature is found to decrease after being
heated and then cooled. It is quite plausible that this effect is due to
a partial melting of some of the crystallites present, with a subsequént
decrease in the mumber of dipoles contributing to the low temperature dis=
persion region. The nature of hexachlorobenzene might possibly be cone
ducive to the crystallization of the polymer as the effect is most Pro=-
nounced in the more concentrated samples. HExamination of the cireular

arc plot for the 75% hexachlorobenzene sample, Figure 23, shows that at
the high frequency end of the graph the value of &* is higher than it is
at the centre of the circular arc. This might indicate that a greater

number of dipoles are in the crystalline state,

Absolute Reaction Rates

Free energies, enthalpies and entropies of activation were
calculated after the method of Kauzmann { X2 ). The velue of the activa=-
tion enthalpy for each sample was found by the least squares method using
weighted points, the weighting factor being determined by the sensitivity
of the apparatus at the varlous frequencies. The 50, 100 and 300 cycle

points since they are at one end of the range were each given a weight of
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three, the remaining points were each given a weight of four except for
the 100kec. point, which, due to interference from a secondary loss
mechanism, and the reduced sensitivity of the apparatus at this point, was
given a weight of unity. The values so calculated are given in Table 23.

The values of the enthalpies of activation for the pure polymers
are quite low as might be expected from measurements of Boyer and Spencer
( B2 ) who found that polyvinylidene chloride exhibited a very low second
order transition temperature indicating a high degree of internal mobility.

In order to study the effects of different types of plasticizers
on dielectric relaxation, nujol, a straight chain hydrocarbon was taken as
an example of an oil type, non-solvent, plasticizer and two chlorinated
aromatic compounds were chosen as solvent types.

It is seen that mineral oil and hexachlorobenzene have little or
no effect on the activation enthalpy, entropy and free energy for the
relaxation process. In going from zero percent to 75% hexachlorobenzene,
the values have remained remarkably constant within experimental error.
Although the values for the mineral oil appear to be increasing, it is
thought that this is due to a larger experimental error due to incompat-
ibility of the mineral oil and the polyvinylidene chloride and the subse-
quent ”sweating out" of the mineral oil. The reason for the comstancy is
believed to be due to the fact that neither of these two compounds is
dissolved by the polymer and the samples are merely mechanical mixtures of
the two substances, hence the polymer would behave as it would in the
absence of plasticizer.

However, if there is a genuine increase in the activation free
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energies, enthalpies and entropies in the case of mineral oil it could
be explained by the following picture. If the mineral oil and polymer
are quite intimately mixed then there will be large areas where the
polymer dipoles are adjacent to the mineral oil molecules. Since these
two compounds are not mutually soluble there must be a repulsion between
them and the internal freedom of the polyvinylidene dipoles will be de-
creased in these regions (i.e. the activation energy would be increased).
If the fraction of dipoles in these regions is large then an increase in
the activation enthalpy would be found. This effect is not observed in
the case of hexachlorobenzene, since the high halogen content of this
compound creates an atmosphere around the dipole similar to that of the
polymer dipole group.

The results obtained from the a-Chloronaphthalene compositions
create much more interest. Since this compound is reasonably soluble in
polyvinylidene chloride polymers ( HL ) the results appear to be less
erratic due to the uniformity of composition. A definite decrease in the
activation free energy, enthalpy and entropy is observed with increasing

amounts of this plasticizer.

There are relatively few papers on this particular subject and
hence little data is available and few relationships put forth for the
variation of the ”+thermokinetic properties with plasticizer concentration.
Boyer and Spencer ( B3 ) found empirically that the enthalpy and entropy
of activation for polyvinyl chloride plasticized with tricresyl phosphate

(data of Davies, Miller and Busse ( D1 ) as recalculated by Kauzmann (K2))
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was linear with the square root of the weight fraction of plasticizer.

