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FAEFACE

Sj-nce a great deal of work has been published on

plastici-zed polyrrinyl chloride, it r^as thought tha'r, attention

should be directed to studies on other plasticized po1¡rmers.

For this reason, a chernically similar pol¡nner, poI¡nrinylidene

chloride was chosen to be investigated.

Another objecti-ve of the stucly r¡ras to evolve a

method, using a series of more or J.ess empirical equations,

to describe the temperature, frequency and concentrati_on

dependance of the dielectric and the thernod¡memis activation

properties of plasticized poI¡nners. By thís method a mass of

data could possibly be reduced to a few equations eli:ninati:ig

the necessity of bulky tables and graphs for the presentation

of e:qperi-mental results.
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A" POLÏ\{ENS

The SLructUre qf Linear Pol¡¡niers

The properti-es of ]j-near polyarers vary quite l,r:idely from the

hard brittle substances through soft resilient rubbers to viscous liquids.

Although they are nearly all conrposed of a long chain carbon backbone, it
is the substituent group on the carbon atom which causes the variations

in physical properties from one pol¡r,aer to another of sirn^ilar molecrrlar

weight.

the novelty of the polymer is lim.ited to the long chaiir of

carbon atoms joined by prÍ:nary valence bonds. The basic concepts of

physical chemistry which apply to simpler molecules ar.e also attendant

in the case of pol¡rmers, mod.ified onry by the abnornral length and

molecr:-lar weight of the pol¡naer.

Macromolecules possess internal flexibility due to vibration and

rotation of segments of the polymer chains" The flexibility and strength

of a polymer ís determined by the nature of the groups on the chaj-n, the

inùerchain and intrachain forces, the degree of coiling or kinlcing of the

chains and the length of the ehains,

A ninimum degree of polpreri.zation is necessary for mechanical

strength" Below a certain degree of polyrnerization the tensile strength

of a film is negligible, and above this the tensi-Ie strength increases in
proportion to the degree of pol¡nnerization" 0n reaehing hj-gher degrees of

pol¡nnerization the dependancy of tensile strength tapers off and tend.s to

become independent of the chain length. This is due to the facl that the
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strength of the pol¡rmer largely depends upon the mecha¡ical entanglement

of the chains.

fn a crystalline so1id, each molecule (or atom or ion as the

case may be) is held, by forees of attraction and repulsion, in an

equilibriu:n position. The moleci:J-e may wrdergo rapid vibrations in t,his

position but diffusion is exLremely infrequent since the average arnplí-

tude is only of the order of five pereent of the distance between equi-

librir:¡a positions. The material i.s rigid,, hard and has a definite shape.

As the temperature i-s increased. the vibrations increase and at the melt-

Íng point the crystaL structure breaks down and far reaching geonetric

order is absent. The molecule Ís not in a fixed equilibrium position

but possesses translational energy, as evidenced by Brownian motio¡, ¿¡¿

self diffusion Ís possible" The resultÍng material can retain no definite
shape but assrirnes that of the container" This liquid can be supercooled.,

the viscosity increasing ercponentially, and at low enough temperatures

becomes hard and brittle - a glass. The transiti-on from a rigid glass

to a viscous liquid occurs j¡ narrow temperature intervals, the soften-

ing poÍnt, ïr:ith no change in structure and no discontinuity in the

prinaary therntodynami.c variables (heat capacity, free enerry, etc. ).
Therefore, for low molecuJ.ar weight materials, we have in the

crystalrine state long range order a¡rd a high viscosity; in the glassy

state very short range order ancl a high vi-scosity; and in the ].iqrrid

state very short range order and a J-oru rriscosity. The situation with
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respecù to high pol¡nneric naterials is more coi'nplicated. Tn this case
Urrrr$the molecuJ-e or monomer unit is joined to two adjaeent molecules by

primary valence bonds and to four others by relatively weak Van der
t

ÏÙaal s forces, the nagnitude of r,¡hich depends on the substituent groups
,lÈof the molecule . Thus there is very great strength along the acis of

the macromolecule for afl pol¡nners and at right angles to this the forces

are relatively weak and the intennolecirlar bonds (Van der lilaal's) are

easily broken. T,ong range entanglement of pol¡meri_c materials thus

replaces long range crystallinity of sÍmpler molecules.

ï:a rubbery polyners there are very sma1l interchain forces

and a very kinked and coiled chain. The distance betr¡een chai-ns is
further increased by the introduction of alkyl groups at regular

interval-s and the presence of double bond.s increases the possibility

of a more kÍnked and coiled ehaj¡r (e.g. natural rubber which is
cis-polyisoprene). The presence of lorr¡ interchain forces means lolver

potential barriers which allows chains to sJ-ip past one another more

easily" The coiled and kinky r¡atrre of the chain is responsible for

the springi-ness of rr,rbber" The J-ow i¡rterchain forces are responsible

for the speed at which elastic recovery takes place" In rubbers, a

certain amount of crossli-nking is necessary to prevent displacement of

the linear molecule as a r¡hole. Fix-points frorn chain to chai¡ are

necessary at widely spaced Íntervals (just as in the case of bedspring")

to provide a co-operative motion of alJ- pol¡nner molecul-es resulting il



a moti-on of segments of the ehain rather than the r,uhole mo1ecuJ.e"

Iaark ( ML ) considers these properties on the basis of Bro¡¡nia¡

moti-on - a. microbror,¡nian motion or movement of segments of the molecule

and b. macrobroin¡nian motion or moti-on of the molecules relative to one

another. Hence rubber would be described as a substa¡ce possessing rapid

microbrownian motion and no maerobrownian motion. Just as glasses are

liquids vrith high viscosities, l{ark describes rubbers as liquids ruith

Iong range entanglements.

[srr¡].Iy rubbers, m-less stretched, do not give )Lray patterns

and in the normal relaxed state are not crystalline.

Viny1 pol¡rmers with polar side groups general.ly possess different

properties from rubbers. Unless monomer is present there are no unsat-

urated }f:rkages along the ¡nain carbon chain. This restricts the chain

from assr:¡ring the kinky and coi-Ied- up configr.ration of the rubbers.

Porar groups crosely spaced along the chai¡ interact w:ith such polar

grou.ps on adjacent chains, thus segment motion is reduced due to these

strong attractions. Hence we have a rnaterial which at normal- temperatures

has IÍttle or no rubbery properties. The properties may be between the

extremely brittle polyvinylidene chloride, ruhích wiJl neither bend nor

stretch ivithout breakÍng, to the atkyl polyacrylates which are soft and

elastic, behaving nruch ]ike rubber latex. The difference in physical

properties of the uinyl pol¡nners depends to a large exbent on the

strength of the interactÍon of the polar: side groups and on their size.
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The presence of polar sicte groups tends to provide a large

nunil¡er of fix-points thus lfur-iting segmental motion. The polar attraction

may be so great as to produce crystallizaLíon in a nu¡nber of vinyl

pol¡rmers where the polar group is relatively smal1 (e.g. polyvinyl

chloride, polyv-inylidene chloride)"

The rricrobrovlnÍa¡r motion of polar vinyl poJ-¡imers is determined

by the strength of the polar interaction. From the standpoint of macro-

brovunian nrotion the vinyl pol¡nner chain is stiffer and less subject to

coiling than in the case of nrbber, chain entanglement is not as great

as in the case of rubbers and so macrobror,rnian motion depends to a

greater erctent on the polar interaction" Hence in pol¡rners where polar

interaction is small, more rubbery properties will be exhibited but at

the same tjme a greater tendency to creep or cold frow is produced Ín

the absence of crossli-nking agents. lfhereas rubber has been described. as

a liquid w:ith rong range entanglements polar vinyl pol¡rmers have been

described as glassesn

Ifark describes the properties of polyrners as the combination of

three physical states of polymers. For fibres the solid crystarline

state is accentuated with only enough of the rubbery state to give resil-
iency. A typical rubber reqrrires the bu.lk of the material in the rubbery

state w:ith a fix-point system, The ptastic material i-s a conrbinatj-on of

the solid and liquid stai:es with ver¿w little rubberj¡ess. The interre-

lation of the three stat,es can be shown in the forrorrring way:
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microbrownian rnotion
frozen i¡l

ma.crobrowni-an ¡notion
frozen in

sustains external
forces

high modulus of
elasticity
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RUBBERY

mi-crobroi{rrian motion rapid

macrobrownia¡ notion frozen
in

sustains exbernal forces

low modr:-lus of elasticity

LTQUD

rnlerobroiunian motion
rapid

macrobror,rnian motion
activated

does not sustai.n
exbernal forces

florus and has rnedium
viscosity

Brittle
Point

Flot¡
Point

PIastícizers

Plasticizers are materials which are added. to potymers to

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

co¡nmercial- uses" Plasticizers facilitate processing by softening or

j-ncreasing the tack of the resulting conposi'bion, They are used. to

nodify the mechani-caI properties (e.g. reduci-ng the brittleness) and the

electrical properties of pol¡rmers. Some of these effects can be acco¡r-

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

pol¡rmer. Raising the ternperature for instance r,,rilt sofùen ilre poI¡mrer but

might resul-t in slight decomposition of the material-. If the degree of

polymeriøation is reduced the polyrner will become softer but r,¡ith a resrrlt-

ing decrease in its tensile strength and a greater tendency to creep"

Copolynerization is an excel-l-ent method. for altering the properties of
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polymers but is h¡r:ited to some exLent by

more) mononers can be combj-ned and also by

are available for copol¡nnerization, Hence

most commonly used today"

the degree to u¡hich two (or

the nr¡rnber of monomers which

plasticizers are Lhe nrodifiers

There are certain basic requirements i^¡hich must be considered

Ín choosing a plasLi-ci.zer for a given polyner.

CompatibifitJ refers to the ma"rri:num a.norint of plasticizer which

can be added to a polymer withouü causing phase separation (i.e. the

plastici-zer must be núscible irith the pol¡mer). If such is not the case,

the plasticizer ¡nolecules will aggregate, weakening the structure, and

will eventually exude or slveat out"

Pgmanence: In most cases it is essential that plasticizer is

not J.ost from the composition. In only a fer,r instarices the plasticj'zer

is incorporated merely to facilitate processing operations such as molding

and the loss of plasticizer from -r,he fínished article is not ¿. serious

consideration. tr{hen the plasticizer is acided to effect relatively per-

manent changes ín the mechanical or electrical properties of the pol¡rmer,

it Ís essentiar that the loss of plastici-zer be extremery smarl. con-

sequently plasticizers are chosen which have low vapour pressu:.es and

which are relatively large in size to deerease diffusion to the surface

of the material and hence eUminating evaporation from the surface. This

usually means that the molecuJ.ar weight be high relative to the molecular

weights of conmon solvents (which are plasticizers but }ack permanence).

The plasticizer must also be stable to light and heat to avoid production
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of objectionabl-e by-producì,s, certain plasticizers are chosen for

specific purposes (".g. tricresyl phosphate imparts flame resista¡rt

properties to compositions containing it).
Bfficiengr¿ concerns how much a gi-ven property of the plastic

(trittte point, second order transition ternperatr:re, flexibility, hard-

ness, etc' ) is artered by the adctition of a fixed amount of pol¡mer.

