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?REF¿,CE

ft was the object of this v,rork to stud_y

the correlation between seconcl ord_er transition
temperature as d"etermined. by the die1-ectric and.

mechanical method-s, The pol¡rmers trr.iere chosen

so that the effect terrned- tri-nterna.l plastícizatÍon'r
could. be stud.ied" and. compar'ect_ to rtext,ernally

plasticized.tr systens, -Arr insigþt into -r,he basÍc

mechanisms involved- was afford"ed by 1,he aprlication
of the i,bsolute Reaction Rate Theory to the
d-ielectrÍc d.ata.
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ärevious to Ic)ãO, verJ¡ l-i'btl.e 'uheoreiice-l r,i'ork

concernirig the ph¡rsLc¿.I cliemistry of high pol_ymer sysiems

hact been r:¡aertaL:enu styrene cherrristr¡ had- beerr fairly
t¡ell establisÌreci b¡z this tirne, a"nc. ¡¡crk on col¡ruin¡rl

acetate ¡¡as u::.der lirra.y

Ðue to the fac'c tha'c polymer mclecul.es nere many

times larger i"lte.n any of -r,h<-.,se vrith. uhich physica_l chem-

istr¡i hao had. to d-eal r¡¡ith before, ¿i'ppÐ-llently anomalous

resulte \¡iet:e obtained_ for ph¡;s j_c¿l .prcpert,ies ( .u"S.

colliga.'oive pro:pe:rties, viscosiiy)" ïhis vras partly oue

to ihe exis'r,ence of e grea.L r:ru].tip1ici,ci,. o-j r¡tol_ecule;I

r.'ieiglrts in a single polymer. Gre¿lt variat,ions in such

properties e.s harci-ness coul-cL be obl,ained- by changing the

moleculer v';eight. rncreed. a lerrge change in the molecul¿:r

vreighl, of e- single lolyner cou_lci produce a greater change

than wouìi¡- be errcounterecr- in going from one pol¡nrre:r to

another of ì;he s¿:me nolecular rieight.

-Lft,er 1950, a. consideral:le amount of r.eseal.ch

cl-arified- tbe situetion consiciera'irly, ânó physice,l- eliemical

theofy v,ras ex'telicr-¡;ci. to iriclud-e -t,rC+¿¿¡111g¡i cf su_bStances

capable of iraving ¿i r';iCLe range cf mol_ecular r:ieiCh-us.

Due -r,o the lvid-e valtiatit¡ns in the properties of a

potymer, certain piry sical i;e sis; li.,ei.e neecleci 1,o give an
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ind.ica.tion of the propert,ies of the material, Inôusi.,ty,

on ad.option of -nlastics for commercial purposes, clevised.

a number of rapi¿ i:ests for this llurilosee lests sueh as

striking the sam.,rle u¡ith a hammero bending a strip until
it was d.oubled. over, penetration of a neeôJ.e, ano others

were usuall-y o;uÍte crud.e and gave no insight into the

actual processes taklng place in tTre po1¡rmer. These tests

are stil1 used- tod.ay J¡ecause of their rapiùÍty and- sÍm-

Blici tJ¡.

More scientific tests, such as heat, ca'oacitX, therta]-

cond.uctivity, moôul.us of elasticity anô refractive inôexo

rüeÍe stuùieô in research la-boratories in an effort to

obtain mole inforzration Of, the basic mechanisms involveô
( ø ). -4. great aùvance in' this ôirection came vçith the

stuôy of d-ielectric properties of pol.ymêrso

Curtis, }.fcPb.erson andr- $cott (" S ) foun¿ that a.t

fixed- frequency anù temperature, a vulcanized. rul¡ber

d.isplayecl a maximr¡m in the loss factor and. ûielectric
constant v:ith increasing sulphur content. They attributeð

this to the formation of stoichiometric compound.s betr.'';een

sulphur and. rubber" Kritchin ( Zg ) however, showed. that

this effect u'as ùepenùent on temperature and. frequeacyê

I{e suggested. that above tne seconô ord-er transition temp-

erature the rubber-sulphur d-ipoles $iere free to respond to

the electric fiela, v;hile 1¡elouu ihis temperat,ure -¡he
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ciipoles riere iyoøer: in ¡rlace"

filuckett ( i:A ) elorifieà '¡he relationshi¡: bet'¡,reen

d.ie]-ec-üric ane nech¿irri.ca.l riÌes-surements" He ind,icated- th¿.t

tÏr.e maximum in the loss factcr oceurred- in -r,he temperatu-re

-Íange cver' v'¡hich hiSlì elasticity c¡eveloped", since both

proces-qes C:.apeíici- on ¿. iri¿h ciegree of ro1,a*r,ional freei-on

abcut 'üire ce.rbon-carbon bond-s. Thu-s d-ief ectric neasu-re-

rnents v¡ouldr- seem to give ¿ì, more basic mecha-nism cf the

transil,ion"
trln contr¿ìst to the methoc of stuôy of meeh¿rnical

-proBerties in whicn ileformaiion is apllieci i;o the ou-tsiae

of ¿i no.irix of molecules, a.nd 1,he resul-ta.rrt efrect on

ind-ivii,ual ¡rrolecules is ¿¡ssesseC. ir:.òir:ec 1,1y, eBpl.icatiori

of an el-ectric fiel-ci io a poli,r polymer may be .::ega.rd-ed.

as a d-irect a.ppl-ice1,ion of a constraint t,,-r tiie mcl-ecu_les

'ohemselves.rt ( Z )

Since il:e meclianicel anct electric¿rl proÐerties åre

closel;i relatec, there shoul-d. .be sone corielatiori of
results l¡eti¡leen -ci:e tv;o rnetirocfs. f'rith a.no îucket'c (, A4 )

comilere val-ues fcr 1,he'¡ransi'uion temp É-Ìriìtu-i'e r,b'c¿;itled-

:f:r:onr el-eci;r'ica1 roeasuTel:ten.'us ¿iniì. tiie mechi,iaica.l brittle

i:oin'bs of ¡oI¿;vinyl chl-oricie, eceta-r,e and- meihyl acr¡ila,te,

anô i;Ìre crevi¿-]tion cr unceJta.ini,y betr¡::eetì 1,irê tv¡¡o values

obtai-r:eo was a.bout 'l-9 to"

'Jransition iernpela'útires obiairiec- Írorn mecÌia.riical
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tests are subject to su.ch d.iverse factors as he-ating rate,

and. rate of d.eform¿tion" Secause of ihis, discrepancies

ot. 2O Go between Ö-ifferent observers have beeri noteû.

Nol,withs'uand.ing minor experimental- d.ifficulties, there

effects are not encountered- in electrical measurements,

the only requ-irement being thermal equilibriumu S1Íght

Aiffererr.ces mÍgþt be erA)ec'oeû ûue to ùifferent method.s of

preparertion and- purification of the pol¡mers. The 3-it-

erature d.oes not give any comparison be'6!Teen electrical
transition temperat,ure and mechanical briti;le or sortening
'l:oints of the same sample.
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l;i-e]-ectr'ic llheory

leb}rs 'lTreor¡; { 'l ) ori¿inall-;i ¡rui, fori;h Lt: L9!2

( g ) vra.s d-ei:iveo Íor irispersion in r:ol-ar }i o¡rics. rÌhis

theory viìas no'ü extended- b¡r hirn 'uo incluc-e tre¿,.'oment of

mac romol ecul- eg .