The results for polyvinylidene chloride plasticized with a-Chloro-
naphthalene show that AH*'is linear with the square root of the weight
fraction of polymer and also with the square root of the mole fraction

of polymer (Fig. 24). (N.B. in the calculation of the mole fraction the
monomer molecular weight was used instead of the polymer molecular weight).
A more general relationship is presented which shows that on a molecular
basis a number of plasticizers appear to be equally efficient. The
logarithms of the enthalpies and entropies of activation (recalculated by
Kauzmann ( K2 ) ) for polyvinyl chloride plasticized with tetralin ( F8 ),
diphenyl ( F3 ) and tricresyl phosphate ( D1 ) are found to be linear

with the mole fraction of plasticizer or polymer and, what is more startling,
appear to fall on the same straight line (Fig. 25). The polyvinyl chloride
used by Fuoss was very similar to that used by Davies, Miller and Busse
and displayed, within experimental error, the same enthalpy of activation.
The variation of these entities (log AH*'and log AS*) with mole fraction
for the system polyvinylidene chloride a-Chloronaphthalene follows a
linear relationship also (Fig. 26) but with a slope different from that

in the case of polyvinyl chloride.

From these observations the following relations are suggested:

pHY = anb L Kima A.
o8t = ase . e~Kani B.

where Nl and AST are the enthalpy and entropy of activation respectively
+
at mole fraction of plasticizer n;. AH:'and 4S¢ are the values for the

pure polymer (i.e. where n; = 0) and K; and Kz are the slopes from the
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log plots,

Expressed as differential equations:

G = _gan,
AE*

and  _dAS* = _Kudn,
AS®

that is, the fractional decrease in the enthalpy and entropy of
activation is proportional to the decrease in the mole fraction of polymer
(i.e. the increase in the mole fraction of plasticizer).

Up to this point the only data used has been that of Fuoss and
Davies, Miller and Busse (loc. cit.). There are two other sets of data
available for polyvinyl chloride; polyvinyl chloride plasticized with
tricresyl phosphate and dioctyl phghalate by Dyson ( D2 ) and polyvinyl
6hloride plasticized with dimethylthianthrene by Fitzgerald and Miller
( F9 )« 1In Figure 27 these data are shown compared to the solid liné found
statistically from the previously mentioned data. Dyson’s data for dicctyl
phthalate appears to be reasonably stréight, up to a mole fraction of plas-
ticizer of about 0.12, the line being roughly parallel to the line found
from the data of Fuoss and Davies, Miller and Busse. At higher concentra-
tions there is very little change in AHi‘which may mean that the solubility
of the dioctyl phthalate in polyvinyl chloride has been exceeded. The
graphs for polyvinyl chloride-tricresyl phosphate (Dyson) and polyvinyl
chloride dimethylthianthrene differ from the others in that the slopes of
the lines are not as great. 4 disconcerting fact is that the tricresyl
phosphate compositions of Davies, Miller and Busse appear to differ from

the tricresyl phosphate compositions of Dyson. In the loss factor-temperature
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graphs for the dimethylthianthrene compositions of Fitzgerald and Miller
a side hump appears on the loss factor maxima, which may be an indication
of a miscibility gap in the solid solutions or incomplete compounding of
the mixtures. These same reasons may account for the departure of Dyson’s
tricresyl phosphate compositions from the expected behaviour, however,
since the loss factor-temperature graphs for these compositions were not
published, this supposition cannot be supported.

For polyvinyl chloride plasticized with tetralin, diphenyl and
tricresyl phosphate the following equations were determined by the least
squares method for the variation of AH* and AS¥ with composition.

log 0H¥ = 2,038 - 4.093 n,

or AH* = 109.1 " 7°4R0 My

where AH® is in kilocalories and ny is the mole fraction of plasticizer.

log 0S¥ = 2,403 = 4.235 n,

or as¥* = 252,9 ¢9:753 m

For polyvinylidene chloride plasticized with a-Chloronaphthalene
the following equations for AH¥ and AS™ were found by the least squares

method:

log AH¥ = 1.6101 - 0.7772 n,

or AH® = 10,75 ~1°790 m

where OH¥ is in kilocalories.

log 4S™ = 1.9680 - 0.3786 n,

or AS* = 92,9 ¢~0-8719 m
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Given below is a comparison between the observed valuss of

AH¥ and 55™ and those obtained from equations A. and B.

