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PREFACE

It wes the object of this work to study
the correlation beﬁween second order transition
temperature as determined by the dielectric and
mechanical methods, The polymers were chosen
80 that the effect termed "internsl plasticization™
could be studied and compered to “exﬁernally
plast;cized“ systems. An insight into the basic
mechenisms involved was afforded by the application
of the Absolute Reaction Rate Theory to the

dielectric datsa,




INTRODUCTION



L TWTRCDUCTION

GER

Previous to 1930, very little theoretical work
concerning the physicel chemistry of high polymer systems
hed been undertaken. Styrene chemistry had been feirly
well esteblished by this time, and work on polyvinyl
acetate was under way.

Due to the feact that polymer molecules were many
times larger then any of those with which physical chem-
istry hed hed to deel with before, spperently enomslous
results were obtained for physicel properties ( :‘e.g.
colligative properties, viscosity). This was partly due
to the existence of & great multiplicity of moleculear
welghts in & single polymer., Great veriations in such
properties eas hardness could be obtained by chenging the
molecular weight. Indeed & large chenge in the moleculsar
welght bf & single polymer could produce & greater chenge
than would be encountered in going from one polymer 1o
another cf the seme molecular weight. .

After 1930, = considerable emount of reseérch
clarified the sitﬁation considerebly, and physicel chemicsl
theory was extended to include treaiment of substences
cepable of having & wide range of molecular welghts.

Due to the wide varistions in the properties cof a

polymer, certein physical tests were needed to give an



indication of the properties of the materisl, Industry,
on adoption of plastics for commerciel purposes, devised
a2 number of rapid tests for this purpose. Tests such as
striking the sample with & hammer, bending a étrip until
it was doubled over, penetration of a mneedle, and others
were ususlly quite crude and gave no insight into the
actual processes taking place in the polymer. These tests
are still used todsy because of their rapidity and sim-
plicity.

More scientific tests, such as heat capacity, thermal
conductivity, modulus of elasticity and refractive index,
were studied in research laboratories in an effort to
obtain more informationcyﬁ the bagic mechanisms involved
( 3). A great advence ;h’this direction came with the
study»of dielectiric properiies of polymers.

Curtis, McPherson and Scott ( 5 ) found thet =t
fixed freguency and temperature, & vulcanized rubber
displayed a maximum in the loss factor and dielectric
constent with increasing sulphur content. They eattributed
this to the formstion of stoichiometric compounds between
sulphur and rubber. Khitehin ( 29 ) however, showed that
this effect was dependent on temperature and frequency.

He suggested that eabove the second order transition temp-
erature the rubber-sulphur dipoles were free to respond to

the electric field, while below this temperature the




dipoles were Irozen in. plsace.

Tuckett ( 36 ) clarified the relationship between
dielectric and mechanical messurements. He indiceted thet
the maximum in the loss fector occurred in the temperature
Trenge cver which high elasticity developed, since both
processes depend on & high degree of rotationel freedom
gbout the carbomn-carbon bonds. Thus dielectric measure-
ments would seem 10 give & more basic mechanism of the
trengition.

"In contrest to the method of study of mechenicsal
properties in which deformation is spplied to the outside
of & matrix of molecules, &nd the resultant effect on
individual molecules is essessed indirectly, spplication
of en electric field 10 a polar polymer may be regsrded
as a direct spplicetion of a constreint to the moclecules
themselves." ( 2 ) |

Since the mechenicsl and electrical properties ere
closely releted, there should be some correlation of
regults between the two methods. Ffith and Tuckett ( 14 )
compére values for the tranmsition tempercture cbteined

n

from electrical measurements and the mechenicsl britile

points oI polyvinyl chloride, acetate and methyl zcrylate,
and the devietion or uncertzinty between the two values
obteined was sbout 7-9 GO,

Transition temperatures obitained from mechanical
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tests are subject to such diverse facforg as heating rate,
and rete of deformetion. Becsuse of this, discrepancies
of 20 C° between different observers have beern noted.
Notwithstaending minor experimental difficulties, these
eifects are not encountered in electrical measurements,--
the only requirement being thermal equilibrium. Slight
differences might be expected due toc different methods of
preperation and purificetion of the polymers. The 1lit-
ersture does not give any comparison between electrical
transition tempersture and mechanical brittle or softening

points of the same sample.




THEORETICAL INTRCDUCTION



THEORETICAT IHTHCDUCTICL

Dielectric Theory

The Debye Theory ( 7 ) originelly put forth in 19
( 8 ) wes derived for dispersion in poler liguids. This
theory was not extendeld by him 10 include tresiment of
mecromolecules.

v

The main difference betveen polar liguid and a

oy =

o

polar polymer ig thet in the former the dipoles are mech-
enically independent oI the‘other dipoles in the systen,
whereas in the case of poler polymers the dipoles are
joined together by covelent bonds. Thus, by slight chenges
it may be expected thet the Debye Theory could te extended

to cover poler polymers, Hence & generel physical picture

</1

of the Debye Theory should give an indicsation of the
mechanisms involved., ( 16 )

The two types of electric current, clterngting and
direct, heve different curvent carrying mechenisms. Direct

current necessitetes the ectual trensfer of perticles, ions

=

or electrons, but for slterneting current & periodic

displecement of bound charges is &ll thaet is necessery for

the pasgszge of current. Thus substences which ere
insuletors for direct current can pe eglterneting current,.

In an elternsting field, the electrons of the atoms

in the semple are displaced with respect to the nuclei.

o

The meximum of current occcurs at the zeros o

s

voltage gince



this is where the field is chenging most repidly. Thus

the current is 900 out of phase with the volisge. This
current is represented as a vector perpendiculer to the
voltaege vector. The nature of the dielectric determines
the megnitude of the electric displscement, the
polerizebility of the medium. This electron displacemernt
current is present &t 8ll frequencies despite the presence

o

of other current cerrying mechenisms. The magnitude of
this electronic displacement current is.measured by the
optical dielectric consgtent which theoretically is egqgusl
to the squere of the index of refrsction. It is the value
obtained &t relatively high frequencies or low temperatures‘
with &1l substances.

Hydrocarbon polymers have lower polarizebilities
then those containing halogen since the electrons in the
former sre more rigidly held.,

Some substances at low frequencies have & higher
dielectric comstant then the opticsl velue, which means
enother current carrying mechanism has been introduced.
Subsgtances showing this effect usuelly heve en asymmetric
structure with & centre of high electiron density snd are
known as dipocles.

In an electric £ield the dipole ewperiences a

torque tending to rotate it into aligmment parallel to

the field., If the polar molecule is suspended in & low



viscosity medium and & low frequency slterneting field is

applied, the dipole will oscillate in phase with the field,
This periodic displacement of the dipole produces an
alternating ourfent which is superimﬁose& on the elecironic
current. Thus many organic compounds have high dieleciric
constents, If the poler liguid is frozen, the molecules
cennot oscillate end so polar crystelline solids usually
have lowvdielectrie constants.

In the absence of a field, a rendom dipole orientation
end uwniform distribution exists. In a d.c. field, each
molecule tends t0 swing perallel to the Ffield producing a
component of polarization in the direction of the field.
This orientetion is affected by thermel motion but an everage
polarization will psrsist. If the field is removed, the
orientation venishes graduslly due to thermsl motion. The
rate at which molecules return to uniform distribution will
depend on the viscosity of the medium, the size of the

molecule and the temperature (kinetic energy). The time,

T, required for & stesdy state orientation to decay to
ife. the valueyis celled the time of relaxation. According
to Debye

’t’ = 4:"",&5 1.

-

Vhere W), is the viscosity, k is the Boltzmann constent,

2 the diameter of & sphere hydrodynemically equal to the
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molecule and T is the absolute tempersture. This is known
&g the Debye-Stokes equation.