Ilost theories of pl-asticizer action so far have dealt r,,rith the srrbject

of efficieney as the marmer in ujrich a certain propert}' changes with

cornposition,

I'lechqqisni of PlgsticizerJctign

Án excellent summary of the findings of various investigators

wíth regard to plasticizer action is given by sticlaney and Cheyney ( sl ),
From this paper an overall picture of the potymer-plasticizer interaction

is given from a more or less kinetic vier,çoint.

The moùification of the mechanical properties of a polymer by

plasticization must result from a modification of the mechanical bÍnd.i.ng

or intermolecular forces. The effect of plasticízer add.ition reduces the

number of interchain linkages which are not due to primary valenee bond.s"

In polar polynrers, solvation Ís necessary for compatibility resrrlting i¡
the masking of pol¡mier active centres, According to Stickney and Cheyney

the effici-ency of a plasticizer d.epend.s on the surface it oresents in
the composition and hence on its shape, Hence on a i,reight basis l-ow
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molecular wei-ght plastici-zer should be more efficient sj-nce srnall

molecul-es present a greater surface than an eo¡ral r,ueight of large

molecules" However, on a molar basis high nolecular v,reight plasticizers

should be more effective.

The shape of the plasticizer is not determ-ined by the molecular

model shape but by its form j-n the plasticized composition and is thus

affected by the pol¡nner-plastieizer interaction. The physical or mechan-

ical properties are deterrúned by the shape of the polymer-plasticizer

complex.

The effect of temperature on a plasticized pol¡rmer is generally

less than on the unplasticized pol¡nner especially in the case of polar

pol¡nnerso In the rrnplasti.cized pol¡nner the interchain links are broken

at higher temperatures and polyner-pol¡mer interaction is reduced. lx
plasticized poI¡nners there are fewer polymer-pol¡rmer links arrd these of

course will be reduced as the temperature increases but at the same tjme

pol¡nner-plasticizer links will be broken with the possible reformi.ng of

iaore pol¡rmer-polyurer links.

The efficiency of a plasticizer has been determj.ned by the

changes produced in eertain properties of the poly:ner (e.g" the brittle
point, second ord.er transj-tion temperature, Toung's modulus, dielectric

loss, e'i;c.)o As a result the efficiency of various prasticizers may be

described, r,rith fair succêss, i¡ terns of the property studied. (e.g. the

variation of brittle point uith cornposition). Since these methods elicit
different responses from the plasticÍzed compositions it is often dÍfficult
to corrtpare data from one to anol,her. A great number of these tests are

time dependant which also introduces further sources of incongruity.
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BT TEE DTEI'S6TRTC METEOD OF II\IÍffiTTÊATTON

În the tlleleetric metbod. of lnvestlgatiod of polar poJyners

wlth structures of tb.e type

r1
f'"n-T"-l or

L x J''
(nbere X ls a poLarizable groupl a foroe

polar groups ancl the propertles measureel

magnltucles of the blnd.ing forces present

ctlpoles from one pol¡rmer to anothero

[-" ï] n

ts appllecl rlirectJy to the

provide an lndlcatlon as to

and. the reLatlve freetlom of

the

the

' If we appLy aa aLternatlng eleotronotlve force to a capacltor

bavtng a polar polyuer as its cllelectrlc, a current fLcflrs through the

cllelectricr lte nagnltud.e of tbls cuæent clepend.s on the struetr¡re of

the polynier, the frequency of the appliecl voltage antl the temperature.

At high frequencles d,ipoles present are not able to follow the appliecl

fleltt and. the current fl.owing ls due to electronic polarlzation plus the

Maxrell d.lsplacenent eurrent. Thls current is a oapacltatlve ourrent as

lt leatls the applleô voltage by 90o and' 19 present at all frequencles.

At very low frequenciee the dlpoles are abLe to follov¡ the fle1d. anrt

the current earried is proportlonal to the naguitude of the dlpole

moment of tbe polar group. fhus a fi¡rther current is superimposed

on the electronic d.isplacement eurrent, both being pr¡re1y oapacitative.

As the frequenoy is lowereð the dlelectrlc constant approaches that

founcl by d..cr measurements and ls tlesignatecl by ëe. As tbe frequency

is lncreaseð tbe cilelectrie oonstant approaohes the optfoal dlelectric
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constant 0¿ which is equal to (according to Clausius ( Cl ) and l{osotti
( M2 ) )the square of the index of refraction"

At intermed-i-ate freo,uencies an interesting process takes place.

-A't lor,¡er frecluenci-es the dipole is oscillating in the alternating fie1d.

and the cu::rent being carried. is purely capacitative. As the frequency

is increased the dipole becomes less and 1ess able to keep up with the

appried field and begins to ]ag. This la.g results i¡ a current being

produced which is out of phase with the electronic poJ-arization. A purely

capacitative current is represented. by a vector at right angles to the

voltage vector, and a purely resistive cu:'rent is represented. by a vector

lying along the voltage vector (fig. 1).

ff the dipolar oscillation lags behind

the electronic polarization, the current

flowing through the capacitor has a com-

ponent in phase with ihe voltage and

hence can be represented. as a resistive

¡R E component which results in the dissipa-

Fig. 1 tion of heat j_n the dieleetric. This

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

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

time ! is defined as the time reqriired for a steady state orientation to

decay to r/e of its value. As the frequency of the field is increa.sed

fi.rther the dipole i-s less able 'r,o fol lorr¡ the fieLd d.ue to "rri""o11, d"¿,gt'

and eventually becomes "fror.n int\ at rvhich point the electronic <Ìisptace-
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ment cìlrrent only is present and there ís no resistive component.

Debye i¡troduced the complex dielectric constant

e - g' jg" l.
wùere g' is the d.ielectric constant, o" is the ross fac'¿or (a measure of

the energy dissipated in a dielectric) and j is the oper.ator for loo

rotation and is equal to V:T "

Thus going from lour to high frequencies at a given tempera.ture

it is found that the dielectric constant 0' goes through a sigmoidal

increase and the loss factor aq goes through a mÐri-mum, and on an 0"

versus log f graph is s;¡mmetrical about its critical frequency. Às the

temperature i-s raised the maxjmwn in the loss factor is shifted to higher

frec¿uencies as is tire point of j-rrflection of the dielectric const,ant curveo

Quite similar curves are obtained if 0' and g" are plotted

against temperature. The loss fac'i;or €" gous through a max1num at a

given temperature, and as the frequency is increased the pealc occurs at

higher tempera'r,ures, the point of inflection of the 0' curve occuruing at

higher temperatr:res as the frequency is inereasedo

If a plasti-cizer is adcled to the pol¡rmer, the peak in the 0"

versus log f cltrve, at a given temperature, is shifted to higher frequenci-es

or in the cor'responding 0a versus temperature plot, the peak at a given

frequency is shifted to lower temperatr.:ïes.

To provi-de a qualitative, if not quanti_tative, picture, the so-

called Debye equations are employed. The con-çlex dielectric constant

given in ecluation (f) is also gi.ven by the equation

g - 0æ* 0o-€o
T -FT 1"
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where 06 is the static or l-oÍI frequency vahre of the dielectric constant"

0r is Ì;he valu-e of ihe dielec'¿ric constant at optical frecluenci.es.

Q, is the angular frequency of the applieci fielci and is equal to

2llf where f i-s the frequ.ency of the field.

j is the operator for 9Oo rotatioir and is equal to \yzîJ*

t is }ørorn as the relaxation ti¡e,

Ïf the second terur of equation 2. is multiplied by its conrplex

conjugate and- placed i¡ the form of ecr¡ration I. thus

o=Qæ+ (eo___o?)= jleo;?)!tla 
3"l- *c'lz t" I *ø2l2

t¡
we fi nd that 0 and 0" in equ-ation 1. are given by ihe follovring elqpres-

sions,
I

Ç = eo *l9o--!e)
I +s¡2a2

tls =l-qa-:-g!9-)g¿3.-
1 +Q1212

the following eo¡rations

l+,

5.

Rearrangement of these give

amenable io discussion"

which are more

€o_0æ

left hand side of

ITîtFF

-bA

l+a,

5a,

against log (elt

Io -0æG-:-q

Plo'r,ting the equations 4a. and Ja.
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the s¡nronetrieal curves of figules ¡! a:nd 2 are obtained" The correspond.Íng

lÑ
curves of 0 and 0 agai-nst J-og (rl are a,l so s¡rnrmetrical and give curves

sinilar to those of figures 2 and J. The maxj:num in the absorption curve

can be found by setting è !- = 0. ït Ís thus founcl that the maxi¡rim
à r.rg

occurs when (r¡t = I or at loghl? = O" The val-ue of à.? at the maximrr¡a is
usual-Iy designated byld, ar¡d the value of the frequency corresponding to

tl* is knoun as the critj-cal frequency, fc .

The values of ê' arrd gtt at t*lm are designated by 0', ,rrd e "

and are found by setting ü¡t = I in ecluations d" an¿ !,
,

gm = 0o _ilr__
2

4b"

= êo-0ø
) 5b"

The relaxation time T, used in equation zo and subsequent

equations j-s co¡ønon1y called the relaxation tjme and is a measure of the

decay of the macroscopÍc polarizatj-on of the med.iun. For this reason

Powles ( PI ) prefers to designate Ít as the decay time. This relaxa-

tion ti¡ne t i-s related to the i¡trinsic relaxation time f*o,lt ¿"t is of

the order of magnitude of the time required for a given molecrrle, if fixed

and rel-eased, to revert to random orientation in the absence of resrrlting

macroscopic polarization resulting from the sumounding molecules,

The intrinsic relarcation time ?t is independent of the value of the in-
ternal field, but its relation to ? ¡ the experirnentally determ-i.ned

quantity, can only be determined by assrrming an expression for the in-
ternal field ' The resulting relation between t and ? * .ru'iIl then depend

on the choíce of the expression for the fnternal fierd. However, the

difference between the tr,,¡o relaxation times di.m:inishes as the ratio of

ês/Eo decreases. The tendency of the polarization to maintaÍn iüself

en
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is always active to some exbent so that f is alrvays greater than t* .

Most experimental results now are expressed in terms of t ort^gmo

ÐÍstribution of Relaxation Ti.:nes

If 6" is plotted against 6f a

obtaÍned (fig. l¡) which is described by

(e, _ eo n Q- )a o (g,,)a

This curve is predicted froin equations lþ" and J. on the assumption of

a singte rel-axation time" However, j-deal behavi.or¡r is quite rare í¡ con-

densed phases, the e:çerimental curves dev:iating from the curves predi.cted,

CoIe and CoIe ( C2 ) showed that generally the experimental curve is stil}
circular, with the centre of the circle shifted below the 0' ar.is (i.e,

to negative values of 0") (nig. 5).

The roodel upon which this theory is based is obviously too

simple. The forces of interaction and thermal motÍons vary frorn place

to prace and fron ti¡ne to time and consequently every dipole in its
particular situation has, at any moment, its orun intrinsic relarcation tjme"

l¡ilhen i-n measurements an average is taken over all cond.i-tions, a distribution

of relaxation ti¡res about a most probable value will result. Consequently

equations 4' and 5. should be r,u:ritten ¡q
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semicircular plot should be

the equation

rêo - 8o \at-l
2

6"

l+C.E'= €oo+ (eo-e.o) f G(tLd?

o / r+l"o28?