The nain d.iff e:rerrce be'ú1:'een a polar fic¡uiå a.nd- a

polar polymer j-.q tha'; in i;i:ir,; ia::nel' 'úi'r.e cipoles are mech-

anica].].y indre¡end.e¡i'o oi 'che otÏrer' cLii:oles ir: the systern,

r'vlrerea"s iyi. 1,he casie of loie,r' -pcl-;;ners the d-iiloles are

joinecl 'loge'r,heï b¡r ssttlen'ú bondg" rjhlso bJt Sli¿Jtt cherrges

i'o rna-¡i ¡g e.lÐectcc-'ci.la--i,1,he lebye lheory coulci be exiend-ed-

't,o covel' l:ol-¿ir' Þol:i'rne¡:s" I{ei1ce û" gener=etl pli¡isical pictufe

of 1,ire Lrebye rlheory should- give an ind-ic¿ri;ion of -bire

mechanisms involvedi. ( f0 )

tlhe 'r,rro iJ-oes c:i electr'i-c cu.rren*r,, ii3.'úefn&t'ing a.nCL

aireci, nar¡e ciifieL:c;r,t cr;-rre:r-b car:rying mechenisrns. Direct

current necessita-i;es 1,ire e.ctual r,ransfer oÍ þûrlricles, ions

or electrons, but foÎ al.terna:ting. ctr-ruent, a: pe::'iociic

ôisillacement oÍ bouna char-¿es is ¿,11- i;ha.t is necessË.rJ¡ l-or

-the pass¿ìEe of current. lilhr:-s su-bsj;e.nces r¡,.¡hich a.re

insula-r,ors for ö-ir'ec;t c'"rrre:it cân pa,ss alterna.ting curyer-rt"

In an a.lterrri,'1,ing rield-, 'uhe e1-ec-r,ttons of ine a.toms

irr ihe sample are d.is¡la.cecl, witii respect to the nuclei"

lihe maxinürrn of cu-rrent occu.rs ¿lt, 'bne ze::os of vcl'¡age since
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this is in/here the fielc is changing most rapiÔIJr" 'Ihu-s

the cu-rren'r, is 9Co ou-t of phase v,;ith the voliage. fhis
current is representeô as e vect,or perpenaiculer to the

voltage vect,or, fhe nature <-:f the d-iel-ecl,ric d-etermines

the me-gnÍiuae of 1,he el-ectric CLisplacement, the

polarizabirity of the med-ium. ithis electron displacemerit

current' is present at a].l frec¿uencies d.estÍi;e the .'oresence

of other crlrren'¡, carrying mecïr¿lnisms. The magnitud-e of
tirfs electronie d.isplacement cu-rrent is measured" by the

op-uica1 d-ielect,ric consiant rryhicj:. theore*t ical1¡r 1s eqllal

to i,he squå"re of the ind-ex of refractio¡r. rt is the value
obtained, a-t relatively higb frequ-encies or low temperatu¡"es

rrui'ch a.11 substa:nceso

H¡id.rocarbon' pol¡rmers h.ave l-ol'Jer polarizabillties
than those containing halogen since the electror:s in. the

fonner ere nore rigÍdJy helc.

Some substances at 1o¡rr frec¡u_eneies have a higher
d"ielectric constant tl:an 'ühe optlca]- value, r,u-hich mear,s

another ciir'r'eni; ca"rr;ving mechanisrn has been introd.uced-"

subs'cances shoioling this e:cf ec'u usu-e.}ly have â'n esj/mrretric

structr:-re iryith €, cent,r-e of high eleciron ciensitj,r a.nd- eTe

known as d.ipoles"

ïn an electrj_c fiel-il 'cire d_ipole e:lreriences a

forcr*ue 'cend.ing to ro-t,ate it ini;o alignment parallel to

the field-. ïf tire polar molecule is susljend.ec in a lor¡i¡



viscosity med-iu¡,r ¿:nrj- a 1o¡¡ f rectue:'ic¡r e)_LtetrteT,ing fie].d_ is
apBlieci., the cripole ti].1 oscilla'r,e in phase r¡Lith tire fierd.
This period-ic o-isplacemen't of tlie aipole þrociuces an

alterna'r,ing cu:cL:eni r:hich is superimposed- on the el-ec'¿ronic

current,' lhus many organic compound-s have high d"ielec'uric

constarnts" ff ihe pol,a.r liquid. Ís f.tozen, the molecules

cê:-u.I]ot oscillate and. so ¡olar crystalline solid-s usual]-y

have ]-ov¡ d-ie].ectric constants.

ïn the abselr.ce cif a fielô, a rand-om aipole orientation
and- u:rifor¡n d.ist.r:ibution exists" rn a d-"c. fielci, each

molecule tend.s to swing parallel t,o the field- pro&ucLng a

component cf rrolarization in the cireetion of -r,-n_e field_.
This orientation is aff ected. by thermal motion but an average

polari zalíon uil-} ptrsis'r,. rf the fielo- is removeci, the

orientation vanishes gracrually d-ue to therm¿il moiion" The

ra1;e at v"hich nc;lecules reiu::n to uniform ûistribu-tion i¡rill
d-epend- on 1,he viscosity of the meriium, the size of the
molecu].e and- tile temperature (kinetic energy). fl:e time"

T o requireo- for a steÐ.ôJ/ state orientation io oecay to

íf e. "che value, is called- tÌre tirne of relaxatÍon. Accord.ing

to r.iebye

f=
'r''¡ilere I is the viscosity, k is the i3oltzrnayrc- constant,

a the d-iarneter of a. sphere hyd.rod.ynamically equal to the

1.
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molecule and- T is the absolute iempetatare" This is knorvn

es tTre Deb;ie-Stokes equation,

!'or a d.efinite systemo a l.ow frequency fiel-d is
d-efined- 8.s or.e whose period- io large compa.reô to the re-
laxation time, Ttr a loul frequency Íield, ther.e is
ec¿uiiibrium beiv;een orien'i;ation and- the fie].d" at all times.

under these corid.itionso a system v;il]. exhibi-r, its maximum

dielectric constant €e called- the static d.ielectric constant

sÍnce it is the vaLue obtalneå by d-.c" method.s"

If tTre frec¿uericJ¡ is increa.sed., a cond-ition wÍ1l be

reached- r¡rhere the moleeules cs.r.r'r.o'r, f o1] ov; the in'çresseô

fielc. and- the polaxization wil.l begir:. to lag. Ihis l-ag

is grea-test v¡hen the Beriod- cÉ the field. is of the same

orcrer as tire tÍme of, relaxation. At frequencies much greater

than this, the d.i;oole ca.rrnoi follou¡ the fiel-d_ at all.,
and as a result the d.ipole assumes a meall position in the

field.
The iag in polarizat,ian proùuces two effects. First,

since the clipole orientation d-ecreases r,;ith increasing
frequency, the d,ielectric constant d-ecreases from the

static value êo to the optica]- val-ue €oo when only
electronic polarization is present. secondly, polarizatLon
out of phase wit'l¡. the field. means tlra,i the cument is less
tlran 90o out of phase vdfh the voltege" The current is
then no longer purely Teaciiveo bui part of the current, is
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cË-rried. resistive].¡r" Ëince the cu_rrent anC. voltage are