For a definite system, 2 low frequency field is
defined &s one whose period is large compared t0 the Tre-
laxetion time. In a low frequency field, there is
equilibrium between orientation and the field &t all times,
Under these conditions, & system will exhibit its maximum
dielectric constant € called the static dielectric constant
since it is the value obtained by d.c. methods,

If the frequency is increased, a condition will be
reached where the molecules cennot follow the impressed
field and the polarization will begin to lag. This lag
is greatest when the period of the field is of the sanme
order as the time of relaxafion., At frequencies much greater
than this, the dipole cannot follow the field &t &ll,
and as a result the dipole assumes a mean position in the
-field,

The lag in polarizetion produces two effects. First,
8ince the dipole orientation decreases with increasing
frequency, the dielectric constant decreases from the
static value €6 to the optical value € when only
electronic polerization is present. Secondly, polarization
out of phase with the field means thet the current is less
then 90° out of phase with the voltage. The current is

then no longer purely reactive, but part of the current is




-9 -

cerried resistively. Since the current snd voltzge are
in phése in @ pure resistance, and current carried in this
menner must dissipate energy as heat, there will be hesat
generated in the dielectric. #This dissipation will be
greater, the smeller the engle, between the voltage and
current vectors. The dissipation factor is the tangent
of the angle complementary to 6 , known as 6@

'e D.F. = tan & e,
and from phasor disgrams

ban & = 3,

us] {op]

where G is the conductance and B is the susceptance of
the dielectric,

The energy consumed in a dielectric is measured by
e”, the loss factor, while e’ the dielectric constant
meagures the cepacity. These two entities &re components
of the generslized dielectric constent €», given by Debye
as |

2]
€:€-J€ 4,

where ] is the operstor for a 90° rotation and is equal
to «qu,

The loss factor is zero et very low frequencies
where the electronic end molecular polarizstion are in

phese with the field, and also &t very high frequencies

where there is only electronic polsrization which is
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always in phese with the field., Between these high and

low freguency limits, the loss fector reaches & maximum

when the polarizetion is out of phase. This ocecurs when
wt:- 1 5,

where ; 2 M times the frequency. The dissipstion fesctor

or loss angle is determined by

D.F. = tan § - € v 66
, €’
If the system has a dngle relaxetion time,'c , bhe com-

ponents of € are given by

€ £€¢+(€,-€w) / (1+ wz.vz) ‘70
erl ;_- (eo -6“)93?/ (14 wz;uz) g,
The path of the veetor € in the € "- €' plene is &

semicircle terminating atew end €o with its centre on

the € ' axis where the ordinate is €" mex ( 4 )

Dielectric Relaxation end Absolute Reaction Rate Theory

The theory of sbsolute Teaction rates was first
goplied to dielectric relexstion by Frank ( 13 ) and
Eyring (10 ) ( 26 ) ( 35 ) &nd leter by Kauzmenn ( 28 )
‘and others,

Since the relexetion time is tempersture dependent,
|

end log ¥ ve 1/T plots give straight lines, it would seem
that an energy of sciivation were involved in the process.

Whenever tiie rete of & process depends on tempersture, it

is quite certair that 2t some stage in the process a
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molecule or other unit involved is forced to weit until
it hes ecquired, by thermel fluctuations, a considerable
amount of energy in excess of the average thermel energy
0of the medium. An insight into the mechanism might be
gained by the application of this theory. Kauzmeénn
criticizes the Debye theory for assumirg thet Stokes' law
is velid snd having to assume that viscosity is the
controlling fector in the process of dipole orientation,
Velues of the macroscopic viscosity quite often did not
give sensible velues of & in equation 1. ¥From experimentel
:

evidence presented in his peper, he assumes thet there is
a definite relation between the two processes iﬁvolved,
but thet the mechenism of relexstion rates is a much simpler
problem, the solution of which might help to clarify the
viscosity mechenism.

According to the theory of absolute reaction rates,
we can define & free energy of activetion OBFE for dielectric

relaxation by the equation

1 E kT exp AE‘K) e

N o iy RT
where k and h are the Boltzmenn and Plernck constants and

T the absolute temperature. This equetion can be written

L1 = ET exp W)’ eX‘p( AH&) 10,
T ) R RT

where O S% z2nd AHE are the entropy and enthalpy of

activation resgpecitively. The components of the eqguetion
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are eesily determined if it is vrittern in logarithmic form

logl = logk® 4 &8% - agt 11.
Y h 2. 2031 2,208 RT
From the plot of log 1 vs 1/T the velue of AHE can be ob-
teined from the slope‘;f the line
AHE - «2.203 x R % slope 12.

end since OFX can be determined from the relation

AFE . ApE - TASE 13,
- =2.303 RT log _h 14,
k‘i‘-t
then &85% ig found from the reletion
ast - Asf - Ari 15,

When the free energies of the relaxation process snd
vigcosity &re nearly equal, it is assumed that there is &

close reletion between the two mechenisms. ( 33 ) ( 27 )

The value of the 1 cen be found from the maxime in
®
the loss factor: curves. It is ecgual to 27T times the

e

frequency of meximum ebsorption st & given temperature.



EXPERIMENTAT



flectrical Apparsatus

For the electricel measurements & Schering type
cepacitance bridge (General Redio, liodel 716C) was used.
The £.C, signel was supplied by s Hewlett-Packard oscillator,
continuously verisble from 20 C.p.s. to 200 ke. The bridge
balence was detected by observing an smplified signsl on
an oscillosoopé end & Simpson multirange voltohmmeter with
a 5,000 ohms per volt rating.
| The polymer samples were pleced in & parallel rlete
condenser, (Fig.I.) consisting of two plene brass pletes
4,000 inches in diameter which were silver pleted. The
bottom (high voltege) plete was mounted on & "micelex™
plete, one inch thick, which in turn was mounted on & rigid
stend., A precision micrometer, mounted on the supporting
stend, was made to ride on = ballbearing contained in a

cylindrical collasr which was secured-to the uppver

o]

late,
The thnickness of 2 sample placed between the plates coéld
be resd directly., The micrometer arrangement also gerved
to centre the top plate over the lower one. ( 15 )

The test condenser just described was vnlsced in sn

-

insulated box measuring eighteen inches on 11 sides,

equipped with & removeble top. The interior of the box was



Fig. I Test Condenser
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lined entirely with sheel aluminum to eliminsate strey
electricel effects,
A Fenwasl "Thermoswitch opereting & Fisher-Serfass
electronic relay provided temperature regulation to
* 0,1°C, 4 toaster element served as the heater, snd stirr-
ing in this air thermostat was supplied by & 1/4 hep. motor
t0 the shait of which & six-bladed fan, 7 inches in diameteq,
was attached, |
Temperature measurement was effected by & five
junction copper-constanten thermocouple émbedded in the top
grounded plate of the test condenser; The resﬁltiﬁg voltage
was multiplied by a resistor arraﬂgémemt (ecting as &
reverse voltage divider) and rTesd on = Leeds & Northrup
Hydrogen Ion potentiometer variable from O to 1.6 voltis.
The thermocouple was calibreted ageinst & stendard thermo-

meter which was 1in turn calibrated against a Platinum

resistance thiermometer by Dr. W. J. Biermenf.
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Materials

The polymers used were members of & group known &s

the polyvinyl acetals which have the general formula

B

[ R B
S ¢ BN O B B ¢ B
| ) } |
O\H/O H
C 1
7\
H R ]

Vhere R is H for the formsl

- CHz for the acetal

- CH(CHz)g for the isobutyral

- OCpHii for the hexaneal

- CHgCH(CgHp)-CzHy for the 2-ethyl hexanal

The vinyl formel and acetal polymers were commercial

samples obtained from Censdian Resins & Chemicals Company.
These polymers weie prepared by the hydrolysis end subse-
quent acetalization of polyvinyl acetate. The polyvinyl
formal sample, known as Formvar 15/95E, wes prepared from
Gelva 15, a polyvinyl acetste having a molecular weight of
60,000, the replacement of acetate groupes being 95%
complete. The polyvinyl acetal, Alvar 7/70, a high
acetate content sample, was ﬁrepared from & polyvinyl
acetate, Gelve 7, having & moleculaf weight of 35,000,