Substance aifobs.  sntcale.  as¥bs.  as%eale.
kcal./mole cal./°C/mole
Saran (M.W. 100,000) 41..9 40.8 93.7 92.1
Saran (M.W. 10,000) L0.8 40.8 90.9 92.1
Saran (M.W. 10,000)ﬁ 40.1 40.4 91.2 91.7
Saran + 3.1% a-ChloronaphthaleneX 39,6 39,0 92.2 90,2
Saran + 6.0% a—Chloronaphthaleneﬁ 37.8 37.8 88.7 88.8
Saran + 10.0% a-Chloronaphthaleneﬁ 36.1 36.1 86.9 86.9
Saran + 15.0% m—Chloronaphthalene& 362 34.0 8Le5 .85.3
Saran + 25.1% a—Chloronaphthaleneﬁ 29.9 30,0 76.0 79+ 3

¥ also contain 1% Lead Stearate

In Table 24 the values of AF¥ for plasticized polyvinylidene
chloride calculated from the equation
oFY = pp* - Tag*

= o} Kl | gt Kemy C.

are shown in comparison to the experimental values. These results are
also shown in Figure 28, The agreement is fairly good except at the
extremes in composition. The most highly plasticized composition shows

a divergence from the calculated values on the AH* and AS*'graphs also
and, moreover, exhibits rather different behaviour on the loss factor and
dielectric constant graphs. In the case of the unplasticized polymers, the

effect appears to be due to the influence of the molecular weight which is
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TABIE 2l

Comparison between the observed values of AE‘*
and those calculated by means of equation C.

Freg. AF*obs. AF*calce AF*bbSe AF*Ealc.
Saran (M.W. 100,000) Saran (M.W. 10,000)
50c. 14.08 13.23 13.96 13.46
10Cc. 13.78 13.02 13.64 13.27
300c, 13.27 12.70 13.18 12.89
lkc. 12.76 12.25 12.66 12.46
3kc. 12.31 11.74 12,22 11.94
10kc. 11.79 11.17 11.70 11.39
30kc, 11.33 10.57 11.26 10.76
100kc. 10.87 9.70 10.80 9.88

Saran (M.W. lO,OOO)It Saran + 3.1% a-Chloronaph‘bhalen.eﬁ

50c, 13.70 13.68 13.41 13.31
100c¢. 13.40 13.50 13.11 13.13
300c. 12.90 13.21 12.64 12.82
~ lke. 12.42 12.73 12.19 12.31
3keo 11.97 12.27 11.73 11.89
10kc. 11.48 11.69 11.23 11.39
30kc. 11.06 11.02 10.81 10.78
100ke., 10.59 10.24 10.36 9.98

& also contains 1% Lead Stearate



Freq.

50ce
100c.
300c.
lkec,
3ke.
10ke.
30ke.
1C0kc.

50c¢.,
"~ 100c.
300¢.
lke.
3ke.
10ke,
30ke.
100kc.

AF‘%bSo
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TABLE 24 (Continued)

AF*Ealc.

AF .*Obs °

AF %eaice

Saran + 6.0% a—Chloronaphthaleneﬁ Saran + 10.0% a-Ghloronaphthaleneﬂ

13.14
12.85
12.36
11.92
11.48
11.01
10.61
10.18

Saran + 15.09
12.25
11.99
11.59
11.12

10.73

10.28
9.91
9.62

12.97
12.80
12.55
12.05
11.63
11.09
10.46

9.66

a-Chloronaphthalen

11.96
11.77
11.46
11.11
10,71
10.24

9.66

8.67

12.71
12.45
12.00
11.53
11.14
10.68
10.29

9.85

s

11.41
11.21
10.85
10.42
10.07

9.70

930

8.98

X also contains 1% Lead Stearate

12.61
12.41
12.12
11.73
11.26
10.76
10.17

9.46

10.59
1C.35
16.04
9.72
9.32
8.81
8441
762

e Saran + 25.1% a~Chloronaphthalenet
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possibly a logarithmic dependence. The polyvinylidene chloride prepared
in the laboratory gives all indications of being a low molecular weight

*
sample since 4H , 4F *, 4® and T, (the temperature at which T = 1) are

all considerably lower than for the Saran (M.W. 10,000) and Saran Q
(M.W. 100,000) samples.

A further test of the aforementioned equations is the calculation
of the temperature at which a given relaxation time will. be exhibited at
different concentrations. The equation

oFt = ap¥ K11 | qug¥ Kem
can be simplified if, as an approximation, we assume K;2r Kz (which
indeed has been found in the case of polyvinylidene chloride and polyvinyl
chloride) then the equation can be written

AF* = (aE¥ - Ta®) KM
where K is some value between K; and K;. From the law of absolute reaction
rates |