in phase in ¿L Þure resistance" anil curcent caryieô in this
menner must d-issipate energy as heat, there v;iIi be heat
genera.ted- in -r,he d-ielectric. rrhis d.issipatÍon will be

greater, the smaller the angle, between the voltage and

current vectors. '!he d.issipa'r,ion factor is tire tangent

of the angle comFlementarxl to 0 , knovrn as 6,
oto Ð.F. !E tan 6 I

and. from phasor

vuhere G is the

criagrams

tan6= G
E'

conüucl,ance and- 3 is

¡7
c./ 6

the suscepiance of
the d-ie]-ectrice

'rhe energy consumecl in a <lieleciric is mæasured by
€", the loss factor, vrhile e' the d.ielectric cor:stant

measures the capacity. these tv"¡o entities ere components

of the generalized- d-ierectric constant e u given by Ðebye

âS

e ; e'-je"
is the operator for a g0o rotation and_ is

4,

ec¿ualere j
1lî

wh

to

v¿here

phase

where

'rhe loss factor is zeTo a"t very loriv freq-uencies

the electronic enù molecular polariza.tion are in
with -bhe field.n and- also et very high frequencies

there is only electronic polarizalíon v.¿hich is
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alr¡¡a.J¡s in pha:se with ine fielci. Betvireen tirese hign and-

1o'r¡ freqpr.encj¡ ].imits, the loss fac'çot re¿r-ches a ma-ximusl

liihen ihe polarizaticn is ou'r, of phase, '-l-'his oceurs v'¡hen

hrt: 1 Ã,
.Jø

where (al 
= ?, Tf i:imes the frequ-qlcyè lhe d-issipa-uiozi fa.ctar

or l.oss anfl-e is d.etermineô by

DoE. = ta¡e6'- €rt
€-'

If the s¡rstem has & trig1e relaxation time, t u the com-

ponents of e ere given by

Ê' =€o+i€.-€o) /(r+ bêzyz) ?'

e" : (€o-€æ)*U/ (1+c{,ly?)
The paiÌr of the veetor € in the € "- €, plane is a

senicircle teflniria'r,irrg at€g anA €o v¡ith its centre on

the € ' axis wirere the ordinate is Qrt ma.x ( + )

Ðiçlgciric Rele]ration and- Absolute lieacl,ion kate lheo::y

riÌ':.e tireor;"' c¡f al¡scl-ute reâction r'âies i.es first

appli-ed to i.ielectric relaxaticn by lir¡ink ( fg ) and-

Eyring{ fO )(26 } (5'ô )a;nd. lai;erbyKau-zmann( zg )

¿ind. others 
"

Sirlce ihe relaxation tinie is ten¡eraiure cÌeoendent,
t-

ana logî o* 1/T plots give straigirt lines, it lvould- seem

-th¿:;t ¿i.fi. energy of. activation v,rere irivolvect ir:. the process.

llhenever tiie ra.te cf a l:rocess cle¡encr-s on iempere'ture, it
is quite certain that ¿rt soril€ stege in the process a

6o
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molecu-re or o'uher unit irivol-vedr- is for:ceci to t¡¡s.i-u u::.til

it ha-s acr:;u-irec-, bJ, '¿irermal flu-ctu-a-'cionÊiu a. c'onsid-erable

a.rnount of energj¡ in excess of 1,he everååe tirermal energy

of 'r,ire rnedius" An insigì:t into tne r.,rechanism mi.ght be

gained- by tlie applicat,icn of thi¡; theory" Kaazmann

criticizes the Ðebye th.eory for ass-¿ming the,t Stokesr lav,r

is val-id. and- havirrg to t.ssume th¿it viscosity is the

cont,rolling fact,or in the rrrocess of ôipol.e orienl,atj-on"

Va.lues of the macroscopic viscosi'r,y quite often d.ici not

give sensible values of a in equa.tion 1. I¡rom experimental

evid.ence presenteô in his Ða.1ler, he assumes th¿:t there is

a d-efÍnil,e r'elat,ion between 'oi:e truvo pTocesses involveo,

bu'b that the mechanism of relaxation rates is a much simpler

probl.era, the solution o:t t'¡ir.ich mi¿þt help to cl-arif¡r the

viscosity mechênismu

Accord"ing to the theory of absoh:-te r:eection rai;es,

T"ie ca.n o.ef ine e free eTrei:'gJ¡ ot ac'oiva.tion AFü ior ûielectric

relaxat,iofl b¡; i;he equ-ation

erç (-AgÉ)
\ IìTi

where k anCL h are the jio].tzma,nn anô Planck constants and.

T the absolul,e terrpe.r:ature" 'Jhús equa.*r,iori can be wrÍtten

ot e kg
th

l0u

where A Sg and- AlÉ are the er.Ltrop¡r ano- errtilalpy of

activation -f esfl ec'r,ively. li-'ile comlronerr'üs oi '¿ir.e equ-rrtion

ä = Ð ury (*ry)" era(-#)
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€11€ ea:sÍl-¡r CLeierniinc;C- if i-c is t' ritterr i¡.i io¿z.rithnric f orm

1og1 =-logk'r å 4Eg-- 4H"-- r1,- t : - T- -r ã.ro-ffi t4lî-en
lircm ihe irlot oi log ]- vs 1-/t the v¿l-ue of AFIE can i¡e ob-

t
tainedL frorn -uir.e slope of th.e l-ine

ÀnE =-2"øO-ó xitxslope
€,nd since AFrt can be oete¡:mineo, frorn the rela1,ion

anÈ '= 6liu _ tôs*
'= 

-2"2O'¿ RS 1og þkrt

l-2,

15,

14.

i;iren A$* is found- from the relation

Anü - AFÈ

--F---€Y,Ilren tire free eriergies of

viscosity are neari¡r equal, it
close relation beii¡teen 'c,he tr,¡o

(-ö4)

[he valu-e of i,Ìre ], can tLe
f

tÌre l-oss tactot; curves" It is
f reqr:-enc-J of ma:ri¡rum absorp 1,i on

AsE 
=

15"

1,he relaxation Ðrocess and-

is assumed- that there is a.

mechanisms. (zg )(z/ )

four:c- from the maxima Ín

ec,ual to ? T[ tirnes tire

a'i:, a. given temperâture.
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'¡Yìl'rt 
-, Tl ¡¡ì:l nì .i TgIL¿,IJI L-L¿IIjll.i -j- J]JJ

For the el_ec'oric¿_I measurements a Schering ,uype

cÐ.pacitance 'L;rid.ge (General F.ecrio, lfud-el z16c) vuas useù.

The S,.C" signal rvas su_pplied_ b;r a l{er¡Iett-}ackard_ oscillator,
continuously variable from ze coÞos. to z0o kc. the bridge
ha.rance li?as cretecteo. by- observing an amplified_ signe-l on

an oscilloscope a.nd- a simpson multirarrge voltohmmeter with
a. 51000 ohms per volt ::ating,

1ìhe polymer samples vrere pla.cecl_ in Ð. p€irallel prate
cono-enser, (I'ig"I"¡ consisting oT i;ro plane brass plates
4.000 inches in cliameter which r¡,¡ere silve-r platecl" The

bOttom (:righ voltage) pfete v,iâs tïtolrfil,ed. on a nmicale:crr

platee oil.e inch -r,hick, r,vhich in turn v!'as mounteù on a rigid-
s'r,Ëìnô" ,À lrecision micrometer, mounteci on i;Ïre supporting
sia.no", i";as mad-e to rld.e on a. ballbearing contained. in a

cylino-rical colla¡' r¡,:hich i¡ras secureci.l,o ihe upper plÐ,,ce,

TÌ:.e tiricl,.ness of a sarn¡}e placeo betl,,reen the plates 
"ooru

be read- clirectly. [he micrometer ar-engernent also serveô
to centre ihe top tla'¡e over tÌie lolver otre. ( f¡ )

The t,est conaenser jusi cr-escribed- r,res .¡rla-ced_ in an

insula'r,ed. box measurint eigirteen inches on all sioes,
equipped r,rith a renovable top. The interior of the box i¡¡as
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lined- eniirely v,ii'úir Fneel, afurninwn 'to eliminate s'úre-y

elec'r,ricel efÍects.