In the hydrolysis of the latter, only 70% of the zcetate
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groups was§. removed,
The rem&ining three polymers were obtained from
A, B, Fitzhugh of.the Research Laboratory of the Shawinigen
Resins Corporation, Springfield, Massachusettes. They
are isobutvar (Polyvinyl isobutyrel), hexvar’(polyvinyl
hezanel) end octvar (polyvinyl 2-ethyl hexanal), These
were prepared by 99% hydrolysis of polyvinyl acetste,
(Gelva 60) having a moler viscosity in benzene at 20°C. of
approximetely 60 centipoises (Molecular weight - 180,000),
and subsequent acetalization with the corresponding eldehyde
(isobutyrasldehyde, n-hexaldehyde, Z—éthyl hexaldehyde).
The polyvinyl alcohol contents for the isobutver, hexvar
and octvar were 13.3%, 12.2% and 12.8% respectively. ( 11 )
The polyvinyl alcohol content is & measure of the
number of hydroxyl groups that are not replaced in the

acetelization step and is expressed as monomer unit

'H H H H
R T B
~C=-¢-C-¢C -
R T B

Procedure

The polymer semples were dried at 80°C., for eight
hours in vecuo in & pistol drying apparstus. The polymer
768 then placed in & die which had previously been heated

to about 100CC ghove the softening point of the polymer
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(as determined by the dielectric method). In order to
prevent permenent impeirment of the pressing die,

gse was required, since the

l..J
c
[«
-
e
@]
w
ot
e
(e}
=
2
o+
£y
lexs
e
H
PN
Q
O
=
@
ao
L]
jol
A}

lower members of this series are used commercially as
bondings for glass and metals. ( 35 )

The die was then pleced on & hydraulic press and the
polymer wes subjected to & pressure of . {,000 p.S. 1 for a
period of five to ten minutes. The die was then allowed
to cocl to room temperature and the semple, previocusly
granular, was then in the form of & transperent disk
slightly greater than four inches in diameter end from 50
to 70 thousandths of en inch thick. Due to a slight smount
of "pley" in the piston of the die, the disk was not
sufficiently uniform in thickness for the electricsl
meesurements. This entailed tie edoption of a grinding
process which consisted of securing the disk horizontally

gless with stopcock grease, snd placing &

<

on & plate of
grinding powder, No, 100 or 120, on the expcsed side of
the disk. A few drops of water were added to this powder
and & second piece of glass was placed over this. Grinding
was accomplished by pressing down on the top plate of glass
with concurrent horigzontal motion.

The disk was removed periodicelly snd the thickness
meesured &t eight places with & micrometer. The disks were

ground in this msnner until the deviation from the mesn was
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* 0.0008 inches. A dilute suspension of aquedag (colloidel
graphite) was applied to esch surisce of the disk and sllowed
to dry. ( 15 ) ( 18 ) { 19 ) The semple was placed on &
lathe between two rubber faced bress plates which hed been
accurctely machined to & four-inch diameter. The disk was
then cut down tc a four-inch diameter with the lathe cutting
to0l. The polymer semple was then placed in the test
condenser in the air bath esnd “conditioned”.

In the process of heeting the polymer, pressing the
disk and cooling, certein streins are introduced in the

sample just ss in any cesting or moulding. ( 19 ) On

-

healting the disk ebove its softening temperature, there is

a tendency to relieve these strains by distortion of the
sample to & grester or lesser extent which could create
erratic results and effect the reproducibility of the
deteé. This distortion takes the form of an increase in
thickness of about 3% ( 9 ) which becomes very noticeable
et low velues of dielectric constent. This is especially
noticeable at high frequencies where the dielectric constant
does not increase until a temperature much higher thean
the softening point is resched. (Fig.II.)

"Conditioning™ means thet these strains ere lergely

4

removed by heeting et sbout ten degrees ebove the scftening
point of the polymer for a period of twenty-four hours.

At & temperature much higher than this viscous flow becomes
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an important factor and it is 1ot desir@ble to leave the
sample at an exceelingly high tempersture for pericds
longer then those reguired for the ettainment of the thermel
equilibrium necessary for steble and reproducible bri idge
readings.
The Genersl Redio capacitance bridge was sdeptable
to two different methods for tie messurement of cepacitence
end dissipetion fector. In the direct nethod, the unknown
capecitance is pleced in one srm and is balanced by e
:rieble standard air cspacitor in the edjaecent arm.
(FigoIII.) In the substitution method, & fixed condenser
is placed in the arm occupied by the unknown condenser in
the direct method, end the unknown capacitance is nlaced
in perellel with the variable air capscitor, (Fig.IV.)
Since the formulese contained in the memmal for the
cepacitence bridge did not include eny correction for leads,
it was necessary to derive these exXpressions from the given
formulse,
& poor condenser can b

capacitence in versllel with

conteining the sample, and the leads

two such combinetions,
follows:

Capacitences in vparallel are sdditive end so the

Capacitance oI the sample 1s determined by subtreciion of




Schematic Diagrams of the Schering Bridge for Direct Method (Fig. IIT)
and Substitution Method (Fig. IV) ( 25 )
Subsecripts: x denotes the unknown; n denotes
standard variable Air Condenser;

p denotes precision condenser; a

and b are the two ratio arms of the bridge.
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the leads cepecitence from the totel cepacitence. This
holds for both "substitution" end " direct" methods of the
bridge.

The dissipation factor is & ratio of conductance

[Fe]

to susceptence ( 24 )

[eX]
[

D.F. = G
B
Since the resistive components a2re in parallel, their
conductances are additive, hence

G total = G 1eadé + G sample 16,

-

which is the game &8

N S S S U 17,
Rp votel op leads Hp sample

where Hp is the equivslent parellel resistance,

. 1 - 1 - 1 18,
° ¢ Ip sample Rp totel Rp leads

By the substitution method, the formula given is { 25 )
1l - W C'AD 19.
Rp

where W is the angular frequency (2W x freguency).

C' ig the cepacitence diel readirg with the lesds

out. (It is the "zero"™ reading of the bridge by this

o

method. )

o,

5 =z D .- D' where D represents the reading of

the digsipation Tfactor disl with the unknown across the

terminals (which msy be leads only, or leads + semple)

and DY is the "zero®" wezsding of the dissipetion facicr

L
i



diel and is tskern concurrentl

By substitution in 18 from 19

1
Rp sample

w C* (D total - DY - D leads + DY)

w C' (D total D lesds) 20,

I
!

Combining this with &
D.Fe = & 1/Ep sample WCY (D totel - D leads)
B w C semple & C sample

11
1

C* (D totsl - D lesads)
C sample 21,

where C sample is the capacitence due to the sample slone
corrected for sitreay cepecitances.

By the direct method, the theory is the same, the
formula for the equivalent persllel conductences being the
only difference. It is ( 25 )

1 = DG 22.
Rp

where D is the resding on the dissipetion factor dial,

. @ is again the anguler freqguency and

C ig the uivalent parsllel capacitance of the unknown
. e Digsipetion Factor (D.F.) ; G _L total - (DC) 1eads]
B eo C sample

(BC) totel - (DC) leads
C sample ; RO,




RESULTS



The numericsl resulis are presented in this section

in tebuler form. The graphicel plots from these velues
will follow in the discussion since references will be

made to0 them in that section.

Sample Calculations

These calculetions are taken from typicel sets of
date obtained by the direct and substituticn methodg of
the bridge (Genersl ksdio Company, Form 681-B),

a2 Direct Ilethod: +the data presented here sre the
200 cycle, 94,8°9C. readings for polyvinyl =zcetal.