AF* = RTIn h =RT In KT®
P 3 h

and hence

RT 1n 1{1]:‘1; = (aHF - Tag¥) KM

or logarithmically

InRT In kT2 = 1n (0Hy - Tas%) - Kn
h

Having specified the value of @ , then over a small temperature
range (of possibly 30C°) the first term on the right hand side is virtually

constant and the variation of the In kT¥ term with temperature is very
h




- 88 -

small, hence a plot of log T against the mole fraction should be a
straight line, Figure 29 is a plot of this type for plasticized Saran
at " =1 and the results appear to indicate that the relation is
acceptable for this system.,

Further support is lent to this theory from the data of Fuoss
et al ( M4 ) on polyvinyl chloride. In this work, Fuoss determined the
60 and 6000 cycle loss factor maxima at 6OOC of polyvinyl chloride plas-
ticized with fourteen separate plasticizers. Hence at a given temperature
all compositions having a meximum at the same frequency should have the
same mole fraction. In Table 24a are listed the plasticizers, their
molecular weight and the value of the mole fractions which produce 60 and

6000 cycle loss factor maxima at 60°C.,

TABLE 242
Plasticizer Molecular Weight Mole Fraction of Polymer at:

60c, 6000c.
tetralin 132 0.9,48 0,920
diphenyl 154 0.946 0.912
diphenylmethane 168 0.959 0.935
diphenylmethylmethane 182 0.958 0.933
dibenzyl 182 0,958 0.933
amylnaphthalene 198 0.953 0.923
styrene dimer 208 0.964 0.943
dibenzyl ketone 210 0.959 0.934
1, 2 diphenoxyethane 214 0.956 -
dibenzyl maleate 296 0.965 0.944
dibenzyl succinate 298 0,966 0.947
dibenzyl phthalate 346 © 0.959 0.933
dibenzyl sebacate 382 0.975 0,962

dioctyl phthalate 390 0.971 0,957
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Considering the nature of the problem it is thought that the agreement

is quite good,

Resistance Measurements

u
Resistance measurements were taken to correct the € values
according to the method of Fuoss ( Fl5 ), where the correction to be
' 1]
subtracted from the loss factor to allow for d.c. conductance. 8 d.c is

given as

u

W
€ 3., = 18x10 xK_
£

where K, is the specific conductance as measured on a d.c. bridge and f
is the frequency. However, the highest conductance measured involved a
correction of about 0.02 in the loss factor and this at the high tempera-
ture end of the 50 cycle loss curve, consequently the resistance data is
unimportant from this standpoint.

Saran displays a rather great ability to pick up electrostatic
charges, causing powdered Saran to adhere to glass surfaces to resist

removal from these surfaces. This particular property of Saran is believed

to enhance the adsorption of moisture on the surfaces of the sample. Since

the thicknesses of the discs were of the order of 0.02 to 0,03 inches,

adsorption of moisture on this surface would cause a leakage path, therefore,

a number of readings were taken on one sample of saran plasticized with
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about 3% hexachlorobenzene at different relative humidities to ascertain
if there was an effect. Figure 30, where the resistance of the sample is
plotted against the partial pressure of water vapour in the air (as deter-
mined by a wet and dry bulb thermometer), gives an indication that the
maximum resistance that can be measured depends on the relative humidity
at the time of the measurement. The values were all taken at room temper-
ature (circumambient between 7L° and 82°F.), the scatter in the data being
caused by the latter fact coupled with the inaccuracy of the particular
wel and dry bulb thermometer used. The data do, however, give a qualita~-
tive picture of the situation.

The specific resistance values do have an intrinsic interest,
however. If it is found that the logarithm of the specific resistance is
linear with the reciprocal absolute temperature (Fig. 3L) then an enthalpy
of activation can be found for the process of d.c. conductance. Due to the
aforementioned humidity effect (especially at low plasticizer concentrations)
some of the plots are not very extensive and hence the results derived from
them are not too precise. Table 25 gives a list of specific resistances at
different temperatures for the pure polymers and the samples plasticized
with a=Chloronaphthaleﬁe. The enthalpies of activation were determined by
the least squares method and are given in Table 26. They were determined
from the following equation

InP = aH* + constant
RT

where P is the specific resistance R AH* is the activation enthalpy, R is

the gas constant and T the absolute temperature. Very little variation in
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TABLE 25
Specific resistances of Saran and plasticized Saran