.¿{. Fenr',,al tf Tirer'moswiichrr oÞelating ar I:isÌrer-Serfass

electronic relan- provicred-'oemperature regu-J.e"tion to

g O.1oC" .4. toEster eiement, servecr as 1,iie heater, arid. stirr-

Íng in this air tirerruostat rias suppl.ied- 'by a f l4 h,p. motor

'to -r,he shaft of tvhich a six-blad"eð. fanu 7 inches in ôiamet"qn

vuas att,ached".

Temperat,ù-re r¡easurement, liiiä.s eff ecteci b; e f ive

junc'riion copper-constantan thermocou-¡le ernbeùcled. in ihe top

gror:ncied- ¡late of .i:he 1,est condenser, The resulting voltage

was multicl-iei. b;; a ¡esistor arrangement (a.cting es e

reverse voltage divio.er) ancl reao on a leects & itiorthrup

;iyd.rogen lon poten'oiometer va¡:ie.ble f rorn 0 1,o 1.6 volts.

lli:e the.rmocouþl-e v';as calibraieù against a stand.ar'Cl thermo-

meter v;hicn v;as in turn calibrat,ed. agains'r, a Fl-ai;inurn

resisiance '6iiermorneter by j-rr. i'f , J. Siermann.



Iltaterials

rrrhe polymer
tr,he polyvin¡zl ¿çs
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s used- TÍere members

tals v'rhich have the

of a group knov,ln as

gener.'al formula

H
I
c
I

Ti|
I-L

1îHi{ttt
c-0-ü
tll
'\Tz'
,/ \o

l.'rl:ere R is H for the formal

' tHg for the aceial-

CH( OFI5) 2 f.or 'o'ne isobutyral
C¡Htl for the Trexanal_

CH2CI{(CZH¡)-CgHy for the Z-ethy1 hexanal

The vinyl formal and- acetal pol¡rmers vì/ere commercial

samples obtained- from canad.ian i{esins 6r chemicals company.

These poly¡1srs l¡üe'e prepareô by the hyd-rolysis and_ subse-

quent acetali-zat,ion of polyvinyl acet,ate" The polyvinyl
formal sample, knor¡rn as Fomvar rbf gbE, v,jas prepared_ Írom

Gelva 15, a poryvinyl acetate having a moleeular weighi of
60r000, ihe replacement of acel,ate grouBes.b eing g5þ

complete, The pol-yvinyl acetal, Alvar 7lyO, a high
aceta'r,e content sample, vras prepared- frorn a polyvinyl
acètaie, Gelva 7, having a molecular v;eight of 35,000.

fn the hycLrolysis of 'uhe }at,ter, only yOaþ of ,uÌLe acetate

n
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groujls vJq,s removeÔn

The remaining three pol¡ncers Y,rete obtained. from

-A.o F. Fitzhugh of iire lì.esearch. laboratorj¡ of the Shewinigan

¡lesins Corporation, Sipringf i el-d-, llassachusettes. They

a.re isobutvar (Polyvinyl isobutyral), b.ex¡¡ar (polyvinyl

hexanal) and. octvar (polyvinyl Z-ethyl hexanal). These

were prepared- by 97iit nyArolysis of polyvinyl. acetate,

(Gelva 60) having a molar viscosity in l¡enzene at ZOoC. of

approximetely 60 centi;ooises (I¿otecu-lar weigh.t - 180,000),

and. subsequent acetali zatíon ¡¡vith the correspond-ing a-ld-ehyd-e

{ isobutyrald-ehyd-e, n-hexal-d,ehyôe e Z-ethy1 hexald-ehyòe) 
"

The polyvinyl al-cohol- contents for the isobutvar, hexvar

ano- octvar ü/ere I5"6ib, L2"2fÉ and. 12.Bfo Tespectively, ( 11 )

the polyvinyl- alcohol conl,ent is e measure of the

nurnber of hyd.r'oxyl groups that are not rei:l-aced in the

acetelizat,Lon step and- is elq)ressed- as monomer unit

?rocedure

lhe pol¡naer samples rìrere dried ai 8OoC. for eighi

hours in vacuo in a pistol d.rying apparatus" The pol¡rmer

v"Jas i;iren placed- in a èie n¡hich ha.d. previou-sly been heat,ed-

to about l-000o above tÌ1e softenirig point of the ¡ol-¡imer

I I å Í ;" ],
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(as òe'¿ermined" b3,- the oielect¡'ic method-) " fn ordier to

prevent perrnanent il¡li:airnient of the pressing d-ie,

lu-bricat'ie¡l u-riith siliccne gJlease !'ias required-, Si11ce the

lower members of this seri-es are useo commeilciel]y asJ

bondLings for' glass ancì metals. ( SS )

The oie r¡¡as uhen placed- on a hyôra.ulic press anô the

polymer uras sub j ected- to 8. pressure of . | , OOO p. S. i. for a

period- of five to ten minutes. lhe Ciie r,.;as then all-owed.

to cool to roon temperatule ancl '¿i:e sailpie, Breviously
gfairiular, ìrïes iiren in the form or a 'tïarispê-rerrt d-isk

slightJ-y grea-ter tira.n four inches in diameter and from 50

to 7ö thousand-ths of an inch thick. i)u.e to a sligþ'c a.moun1,

of ttplaytt in the pis'i,on of ttre clieo the d-isk r¡;as not

sufficientl¡z uniform in ihickness fc¡r' the electrica.l-

measilremerits. This entailecl -ui1e ad.opiion of a gririd_ing

process r¡rhicïi consisted of securir.ig ihe aisk hori zontaLLy

on a plate of glass 1¡rÍih. stopcock grease, ar1ô placirLg a.

grind.ing pourd-er, lì'o" 100 or lZ0, on the e:çosed" sicie of

the d.isk. .4, few d.rops of u¡ater v'Jere ai,d.ed. to -uhis i:ol¡¡oer

anci- a second- piece of glass was placed. over this. Grind.ing

nas acconplisi:ed" by pressing ôov,;n on tne'oop ¡'late of glass

v¡ith concurlrenl, i:.ori zonI,al motion.
nlhe d.isk v;as removed- period_ica]ly a_:rtt the thickness

measurec. at eight places ¡¡;ith a inicrometer-. lhe disks uJere

ground" irr this manner until the CLeviation frcrn'che mean v¡as
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t 0.000õ inches" -A d.jl.ute Èuspension of aqued-ag (cotlolòal

graphii;e) vras appliecL io eacli sìur'i'e,ce of -¿he crisk ano- a-llor,ved-

to dry, ( f¡ ) ( 1B ) ( l-9 ) The sample r¡a.s Blaced- on a

latire 'betvieen tv¡o nlirber faceo brass plates r,,ihich had- been

accure-r,ery machined- to a- four-ínch ôiameter. The d-isk lras

tnen eut ciown tu. a four-inch o.iamel,er wi1,h1,lie lathe cutting
tool" the poly-mbr sample r,ia.s then placed" in 'r,he test,

cond.enser in 'ohe air bath e.nd rrcond-it,ioned't.