C Total (including leads) 457.2/e7u f.

C Teads 1b6,.1 /e%uf,

D Totel (including leeds) 2.29%
D TLesds 0.04%%

4

The D readings given on the bridge are expressed as &

rer centage end depend on the freguency. The bridge is

direct resding &t frequencies which are multiples of 1C

from 100 cycles to 100 kilocycles, fThe D Teadings of the

bridge must be multiplied by s factor of 0.01

Hﬂ‘ Ha

is the freguency used in the determinction end fo is the

frequency setting of the venge selector switch. On epplying



this correction, using the 100 cycle range

0.0% X 2.29 & 0.0687

n -

D Totel
D Leads = 0.03 z 0.047 = 0,0014
The equivalent perellel cepscitance is given by the

iy

equation

CX‘p : : C e l 240
I+ D& T+ 0D,

Where C is the capacitance reading of the bridge end D

je]]

1s the reading of the dissipetion fector disl corrected as

above, Do is given by the expression

Do = 0,086 x £
fo
Do = 0.078 for this example
"« (C xp) Total = 457 .2 . 1

T+ (0.0687)2 T +(0.06687 % 0.078)

- 454.%49a e

Since the velue of D for the leads is very &mell, the

oo
°

(Cxp) Leads value is the same as the C resdin
The residual or siray capscitance of the cell was
determined by measuring the cepacitsnce of the empty cell
at different spacings snd eytrapolatiﬁg to infinite thickness
Of the sample (air in this case) ( 15 ) (17 )
The geometric capacitence of ihe condenser obtained from
the slope of this line and ves found 10 agree well with

stenderd formulee for parellel nlete condensers,




- 27 -

(Cxp) sample (Cxp)Totel - (Cxp)Leads - Co

1

4:54:04: - 15631 - 1800

- 260.5 MM 2. 25,

where Co is the strey cepacitence of the cell,

The geometric cepacitance is glven by

3 ,/ﬁ/”F 26.

where t is the thickness of the sample or separstion of the
plates. The value 2.82b0 wag Getermined from the glope

of the calibreticn plot as mentioned previously.

Co = 2.825 = 45.87Tgmm fe
” 0.061505 S

the velue of t being determined from the meen of eight

readings as described in the experimentsl section.

-3

(Cxp) sample
s 27,

- 280.3 - 6.110
45,87

The value of the dissivstion factor was celculated by

equation 23

D.F. = [(D = Cap)Totel - (D x Cxp)Leeds]
(Cxp) sample
- [(0.0687 x 454.4) - (0.0014 x 156.1]]
260, 5
- 0.1102 .

. o gince D.F. = tan,s = €Y

then @7



b Substitution Ilethod

The following velues are teken from the 122. 606

300 cycle data of polyvinyl formel vhere C and D denote

o

the reulings ¢f the capecitance and dissipation fector

dials respectively,

‘

C Totel = 410Wz
C Lesds - 813. %4ga

C' (without lesds or sample) = '968,’0/7[,(1.

D Total = 1.75%
D Leads - 0.051%

AD - D - D!
The D velues must be correcited as in the direct method

by the factor 0.01L £ .
1o

Since the 100 cycle range weas chosen, the correction

factor will be agein 0,03.

L]

e o« (D Total - D Teads) 0.08 (1.76 -~ 0.05)

0.0510

the eguivelent parallel ceapacitance is

given by

when the total dissipation factor resding of the bridge

is less than 10%, the correction factor is negligible and

¢z = AC



o

e o (Cxp) sample

1 !
(@9
I
(]
-
o
ct
¥}
H
1]
(@]
]
(@
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[0}
o
Cu
n
1
a
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fins
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(-3
G

]
P
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o
(@]
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@
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H
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NS
|.L

or this ssmple

Cg = 2.825 = 66,6904 .
0.04101
e« @ = (Ox) semple = £8l.,6 = 5.5%9
s 66,69
Using equation 21
D.F. = cr x (D Total - D Leeds)

{Cxzxp) sample

968o6 X 000510 - 001295

= tan S

m
}
m
]
(5
©
s}
O

1
&)
-]
(&)
)
Ww
™
<
°
].._I
)
tn

i
o
o
-3
1
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TABLE I
DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL FORMAL

Frequency Kkc.

0.05 0,10 0. 30 1.00
£°¢ e e £0¢ € ' e £0¢ X e £9¢ € €

Crtamcter -

23.9 3,221 00,0358 2%69 3,199 0.0339 23,9 3.178' 0.0%62 23,9 3,146 0.0447
41,8 3,270 0.034% 41,8 3.246 0,03%318 41.8 3.227 0.0342 41.8 3,199 0.0406

62.4 3.294 0.0356 62.4 3.272 0.0334 62.4 3,254 0.0329 62.4 3,227 0.0219
83.9 3.343 0.0635  83.9 3.320 0.0465 83.9 3.298 0.0392 83.9 3.268 0.0399
91.9 2.358 0.0722  91.9 3.333 0.0570 919 3.307 0.0430 91.9 3.275 0.0413
101.2 3.445 0.1199 101.2 3.407 0.0719 101.2 3.372 0.0593 10l.2 3,331 0.0506
105.8 3.662 0.2186 105.8 2.600 0.1577 105.8 3.529 0.1108 105.8 3.458 0.087L

@Og—

111.3 4.287 0.5470 111.3 4,091 0,4%04 111.3 3.876 0.2957 111.3 3,684 0.2081
117.0 5.477 0.8626  117.0 5.124 0.7701 117.1 4,654 0,6283 117.1 4,197 0.4638
122.4 6,172 0.6981  122.4 5.954 0.6776 122.6 5.539 0.7173 122.6 4.922 0.6886
128.1 6.255 0.7575 128.1 6.155 0.4062 128.3 5,965 0.4933 128.4 5.577 0.5973
133.3 6,285 1.3701  133.3 6.192 0.7944 133.6 6.014 0.4426 133.6 5.793 0.3904 -
139.7 6.303 2.5918  139.7 6,195 1.4106 139.3 6,063 0.6202 139.3 5.844 0.3752




' TABLE I (Continued)
DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL FORMAL

Frequency kec.

3.0 ' 10.0 30.0 100.0

£0Q eg e o ‘tOC e' »eﬂ Aol ‘ e' e_ﬂ toC ev e 1t

23.9 3%.121 0.053%4 23,9 3,079 0.0813 23.9 3.038 0.1379 23,9 2.931 0.2685
41.8 3.176 0.0489 41.8 3.140 0.0722 41.8 3.106 0.1239 41.8 2.996 0.2571
62.4 3,205 0.0442 62.4 3.173%3 0.0647 62.4 3,146 0.1114 62.4 3.051 0.2459

atga

83.9 3.247 0.0442 83.9 %.212 0.0620° 83.9 3.188 0.1058 83.9 3.108 0.2319
91.9 3.252 0.0429 91.9 3.223 0.0561 91.9 3.196 0.0882 91.9 3.141 0.1853
101.1 3%.3%04 0.0489 101l.1 3.269 0.0582 10l.1 3.238 0.0839 101.1 " 3.189 0.1630
105.8 3.410 0.0764 105.8 3.352 0.0717 105.8 3.310 0.0738 105.8 3.256 0.0876
111.3 3.572 0.1611 111.3 3.461 0.1308 111.3 3.3%85 0.1168 111.3 3.297 0.1154
117.1 3.944 0.3467 117.1 3.706 0.2557 117.1 3.569 0.2024 117.1 3.418 0.1699
122.6 4.487 0.5730 122.6 4.059 0.4372 122.6 3.816 0.3358 122.6 3.593 0.2601
128.5 5.152 0.6703 128.5 4.574 0.6239 128.6 4.189 0,5140 128.6 3.813 0.3893
133.6 5.574 0.4933 133,6 5.110 0.6270 1%33.6 4,660 0.6366 133.6 4.134 00,5283
139.4 5.706 0.3521  139.7 5.432 0.4737 139.5 5.088 0.6029 13%9.5 4.526 0.6269




TABLE IT
DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL ACETAL

Frequency ke.