6ð) / *,.',u"

"J 
r + þ" T'

g," = (€o - 5e.
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î,ilrere G(t ) is the disiribution function of relaxation tj-mes and G( t )

dt is the fraction of molecuJ.es at a given instant associated 14ith rela.:i-

ation times between t and t + dt . Various t¡rpes of distribution

functions have been triecl r^r-ith var¡ring d"egrees of success" Col-e and Cole

adopted an enrpiri-cal fwrction which still permi-i;ted inierpretation from

a circular arc plot. These authors showed that in the case of a distri-
bution of relaxation times the rocus of the e' - e" curve is a circul-ar

arc with the centre of the circle l.ing belor¡ the 0' aJris. Eqration 2o

was modi-fi-ed to give

$ = 0¡s + eo-- 04'

I offit)l _ h

For a single dj.stributÍon time h is zero giving the original

equation. For a distribution of relaxati on times h lies bet'¡reen zero and.

unity. The value of h can be deten¡ined. relatÍveIy si:nply from the cir-
cular arc plot (fie. 5)"

From equation 7. iì: can be shov¡n that the maxjmum in the 0/

curve occr:rs lvhen ü) m = I . In the case of a si-ngle relaxation time
fo

t = ? oe but in the case of a di-stribution of rela.xation tjme f,e is some

average value about uhich the relaxation times are spread. and is referred

to as the average relaxation time.

In L93? Fuoss began his series of papers entitled "Electrical
Properties of Solid.utt in v¡hich he d.id. inuch to elucidate the nature of

Debye dispersion in vÍ-nyl pol¡rmers. His work led to an attenpt by Kirkwood.

and Fuoss ( I{1 ), to derive theoretically an e>æression for the distribution

n
f.



of relaxation times.

- lo -*/

result obtained

)=1
2coshY +2

where y = ln ?_ _
to

vras not too successful- however, but a more empirical relation developed

about the same time by Fuoss and Kirkwooa ( fl ) proved. more successful:

The

G(r

fi4cr-4 -mo .""r, [-or'' üL,"{
o

where F 'is a paranieter andt¡* is the angular frequency corresponding to

the maximun varue e"* of e"' This equation for a single relaxation tjme

with F = 1 can be derived from equations 5" 5b. and- ó" The g factor

serves to flatten the curve out to match the e:çerimental results and can

have values bet'¡reen zero and urrit¡r. An analysis by Bõttcher ( n1 ) shor,rs

that the Cole-Cole and Fuoss-Kiriri.{ood expressions are in agreement and a

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

the forr:rer"
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C. 1NT]M,FN,ETATTO}J OF D]ELECTRTC DATA

'[u]ren the dielectric data has been obtained, the problem then

arises as to how to 5-nterpret ihe data"

Franl< ( F2 ) enunerated. a numtrer of raethods for deterutining

ac-bivation energies for the relaxation process and the rela'r,ive merits of

the various modeso The main variation i-n the procedures is in the eval-

uation of the temperature dependence of the relaxation time and the relax-

ation ti-me at a given temperature" l{no-w-ing these it is possible, through

the Arrheni us eo.uation

I = ce-A/RT
t

to evaluate the activation energy .4,, The method deemed. to be most

reliable involved finding at various frequencies the temperature at r,¡trich

the loss factor, 0 " , reached its maJ(i:numo

Folloi.^ring a suggestion by Eyring ( El ) that the theory of abso-

lute reaction rates coul-d be applied to the process of dielectric relax-

ation, it beca¡ne possible to ini;erpret ihe results j-n tems of the free

energy, enthalpies and entropies of activation" The mathema.tical expres-

si.on of the absol-ute rate theory is

K = K tdl' u-^nþt
h

where K is the specific reaction rate

K is a probability factor (usually taken as unity)

k is the Boltzman constant

T is the absolute teinperature

10.

IL.
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h is Planck's constant

,.fAF" is the free energy of activa.tion

R is the gas constant

Using the thermodynar:ric relation ÁF = 
^H 

- T^S, equation 1I. can

also be l^E itten
-.H?RT ¿s*/RK = .!!. " 

' oe '
h

1la.

where r¡Hf is the enthalpy of activation

and ÀS* is the entropy of activation.

Tn the case of dj-electric relaxation, I( is the rate of decay of

the polarization (due to the uncertainty in the cal-culation of the internal

field, K u-j.l-I refer to the ra'Le of decay of the macroscopic polarizatÍ-on)

and is inversely proportional to the relaxation tine¡ t ¡ (i.". the decay

tÍ-rae) of the dielectrie. Hence Ï¡e maJr novi r,¡rite

1 _ rs ^-ÅF¡/RTl-=Kf.O
th

as the e:çressi.on for dielectric relaxation, and by a

tion to that performed above'an equation anaLogous to

I = g. "-lnlnreAsÞ/R,rh

if t is lsiolu1 at a given tenperature, 
^Fñ 

can be calculated.

L2" and by plotting t" 
+ 

against I (neglecting T in the

this is usually insignificant) a straight line is usually

is founC to be -LHË/R and hence ¡S* can readÍ}y beobtained ¡rhose slope

found"

L2"

si¡rilar substitu-

l1a. is obtained

Lza"

Thus

from equa,tion

kT term since
h
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According to Kauzrna¡n ( XZ ) the most reliable method of

deternining the dielectric reraxation time i-s to take ! as equal to
t

2lI ti¡res the frequency giving the måximrnn loss factor at each ternperature.

Thís method is analogous to the one reconlrnended by FranJr for the Ärrherúus

equation,

Fuoss ( F3 ) and Davies, lÍílIer and

method of calcuf-aùion suggested by equation

that the value of x in the equ-ation e" = Z ë"

Busse ( Df ) emplo¡ied a

5. These authors assumed

*ux * ^ isatagiven
I+X¿

frequency ancl at different ternpera'bures proportional io the relexati on

tj:ne. Thus fron the ternperati:re dependence of gt'at a given frequencye

the relaxa.tion rate can be determined. at various tenrperatures, and henee

the activa.tion energy for the process" Hor,,rever, the activation energies

determined by tlr:is methocl are not in agreemenù r,'¡ith those determined by

the method of l(auzmanr¡, The reason for this is that the distribution of

relaxation tìmes j-s usually quite broacl and ehanges r,¡ith temperature

( K2 , Fig. 8) so that 8 " d.""""rres nuch more slor,¡ly from the maximr¡a than

i,¡ould be expected from the dispersion equation for a single rel-axation

time" This method is verJ,¡ sinilar to one suggestecl by Frank ancl found,

by hirn, to give an underestimaì;e of the activation enersrc

Another rnethod which was quite recently cieve-ìoped by FerrXi et

ar ( r'/¡, F5, Fó ) deserves mention at thi.s time. F::om their work on the

dynamic mechan-lcal properbies of plasticizecl polyrinyl chloride the¡r fsun¿

that mechanice.l- loss d.ata at an¡r tenperature could be red.uced to one ten-

pera.ture to give a single conposite crlrve rather than a spectrun. Sj¡ce
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the curves obtaj-ned in the mechanical case bear a startling resenrblance

to dieleciri c constant and loss fac't or curves obtained. in diel-eciric

d-i spersion, they applied their method. to reduci:rg dieleci;ric da'r,a r,,rith

consíderabl-e su_ccess.

The reduction of da.ta in the case of di-electries is effected

by the following ecluations;
tto 

^=e,T?o/To|' 
+ 0o(1 -tPo/to? ) lj.

}J

ll rro p=¿T?o/Top 14.

6p= @bt L5.
,,,

lfl:ere 0 and 0 are the real and Ímaginar'¡r parts of the d.ielectric constant

06p is the li:niting high frequency veJue

Po is the density ai Ts, the ternperature to rvlrich the data is to

be redu.ced

P is the densi't y at terrrperatrlre T

(À) is the angular frec¡renc¡'

bT j-s a fector chosen empi.rically at each temperature to super-

pose both ihe 0' and e' data.

The subscript p denotes the reduced values.

The factortfç/fp was arrived at as a consequence of the fact

that i;he dielectric constant and l-oss factor var¡r i¡ysrsely as the absolute

temperature and directly as the density of the materìaI.

Ecluations ]-3. to 15. have been found applicable in the redu.c-

tion of 'r,he data for two polyvinyl cÌrloride sainples ( p¡ ) and a sanple of
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polyrrinyl acetal ( F7 ), HoL¡ever, if the shapes of individ.uaJ- curves

of 0' and g" versus log(r do not coincicìe r¡ith horizontal shifting,

they found it necessary to use reduced variables to normalize the

magnitude of the individ.ual curves" That is, instead of using 0' and. e",
the red.ucecl dielectric constant (0' - g,-) / (eo - c@ ) and the reduced.

'ttloss factor ê / (go - 0çe) were used, ruhere 0e i-s the limiting value of 0'

at low frequencies.

The method appears to be applicable to all cases in which the

max::num value of the loss factor remains the sane or decreases lrrith

íncreasing temperature" i{owever, in cases i.n v¡hich the 1oss factor

maximum increa,ses r^¡ith increasing temperature ( F3, F8 ) it r.¡as found

that the data woulC not superposeo

The factor b1 describes the temperatrye dependance of rela:i-

ation ti¡nes and. hence could apparently be used- to cleternine the activation

energy for diel-ec'i;ric relaxation. ThÍs can be done in trn¡o ways b;r plottjng

ê'o 1og b1 against T and finrìing the slopes at varÍous 'r,enpera.tr:res and

substi'bu-'¿ing them into the equation

^l{b = -RTa dhbl 16,
dT

deterr¿ining the slopes at va.rious terLperatures

the ec¡ration

= -Rd ln b1 L7"

Activation energj-es dei;er:n:-ned in this manner rrere forurd to vary

quiie r"iidely ( F6, Fig. ó), the va'lue at the highest temperature being in

Þ. log b1 against IrlT ancl

and substiti,rting them into

AH¡
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one case less than one third of the value at the lowesi terriperatrire. lx

aI'l cases tltere l.Jas a remarkable decrease shom as the temperatrr.re l"ras

inereased, a fact r^¡hich is in some disagreenrent vrith the l{auzmarue-Eyri¡g

approach whieh predicts a fairly constant aciivati on energJ¡.
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FIGURE 6
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Appalatqg

A picture of the apparatus is gÍven in FÍg" ó" Measurements

of the capaciüance and dissipat'ion faetor were made on a General Radío

Capaci.tance Bridge |LÇC" The A.C. signal vras supplÍed by a Hew1etÈ

Packard 0scillaÈor, continuously variable fron 20 c"peso üo 200 kc"

The nr¡II point was d.etennined by amplifying the signal fron the bridge

by a stabilized anplÍfier and obsernring the signal on a SÍnpson niJ-li-

a¡mneter uith a 100 m.a" movement.

The sarnple disks, 2 j.nches jn dia¡neter, r¡rere placed in a

General Badio precision sample holder üype 1690-A l¡ith the sides removed

for the pu¡?ose of ventÍlation (¡ie, ?)" A wooden box insr¡lated ¡rith

glass wool and lined rrith sheet, ¿]nrnimrrn served as a¡ air themrostat.