In tire process of he¿:ting 'che pol;,mer, pressing the

d.isk ancj- cc;o1ing, certain stre¡iris are iriiroci-uced- in the

sarnple just as in any castii.g or mouloing" ( fg ) 0n

heai,ing the disk above its sof'ceriing 'i,emperai;ure, ,c,heï,e is
a tenclencS, to relieVe these Si,rains by d.istor'r,ion of the

samlile 1,o e. grea'r,er or lesser e::-r,ent r¡ihieh coulc. create

erratic results and- affect tire r-eprod-ucibility of the

ciate. This d.istortion takes ihe form or an inerease in
thickness of aboui -o7o ( g ) which beco¡res very- nol,iceable

at low values of cLielec-r,ric conste.nt. This is especialry
noticeable at higir Írequ-encies v¡here the ciielectric colls'úan-u

d-oes riot increase r:-ntil à ternpera'uure much higher than

the softenin¿ point is reacheô. (fig"tt.)
ttCono.itionirig" meânÊ ii:.¿r.t, i;hese st,rains are largel¡r

removeú by Ïr.eatiäg at aboui teri aegrees ¿bove the scftening
point' of tire pol;;rne:: for a periodL of 1,nent¡i-fou_r hou_r.s"

-Lt' a, ïemlera'ul;.re n:uch higiier t:isrn ihis viscous flow becomes
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air iirìportant factor and- it is not d.esir,Gbl-e to leave the

sample at an exeeecÍng1y high temperature for period.s

longer than thc;se ïeo*uirecr fcr 1,ne e.t'uainnent cf tiie thernla-l-

equilibrirun necessÐ.rl' fcr staJ:le anc,- reçroc.ucibl_e bricige

reaairigs.

The Genera.l iìe"c'io cepac Lt,'¿,Tiae brid.ge '..as ao.apte.bl-e

to ti16 d-ifferent method-s for tÌre measu-rement of eapaeitance

anô &issipa-1,iori fa,ciaÍ, ra the c,-irect metiiod., tÌie u_4knowrr

ca,rÊìcitance is placed- in one arrû anct Ís balanced_ -oy 
a:

variable sianúard- e.ir capacitcr in i,Ìre actj¿,.eent âïfiro

{Ftg"rrr. ) rn 1,}re substitution netiroc-, e- fixed. corLûenser

is. placed. il. tire a,rm ocerzpied- by 'ojre unknonìfl aeli{enser in
the d-irect, rnethocl_, ând tire unkrlotiïl câÞacitance is placea

in peirel].el rçith -r,ire variabl_e air capaciior, (Fig.IV. )

since -tÌie fcrmulee cont,ained" in the rnanual for tne
ca.pacitance b::iclge d-id- not inchi.iLe ¿iny cÇ:rreci;io¡. for'Ieac.s,
it vi¿.iS fieCêSÊr¿I-;, to ctef.lve ihese e:<preSSions from the giVen

fo¡mulae"

A poor' conilenser ca.n i..,e trea.i;eci as an idLeal

capacita¡r.ce in par¡,ilie] r¡iitir a resistor. rf tiie ce11,

eontaining the sample, a¡.cì uire leaiÌ-s, are consicre¡'ecl e_s

two such ccm]:ir.,a.rions, iÌ1 para-l}el, the tieatnient is Ê.s

f ollori s:

cai:acitances in parallel are acd-itive ¡:ncì- se the
capaci'uaäce of tiie sample is cete¡-r¡ined b;,, su-jrl,raciion of



Fig. III l'ig" I\I

Schematic Diagrams of the Schering Brid.ge for Direct lvlethod. (3ig" ITT)

and. Substitution rfethod (tr'ig. IV) ( 25 )

Ëubscripts: x denotes the unknown; n denotes

standard. varfable rtir Condenser;

p denotes precision cond.enser; a

and. b are the two ratio aflns of the bridge.

0

fu
N)

B
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ttre 1-ead,íi cap¿.ci1;¿:ice from tlte- iota-J-

holcs for boili 'Tsub-qiitutionrr iìnd rI

brioge"

Gtotal : Glead-st Gsamirle

v'¡iiici:L is tl-rr-: såJlle as

c¿.-Ðac i't"a,T¡ce " rfhis

iriLl ec'úrÌ mei;ho os of tir e

16.

t'Ïre cLissil:a'cion iaci;or is e r¿"oic of cond-u-cT,ance

to susceÐ'ùance ( Z+ )

Ð.Fn

Since iile resisiive componeüis ? Íe in paral-l-el, 'uireir

concruct,ances are ao-d-itive, hence

ry,

B

I
'Tæ

¡ip Í sr tii e

-l

=l-¡. m-ffi 1
m- s.arnpre

l-7"

18"

25)
"l o

wirere

ø

tsJt 'c'h.e

e qu-ival ent, iiara11el :resi si;ance.

l_11

-

rip samnle Rp total- llp lead-s

su-'os1,itui;io¡i rle"r,iioa, ihe f c;r'mula given is (

1 = 
qrcraD

Rp

v,ihere (.lt is thie an¿u1ar frequ-ency (2Tl' x frequency).

Cr is 'biie ca.pa.ci'ùei.,ce oial reaciir-g r¡';ith the l-e¿d-s

ou-t. (It j-s 'r,he ttzeyott re¿ìoing of the bL:1cì¿e t,¡i this

methocì-. )

A} = Ð - ï)r wire:re li represen'ùs 'r,he reacìirig of

the d.issipaition factor d-iaJ. r¡¡itir '¿ire u:rknot'rlÌ across tÌre

terrain¿iis (rr,.¡hich may -ne leaus only, or leao-s * sa.nple)

anci Dt is tiretrzercrr r"eacii.rrg of tÌre úissipe'i;iori fac"¡cr
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cial a.rrð' is taìcev,' colrcurrer'.i,f-¡i -r-, i-¡Li C r 
"

Fy suber,itution írt 18 from 19

I = (a,, CÌ (i; tot¿r.l - Dr - I leacrs + IÌ )m@
= (¡, Cr (Y 'ootal - Ð leû.d-s) ¿0"

Co¡nbirring tnis with 5

i}.Ïin = g = l/i:"p s¿:mp1e = 
(,0u (]J toiel-- Ï _leaûs)

B t¡, C semr:Ie uJ C samjrfe

= Ct (l; 'uota]- - Ð ].eads)
C sample Õl(¿L ø

vrÌrere ü sarnple is i;he capa,citance d-u-e to the sarnlle al-one

correcteri for sl,ray c¿Ì.pecitences.

Bir the irirect method, 1,he theory is the same, the

formul-a for tne equivalent I'ai:al-tel conciu-cte.nces beit,g the

on1¡r Õifference. It is t ZO )

Ð9

v¡here .:l is the ree.ciirig on 1,he Crissipation fa.c',"or d-ial

. @ is a,gaín tl:.e angular frec¿uency and-

C is the eo;uivalent paral-l-el capaaii,ance of tlie unknovin

ooo lissipe-tion I'ac-r,or i]].3.) = Ê =r^¡t(¡.C) tot"f - (lC) f"rd
B trt C sample

I

= {IlÐ 1:otal - i¡.c) leaclg
C sample 25.