Temperature Specific Resistance Temperature Specific Resistance

°C ohm—cm x 10°'2 °C ohm-cm x 10712
Saran (M.W. 100,000) Saran (M.W. 10,000)
5867 17.0 57.9 16.2
64.0 8.52 63.1 11.8
69.7 L.82 68,7 Tolidy
Thel 3.93 740 4T3
8l.3 1,67 ‘ 79.6 2.76
Saran (M.W. l0,000)t " Saran + 3.1% cc,-Chloro1'1:=v.pht,ha.lc-:*neﬁ
54.0 2L.8 L7.8 304
59.0 18.7 5365 22.5
6lyol; 11.6 58,8 13.7
69.8 7.38 65.8 6.66
75.1 Le52
Saran + 6.0% a~Chloronaphthalene® Saran + 10.0% a-Chloronaphthalene™
Llo.l 2.9 , 3502 4.5
L7.5 16.9 40.3 11.8
52.8 9.65 L5.8 7.77
57.8 6.43 51.3 4e97
63.1 3.7h
Saran + 15.0% %Chloronaphthalenet Saran + 25.1% a-Chloronaphthaleneﬁ
11.0 126.7 =506 85.9
25.2 21.3 =1l¢2 L7.7
3C.1 12.7 3.6 25.3
3L.6 7-91 8.8 13.4
39.8 Lel2 Lol 7+64
L5.2 2.64, 19.9 4.20
49.6 1.67 2545 2.04

& contain 1% Lead Stearate
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AH* is noted in going from pure polymer to the most highly plasticized

sample ; most of the values being in the vicinity of 20 kilocalories.

TABLE 26

Activation Enthalpies for d.c. conductance

Substance AH® keal. /mole
Saran (M.W. 100,000) 23.0
Saran (M.W. 10,000) 207
Saran (M.W. 10,000)% 20,1
Saran + 3.1% a-Chloronaphthaleneﬁ 22.1
Saran + 6.0% o::L-ChZLoronaphtlrzaleneﬁ 205
Saran + 15.0% oz.-C]:ﬂ.oronaphtlrua.leneﬁ 203
Saran + 25.1% 0:--Chl\_cronzatph’t,ha,leneﬁ 18.8

& also contain 1% Lead Stearate

According to the Debye theory, the relaxation time for
dielectric relaxation should be related to the liquid viscosity by the

relation

T = _LMma’
kT

where  is the relaxation time, W is the viscosity, a is the radius
of the dipole particle, k is the Boltzmann constant and T the absolute
temperature. In a few cases (e.g. Kobeko et al ( K3 ) ) found that log

log plots of viscosity against dielectric relaxation times yielded straight

lines with unit slope. They also found that a similar plot of viscesity
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against'a.c. conductance gave the same result. Thus there might possibly
be a relation between the dielectric relaxation rate and the d.c. con-
ductance, that is, they should have the same enthalpy of activation which,
judging from the results in Tables 23 and 26, does not hold in this case

(as it has not in the majority of cases).

Reduction of Dielectric Data

In the treatment of dielectric data a recent contribution has
been the reduction of dielectric data by Ferry et al ( F4, F5, F6 ). By
this method data at different frequencies and temperatures can be reduced
by a set of equations to give a single composite curve for the loss factor

and for the dielectric constant. The equations
. '

Sp=8 IR + egq (1-_1R )
TOP ToP

] "

e p = eo TPO
ToP

can be applied if certain conditions prevail (i.e. the shapes of indi-
vidual curves of 6‘ and G" against logWw must coincide with horizontal
shifting and the same values of bT must superpose both the G’ and 6.'data).
However, these equations are not generally applicable since the maximum
values of (G' - € ) and Gn decrease faster with increasing temperature

than proportional to fyT. In order to circumvent this the reduced

[} [}
variables (€ - €w ) / (6o - € ) and €/ (€0 - € ) were adopted in
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place of C' and 6". However, there are still some polymer systemsbfor

which even the reduced variables at different temperatures would not
superpose. These systems are characterized by the fact that the maximm
value of G‘Iin.frequency dispersion increases with temperature in some
polyvinyl chloride systems ( F3, F8 ) and also in styrene-acrylonitrile
copolymers ( E2 ). This effect can be attributed possibly to the melting

of crystallites which are known to be present in the aforementioned polymer
systems. This same phenomenon is exhibited in the case of the polyvinylidene
chloride studied and hence this method is not applicable to the present
worke.