The temperatrrre was controlled by ar¡ Aminco bimetallic thernoregulator

which actívated a Fisher-Serfass elecùronic relay, Heat was supplied by

tno toaster elements, both controrled by powersÈats, one of which was

operated by the relay, the other was set to maintain the theruostat just

belou the regulatÍng teuperature. A fan in the box provided air cj-rcula-

fion through the cell" For ex¡perimental rr¡ns below room terperature air
vras passed through a series of drying ùubes ar¡d then througir a eopper

coil Í-mersed ín a dry ice-acetone baüh ar¡d then into the box, An air
punp which was acÈivated by the relay forced the aÍr throrrgh ùhe coolÍng

system ínto the box, At }ower tenperatures pieces of dry íce r¡ere dropped

i-nto the box to facilitate temFerature control, Above roon ùemperature

it was possible to naintain the teryerature withÍn g0,05o0 whjl.e below

room tetnperair¡re it v¡as onl.y possible to hold the tenperature to uithln
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a few tenths of a degree, the lorver the ùeraperature the poorer the control,

A ealÍbrated chromel-constantan thennocouple was placed. in the housing of

ühe dieleetric sarnple holder and e,mnf. reaùi¡gs ïrere made on a Leeds a¡¡d

Northrup potentÍometeru

ResÍstar¡ce readings were also taken on the saarple. For this

purpose a Ïtlheatstone Bridge ïÞs constructed accorèing to a paper by Auins

( AI ) nodified slightly by Funt. A circuit diagram Ís gíven on the

follow5ng page (Fig, 8)" AJ.l resj-stors up to I0r000 ohs in the ratio

aras hrere I.R.C" 0"1$ precision nrire wo¡.md resistors, The 1 negohn

resistor and the bank of 20 negohm resÍstors comprising the 100 negohn

arm of tbe brÍdge were special high stability earbon deposited I.B"C.

resistors" A Rubicon decade resistance box served as the third a^m of

the bridge"

Materials

Ðggg: Two sanples of Sarar¡ A were obtained fron the Dor,¡ Cheni.cal

Company. One was ¿ sarnFle of nolecular we5-ght j.n ùhe neíghbourhood of

101000 a¡¡d the other had a molecr¡]ar weight of ar.or¡nd I00r0@. These

are designated in the followÍng r+ork as Saran (M.lù. I0r000) and Saran

(M.!'ü. 1001000), They were given no treat¡rent except prrlverization. the

cl¡Iorj.ne contents of these sa^nrples are respectively 73"4 artd 15"2fli?

Vinvlidene ChlorÍde: this monomer was also obtained from the Dow Chemieal

Compargr, The monomer was distilled and the fractÍon was collecüed which

boiJ-ed bet¡reen 30"8 - ?Ã,.zo? at a pressr:re of 750 m of Hg. The refractÍve

x (chlorine determination by National Testing l¿boratories, trrlinnipeg, i{an.)



D
E

C
A

D
E

o-
lo

o,
oo

oJ
L

q a
ê, )r

^ \ ,Ê
{y

+
22

0 
V

.

\o

O
U

A
R

D

2 
M

E
G

.

.a
: iq

- 
o.

oo
5

I 
,n

.''

I
L 

--
 -

-l
I

B
A

T
T

E
R

y 
S

Ìy
tT

C
H

W
H

E
A

T
S

T
O

N
E

 B
R

ID
G

E
 A

N
D

6S
N

7 
G

T
20

 K
.

45
0 

V
c.

L

A
M

P
LI

F
IE

R
 (

F
IG

U
R

E
 8

.)

I lu
) () û

lo
oK

.



-?1

j.ndex was found to be L"l&?Z at IóoC"

Pol¡nlinylideae Ch].oride¡ The polyu.er was obtained by the emr¡].sion

pol¡merÍzation of the monomer" The foll-ow'ing recipe was used:

Water jl0O nJ..

Vinylídene Chloride A5O nI.

Sodiun Bisulphite O.ZJ g"

Potassium Persulphate 0.ó0 g,

Antarox A-/+00 l+ nI,

The pol¡merization was carríed on at room temperatr:re under

ni.trogen for nj:re hours with agitaÈion, The emr¡fEion was broken by'

addÍtion of alr¡ninu¡n sulphate. The polSrmer was then vlashed with volr¡=

mÍnous qrrantities of water üo re¡aove salts and emr¡lsifying agents"

The sod.ium bisulphite l.ras add,ed to remove otcygen fron tbe

vrater and nonomer. The potassium persulphate supplÍed free rad:icals for

tbe por¡merization. Anterox A-400 is an enulsifying agent," The pol¡mer

was for¡nd to eontain 7h"6i¿ ch].ori.neu ì(-

Hexachl=qro-Ee4zege: This componnd was rectïrstallized three times fron

benzene" Long white needle-IÍke crystals were obtained having a nelting

poínt of 225 - 226"C"

Þgral 0i1: The nineral oil used was medlcinal grade Nujol. It was not

given any treatment. A dlstillatfon of the naterial produced no distillate

below æ0oC.

@: This plasticizer was a FÍsher Reagent gfade chenÍca1

and l¡as glven no treatment"

* (chlori-ne deten¡ination by National Testing Laboratories, luinnipeg, I'ian.)
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Iæad Stearate: Thfs compound was used as a stabilizer in the plasticized
got¡positions" It is a trfitco ChemÍeal Conrpary producÈ hrown as Witco

Stayrite No. J0"

Tolugne: East¡nan Reagent grade toruene v¡as used ín the naking of the

varlous compositions,

2-Butanone: Thls was obtained by redistilling the teeh¡iical product in

a fractionating colurûr, The fraction boiling betlreen ??"8 - ?B.g"C was

used. Its refractive Índex (np) was L"3Tgh al ZZC"

Method of Plasticiz-ation

Since no equipment was avai.lable for ¡nÍl}ing ar¡d calend,eríng

the plasticized mixbure, other nethods Ìrere necessary to obtaín a hono-

geneous sarnpleo

It was found that a nixtr¡re of 7V6 ùoluene and Ð1ê 2-butanone

peptåzed and partialry dissolved the saran after a short period (z - 3

bours) of heating, On evaporatíon of the solvent a paste resr¡Ited whÍch

could be handled quite easiryn By repeated stÍrrl¡g and ni:cing of the

paste a relatively honogeneous sa.urple ¡¡as obtainedn

Tbe folrow:ing nethod of preparing the sampres was adopted, The

saran, which was coarseIy granrrlar, was ground in a mortar ru¡til a fi¡¡e
powder r+as obtaj¡ed' About ! grarns of the powder was r+eighed accurately

and transferred üo a I@ nI beai<er. A weÍght of Lead Stearate comes¡rond-

ing to about Lfi of the totar sarnple weight was added to the beaker.

Plasti.ei-zer was added by one of two nethods depending on the

aature of the plastícÍzer. The hexacÌ¡loro benzene r*hfch was crystalline
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vras !¡eighed aecurately on a roratch glass and transferred to the beaker.

Nu"io1 and a-chloronaphthalene lrere liquids and were dlspensed from a

h¡podernic syringe r*hich served as a weight brrrette,

To the ¡nl¡rbr¡re i¡ the beaker, 75 nI of the ?O - n toluene -
2-butanone ni:,cbure v¡ere added, The beaker was then placed on a hot plate

and allowed to refh:x for 2 - I hours, 0n coolingra paste foraed, and, this

was stÍmed at frequent intervals and heaù was again applied t,o evaporate

the solvent,

A powder resulted which stlll contafned a trace of solvent"

The latter rtras removed by vacur:m drlnÍ:ag, which, Ín tbe case of hexaehloro

benøene and Nujol, ïras for a period of i+8 hours. The c-chloronaphthalene

l¡hieh was more volatlle than the hexacl¡loro benzene was onLy drÍed for a

period of 4 hor¡rs"

The porvder Ïras then added to a die (Fig. 9) rqtrich had previously

been heated to a temperature of 130 - lóOo0 d.epending upon the natr¡re of

the composítion' The ùie was placed in a Carver press and a pressrrre of

about 121000 psi apptied to the sarnple" The dle r¡as a'llov¡ed to eool t,o

room tenperature and the sanple freed from between the plates. .4, circle
v¡as scrfbed on the disk 2.0 inches in diameter and the naterial outside

ùhe line removed"

Afber the edges were tri¡med on the sample, rB rni.crometer

readings were ùaken at regr:lar intervals on the 2 ineh disk, Three

measurements of the diameter were talcen ó0o apart. The disk v¡as then

coated with at¡uadag (colloj-dal graphite) and placed in the dielecürÍc sanple

holder for dielectric measr¡rements"
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F IGURE I O

sARAN (!l.lf" toorooo)

30 ¿lo 50

TEMPERATURE ( "C)



\ tY
 

50
en

oc
 

ot
 

gn

- 
9.

2 
3,

L5
 0

.0
25

0,
5 

9"
22

 0
"0

49

9n
1 

5"
4õ

 0
"1

41

15
.0

 9
,7

7 
0,

25
9

eI
.1

 +
"2

0 
00

64
0

25
.5

 4
"ô

2 
0,

93
?

.g
20

0 
4n

88
 0

.2
69

56
,8

 ã
,0

5 
0.

18
2

&
nL

 5
"1

5 
0.

11
_e

4?
.2

 5
"1

9 
0.

08
r

52
.9

 5
.2

1 
0.

0õ
9

õ7
.9

 ã
.2

6 
0.

05
5

69
.1

 5
.2

6 
0.

05
6

68
"7

 5
.2

4 
0.

06
?

?4
.O

 ã
o2

4 
0.

08
8

79
"6

 5
.2

6 
0.

11
6

I@
c'

er
 

gr
 

gt

5,
L2

 0
"0

25
 5

00
9

5.
¡.

9 
0.

04
9 

9.
16

5,
59

 0
.1

26
 5

.g
r

9.
66

 0
02

56
 6

nô
2

4c
O

4 
0n

95
6 

5.
81

4.
96

 0
,s

64
 4

"1
1

4"
?5

 0
.9

10
 4

"6
2

4n
9l

 O
.2

92
 4

n8
1

5.
10

 0
n1

11
8 

5,
00

5.
15

 0
.1

02
 5

.0
9

5.
19

 0
.0

69
 5

.r
5

5.
 e

0 
0.

05
6 

5.
l-7

5.
21

 0
.0

52
 5

.1
8

ã"
22

 0
.0

57
 5

.1
9

õ.
22

 0
.0

66
 5

.1
9

5"
2?

 0
.0

86
 5

.1
9

ÏA
B

LE
 ?

sa
R

A
t{

 (
M

.IV
. 

1o
,0

oo
)

Ik
o.

 
S

kc
n

õO
O

cn

gn
 

0r
 

eí

0"
02

7 
3o

O
7 

0'
0¿

6

0.
04

9 
5"

1&
 0

.0
11

9

0.
10

5 
3.

.2
9 

0,
08

?

0c
19

4 
3n

æ
 0

.1
52

0n
90

5 
5n

 ã
8 

0n
21

!3

o.
g?

2 
9"

79
 0

"9
27

0.
59

2 
4.

L7
 0

.4
1I

o"
s2

3 
4.

49
 0

.1
[0

8

0.
22

? 
4.

?8
 0

.9
41

-

0.
L5

6 
4o

94
 0

.2
61

0.
10

6 
5.

06
 0

.1
89

0.
07

7 
5.

Ll
 0

.IP
€

0.
06

1 
5.

Ig
 0

.0
97

0.
05

õ 
5.

15
 0

.0
74

0.
05

5 
5.