0.1 0.3 1.0 5.0

to¢ e ) g 1] tog eq e n tOC eq eﬂ tOC e, e 1"
39.9 2,963 0.0599 40.0 2.940 0.053%2 40.0 2.912 0.0547 40,0 2,888 0.0595

50.5 3.000 0.0831 50.4 2,967 0.0638 50,4 2,939 0.0611 50.4 2.912 0.0644
59.5 3.091 0.0881 59.4 %.047 0.0725 59.4' 3,000 0.0699 59.4 2.975 0.0669
70.4 3,362 0.2165 70.0 3.267 0.1578 70.0 3.163 0.1287 170.0 3.102 0.0993
79.5 4,205 0.6652 79.4 3.845 0.4979 79.4 3.536 0.3589 79.4 3.361 0.2571
85.1 5.252 0.9811 85.2 4,621 0.7717 85.2 4.044 0.6276 85.2 3.701 0.4589

i
AN
n

L}

88.7 5.733%3 0.8640 88.4 5.049 0.9144 88.4 4.349 0.7511 88.2 '3.897 0.5674
95.1 6.414 0.4227 . 94.8 6.110 0.6733 95.1 5.424 0.8944 95,1 4.770 0.8834
102,0 6.527 0.1919 102.1 6.448 0.2682 102.1 6.213 0.5039 101.9 5.770 0.7945
109.4 6,555 0.1698 109.1 6.500 0.1398 109.1 6.431 0.2051 109.1 6.322 0.3774
117.6 6,440 0.3065 117.3 6.413%3 0.1475 117.3 6.375 001135 117.3 6.296 0.1530
122.3 6.363 0.4511 122.4 6.269 0.1937 122.4 6.194 0.0161 122.4 6.221 0.1120



TABLE II (Continued)
DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL ACETAL

Frequency kec.

10.0 30,0 100.0

£9¢ e’ e" &% ¢! e’ o0 e’ e"

40,0 2.844 0.0833 40.0 2,793 0.0972 40.0 2.721 0,0952

50.4 2.862 0.0861 50.4 2.812 0.0962 50.4 2.73%6 0.1094

‘59,4 2.926 0.0878 59.4 2.875  0.0966 59.4 2.808 0.1129 :4
70.0 3,032 0.1007 70.0 2.976 0.0967 '70.0 2.908 0.0980 ~ Tﬂ
79 . 4 3,207 0.195% 79.4 3,115 0.1579 79,4 3,017 0.1300

85.2 30421 0.3305 85.2 3.263  0.2441 85.2  3.122 0.1858

88.4 3,540  0.4039 88.4 3,351 - 0.2932 88.4 3,163  0.2138
95.1 4,101  0.7144 95.1 3713 0.5298 94.8 3. 381 0.3682
102.1  4.953  0.9218  101.7  4.297  0.8087  1lo02.1 3.739  0.5713
109.1  5.941  0.7088  109.1  5.308  0.9576  109.1  4.454  0.8752
117.%  6.246 0.3210  117.3  6.006  0.6192  117.3  5.310 0.93%03%
122.4  6.161  0.2027  122.4  6.052  0.3904  122.4 5,627  0.7422



TABLE IIT
DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL ISOBUTYRAL
Frequéncy ke,
0.05 0.10 0. 30 1.0
£9C (- e £9C €' e £°C e' e" t% e’ e’
2%.4 2.874 0.0328 23,4 2.852 0.0165 23.4 2.843 0.0171 23.4 2,829 0.0178
4%3.3 2.921 0.0275 43.3 2,900 0.0232 43.3 2.888 0.0165 43.3 2.874 0.0167
505 2.974 0.0404 50.5 2.949 0.0310 50.5 2,931 0.0229 50.5 2.911 0.0218
54,7 2.028 0.0587 54.7 3.000 0.0459 54.7 2.974 0.0342 54.7 2,949 0.0289
62.1 3%.205 0.1253 62.1 3.157 0.1010 62.1 3.100 0.0732 62,1 3.047 0.0576
67.§ 3.459 0.2373 67.9 3.362 0.1930 67.9 3.260 0.1454 67.9 3.159 0.1080
71.2 3.693 0.3166  7Tl.2 3,565 0.2274 71.2 3.413 0.2072 7l.2 3.272 0.1535
7749 4.220 0.4237  77.9 4,045 0.3936  77.9 3.805 0.3428  77.9 3.545 0.2726
84.8 4.681 0.3235 84.8 4.545 0.3500 84.8 4.311 0.3889 84.9 3.972 0.3853
90.5 4.744 0.2035 90.5 4.677 0.2025 90.5 4.559 0.2672 90.7 4.301 0.3566

- y¢ -

96.4 4,683 0.1892 96.5 4.640 0.1452 96.5 4.583 0.1512 96.7 4.459 0.2287
100.5 4.652 0.2163 100.8 4.602 0.1463 100.8 4.553 0.1138 101.1 4.478 0.1505
106.8 4.577 0.2613 106.6 4.530 0.1653 106.8 4.488 0.0969 106.6 4.439 0.0937

112,9 4.516 0.2908 11209 4,469 0.1743 112.9 4.427 0.0881 112.9 4.386 0.0623

120.5 4.498 0.4619 120.9 4.443 0.2657 120.9 4.392 0.1195 120.5 4.344 0.0669



TABLE III (Continued)
DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL ISOBUTYRAL

Frequency kec.

3.00 10.0 o 30.0 100.0
CRI- en £0¢ e’ e £0¢ e’ e’ ¢ e’ e
23.4 2.819 0.0200 23.4 2.805 0.0250 23.4 2.789 0.0%21 23.4 2.748 0.0305
43.3 2.866  0.0160 43.3 2.852 0.0185 43.3 2,843 0.0210 43.3 2.815 0.0304
50.5 2,900 0.0188 50.5 2.884 0.0205 ~50.5 2.872 0.0207 50.5 2.862 0.0209 \L
54.7 2.933 0.0252 54.7 2.913 0.0248 \54,7 2.900 0.0258 54.7 2.878 0.0210 \f
62,1 3,016 0.0452 62.1 2.984 0.0394 62.1 2;963 0.0350  62.1 2.941 0.03%06
67.9 3.100 0.0812 67.9 3,043 0.0636 67.9 3.010 0.0521 67.9 2.974 0.0401
7l.2 3.189 0.1132  71.2 3.106 0.0857 71.2 3.063 0.0680 71.2 3.006 0.0535
78.1 3.392 0.2134  78.1 3,246 '0,1565 78.1 3.161 0.1173 178.1 3.079 0.0782
84.9 3.726 0.3%61 84.9 3.470 0.2651 84.9 5;325 0.1995 84.9 3.189 0.1448
90.7 4.043 0.3893  90.7 3.709 0.3509 90.7 3.494 0.2827 90.7 3.295 0.2096

96.7 4.287 0.3292  96.7 3.967 0.3796  96.7 3,705 0.3542 96.7 3.431 0.2820
101.2 4.384 0.2367 101.4 4.148 0.3414 101.4 3.890 0.3769 101.6 3.575 0.3357
106.6 -4.398° 0.1407 106.5 4.266 0.2538 106.3 4,049 0.3519 106.1 3.709 0.3720
112,9 4.366 0.0685 112.9 4.317 0.1235 112.9 4.238 0.2272 112.9 3.998 0.3450

120.5 #0225 0.0515 120.5 4.295 0.0661 120.5 4.266 0.1177 120.5 4.152 0.2346



TABLE IV
DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL HEXANAL

Frequenecy kece.