]- = iXtC
dp
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.{.i;lillïS

The nrrneríca.L resu-l-r,s ere presentea-'iri this section

in tabular form. lire graphic¿,l ¡lots: from i,h.ese values

ti¡il--I follov,¡ Ín the cl-iscussion since references will be

mad-e to them in 'ûha'ù section,

,Samp1 e Calcr;-la- ti oris

d-ata

ihe

500

lhese calcrrla"r,ions are taken f rom 'u¡ipica.l sets of

obtained- by the cl-irect and- subs'¡it'nticn methc,cs of
br'id"ge (Gener¿:l- xa:oio Company, I¡otTn ö81_-B) ,

a llirect I'jetjrodr: tne d.ata nresenteo- Ìrer.e alre -¡he

c;rcle, 94"8oC" reeo_ings for, irol_¡iyinyl ¿icetal-.

C 'i'ol,al iinclucì-j.ng lead-s)

C tread-s

I Total- (incl-uoing lea-d-s)

Ð lead-s

457 "z iyu t.
156.L it2ttí,

2"?,9'-/,

O.O47ya

[ire ] r.'eacìi;-i¿;s given on 'r,ire br'io_ge a-rG ej'lpreeseo_ as ä

Ðer centa.ge eiio- o-eneno_ oii the frequ_enc¡2. lhe 'orid_ge is
d-irect reaair:g e i f :requencies rriri ch ate multipl-es of lo
from 100 c;;cles 'ùo 100 lciloc¡,cres. ,Jlie rr reao-ings of ilre
brid-ge nust'ì:e multil:1ied- by a factor of o.ol f v;her-e f

fo
is the fr'eorrency used- in 'r,he óieter-minition and" f o is the

f requency setti-i.,¿ of the L:a-nge r¡erecior *,r,.,itcJro o.ïr appl;ii1ig



tl:is correctiono using

D tc¡'cal 
=

ll lea_d.s =

'Ihe equiva;len'u pÍ,j,al}el-

e o,uation

26

the 100 c¡ic1e range

O"O5 xZ"Zg e 0"06g?

o"o5 x o.o+? = 0,0014

capac iianc e is g:'-ven b;r the

cxp 
=

co
fr-T2 ,/1tuEê

rrl'tO_le å-nq,

d-ia]. ccr:r-ec ted_

mo
iíhere C is -r,he capaciiance reacì-ing of ,r,he

is -r,he read.ing of the d.issi;oertion f.aci;or
above" ])o is giveri b;z the exï:ression

Ðo = 0.O?6xf
ñ-

I)o = 0"0'lg for. this erample

n'" (c )æ) Total = __iþL4_ ^ oTTlræ'ffifz
: 45+.4/ya r 

"

sj-nce the ve;lue of Ð fo:r: ihe lead.s is vei.5, êmarr-, -r,he

(c"p) treaas va'lue is 'iire same as üre c ::eac-iäg.

The resicÌ-ua'r, or srra¡z ceÐâcitance of ihe cell
d"etermineci b; measu-ring tir e capàcit¿;.rrce of iire emnt;i
aI dÍf Í ereni spac ir.gs ¿nc e:rtt,¿:.nol-€,,üii..iE ,r,o ini_ini,¿e
oT the sannple (air in this c¿:se) ( I5 ) f t? )

1'he ¿eonietric ca9a"citance of -ihe coriaenser obtainecì from
the sloire o-Ê this líne anc v:¿,s fot:vrc. to agree wer_r- r¡riib
stc.nd-arcl fo¡.mulae fo:r: paral-lel,o1a1,e co:ro,ensers 

"

e-s

v'/as

c ell
thickness
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a.' I

( cæ ) sa.mpl-e = ( Cxp ) !ote,.r ( t>æ )lead-s üo

= 454"4 - 156.1- - 16.0

@¡ 28A ":é/9tÅ,f .
)4

rvhere Co is -¿he s'u¡e.¡r c'¿.þac:-t,¿nce of tiie ce]-l-.

Tne geomeiri c ca,pecitance is ¿irien by

cg = ryffç 26.

where t j-s 'che thickness oÍ the se,.mple or setar¿l'¡Íon of the

-¡l-ates. litre value 2"625 v¡as cle'oerrnineði from -uhe sl-o¡e

oÍ ine ca¿libra.ticn plot as neniionedl t:reviouslJ¡.

Cg = 2.825 = 45"8'l ttlt f 
"0.0b159 / ./

'l,iie value of t bein.g cetermined. fronr i;ire mean of eight

read"i::rgs a-s cr-escribecì- in ihe erperinental section"

." u et = ( CrcP )* samPle
cg 2'7 ,

= 280"5 ; 6.110
. 45.87

The value of tire oissi¡ation facto¡ i¡,sLs calcula-tecl by.

equation ?5

D"F. = [ti, " c"plt"trl - tl " o
( ü>æ ) sampJ-e

: [(o"oogry x +r+.rl) - (o"oot+ o 1¡o.t¡]
?,90.5

(i.0"1102

,o. *ii"" DoI'n = ta.n6 = q.'
€u

ti-renÇrr = €tx'te.n6 = etxD"F"
6.110 x 0.11C2

= o"6ry33
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b,Subs'r;itu-iion T;iethod-

The follor¡¡irig rra].ues eue iaiceri iron: 'rhe L22o6oCn,

øAO c;rcle ù¿;.t,¿r of irol;ir¡ir.'¡;l fornerl i'.'he¡le C a-no- I O-eno1,e

1,he re¿-,d-ir:gs cf tire cãpÊ.cii;ance arnd. d-issipi.'oion f.acLox

d.ials i:esp ec'r,ive1;;.

c lotal = 4I'¿;. ö¡2af ,

0 lead-s : 815" 2/f f 
"

Cr (withoui lea.d-s oí's¿ireple) e 6E " 'rrt,
D llotal = L"Y 5i5

Ð leac.s : 0.051-ir

Ac

ô:l = D-Ð¡
Tire D velues rnust be cor'reoie¿

by the factor O"OJ. f 
"fo

Since the 100 c;rcle ta.rr1e

factor wil-I be again 0.05.
o ,_o " (Dilotal-Ðieaos)

llire equ-ã'r,ioTì for'che equiveleni,

girren by

cxp Âc x I
28"

cf 'the bridge

negligible and.

asi iri the iìirect method

1¡,;t.ì3 chosen, the Gorf.ection

= O.O5 (I.?5 - O.O5)

= 0 
" 051_0

;oaralleI cap¿ìcitance is

when the to'oal d.issipaticri i¿,ctr-ri reacli::.lg

is less tiran 107r, the cof.rec'r,ion factcr is
Cx_¡ Ac

SO



"'" (Cry) samlil-e

?9

(0' _ t
C leaos

8L'õ*2

L'ote,]-) - (C'

ü lotal to

4L'ó.ö - 16.0 =
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TABLE II (Continued.)

DTELECTRIC CONSTAÀTTS AND IOSS FACTORS OF POLYYTNYL ACETAL
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DIELECTRTC C ONSTANTS AIVD LOSS FACTORS OF POIWII\TYL TSOBUTYRÁ.I,
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TABLE III (Continued)

DTELECTRIC COI\TSTANTS Ai.[D LOSS FACTORS OF POIWTNYL TSOBUTYRAL
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TABIE IV (Continued.)