1ã
 0

.0
64

0,
05

9 
5.

15
 0

.0
60

gr
 

gB
 

gr

ã"
05

 0
.0

?8
 3

n0
4

5.
09

 0
"0

44
 g

.o
?

5.
I8

 0
"0

?5
 g

.1
g

9.
29

 0
"L

23
 5

"e
0

5ø
45

 O
.1

99
 g

.g
0

9.
60

 0
,2

75
 9

,4
ß

õ,
89

 0
.5

82
 5

n6
0

4.
20

 0
.M

2 
5.

82

4"
52

 0
"4

4A
 4

.1
1

+
.7

6 
0.

38
8 

+
.æ

4,
99

 o
.z

9'
l 4

"6
5

5.
09

 0
.2

16
 4

.8
ã

5.
09

 0
.1

61
 4

,9
4

5.
r1

 0
.1

1-
8 

5.
0?

5.
11

 0
"0

99
 5

.0
5

5.
L2

 0
.0

8r
 5

"0
6lO

kc
o

gi
l 

et
 

0n

0.
09

9 
3,

o2
 0

.0
58

0.
04

9 
5.

04
 0

.0
8L

0.
0?

ã 
5.

09
 0

.1
0?

0"
11

2 
g.

L5
 0

.I9
5

0.
16

7 
g.

2L
 0

.1
78

0"
22

4 
5"

49
 0

.2
26

o"
52

+
 9

.4
2 

0"
90

5

o.
42

2 
5.

ô7
 0

"4
04

0n
50

9 
5"

78
 0

.5
19

0"
51

7 
4.

O
2 

0.
59

9

0.
46

4 
4"

30
 0

.6
27

0.
58

0 
4.

56
 0

,5
95

0.
90

8 
+

.7
9 

0"
5?

9

0.
?,

26
 4

08
9 

0.
+

37

0.
17

9 
4.

96
 0

.5
67

0.
14

6 
5n

00
 0

"5
08

50
kc

o
10

0k
cu

€r
 

er

2.
9?

 0
"1

95

2.
97

 0
"1

69

5.
00

 0
.1

90

g,
0g

 o
o2

24

5"
06

 0
.2

62

9.
09

 0
.¿

95

5.
17

 0
.9

58

5,
2+

 O
u+

42

9.
32

 0
,5

50

g"
+

6 
0.

64
5

5"
68

 0
.?

55

3.
99

 0
.?

88

4.
16

 0
.?

96

4.
40

 0
.7

71

4.
56

 0
.7

19

4.
68

 0
.6

9?

I \¡
) { I



*38-

FIGURE II.
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Erceri¡renÞgl Besults

The calculated values of loss factor and dielectråc constar¡t

are g5.ven Ín Tables I to 21. Graphs of loss factor and dielectric constanü

agaÍnst temperature for the r:nplasti.cized pol¡mers a¡ld for Sara¡¡ (M"trI. I0r0æ)

plasticized with c-ChloronaphÈhalene are given in Figures 10 to 18" Si:rce

very little difference exists between the curves for the pr:re polyner and

those for the hecact¡lorobenzene and nujol plasticized sanples they are not

included" I¡n Table 22 are gÍven the values of the ternperature at v¡hich

the peak in the loss facùor oecurs for the different frequencies and con=

positions. Figure 19 shows the varÍation of 1og À r¡rlth 1 for the r¡n-rr
plasticized pol¡mers ar¡d the q-Chloronaphthalene conpositÍ.ons from v¡irlch

the tbernodynamic data are calculated. Table 23 lists the calculated values

of aHr, As*, Tx (the value of T at t = 1) and the densítj-es (calculated

fron the physical dj.rnensions of the disc) for al1 compositions"

The Dielee_ttic Dispersion Currrgg

On conparlson of the dielectrj-c consta¡rt and loss factor curres

with those of previous investigations ( F3r F7, F9, FIo, FII, Fl.:., F!3, M3,

S2 ) ùhe general aspect of the curves 1s quite sLmilar. On cl-oser inspec-

tion of ühe cu:rves, however, a nrmrber of interesting siderÍghts appear"

The narcinr¡n values attained by the dielecüric constant and. loss factor

curves are possibly lower than would be ercpected frorn the highly polar

nature of pol¡ru:inylidene chloride. Two explanations can be put forward for

this behaviour, both of which depend on the crystalline nature of the pol¡rmer.
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TABT,E 22

Ín oA at whlch f*"* occurs

SOco 100c, !00c, lkc. 3kc. IOkc, 30kc" 100kc,

29h.L 297"0 nL.h p6.h 3Lt.3 319"7 325.5 3?{+"7

298"9 30L.2 3f.t+,6 3W"5 3L5.O 32J.2 327.9 337"2

æ6.h agg.h ?r.2.6 3v1.2 3L2.9 3Ìg,g 325.? 335"2

æl-"2 293"2 296.t+ 301"6 306.6 3L2.9 320"2 3?.9"9

2æ"0 29L.t+ 295.1 299"3 ?c.h.6 37J"h gL?"g 326"9

2æ.h 29L.5 Ð5"1+ Ð9.5 þb"h fl.Q.5 3L7,3 325.?

295"9 297"5 3OO.6 305.2 3W"g 3L4"5 322"2 332.2

296.L 297.7 ÐL"2 305,5 3IO,5 3L6.5 322"9 33L"7

2g9"5 292"6 296"L 299"7 305.2 æg.g 3L7.5 325.7

286.0 ?gl"g zg].,. j 296. j 3o]-.j 3f.7.5 3)J+.3 yz"1

288"h 290"5 zgh.g 299.5 3o3,? 3O9.5 3L6,O 325"3

288.6 290.8 293.9 2gg.o 303.3 7LO"2 3L6"7 325"2

288,0 29O.t+ 293.9 299.2 nz"g Ng"g 3L5.3 325.g

288"0 290.6 294.2 2gÊ.? 303,7 3LO.2 3L6.4 324"3

286.t+ 288.2 292"6 2gg"o 302"6 3Q7.9 313.9 320.5

289.0 zgL,O 29h.2 299.7 30h.3 fr9,7 3L7.2 323"?

285"2 291"2 290"6 296.3 3O0"g ?tr/6"5 3L3.3 322.L

279.7 28L.6 28t+"tv 29O.O 294,8 n1"g 3O7 "g 3L7.0

2?O"9 273,2 276"5 2gI.O 2ß6"t+ 292"2 2gg"o N7"2

26I"5 263.7 267"t+ 27L.5 2?6.3 zgL.g æ9.7 no,5

2Ut.2 2J+7"2 25I.2 255"2 260"2 266"7 27L"7 ?9L"7

Sr:bstance

Pol¡nrinylÍdene Chlorlde

Saran (M.w. I00r000)

sarar¡ (M"lrl. 1oro00)

Saran (M"hI. 101000) Ïråth

LOf Lead Stearate

3.QÉ Mineral 0it*
ó.0S Mineral OiIû

LO"VÁMineral 0i1*

Lt+"gi6 Mineral 0j-1*

1.Ofi Hexachlorobenu"rr"*

4 " 14.fi Hexachloroben uurr" *

f .Jft Hexachlorobenu"o" *

L2. hf" Hexac hlorobenzene *

Lg . 8/" Hexachlortrb uru 
"r," 

Û

2h "?ll Hexachlorobenøene*

t+g 
" 5% Hexachlorobenzene Û

? t+. 2.fl Hexachlorobenzene *

J" 1S o-Chloronaphthaleneù

6 . S o-GhLoronaphtha1ur," û

LO 
" 

O7¿ o- Chloronaphthalene û

15 "A% a- Ct¡J.or onaphthalene û

25 . L% a-Chloronaphthalene û

* aJ.so contatn Lfi Lead Stearate
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TABLE 23

Acüivation Enthalpies (4H1, Activation Entropies (as*)n errbrapolated
üemperatr.rre for T = I (T*) and calculated densities (a) for all sa.urples.

Sribstar¡ce

Pol¡nrinylidene Chlori<ie

saran (M"!'i. loorooo)

Saran (M"W. torooo)

Saran (M.!t. Ior000) }Étb

I.Ofi Lead Stearate

3.Vß l{tneral 011*

6.0fi trtineral OiI*

LO.O16 Mineral 0i1*

l'h,g1l }{ineral Ol-tû

1,0S Hexact¡loroben*"o$

4. lrfi Hexachloroben r"oê

| . jft, ller,achlorob enu"rd

L2, hÍA Hexachlorobenzend

Lg . 814 Hexachlorobenzen#

2t+ 
" 7 i¿ Hexachlorobenzen#

b9 " 5i( Hexachlorob"ouurr#

7 t+, 211 Hexachlorobenzené

i. Lfi ø- Cltoronaphthalene Û

6 . $ u1hloronaphthal"rr" û

LO. VÁ o-Ct¡loronaphthalene û

L5 . O% q-Ctûo ronaphthalene È

2 5 "i:76 c-Ghl oronaphthalene*

aH* ast
kcal./rrole caL"/oC/moLe

Txd
oA gtams/ce.

269.8 L"4

275"9 L.73

272"6 L"74

38"5

4t"9

40.8

40.r

39"6

4r.4

h5,Q

l+3"?

t&"6

39.5

l&.3

l+0.6

lr-1.2

¿lO" 5

4L.o

lù"/+

39.6

37"8

36.L

34"2

29"9

conùain 1$

83.9

93.7

90.9

9l.2

90,?

96"h

LO5"9

101.2

100"2

91"8

96.6

g4.r

96.5

g3"g

96.3

96.7

92"2

gg,?

gó,9

8l+"5

76.O

Stearate

267.6

265.7

267,o

273.8

273,5

269"1

263.O

266.2

265"9

265"7

26j.j

261+.6

266"7

262.5

256.5

24t"5

239"5

223.L

1"75

1.óg

L.64

1" 58

r.51

L,?h

L"7l+

L"?6

]- 78

1.6L

r.É0

1,gg

L.99

L.75

r.70

l"70

1,69

L"6l+

* a].so Lead
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Saran is one of the most crystallj-ne of the vinyl pol¡rmers, r¡l.rich is due

to the highly polar nature of the ùipole, and the crystal]inity is, possibly,

a form of association which resr:l-ts in a decrease in the dielectric constant

from that e4pected. Since the dispersion region occurs in a temperature

range below the softening point of the polSrmer (where the polyrner ís sti]-l
quite hard and brittle) it Ís quite possible that although there is dipole

freedom, the actual displacement of the dipoles may be relatively small and

consequentry the di-electri.c constant would be rather smarr.