0.05 0.10 0. 30 1.0
B0 e’ e"  tC e' g" %% gt " 1% g1 g
24,5 2.995  —mem- 24.5 2.987 0.0117 24.5 2.973 0.0178 24.5 2.904 0.0256
31.el 3,040 —meee 31.1 3.026 0.0207 31.1 3.010 0.0236  31.1 2.937 0.0294
36.1 3.123 0.03%90 36.1 3.105 0.0396 36,1 3.680 .0397  36.1 2.997 0.0405

?=,9g=,

44,1, 3,455 0.1734 44,1 3,384 1150 44,1 3,171 '0.0951
50.7 3.940 0.3696 50.7 3.789
56.7 4.558 0.4613% 56.7 4.343

66.0 5.039 0.2288 66.0 4.950

1497 44,1 3.305

.3263 50,7 3.605
. 4608 56.7 4.042

.2491  50.7 3.378 0.1868
<4054 56,7 3,683 0,3230

.2880  66.0 4.738 0.3994 66.0 4.301 0.4568

70.6 5.046 0.1539 - 70.6 5.001 <1775 70,6‘ 4.894 .2701 70a6> 4,574 .4011

o O O O o©
o (@] (@ (@ o (@] o

0
75.6 4.995 0.1464 75,6 4.961 0.1290 75.6 4,906 .1639  75.6 4.712 0.2790

80.4 4.936 0.1614 80.4 4.906 .1182  80.4 4.869 0.1139 80.4 - 4.740 0.1792

(@]

85.8 4.884 0.2095 85.8 4.855 0.1384 85.8' 4,819 0.0920 85.8 4.718 0.1161

O




TABLE IV (Continued)

DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL HEXANAL

Frequency kec.

3.0 10,0 30.0 100.0
£0C e’ e £0C e’ c" £9¢ €' e" £0¢ ¢! e’
24.5 2.884 0.0300 24.5 2.856 0.0388 24.5 2.8%3 0.0459 24.5 2.805 0.0614
31.1 2,918 0.0309 31.1 2.888 0.0378 31.1 2.866 0.0430 31.1 2.837 0.061%
36.1 2.969 0.0401  36.1 2,933 0.0437 36,1 2.910 ,0.6471 36.1 2.876 0.0633
44,1 3,117 0.0804 44,1 3,054 0.0712 44.1 3.012. 0.0660 44.1 2.971 0.0671
5007 3.275 0.1448  50.7 3.175 0.1143 50.7 3.109. 0.0948 50.7 3.054 0.0883
56.7 3.501 0.2472 ‘56.7' 3.329 0.1834  56.7 3.232 0.1435 56.7 3.143 0.1245
66.0 3.987 0.4234 66.0 3.655 0.3388 66.0 3%.465 0.2574 66.0 3.291 0.1859
70.6 4.266 0.4509 70.6 3.870 0.4114 70.6 3.621 0.3273 70.6 5.398 0.2375
75.6 4.491 0.3988  75.6 4.100 0.440%3 75.6 3.80L 0.3945 75.6 3.513 0.3123
80.4 4.616 0.2963 80.4 '4.305 0.413% 80.4 3.995 0.4279 80.4 3%.64% 0.3%625
85.8 4.655 0.1918 85.8 4.463% 0.3271  85.8 4.200 0.4166 85.8 3.829 0.4082
e e e 92.5 4.525 0.2068 92.4 4.364 0.3360 92.3 0.4159

4.011

- L -



TABLE V

DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL 2~ETHYL HEXANAL

Frequency kece.

t 0.05 0.10 0. 30 .0

c €' e €' e" e e" e "
23,4 2,792  emmeee 2,778  0.0094 2.761 0.0326 2,744  0.0277
32,4 2,959  cmemm- 2,932 0;0365 2,901  0.0444 2.867 0.0416
39,0 3.169  0.1043  3.114 0.0959 3.046 0.0914 2.976  0.0762
45.9  3.568  0.2494 3,449  0.2311 3.304  0.1939 3,164  0.1509
51.5  2.981  0.3292  3.819  0.3311  3.587  0.3053  3.357 .0.2400
57.0 4.319  0.2751  4.174 0.3218 3,925 0.3615 3,618 0.3267
63.8 4.495 0.1483 4.418 0.1997 4.261  0.2983 3,973 0.3596
70.4  4.493  0.0899  4.457 0.1092 4.382 0.1731 4.208 0.2752
773  4.440  0.0799  4.411  0.0750 4.372  0.1019 4,290  0.1639
82.8  4.384  0.0978  4.353 0.0753 4.321 0.0761 4.268  0.1041

=8gm



TABLE V (Continued)
DIELECTRIC CONSTANTS AND LOSS FACTORS OF POLYVINYL 2-ETHYI, HEXANAL

Frequency kec.

t 5.0 10.0 30,0 100.0

O¢ e' en e' eﬂ ev en' et eﬂ

——

23.4  2.729  0.0308 2.705 0.0357 2.686 0.0414 2,657 —ccomme=
32,4 2.816  0.0408  2.807 0.0452  2.783 0.0479 2.742 —ceee-

39.0 2.935 0.0640 2.884 0.0629 2.850 0.0618 2.804 0.0070
45.9  3.082 0.1180 2.995 0.1000 2.944 0.0877 2.884 0.0234
51.5 3.222 0.1853 3.089 0.1452 3,014 0,1188 2.930 0.0539
57.0 3.420 0.2668 3.222  0.2062 3,114 0.1610 3.000 0.0867

= 6¢ -

6%.8 3,725  0.3468 3,440  0.2903  3.273 0.2347 3,111  0.01406
70,4 3,998  0.3166 3.676  0.3466 3.457  0.2997 3.239  0.1921

77.3  4.176  0.2535  3.920 0.3448  3.674  0.3420 3.401  0.2462
- 82.8 4.208 0.1658 4.039 0.2718  3.826 0.3137 3.517 0.2648




DISCUSSION



The enthalpies of ectivetion were determined from the

bl

slope of the log 1 vs 1/T greph (Fig. V) snd equation 12,
(The log term comteining the tempersture did not change
éopreciably since the range of temperstures involved wes
feirly smgll.) Velues of the free energy and entropy of
ectivation were calculeted from equetions 14 end 15
respecitively. The values ere presented in Teble VI together
with extrapoleted values for the relsxstion time at 25° .
and values of the tempersture (Tg) for which ¥ ; 1 second,
‘The Debye theory, which was originelly derived for polar
ligquids, was extended to polar polymers due to the greet
similerity of the current cerrying mechenism. However,
the analogy to polar liquids has been cerried furtier.
Puoss (20) hes compared the softening point oxr trensition
temperature of polymers to en actusl "internsl melting™.

<

Below this temperature, the dipoles are "frozen" into
position, as in & solidified poler liguid, displaying the
nroperties of a three-dimensionsl solid. At the transition
temperature, the polymer becomes & one-dimensionsl golid,
Along tie chein axis the molecules behave like those in

& $0lid while pernendicular 1o the chain they behave like
liguids. Superficislly they are solids while with regaras

to molecular motion they are in meny respects like liguids.



of Log 1 vs. 1 for;
T T

Polyvinyl Formal
Polyvinyl Acetal
Polyvinyl Isobutyral

Polyvinyl Hexanal

Polyvinyl 2-Ethyl Hexanal




TABLE VI

TALUES OF ENTHALPIES, ENTROPIES, FREE ENERGIES, RELAXATION TIMES AND Ty FOR:

Polyvinyl | Polyvinyl Polyvinyl Polyvinyl Polyvinyl
- Frequency Formal Acetal Isobutyral Hexanal 2-Bthyl Hexanal

ke . , ,
T Ast A v Ast AaF® v ast AF 1 Ast AP 1 Agh AR
A e.u. Kecal. OA e.u. Kcal. %A e.,u, Kecal. ©A e.u. Kcal, ©OA e.U. Kcal.