It is thought that the theory of Ferry et al is not quite in
accord with the theory of absolute reaction rates since the enthalpy of
activation derived from the variation of bT with temperature vary by as
much as a factor of three (in the case of the polymethyl acrylate of Mead
and Fuoss ( M3 ) ). According to the theory of absolute reaction rates
the value of AH* should be almost constant. A slight curvature might be

introduced in the log _1_ vs. 1/T plots by the omission of the log kT
T h

term in this type of plot, however, it is doubtful whether the slight
curvature usually introduced would cause a very large variation in AH‘&

In the reductions performed by Ferry et al a basic assumption has been
made that all relaxation times have the same temperature dependence.

Since only segments of the e and €" curves are matched up, it is difficult
to tell whether the shift is due to a difference in the activation energy
as postulated by Ferry or whether it is due to a change in the breadth of

the relaxation rate spectrum with temperature as found by Kauzmann ( K2 ).
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It—is possible that the use of a different method of reduction
of the dielectric data would bridge the gap between these two approaches,
In the present work it is suggested that instead of choosing the factor
bp empirically, the shift in the loss factor peaks, taken from the plot
of log 1 vs. 1/T, should be used to superpose the data, then the values
of A H""tfrom both methods would agree. Once the shift is accomplished
then a set of equations could be derived empirically to superpose the
values of g and Gu. Ferry, Williams and Fitzgerald ( F6 ) effected a
reduction of the data of Funt and Sutherland ( F7 ) for polyvinyl acetal
to a temperature of 80°C (a temperature near the lower extremity of the
region investigated). A proposed improvement on their theory involves
choosing a temperature in the middle of the dispersion region. Figure
32 shows the data for polyvinyl acetal reduced by the meﬂhod of Ferry et
al to a temperature of 80°C. As a comparison, Figure 33 shows a reduc-
tion of the same data to 9500 following the modification set forth above,
After shifting the loss factor peaks, the following equations were used

to reduce the data to the composite curves shown in the diagrem,

€ _= € T
p samsa——
To
]
e , - G“ T
To

The deviations in this plot occur at the temperatures at the extreme ends
of the absorption region and could possibly be explained on the basis of
a change in the breadth of the relaxation rate distribution,

Having accomplished this, a Cole-Cole plot can be used to deter-

mine the distribution of relaxation times at the temperature to which the
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data is reduced. The equation given by Cole and Cole for the complex

dielectric constant where there is a distribution of relaxation times
€ - €w = € - Ee

1+(jwr)1'

h

can be separated into real and imaginary parts as given in Bottcher

( BL P. 370 )
e - €o=(€ - €0 ) 1+ (w*r)n Cos n;l‘

n m 2n
1+ 2" cos T3 + (Lot)

6" = (€0 - €w ) (W)" sinZF

1+2 (W) Cos n2T|" + (wt’)2n

where n = 1 - h and all other symbols are the same as previously defined.
! '
In the application of this equation to the already reduced data,€ and g"
! '
are actually Gp and 6; . Hence knowing the value of T at the temper-

ature to which the data is reduced and the values of €5, €e0 and n (or

1 - h) (found from the Cole-Cole plot) the values of G; and Gg can be
calculated for the plot of the reduced data. Then, working back through
the reduction equations and the equation for the variation of log 1 vs.
1/T, the dielectric data for any temperature and frequency can be :;lcu-
lated. This would appear to be the ideal way for expressing the dielectric
data. That is, in order to express the experimental results of a dielectric

investigation, all that is necessary are the values of €p, G&o , n, To and

the equation relating log 1l and 1/T as well as the equations used in
T
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the reduction of the data., Hence, the value of the method of reducing
data is increased and is in complete harmony with the theory of absolute
reaction rates. Of further benefit is the convenience with which the
results of a dielectric investigation could be expressed, compressing

graphs and tables of data into a few equations,




SUMMARY
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SUMMARY

chloride (commercial Saran A with molecular weights of 10,000 and 100,000,
and a polymer produced in the laboratory) at 50, 100, 300, 1000, 3000,
10,000, 30,000 and 100,000 cycles per second have been investigated along
with Saran A with incorporéted amcunts of mineral oil, hexachlorobenzene
or ™ -Chloronaphthalene. ¥Free energies, enthalpies and entfopies of
activation were calculated and a relation was developed for their variation
with concentration which was fcund'tq be applicabie to- other polymer
systens,

A method was developed uéing a series of more or less
empirical equations to express the variation of loss factor and dielectrie
constant with temperature and frequency of similar dielectric investi-
gations in a more convenient waye. The method is applicable to systems
which give a circﬁlar arc on a Cole and Cole plot together with the

limitations imposed in the method of Ferry et al.
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