Another point of interest is that the value of e"ro appears to

increase trith temperature. Since the density decreases with i-ncreasing

temperature the behaviour ercpected. is a decrease jn the value of g"_--- asmax

the temperature is increased due to the decrease i¡ the nunber of dipoles

per wtit volurne' 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 lornrer frequencies. The circular arc pJ-ot gives a better in-
dication of what is happeni-ng. Figure 20 is a Cole and. Cole plot for Sararr

(M'!ri. l0orooo) at jL,J"c. The r-oiu frequency part of the eurve appears to

be qu5.te norma] but a <ievÍation is noted at the high frequencies, The cirrve

appears qui-te si:nilar to that for¡nd for solid DBr ( PI ) which is given i:r
Figure 2l and shows the resultant cur-ve for two dispersion regions which ov€r-

lap. The author has also separated them into two separate dispersion regions,

both of which show a distribution of relarcation times. I:n the ease 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 (cf. Fig' 5) being in the neighbourhood. of 0.fó and the values
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of 0e and g'o beÍng respectiveLy h"49 af¡d 2,9I"

There ane a number of indications pointing to the crystalline

regi-ons as ühe cause of the secondary, lower temperatr:re dispersíon regiono

fn his SnvestigatÍons of po1¡ruirryl cbloride Fuoss ( FP, Fl ) found a 1ow

tennperatr-rre díspersion region which was quite broad. The loss factor peaks

for t'his region were shifted to lo'¡¡er temperatures with add:ition of plas-

ticj.zer while at the same tÍ¡ne the value of et'n,,ax decreased. until the

maxjmr¡m disappeared. F\ross ( F14 ) atÈributed thís dispersion region to

the presence of cr¡rstalline areas in the pol¡rmero In the case of the present

investigation on polyvirylidene ct¡l-oride the dispersion regÍon occurs above

and below room temperature so that iù facÍlÍtated the Ínvesùigation Íf the

study was nade in two secüions - one above and one below room temperatr¡re.

Ðue to slígbt dlstortÍons in the sample (usually less ttran IÉ) in the first
section j.t was necessary to nornalize the data frorn the second secüion to

that fron the fÍ¡st. This could usually be done by expressing the change

as a change j.n the geometry of the sample, so that data at alJ. frequencies

would be no¡nallzed by the same factor. However, difficr¡lty was observed

in some cases, the data at hÍgh frequencies r¡rere not conti-nuous after

normalization. Tbís phenomenon did not appear in the case of Saran plas-

ticized u:ith a-Ghloronaphthalene, however, it did to a mi¡or erctent u:ith

raineral oil and to a very rnarked extent with hexachlorobenz€rre. Figure 22

shows the effect for Saran plasticized w:ith 75fd hexaehlorobenzenen In this

run, the sectÍon above room temperature was completed first and then the

section below room temperature" There is a very narked jrmp in the 100kc"

data and the effect becomes less prononneed as the frequency is deereased
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g,000 a/s 1s not notic@.bler A sanpre coDtalning z@ h,øxachloro-

does not show thls effect whire a sâmFle containlng z*dþ hexachroro-

benzeae d.oes exhlblt this behavlour. Itr the foruer case, th.e tovr temper-

ature sectlon haci been eornFJ.eted. flret whlle Ln the latter oase th,e lovr

tøperature section was tlone þstr In practlcally every case where the

hlgb. tenperatu¡e soctlon was completed flrst, this phenomenon ls evidento

the vslue of ëtr at a given temporature is founcl to d.eorease after belng

heated and then cooLecl. It is quite plauslble that tb.ls effeot is ¿ue to

a partlal neltlng of scme of the crystallltes present, wlth a subsequent

ôeorease ln the uu.mber of d.Lpoles oontributlng to the low tenperature clls-

persion region. Íhe nature of hexaohlorobenzene migbt posoibly be con-

ùuclve to the crystallizatlon of tb.e polymer as ths effect 1s most pro-

nounoed. ln the more concentrated sanples. Exaninatton of the oiroular

aro plot for tb,e 'l6fo bataahlorobenzene sæpLe, ligì¡re 25, shows that at

the high frequency end of tb.e graph the value of êr ls Llgher than lt is

at tb,e eentro of tb.e olrcular arc. fbls nlght lndfcate that a greater

number of dlpoles are in the crystalLlne state.

Absolute äeaotion llates

¡?ee energies, enthalplee and. entroples of activation wero

caloulated after tb,e methoti of gauæann ( tr2 ). The value of the activa-

tlon enthalpy for eacb sanple was fotrnd. by the least squares metho¿ uslng

welghted polnts' the welghtlng faetor being iletezulnett by the sensltlvlty

of the apparatus at the varlous frequencies. 'Ihe 50, r00 and 500 cycle

points slnce they are at one end of tb,e range were each glven a weight of



-T+-

three, the remai¡Íng points were each given a weight of for¡r except for

the 100kc. point, which, due to inùerference from a second.ary loss

mecha¡rism, æd the reduced sensÍtivity of the apparatus at this po5lt, was

gåven a weight of rrnity, the values so caleulated are gtven i.n Table 2!,

The values of the enühalpies of activation for the pure pol¡rmers

are quÍte low as might be expected from ¡Fasurements of Boyer and Spencer

( 82 ) who for¡nd that potpinylidene chloride ext¡ibited a vex1r 1o¡rr second

order transition temperatr:re indicating a high degree of j¡ternal nobillty"

I¡n order to study the effects of different t5'pes of plastÍcizers

on dielectric relanration, nujol, a straight chain h¡nCrocarbon was taken as

a¡r exânple of an oí1 t¡pe, non-solvent,, plasticizer and two ehlorinated

aromatic courpor:nds were chosen as solvent t¡pes"

Ït is seen that mineral oil and hexachlorobenzene have lítt1e or

no effect on the acti.vation enthâtpy, entropy and free energy for the

relaxation process. f-n going from zero percent to ?51Á hexachlorobenzene,

the values have re¡aained renarkably constant within experimental error.

although the values for the mineral oil appear to be Íncreasing, iù is
ühought that this ís due to a larger ercperimental error due to incompaü-

ÍbilÍfy of the ninera-l oÍ1 and the polyvinylidene chJ.orÍde and the subse-

quent "sweatiag out$ of the roÍneral oiJ. The reason for the constancy is
believed to be due to the fact that neither of these two compow¡ds is
dissolved by the pol¡mer and the sarnples are merely nechanical mixbures of

the two substances, hence the polyrner r,rould, behave as it wor¡-ld. in tbe

absence of plasticizer.

However, if there Ís a genuÍne increase in the acti.vation free
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energies, enthalpies ar¡d entropies i¡r the case of niaeral oil it could

be explaiaed by the following pÍcture, If the nineral oiJ- and pol¡roer

are quite intinately nixed then there wlLL be large areas where the

pol¡nner dipoles are adjacent to the nineral oil molecules. Since these

two compounds are not mutually soluble there must be a repulsi.on between

then and the internal freedom of the poÌ¡ru:inylídene dÍpoles u:iII be de-

creased i¡ these regions (ioe, the activation energy r+ou1d be increased).

If the fraction of ùlpoles in these regÍons is large then an increase in
the actÍvation enthalpy worrld be forrnd. Thås effect 1s not observed in
the case of hexachlorobenzene, si-nce the high halogen content of this

compound creates an atmosphere around the dípole simila,r to that of the

pol¡rner dlpole groupo

The results obtaj.ned from the o-C}¡loronaphÈhalene compositions

create much more intorest. Since this conporrnd Ís reasonably soluble in
pol¡nrinyridene chloride poI¡mers ( HI ) the results appear to be less

erratic due to the r¡nifornÍty of composition" A definite decrease i¡ the

aetivation free energy, enthalpy and entropy is observed vrith i¡creasing

amounts of this plastÍeizer"

There are relatÍvely few papers on this particular subject and

hence 1ítt1e data is available a¡rd few relationships put forth for the

vari-atÍon of the "thennokinetico properties with plasticizer concentration.

Boyer and Spencer ( n3 ) found enrpirically that the enthalpy and entropy

of activation for pol¡rÍnyl chloride plasti.cized w:ith trÍ.cresyl phosphate

(aata of ÐavÍes, Miller and Busse ( Dl ) as reca"Lcrrlated. by Kauznrarur ( IA )
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was lÍnear with the square root of the weÍght fraction of plasti€Z.gl.,

The resr¡lts for pol¡rninylidene ctrloride plasticized wíth q-ChJ.oro-

naphthalene show th^at AH* is llnear rnith the sqlrare root of the weight,

fraction of pol"lqer and also with the square root of the nole fraction

of pol¡rner (fig" Ze), (N.8. i¡ the calcr:lation of the mole fraction the

monomer molecuLar weight was used instead of the polyrner molecular weighù),

A more general relatlonsh:lp is presented r,¡l¡-ich sho¡¡s that on a molecr¡lar

basis a nr¡mber of plasticizers appear to be equalþ efficient. The

logarithns of the enthalpies and entropies of acùivation (recalculated by

Kauzmann ( K2 ) ) for pol¡riny1 ch.loride plast5-cized r'qith tetralin ( FÉ ),
diphenyl ( F3 ) and tricresyl phosphate ( DI ) are fou¡rd to be linear

vrith the moLe fraction of plasticÍzer g pol¡mrer a:rd, rvtrat is more startling,

appear to fall on the sane straight line (Fig" 25)" The pol¡rÍn¡rI chloride

used by Fuoss vras very slnilar to that r:sed by Davies, lti]-ler and Busse

and displayed, within experÍ"nental error, the same enthalpy of activation.

The variation of these entitÍes (Iog aH* and log AS#) lrith mole fraction

for tt¡e system polyvinylidene chloride o-Chloronaphthalene follor,rs a

linear relationship also (fig, 26) Uut with a slope differ"ent from that

j-n the case of pol¡nrfnyl chlorÍde"

From these observations the followÍng relations are suggested:

aH*= ad . e-Kl''t

AS*= ASf "e-Ken't

Ao

B"

r,rhere AHt a¡rd ASf are the enthalpy and entropy of activation respectively

at mole fraction of plasticÍzer n1. aHf, and aSf, are the values for the

pure polymer (i.e, where n¡ = 0) and K1 and K2 are the slopes from the
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1og plots"

F,:qpressed as differentlal equàtions :

-44H: = -Krdnr
AHI

and dÁg: = -Kednr

^s*
that is, the fractional decrease i¡ the entharpy and entropy of

activation 5-s proportional to the decrease in the mole fraction of pol¡mer

(i"e. the increase ín the nole fraction of plasti.cÍzer)"