DTELECTRTC CO}TSTANTS AND LOSS FA,CTORS Otr' POLYVIATN, I-TEXANAI,
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DIE],ECTRTC CONSTAIITS
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DI$üLi$$iOIt

'itire entirallries of ¿.ctiv¿ tion v,'erre d-eter"mined- f rom 1,he

sl-ope of rir.e 1og å o* li r graph (ïiig" v) anci ec¡ration Lz.
{rire log ierm "onïrrr,rng ilre tenperi-N¿¡6 d-iiL not cira;nge

ÊÐpreciably since the rar1ge of l,emperaiures i_nvo]-ved- v¡¿rs

fairly smqll" ) velues of -r,ile free enertJ/ ancr- entrop;i of
a.ctivation y']ere c¿Llcul¿:teo troni er¿uations ]l- e"nd. rb
respec-t,ively. [he v¿i]ues ate [)resenl,ect in Table vI togel,irer

l-'rith extra,lrolateci va,lues ior the rekxation time at zbo c"

and- vallues of i,he temperature (T/¡t for wirich I = I secondn

l'he Debye tÌreory, v,rÌrich vuas originalry oerived- ror polar
]-iquicl-s, !-iå.s exteridLed_ to polar polymers ci-ue to tÌi.e great
similarri tJ' o f tlr.e curreni c arrying necheni sn:" IIo\¡Jev er,
the ana.logy 1,o rioiar l-iquicis has beerr c¿ìïi,ied furtjrer.
li'uoss (eo) has comi¡areci the sof tening point oj,: t::e.irsition
ternperature cf polyrners io an actu¿.l rrinte.rn¿:l melting'r"
l3elow this ternpera'r,ure, tlre d.ipores are *fïo zerlt intc
position, âs in a. sol-ioifieci_ polar liquid_, ciisplaying the

-properties of a. 'uhree-cLinensional so].io-. ,at the trarisil,ion
temperature, 'r,ire nol¡mer 'becones a oïre-d-imensional solid_"

Along tne ch¿,in axÍs t,he mol-ecu_]es beþave like i¡rose in
e solicl r,';irile per-rrenciicrr.iar ro i¡r.e ci:ain the¡. behave lÍÌce
1i quicts" supe::iicially tirey ere so]-ios while riuiiir regarals

to niolecura.r rlo'uion they are in mi:.ny respects like lir_ruid.s.
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i"t th.e '¡ransition teiirsereture t':re lolar siúe grou-'ps ol:tain

enougþ kinetie energy to ûverÈüme the Van aer iiealrs f:orces

hold-ing ti.iem in a1ace, anc in i;hi s res,ûect an rrinternal

rieltingrÌ ta.kes ¡laee ( õ1 ) . Due i;o the neture of the pol¡rner,

tl:e chains can ï'ê-rel--y beeome ciisentengleô a-rrd-al,tbough the

cire.ins may ha.ve enou.gh kinetic energy, a irue nelting cannot

teke pla.ce. fnsteed", the pr:i¡rner beeùmes s:ofi anc ed:.ihits

a teiid-ency to flor". fhis anelogJr has been ï¡orne out, to

some e:rtent, b;, aensity-tempera'ru-re neasurements ( Zl )"

'Ihe ternperature coefficient of ciensi-i;y wa.s found, to be ttuice

as great above tire tre.nsitior: tem;¡erat,ure ¿ls below. Fuoss

( af i iras also founci- a second maximum in the low i;etæerature

region vliiich. rouldr tenci to shov'r that the pol-;aner exists in
tv¡o ôif f erent states ¿.bove ¿:ncl belor'; -r,ite 'r,rensition. ['his

second" rûa,:li¡¡91¡1 1¡'r¿s forrrd- t,o diserppe¿¡r rr¡ith increasinir corrtent

of plastircl-zer { a plastiei z,eT ís e 1or: mcleculer ri;eigit

subsiance v¡hich r,,hen incorporateci iri 1,he pol¡imer may be tircugh.t

oi as forcing pol¡'mer che:ins eÐãr'r, aild -r,hus a-:ecom¡lishing

t;re same effect as an.irrcrease in iempetature). This seconc.

-tmaximr.irn r,-¿as al-so quit,e no'uieea.ble {at high frequ-encies) in
our loi¡rvir.,;rl formal- sern¡rle (Fig, VII.), ani,- üo e l-esser

elctent in our polyvinyl acet¿1l. sanrple (F'ig. T)a. ).
L{uch viork has 'been cione by various investiae-bor's on

]:lasticized- poI;nners ( 0 ), ( g ), ( zf ), ( zr )"

Flasticizet,:-.on reir-uces the interci:.ain potential- barriers to
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rotation" üri.s fecilitaies the uncoÍlir:.g of chains in
elastie d-efornn¿,,tionn rowering trre .tine of relexation a.t a
given temBerature with increasing plast Lcizey co'tent ( r ).
rn tiris investigation the same effect has been prod_uced_ by
introd"ucing alky1 graups of increasing size {from ihe formal
to t'he ?-eth¡rl_ hexanal) on to the tolar sid.e grauF* lhis
carr be eonsid.ered. as winternal plasticizatiorjr* Âs can be
seen from 'rebl-e yr, the relaxation on. times d"ecrease from ihe
form¿il to 'ohe Z-ethyl hexanal polymers, ¿,.s r.,,ie11 as the
'c,r€¿n.si tion te¡lp eratures obta ined."

Ëince this fiel* of researeh is compaie,tively newe
the metir.od. of ealculating enthal,pies, free energies and_

entropies of activatio* sonretirnes ¡/¿;ries from one auihor to
'bhe other* 1ìhe nethod of Kauzmann t ZV ) has been emploSzs¿
in this vror.k and_ I,rank t fg ) agrees 

':at 
this is the most

re].iable e

trrom tre resu-lts of the plasticized. systems of Fuoss
( Zt ) anö na,vies, iiiil-ler ancl .Busse ( O ), a d.ecrease in the
enthalpy of activai,iori anù aleo the entropies of ectivation
''as observed- v¡ith increa.sing amount of ple$ticizer* 

'hevalues sþçr.r,r¡ on Tabre yru to urhich may be acld.ed. the varues
for polyvin;vl butyrel ( f¡ i {i"", At{e : 6b"2 Keat.,
Asú . 15g êou"r t = 104 secô, ÎE * 56oC) atso tend_

to bear out tire sir¡ilarity betn¡een srex1,ernally* plastic ized-
systens {ones to i"'hich plasticÍzerg have been acld.ecl) and.rrinter'nallyut plastieized- systems i in v,ihieh the rlplasticizer*
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is chemice.lly eo¡tbi:::ed. ,¡i t,i: 1,iie ;ool¡nnerJ. In most celses,
the greatest d"ecrease in these rrexter¡.allyîr prasticiøed
systems ocsurLq *ith. the ad.cl-ítion of the first few per eent
of plasticizer { ega i { 6 } * },ron lable vï, ihe greartest
cecrease ocer.rs in passing froro the pol¡ruinyl fonnal to the
loryvinyl acetar, *i:rieh wourci eorjiespond. to the ad-d.itÍon
of a few per eent of plasticizer [.oolyvingl acetel is the least
plastieized- s¿mÞ}s that is possibre in this series if r¡,e

consic.er -r,he polyvinyr forrnal as the unprastieized. sanple).
\Yltii further -clasticize.tion, the cfiange is not Êo pro^eu*ced"