0.05 389.9 237.2 e e w2 e m 0 0 151.7 16.175 329.0 1%8.4 15.67 %24,9 126.6 15,46
0.10 392.1 256.9
0.30 394.2 237.7

151.4 16.46 330.8 138.8 15.30 326.7 127.0 15.10
152.1 15,81 335.0 138.7 14.76 330.3 127.2 14,55
1.00 397.5 237.9 152.1 15.13 339.0 138.9 14.13 334.9 127.3 13.95
3,00 400.2 238.1 15.94 371. 114 .7 152.5 14.48 343.2 138.9 13.56 339.0 127.4 13.39
237.8 .5 13. 8.7 152.3 12.80 348.2 138.7 12.93 346.4 126.2 12.86
12.20

10.00 404.2
30.00 408.4 237.0 . . 151;7 13,19 355.2 137.4 12.42 349.2
'100.00 412.2 23%6.8 13.55 387.2 . . 150.9 12,51 362.2 136.4 11.81 355.2 126.7 11.57

127.1

A¥Keal, 111.2 71.19  69.94 61.22 56,58
Tg ©°C 100.6 63.6 58.1 %604 31.0

T sec.(?5°C) 3.0 x 1016 1.0 x 106 1.3 x 102 4,0 x 10+ 6.7 x 10°

(T is the bemperature (OA) at which the maxima occurs in the loss factor curve.)




At the trensition tempersture the polar side groups oObtain
enough kinetic energy to overccme the Ven der Vesl's forces

holding them in vlece, and in this respect an "internsl

s
melting" tekes vplsce ( 51 ). Due to the neture of the polymer,
the cheains canérarely become disentangled endéthough the
chains may heve enough kinetic energy, @ true melting cennot
teke plece, Instesd, the polymer becomes coft and exhibits

e tendency to flow. This enslogy has been borne out, to

some extent, by &ensiiy-ﬁempéréture measurements ( 21 ).

The temperature coefficient of density was found to be twice

as greatl above the transitioa temperature ag below. Fuoss

( 21 ) has elso found a second maximum in the low temperature
region wuich would tend to show that the polymer exists in

twq di £ferent states sbove and below the traﬂsitidh. This
second meximum wes found to dissppear with increasing content
of plasticizer ( =z ftioiéer is & low moleculer weight
substance which vhen inoorpqrated in the polymer mey be thouéht

of as forcing polymer cheins apsrt and thus accomplishing

tihie same effect asvanxin rease in temperature). This second
meximum @as elso quite noticeable (at high frequencies) in
our poliyvinyl formel semple (Fig, VII.), end o & lesser
extent in our polyvinyl acetel sample (Fig. IX.).

Much work has been aone by various investigators on

plasticized polymers ( 6 ), (9 ), ( 21 ), ( 23 ),

Plesticizetion reduces the interchain potentisl barriers to
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rotation. This fecilitetes the uncoiling of chaing in
elastic deformation, lowering the time of relexation gt g
given temperature with increesing plasticizer content (1),
In this investigation the same effect has been produced by
introducing alkyl groups of increasi ng size (from the formsl
t0 the 2-ethyl hexansl) on to 4he polar side group, Thig
cen be considered as "internal vlasticizatiod®, As can be
seen ffom Teble VI, the relsxetion on. times decresse from the
formel 10 the 2-ethyl hexansl péiymers, a8 well as the
transition temperatures obteined,

Since this field of Tesearch is comperat ively new,
the method of celculating enthalpies, free energies and
entropies of activation sometimes veries from one author to
the other, The method of Keuzmenn ( 27 ) has been employed
in this work end Frenk ( 1% ) egrees that this is the most
relisble,

From the results of the plasticized systems of Fuoss
( 21 ) and Davies, Willer 2na busse ( 6 ), a decrease in the
enthalpy of éotivation and also the entropies of sctivation
was observed With increasing amount of plebticizer. fThe
velues shown on Table VI, to which mey be added the values

£

for polyvinyl butyrel ( 15 ) {i,e,[&Hﬁ = 65,2 Keal,,

Ast 139 e.u., % ; 104 set., TX = 56°C)'also tend

%0 beer out the Similsrity between "externally® plasticized

Systems (ones 1to which plasticizers heve been sdded) ana

"internelly" plasticized Systems (in which the "plasticizer"
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1s chemicelly combined with the polymer). In most cases,
the greatest decresse in these "externslly" plasticized
systems occurs vith the addition of +the first few per cent

of plasticizer ( 23s } ( 6 )o From Table VI, the grestest

decrease occurs in passing from the polyvinyl formel to the

polyvinyl acetal, which would correspond to the addition
of & few per cent of plasticizer (volyvinyl acetsl is the least
plesticized sample that is possible in this series if ve

consider the polyvinyl formsl as the unplasticized ssmple),

With further plasticizetion, the chsnge is not so pronounced.

On conparison of the work of Fuoss ( 21 ) and Davies,

Miller and Busse ( 6 ) on polyvinyl chloride, it wes found

thet, althdugh the two samples.cf'polyvinyl chloride were

of different moleculsar weights, the energies of ectivation

were nearly identicsal, Davies, Miller and Busse concluded

that due to the hindrence of rotation of individual dipoles

of the chain (because of the "kinky nature® of the chein)

there was & rotation Of whole segments of the chain. Since

the sctivation energy seemed to be independent of moleculgr

Wwelght, then the size of the rotating units must be less then

the length of the chains, Flory ( 12 ) founa from e study of

linear polyesters, thet the energy of activation for viScous

flow was independent of the molecular weight cver the range

he investigated (1,000 - 7,000), This would slso seem to

indicate & segmented flow of the bolymers, =nd Since the time
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of relaxstion snd viscosity eppesr to be related in some manner,
this would add support to the theory of segmented rotation in
polar polymers ( 28 ) snbjécte@ to electric fields,

Lnother factor to congsider is the entropy of activation.
It would seem, from their frequent occurrence in the literature,
that the high positive values are cherscteristic of linear
polymers. Hence they would seem to be an essentisal feature
in determining the mechanism for these types of meterisls.

If each monbmer unit is eble to rearrénge itgelf in ¢
glternative configuraticns wher in the excited state, the
total number of configurations availsble to the n monomer
units is r@ and the entropy of sctivation is Rln(r®) accord-
ing to Kesuzmenn's definition, where R is the ges consfant
(99 (27 )

As® - Rnlncr

An incresse in the entropy of B0 e.u. implies an increasge

in the number of configurations‘available to & molecule or
molecules in an activated complex of exp(50/2) ; 1011,

In orcder thalt there can be a‘positive eniropy of activation,
some moré or less rigid structure conteining the dipole
must become free to move, For the large values of entropy
encountered, the activation must involve more than & single
dipole and its immediste stischments, another indication of
segmental rotetiocn.

Kaugzmenn compaeres the process 1n vihich & dipole suffers
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& veporization vrocess, since the
roup mey be compared ¢ & ges SO far as
ceuse intermoleculer orientation are comn-
cerned. fThis can also be seen by a comperison of the enthalpies
ectivation for the relexation processkand viscous flow,

e letter are usvelly in the ofder of 2-3 Kcel. and rarely
exceed 10 Kcal, 1In terms of the physical picture, this means
thaet & molecule undergoing dipcle rotetion must breask more
bonds to its neighbor then & flowing molecule ( 33 ).