Up to thi-s point the oaly data used has been that of Fr:oss and

Davies, Miller and Busse (Ioc" cit,), There are two other sets of data

available for pol¡ruÍny1 chlorÍde; polyvinyl chloride plastÍcized r,rith

trÍcresyr phosphate and d.ioctyr phthalate by Ðyson ( Ð2 ) and polyv:iny1

chloride plasti.cized vrith dÍmeùhylthianthrene by Fitzgerald and Miller
( F9 ). In Figure 2? these d,ata are shown comFared to the solid. llne found

statistically fron the prevÍously mentioned data. Dysonrs data for dioct¡,I
phthalate appears to be reasonably strai.ght, up to a nole fraction of plas-

ticizer of about O.J.zt the line beÍng roughly paraJ-lel to the 1j.ne fo¡¡¡cl

from the data of Fuoss a¡rd Ðavies, ItiIIer and Busse" At higher concentra-

tions there is very little change in AH+ whích nay mean that the solubility
of the dloctyl phthalate in polyvinyl ch-loride has been exceeded. The

graphs for poryvinyl chloride-tricresyl phosphate (Dyson) and por¡ruinyl

chloride dÍnethyl-thianthrene díffer from the others in that ttre slopes of
the lines are not as greato A d.isconcerting fact is that ühe tricresyl
phosphate compositions of Davies, l4iller and Busse appear to differ fron
the tricresyl phosphate conrpositÍons of Ð¡rson" Tn ùhe loss factor-tenperature
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graphs for the d5:nethylthia¡threne composÍ-tions of Fitzgera-ld and liiller

a slde hunp appears on the }oss factor na:cima, t¡tiich may be an indication

of a nJscibility gap in the solid solutÍons or incomplete compor:nùing of

the ni:ctures, These sane reasons nay aceount for the departr:re of Dyson's

ürícresyl phosphate conposítions fronr the erqpected behaviour, however,

since the J.oss factor-temperature graphs for these conpositions were noÈ

published, tl,-i.s supposition cannot be supported,

For polyvinyl clr-loride plasticized w:itÌr tetralÍn, diphenyl and

tricresyl phosphate the follor'ring equations were deteruined by the least

squares method for the variation of AHf and, AS* w'ith conposition"

tog AHf = 2,O38 - 4.093 n¡

or AH* = 169.I u-9"426 n1

r.¡here ¿iil is in kilocalories and n¡ is the mole fraction of plasticÍzer,

log AS* = 2.t$3 - i¡"ZJJ n1

or ASI = 252,9 
"-9'753 

n1

For pol¡nrinylidene chloride plasticiøed w'itir a,-Ch-loronaphthalene

the follov¡ing eqrrations for Atdr and AS* v¡ere for¡rid by the least squares

method:

tog AHt = 1.óI0I - O.77TZ nr

or aHl = 40.75 u-1"ft0 n¡

rshere ¿HÞ is in kilocaJ.oríes"

log aS+ = 1.9680 - 0,Jf86 n¡

or ASt = 92.9 
"-0'8119 

n¡



Given belon

AHt and. ASf and. those

Substance

Saran ([Í"w. loorooo)

saran (M.troJ" Ior0oo)

Saran (M"1,,I" 10ro0o)*

Saran + 3.Lí6 c-Chloronaphùhaleneû

Saran + 6.0% cg-Chloroaaphthalenet

Saran + l:O.Aß o-Chloronaphthalene*

Saran + L5.Olá e-Chloronaphthalene*

Saran + 25,L14 o-Chloronaphthalene*

-83-

is a comparison between the observed va.lues

obtained frorn equations A, and B.

aH%þs"- ÂH*calc,
kcal./nole

of

4L"9

40.8

40.1

39,6

37.8

36.r

3l+.2

29.g

40"8

40"8

¿10. ¿l

3g.o

37 "g

%"L

3l+.0

30.0

93"7

90"9

9r,2

92.2

88"7

86"9

8l+"5

76.0

AS*qþS.---Asteþ"
cal,/"Ç/moIe

92,1

92,I

9L.7

90"2

88,g

g6"g

8l+"3

79"3

û also conbatn Lfi Lead Stearate

In Table 24 lùhe values of ¿Ff for plasticized polsnrinylidene

chloride calculated fronn the equation

aFf,=aH*- t¿S

= AHä e-Kln¡ - TAS| e-Kenr

are shor'¡n in comparj.son to ùhe experi.nental values. These results are

also shown in Figure 28" The agreement is fairry good except at the

e:úremes Ín composition" The most highly plasticÍzed. composition shows

a divergence from the carcurated varues on the aHr and. as+ graphs also

and, noreovetr, exhibits rather different behavior¡r on the loss factor and

dielectrie constant graphs. I¡r the case of the r:nplastÍeized po1¡nners, the
effect appears to be due to the influence of the molecular weight r¿trich is

C.
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TABLE 24

Corparison betrseen the observed. values of 
^F 

*
and those calcr¡lated by means of equation C.

Frec¿. AF*obs, AF*caIc"

5Oc"

100c.

J00c.

Ikc.

3kc.

lOkc.

J0kc"

100kc.

5Oc.

100c"

l0Oc.

lkc.

3kc"

10kc,

lOkc.

100kc.

14.08

L9.78

L9"27

L2.76

E.3L

Ll.79

]..L"33

10"87

l.3"23

L3.02

L2.70

].2,25

LL.?4

11.U

Lo"57

9"7O

Saran (M.Iù. Ioorooo)

ÁF*obs. 
^F*caf-c,

Saran (M.w. I0r00O)

L3.96 L3.46

L9.61+ L3"27

13,18 ]'2.æ

L2.66 L2"h6

L2.22 11.94

11.70 ll.3g

IL.26 LO"76

10,80 g"gg

13.ó8

L3"50

L3"2L

L2"73

72.27

11.69

11"02

LO"2J+

13"3t

T3.L3

L2.82

L2"3I

tl,gg

if '39

10.78

9"98

Saran (M"W" 101000)* Saran + 3,!.16o-Chloronaphthalen#

L3"70

L3.l+O

w"9o

l.2.h2

IT"97

11"49

lil,06

r0.59

ft also contaíns 1,% Iead Stearate

13.41

13.11

L2.61+

12.19

Lt.?3

La.23

10"8I

LO"36



Freq. ^-* -a.t' obs"
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TÁ3Ifi 2l¡ (Continued)

.-*/l!' GaICo AF*obs. AF*ca1c"

JOc.

100c.

J00c.

Ikc.

3kc,

10kc"

J0kc"

100kc"

5oc.

100c.

300c,

lkc.

9kc.

10kc.

JOkc,

I00kc"

L2.9?

12"80

L2'55

L2"oj

7f.63

I1"09

10"46

9"66

12,ó1

12"r{a

L2.L2

f.L.13

7J,26

LO,76

10.u

9"1+6

rr.g6

tL"77

rL.tó

11.L1

10"?l

7..O'2J+

9"66

9.6?

LL.l¿

11"21

10.85

LO"h2

10.0?

g"7a

9.30

8.98

10.59

LO.35

10.04

9"?2

9.32

8.8r

8"1+I

7 "62

Sararr + 6.Vß c-Chloronaphthaleneû Saran + LQ"Vß a-Chloronaphthalene&

13.14

L2"85

].2"%

rr.g2

l-1.48

IL.Ol

r0.61

r0.18

û al-so contains Lfi Lead Stearate

L2.7L

].2.h,5

12.00

ù.53

1I.14

r0,óg

LO,29

g 
"85

Saran + L5.Ol¿ cr-ChloronaphthateneÈ Saran + 25"L1¿ c-Ctrloronaphthalene*

L2.2j

ïL"gg

[.59
IL"12

10.73

10.28

g"gL

9.62
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possibly a logarithmic dependence. The polyr:inylidene chloride prepared

in the laboratory gives all indications of being a Iow molecular weight

sainpre since aH*, aFf, ¿s* and r* (the temperature at v¡t¡ich ? = r) are

all considerably lower than for the Saran (M.hl, 101000) a¡ld. Saran

(ì4,W. loor0oo) sarnples.

A further test of the aforementioned equations is the calculati.on

of the temperatrrre at which a given relaxation time uiJ.l be exhibited at

different concentrations" The equatÍon

apt = atiË e-Ktn¡ TAsË 
"-Kaot

can be sinplifÍed if, as an approxÍ.mati.on, we assune K1ã Kp (which

indeed has been fomd in the case of pol¡nrinylidene chJ.ori.de and. pol¡nrinytr

chloride) then the equation can be written

aF* = (^i# TAq) "-h¡
where K is some value between K1 and K2, Fron the law of absolute reaction

rates
¡

AF^ = -RT lin h = RT l¡r lCIt
r{I?

and hence

Rr ln 4+ = (ard

or logarithnrieally

tn RT l¡r rcrr- = kr (aHi * TAST) - Kn1
h

Having speciffed the value of t , then over a smal'l temperatrrre

range (of possibly l00o) tfre first tern on the råght bar¡d sid.e is virtually
constant and the variation of the 1rl kTg terrn rrritb temperature is very

h

r^sï ) e-ht



aJ¿J -

smal-l, hence a plot of 1og T agaj-nst the mole fraction should be a

straight line. Figure 29 is a plot of this type for plasticized Saran

at t = 1 and the results appear to indicate that the relation is

acceptable for this system.

Further support ís lent to this theory fron the data of Fuoss

et aI ( tt& ) on pol¡rinyI chloride. In this work, Frioss determined the

60 and 60O0 cycle loss factor naxina at 6OoC of poI¡rinyl chloride plas-

tj.cized with fourteen separate plasticizers. Hence at a given temperatwe

aIL composÍtions having a neJcifium at the same frequency should have the

sa¡ne mole fracti-on. In Table 2ha are listed the plasticizers, their

molecular weight and the value of the mole fractions uhich produce 60 and

6000 cycle l-oss factor marci-ma at 6ooc.

TABLE 21.'þ.

Plastieizer l"iolecu1ar hleight l¿iole Fraction of Polymer at:6oc. 6oooc.
tetralin 132 0"948 O.7ZO

diphenyl f5h 0.9I+6 O.gl2

diphenylmethane 168 0.959 0.935

diphenylmethylmethane 1$2 0"958 0.933

dibenzyl ].:82 0"958 0"933

anryJnaphthalene 198 0.953 0.923

st¡rene dj¡rer 208 0.961+ O.9l+3

dibenzyl ketone zLO 0"959 O.93h

1, 2 dipheno>ryethane zLl+ 0"956

dibenzyl ¡¡aleate 296 0"965 O"914h

d.ibenzyl succinate 295 0"966 Q.9t+7

dibenzyl phthalate 3h6 0.959 0"933

dibenzyl sebacate 382 0.975 0.962

dioctyl phthalate 390 O.97L 0.957



ó^_o7

Considering the nature of the problera it is thought that the agreement

is quite good,

Res&lance l"feasulement s

Resistance measurements rvere talcen to correct the g" values

according to the method of Fuoss ( ¡'r¡ ), where the correction to be

r¡subtracted from the loss factor to allow for d.c. conductance,6--u... is
given as

,, t¡6d.", 
= 

18x10 xKo
f

where Ko is the specific conductance as measured on a d.c. bridge and f
i-s the frequency. Hov¡ever, the híghest conductance measured involved a

correction of about 0.02 in the loss factor and this at the high tempera-

ture end of the l0 cycle loss cr:rve, conseguently the resistance data is
unÍmportant from this standpoint.

Saran displays a rather great abiliòy to pick up electrostaùic

charges, causing pordered saran to adhere to glass swfaces to resist

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

to enhance the adsorption of moisture on the surfaces of the sarnple. SÍnce

the th:iclsiesses of the discs were of the order of 0.02 to 0.0J inches,

adsorption of noistwe on this sr:rface would cau^se a leakage path, therefore,

a nu¡nber of read:ings were taken on one sâmple of saran plasticized with
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about )fi hexaehlorobenzene at different relative hu¡ridities to ascertaÍn

Íf there was an effect. Figure J0, where the resistance of the sample is

plotted agaÍnst the partial pressure of water vapoì.r in the air (as deter-

mined by a wet and dry bulb thermoneter), gi-ves ar¡ i¡dicatÍon that the

maximun resistanee that can be measured depends on the relative hunidity

at the tj-ne of the measure¡nent. The values were all taken at room temper-

ature (circunarnbj-ent between 7l+" and 82oF.), the scatter in the data being

caused by the latter fact coupled w.ith the inaccuracy of the particular

wet ar¡d dry bulb therrnometer used, The data do, however, give a qualita-

tive picture of the situation.

The speeific resistance values do trave an intrinsie interest,

however" If it is found that the logarithnr of the specifÍc resistance j-s

linear r¿ith the reciprocal absolute ternperature (Fig" }}) then an enthalpy

of activation can be for¡nd for the process of d.c" conductance" Due to the

aforementioned hr:nidity effect (espec5-n]1y at lor* plasticizer coneentrations)

some of the plots are not very extensive and hence the results derived from

tbem are not too precíse, Tab1e 2J gives a list of specific resistances at

different temperatures.for the prrre pol¡nners and the sanples plasùicÍzed

wíth a-Chloronaphthalene. The enthalpies of activation were determined by

the least squares ¡rethod and are given i.n Tab1e 26. They were deterr¡ined

from the foJ.lowing equatlon

InP = ^tIRT

where p is ttre speci-fic resÍstanee,

the gas constant and T tbe absolute

+ constant,

¡H* is the activation enthalpy, R is

temperature. Very little variation Ín
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Tenperature SpecS.fic ResÍstAIrce len'rperature SpeeifÍc Resista,'lceoC ohn-cm x t0-le oC ol¡n-cm x 1O-ta

sara¡r (M"w. I@rooo)

58"7

6l+"O

69.7

7h'L

8r.3

Saran

5h"o

59'O

6h.h

69.8

75,L

Saran + 6.4É a-Ctrloronaphthalen# I0. Oø o-Chloronaphthalene*

l+L.4

M.5

52.8

5? "8

63"L

11,0

25"2

30.I

3\"6

39"8

45.2

hg.6

Saran + Ll,Ol¿ c-Chloronaphthalene* + 25 
"116 

o-Chloronaphthalene*Saran

*5.6

-r.2

3.6

8"8

],l+"h

L9"9

25.5

-93 -
TÅBLE 25

Specific resÍstances of Saran and plastÍcized Saran

17,0

8"52

l+.82

3"93

L.6?

(M,trt. lorooo)û

24"8

r8,?

lil.6

7.38

l+.52

2l+.9

16.9

9.65

6.h3

3.7h

saran (M.w" Iorooo)

57"9 L6.2

63.1 rL,g

68"7 1.hh

T+.0 l+.73

79.6 2.76

Saran + 3.Lfi a-Chloronaphthaleneü

h7.8 y¿.4

53"5 22,5

58.8 L3"7

6j.8 6"66

Saran +

35"2

l+O.3

h5"8

5I.9

1'J+.5

LL.8

7.7?

l+.97

85"9

I+7.7

25.3

13.l+

7'61+

l+"N

2.Ol+

l.26"7

2L"3

].2.'l

7.9L

l+"1+2

2"64

L.67

Ifr T,ead Stearateû contain
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¡¡tt is noted. in going frora pure pol¡nner to the most highly plasticized

sample, most of the values being in the vicinity of 20 hilocalories'

TABI,E 26

Acti.vation Enthalpies for d.c, conductance

Substance

Saran (M.l'I" 10oroo0)

Saran (M.w. lorooo)

saran (M"tü" lorooo)ü

ÀH* kcal. /moke

23"O

2Q.'l

20"1

22"L

2Q.5

20,3

18"8

Saran + 3.L% a-Chloronaphthalene*

Saran + 6"0% a-Chloronaphthaleneù

Saran + L5.Afi a-Chloronaphthalene*

Saran + 25 "LîÁ a-ChloronaphthaleneÊ

* also contaín L% Lead Stearate

According to the Debye theory, the relaxation tjme for

dÍelectric relanatÍon should be related to the liquid vÍscosity by the

relation

t = l+lfll{
kI'

where ! is the relanation Èimen vL is the viscosity, g ís the radius

of the dipole partlcle, k is the Boltznann constant and T the absolute

temperatrrre. In a few cases (e"g. Kobeko et al ( K3 ) ) found that log

log plots of viscosS-ty against òlelectrj.c relarcation times yielded straight

lines uith ur¡it slope. They also for¡nd that a similar plot of våseosity
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against ã.c" conductanee gave the same result. Thus ùher'e might possibly

be a relation betlreen the dielectric rela:cation rate and the d.c, con-

ductance, that is, they should have the same enthalpy of activation wh5-ch,

judging from the results in Tables 23 arñ,2ó, does not hold, in this case

(as it has not in the najority of cases),

Re ducti o q glPie]_e_ctri c_4r! a

Tn the treatment of ùielectric data a recent conùribution has

been the reduction of dielectric data by Femy et aI ( F4, F5, Fó ). By

this method data at different frequencj-es and teurperatures can be reduced

by a seù of equations to give a s5.ngle conrposite curve for the loss factor

and for the dielectric constant, The equations
tl6p=6' jq- + os (r- r& IroP F
lltl9n=€" TPo

ToP

6p = û¡bt

can be applied if cerùain conditions prevail (i"e, the shapes of indÍ-

vid.ual cìr.rves of €' and 6" again"t, logûr must eoincide w:ith horizontal

shifting and the same values of b, must superpose both the g' and e"d*ta¡,

However, these equations are not generally applicable sj.nce the naxi-nr¡m

,,ll
values of (€ go ) a¡rd g decrease faster w:ith i¡creasing temperatrrre

than proportional to ?/t" In order t'o circr¡mvent this the reduced
a

variables(9'-0o )/Go -€6 )anda"/ (eo-€6 )wereadopted.in
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place of 0 and g . However, there are sti]-l sone pol¡rner systems for

¡ohich even the reduced variables at different terrperatures woul-d not,

superposeo These systems are characterized by the fact that the naximtm

value of € " in frequency dispersion i¡creases with terrperature in some

pol¡nrinyl chloride systems ( F3, F8 ) and also in st¡rrene-acrylonitrile

copol¡rmers ( ne ). This effect can be attributed. possibly to the nelting

of crystallítes which are lorown to be present in tbe aforementioned pol¡mer

systems' This seme phenomenon Ís ext¡ibited in the case of the pol¡nrinylidene

chloride studj-ed and hence this ¡rethod is not applÍ-cable to the present

work"

It is thought that the theory of Ferry et al is not quite in
aecord with the theory of absolute reaetion rates since the enthal-py of

activation derived from the variation of b* raith tenperature vary by as

much as a factor of three (in tne case of the pol¡rnethyl acrylate of Mead

and Fuoss ( M3 ) ). According to the theory of absolute reaction rates

the value of AH* should be almost constant. A sligbù curvatr¡re rright be

introduced in the 1og _L vs. 1rlT plots by the onission of the log E!th
term in this t¡rpe of prot, however, it is d.or¡btful whether the sright

curvature usually introduced wor¡ld cause a very large variation Ín AH1

In the reductions perfor-med by Ferry et aI a basic assrrrnptÍon has been

nade that all rela"xation times have the sa¡ae temperature dependence"

Since only segnents of the ê' and. €" curves are ¡¡atched up, it is d.ifficutt

to ùeII whether the shift is due to a difference in the aciivation energ¡r

as postulated by Ferry or whether it is due to a change in the breadth of

the relaxation rate spectrum rrith tenperature as found by Kauzmann ( K2 )"
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It is possible that the use of a d:ifferent method of reduction

of the dielectric data woul-d bridge the gap between these two approacheso

ïn the present r¡¡ork it is suggested that instead of choosing the factor

b1, empirically, the shift i¡r the loss factor peaks, taken from the plot

of log 1 vs. 1/T, should be used to superpose the data, then the valuest
of À Fl+ from both methods would agree. Once the shift j-s accomplished

then a set of equatíons could be derived enrpirically to superpose the
t,t

values of 0' and 0". Femy, WiJ-lians and Fitzgerald ( F6 ) effected a

reduction of the data of Funt and Sutherland ( F7 ) for pol¡nrinyl acetal

to a temperature of 80oC (a ternperatuz.e near the lower exbrernity of the

region investigated). A proposed improvement on their theory involves

choosing a temperature in the rniddle of the dispersion region. Figwe

J2 shows the data for pol¡rinyl acetal reduced by the method of Ferry et

al to a tenperature of 8OoC. As a comparison, Figure JJ shows a redue-

ti.on of the same d.ata to 95oC fottowing the modification set forth above"

After shifting the J.oss factor peaks, the foJ-lowing equations were used

to reduce the data to the composite cì.rrves shov¡n in the diagrern.
,a

0-= g T
-t, mro

,tOT
To

The deviations in this plot occw at the temperatures at the exbreme ends

of the absorption region and could possibly bo e>.pIa5-ned on the basis of

a change in the breadth of the relaxation rate distribution.

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

mj-ne the distribution of relaxation tjmes at the temperatwe to which the
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data is reduced. The equation given by Cole and core for the conplex

dieleetric constant wl'rere there is a distribution of relaxati-on ti:nes

g - 06 = 6o-€o
--. 

-.nI + (jar?)

can be separated into real and imaginary parts as gj.ven in Bottcher

(eIr,37o)
e' - €6= (€s - e@ ) I + (rrrT¡n cos +-

I + 2(r¡rr)t co" %L * (Lrt)2n

ê"= (6s-oæ ) (r¡r)"

L+a (r.r?)*cou$ * (u1,)zn

where n = I - h and all other syrnbols are the sa:ne as previously defined.

In the appllcation of this eqr:ation to the already reduced datarO' and. g "

are actuauy el ana e] , Hence la:ou'ing the varue of t at the temper-" p ----p
ature to ¡¡hich the data is reduced a¡rd the values of €s, 0æ and n (or

I - h) (found frorn the Cole-Cole plot) the values of el an¿ gj can bepp
ealculated for the plot of the reduced data. Then, working back through

t'he reduction equatj-ons and the eqrration for the variation of fog f vse
t

t/t, tAe dielectrj-c data for any temperature and frequency cen be calcu-

lated. This would appear to be the ideal way for e4pressing the dielectric

data. That is, in order to e4lress the experÍmental results of a dÍelectric

investigation, all that is necessary are the values of €s¡ go , n, Ts and

the equation relating log I and frlT as well as the eqrrations used in
T

. nlfsrx u'-
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the reduction of the data" Hence, ihe value of the method of reducing

data is increased and is in eomplete harmony l,¡'ith the theory of absolute

reaction rates" 0f further benefit is the convenience with which the

results of a dielectric investigation eoul-d be e>çressed, compressing

graphs and tables of data into a few eqr:ations"
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bT]!UdARY

the d.leleotrlo coastants and loss factors of polyvlnyllôene

ehJ.oride (comercial Saran.â wlth molecular welghts of 101000 and 10O'O0O,

and. a pol¡¡ner produced. in the laboratory) at 50, 1,00, 900, 1000, 9000,

10r000, 90r000 and. 1001000 cycles per second. have been investlgatecl atong

with Saran A wlth incorporated amounts of mineral oil, hexaohlorobenzene

or Cf-tbloronaphtbalener i?ee energles, enthalples and. entroples of

actlvatlon were calculatecl and a relation was developed for thelr variation

with eoncentratlon whlob was for¡nè'to be applloable to othor pol¡rner

systee,s.

å mothod. was d.oveloped. using a serles of more or less

emplrical equatlons to ex¡rress the varlatlon of loss faetor and. dielectrlc

constant wlth tenperatu¡e and frequency of sfuaiLar d.leLectric lnvesti-

gatlons la a more eonvenlent wayc The methocl ls applicable to systems

s¡hlch glve a clrcular arc on a CoIe and. CoIe plot togetber witb. the

Llnltatlons lmposecl Ln the methocl of Ferry et al.
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