From Trouton's rule, Ksuzmenn derives a value of 10

e.U. for the entropy cheNge involved in the "vaporization”

of & polar unit witha molecular weight of 100. Thus, by

dividing the entropiesg of ectivation by this vslue, the
approiimate number of monomer units roteting in & segment
can be calculated,

The values of n celculeted by this method for the
series of polymers studied are as follows:

Polyvinyl Formel . + o« o » 2b
Polyvinyl scetal o o & o « 15
Polyvinyl Isobutyral . . 15
Polyvinyl Butyral (15) . . 14
Polyvinyl Hexanel. « o« o o 14
Polyvinyl 2-Ethyl Hexenal, 13

Since plesticizstion is & solution eifect (dilution

a3

i

the polymer), it might be expected that at infinite

dilution of the éipoles themselves the value of n would

¥

gpproach unity. Fhis effect could be situdied in dilute
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solutions of po ymers in LCh the @ . sre sevareted Dby

reletively long csrbon-carbon chain

Since the polymer molecules sre erntengled in &

completely rendom fashion, it mey be expected theatl all
molecules will rnoct be influenced to exe Y t“é same extent
by en elternating field. Becsuse of this,
laxation times has been postuleted and veriocus methematicel
digstributions hseve been derived ( 2 (27 ) ( 37, 38 ) e
As the 1nveqt1gcbloﬁ of this eft eot is not the primary object
of this thesis & quelitative, rather than & methemetical
discusgsion of the effects Uroaucad siould suf ifice.

It can be seen from equetion & tn“* the meximum value
of @" shouvldsi(€e ~Em). As can be seen from Figs. VII, IX,
XI, ZIIT end XV, the values are approximetely 50% of the
theoreticsl value., On compesrison with the velues obtained
from other polymers, this velue is guite high, and so the
distribution of relaxstion times is & reletively minor
efféct in this seri 3 polymers.

The ution of relaxsticn times 1s also respon-
gible for ti oadening of the bell-gheped loss fector

curves &t high freguencies, or high vlesticizer content,
Since the "plasticizer" in our cese is attached directly
1o the polar it is i that due to the increased

bulkiness of n-npolar side g the loss factors snd

dielectric counstants are lower then for a very hnighly poler
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es in the case of polyvinyl scetate ( 20 ) where

resches & value of 8.5 end €" = velue of 1.6 at 60 cycles.

used ( 23b ). Since the longer nydrocerbon substitue
are guite bulky, it might be expected that there will te &
lerger emount of tengling then in the case of the shorter
gide groups with the subsequent increase in the spresd oI
relaxation times. Hence much broader loss factor curves &and
& more gradusl incréase in the dielecﬁric‘eag;tamt curves is
obteined for the 2-ethyl hexansl than for the acetel or
formel,., Figure ZVI shows & peri f the logs feactor and
uleTeot ic constent curves Lor the various polymers at 1 ke,

There isg snother effect which is not @fe&ictéd by

theory. The loss factor curves after reszciing thei
meximum, &approsachh & minimum end then increas
Acdordiﬂg t0 the Debye theory, the bell-sheped curves should
bé symmetrical sbout the bigector of > & This increese
hasg been partially saccounted
confuctence, vhich can Incresse vith the decrease in viscosity
at these relatively hign temperatures. Davieg, Miller and

usse sdded stabilizergs e prevent or retard the evcluiion

1

oFf iopic materiels or 1o neuvutrelize them. Fuoss ( 19 )

studied the extent of pyrolysis with tin 3 ﬁemperature of
heeting in an effort to account foxr ti / However
after correcting IOor G.C. conGue e, Tt sg fector
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curves vere still not symﬁetfical. This mizht te explain-
&ble on the basis of sctusl trenslationsl motion of tﬁé
mecromolecules sirce at these high temperstures there is e
reeter tendency to flow. In other words, the dipoles, which
were restricted to rotation about the carbon-cerbon bonds,
might be able to drag the polymer chein itself, producing

en effect similer to that of ionic conductance.

o)

ne effect of moleculer Weight on transition.“emneratures
and relaxstion time shouvld be &iﬁcus;éd. Jery litile
literature on this perticuler subjegt, in conpection with
transition iémpefatures eg determined by the dielectric
metiiod, has beeﬁlpreserg'bedc JKirkwood end Fuoss ( 20 ) have
predicted that & plot fklog,ﬁméx (where fmex is the
frequency of maximum absorption) agesinst log I (where I is
the molecular weight) is linear and found some correlstion
elthough the evidence ( 16 ) is not conclusive. ¥rith snd
Tuckett ( 14 ) have stated that T veries linesrly with chein
length. Other investigations ( $ ) by mechanical methods

have ghown that the brittle voint (the tempersture &t which

the polymer bresks without prelininary stretching) is linesr

with the reciprocal of the square roct of molecular weight
(1/¥M). fTuckett ( 14 ) has found & similar reletion from
the study of brittle points.

The quelitative resulits presented G0 not seem

effected by this differenc The similer Values of
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AH"K, Tx and ® for polyvinyl ecetal 2nd polyvinyl isobutyral
ere pertially due 10 the lerge percentsge of aceﬁate‘gTOHES
present in the scetsl polymer. The dispersi 23

polyvinyl scetete is much lower ( 23b ) and the presence of
acetate would tend to shift the dispersion range to lower
temperatures,

The scetate groups would begin to rotate &t & lower
tem@eraturé thean the scetzl groups end it would be expected
(from the concept of segmented rotetion) that the osciilating
acetate groups would essist in the rotetion of the acetal
groups, bringing about & lower trensition temperature.

One of the mein objectives in this research wes to
correlaie the transition temperatures found by mechenical
methods with those determined by electrical methods. F¥For
this purpose the temperature at which log 1 - E O is chosen,
Since the mechanical methods used denvendé on a test which
laste for sgpproximately one second (the relaxation time of
the polymer will then be about one second), the extrepolation
is msde to & relaxstion time of one second, In Table VII,
the values of Tx, Tm (& second order tremsition &t which

repid chenge of the elastic modulus occurs with increasing

tempersture ( 3 ))and Tg, the softening tempersture et which

the elsstic modulus has & velue of 10,000 pounds per sguare
inch. Tm and Ts ere the values given by Fitzhugh end Crozier

( 11 } for the same semples used in this work,
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TABLE VIIT

Comparison of Velues of Trensition Temperatures by

w

Electricel and llechenical llethods

T Tm Ts
oC °¢ ¢
Polyvinyl Isobutyrel. o o 58,1 - 56
Polyvinyl Hexenel o o o o o Ched 59 39
Polyvinyl 2-Ethyl Hexenal . 31,0 35 35

These results ere in excellent agreement, in&eed;
better then those which heve appeared in the litereture to
date (cf, Frith =nd Tuckett ( 14 ) published in 1951).

These values ere inclined to be slightly low due to the
nature of the extrapolated curve (Fig, V.) which shows &
tendency to be concave downwards (i.e. the iAntercent =t
logl = O strikes the 1/T exis a2t & higher velue than if
the Z;ﬂcavity were taken into account).

From this evidence, it mey be seid thet the dielectric
method could be employed with success in the cherscterization

of polymers.



SUMMARY
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| SUMMARY

The dielectric properties of a series of polyvinyl
ecetels heve been studied and the results are in quelitetive
agreement with the Debye Theory of Dielectrics. The effect
referred to as "internsl plasticization" heas been compared
to plasticizetion in the usual sense and the snalogy wes
found to hold. The date were discussed from the point of
view of the Absolute Reac¢tion Rete Theory) and the concept
of segmented rotation about carbon-cerbon honds followed
from this treatment. Also mentioned were the effect of the
distribution of relexstion times and molecular weight on the
values of the transition temperature. These were found to
be of minor importance relative to the phenomenon of ﬁinternal
plasticization". Of mejor importence was the close agreement
between the extrapoleted trsnsition temperstures, (a2t which
@T= 1), and mechenicel softening points, Ts or Tm.,
found for ‘Ydentical semples of polymers.

In conclusion it might be said that the study of the
electricel properties of polymers would give an insight
into the basic mechenisms governing the beéeviour of

mecromolecules,
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