0n eonrparison of th.e ç;ork of },usss { Al J and. }a.vies,
i';Til1er an* susse ( 6 ) on Fol¡iv1¡u1 chloriÕe, it ,;r,es founa
i;he't, arthough th.e tïio sampres of polyvinyl chloriile *jere
of d-Íff eee't moreculi.r' v..eigirts, ihe energies of ectivation
l{/ere nearly icientical. }avies, ÌçIiller and. Busse concrud_ed.
that d-ue to the hind.rance of rota.tion of inciivid.nal d.ipoles
of the chain {becau-se of ihe *kinky naturerr of the chain)
there 'r¡'as a rotation of n¡hcle segments of the chain. since
the activation ene'.gJ¡ seemec. to be i'd.epend_ent of molecular
weight, then the size of the rotating units must be less than
the length of the eh.eins, Flory ( l¿ ) found. from a stud.y of
linear Bolyesters, that üie energy of activation for viscou-s
fror,v v¡as ind-epend.ent of the molecurar weight over the r1&r1¿ia
he investigated, (l-r000 - ?1000)" Fhis rqrouf_ù also seem ,r,o

i¡rd.ieate a seg¡neätee flo-ri; of the ¡olymer,$, errd. since ihe time
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of relexeiicn ançr viseosiiy appeg.r'60 be relaied in so¡ae nraruier'

this rryould' ad-d' sup-nort tÐ the tlreor¿t of segnented' rotation in

Þolar pol;rners { Ag } subjeeted- to eleetric fÍelôs"

*,ncther factor to eoneid"er is tiìe entropy of aetivation.

It would- seem, from iheir frequent oecurrefl.ce in the lil,erature,

tha.t the higþ positive velues ere eheraeteristic of linear

pol3'rnerS. Iienee thel' nou:-û $eem to be an essential feature

in d-etermining the ¡nechanism for these types of me,terials.

If each rgononler rurit is able to 3earl'anåe it,self in r

alternative eonfigurat,ions ç:ire¡l in tae exeited state, the

total number of oonfi8urationË avêile"h]-e to the 4 monomer

writs is $1 anc;- ihe entropy of activat'ion is run{rn} accord--

ing io Kauzmann's d"efinition, u¡here R. is the gas constant

(9)(Z',l)

As* = iì¡. ln r

.A,n increase in tire entropy of 5t êçLlo implieS an increaSe

Ín the ni¡mber of eonfigurations avail-ab1e to a molecule or

molecuJ.es in "àÍ\ activated- complex'of exp{501e} = 10f1-

fn orcer ihat ihere can Le a poeitive entropy of aet,ivation,

Some more or less riSiir structu-re co¡rt,aining the d-ipole

must becone free to moveo I'or the large values of entropy

encounteïed, tÌre activation musii involve mor,e than a single

dipole ana its imneõiate attaehr¡rentso anothet indication of

segnental roiation.

Iiarizmenn compares the ploees*; ir: l:.,nieir a d.ipol-e sufÍers
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a d-isplaceae$t 'i;o a v¡,poriøâtion prCIcess, since ihe

acfiva.teù ¡olar group may be crrnpared- tc å. gas so fer as

forces tenciing 'uo cause iril,ermoleeular orien'bation are con-

ceÏ'rreû" rrrhis can al-sç 'ì:e seerl by a üo¡aBarisoi: cf ttre enthalgiies

of activation for tire re1exation ï)rocess and viscotr-s flow.

lhe latter are usualiy in -blie crcier of R-õ Keal" e.ncl reirel¡r

eliceed. -r0 lieat . fn terms cf ttre ph¡sical ¡icture, this means

that a mo1-eerrl-e u:rd-ergoing Õipole roi;ation must break mor'e

bonðrs io its nei¿hbor tirarr ¿ floçin¿ moleeu-3.e ( 35 ).
Ti-rom Troi:-tsnr s rr,rle , T,auzmana C,-erives a value of lO

e.11o for ihe entroB;i ehâflge inrrolvec- in ti:e orva.po::izatioi:It

of a polar irnii v,fhha molecul-ar r¡;eight of 100. Thus, by

ôivid.ing the entropies of activ¿rtion by this valueo ihe,

s-ppïoxim¿iie numi,er of moncüler rrni-ts r.oi,a,ting in a segment

can 'ire calculal*ed..

The val-ues of g ca].cu]-e-ieo" b¡' ihis methori for the

series of Ï:o]-yraers studiec¡- are as..fol]-ows:

Fol.Jivinyì-lorm¿:l- c o ô e. 35
Fo1-yvinyJ-$,eetal. ê o s o . 15
Polgvinyl Iso'butyral o . " 15
Folyvinyl Sutyral {fS¡ q . }4
PolyvinylHexanel. o e Ò ø 14
Folyvinyl Z-Ethyl- ilexanal, 1ä

Sinee pleisiiciz¿tion is a soJ.ui,icn eÍfect, {d.ilu'r;ion

of 'ohe pol¡zr¡ef i, it mi¿lit be expecteú tÌ:at a-r, infinii:e

d-ilution of ihe ciipoles t4emselves- the valu-e of n vuould"

epproach u¡.i-uyo t'his e¡'r'fec'c couJ-c;- be siuåied. in c|ilut,e
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solu-ticns cf *ro1-;'ruers ir: r.¡,r-ic¿1 'ùire erip,:1es åi.e selJår€-ted- by

t" rela'civel;r long carbon-eerbon ciiãin.

$ince tiie pol¡imer Triol.ecules are entatngJ-ed, in e

eompletel-¡,' ranoore -íashicn, it me.y be especied. tÏra'u all-

mol-ecu-les witl- Ï'c'r be ii'ifluencecl tc e:lact'1-;; ii;e saule elteni'

by a.n a.l-ternaiing fiel.ü-. þecause oi tìris, ¿ s!ree-d- c-rf re-

l¡;v,aiion tit-res i:es been pes'ci,,iat,ec ana la.ricu-s raa¡iiernai,ical

aistribur;ions h.ave been cr-erivecl ( ZZ ) t 5t ) ( 2f ) ( 37,56 )

.ås the j-nvestiga.iion of this ef rect is nci; ui:.e prinar¿i ob j ect

of this thesis a a;ualitativeu rather tiran a mathemaiical

ciiscussion of i;he effeqts prod-^ü.ced si:c;uld- sùffice,

It can be seerr -írorii equ.¿,'L.jori I that the maxi¡nun value

of g" shou.ldLs$(€. -êo) . Âs can be seen from Figs" \fIï, IX,

)iI, jilfi ancl ]II, the values are approxinatel-y 50;ú of t'tre

l,heore'bical- value. Ün 'eomparisoi:. t¡;itii -u-iLe vË,lu-es obtained-

from other polyr,iers, tiris va.lue is ç¡ui"ce high, anc- so tire

üistril¡u.ii.on ot ¡'el-a;l¿:tioii tiÍies is a r"elatiYell.r miRor

effect ii-i '¡,ltiS ÊerieS of :irol-J¡rneTs"

The ùistribu-i;ion,.of relaxaticri i;ines is al-so respon-

si'i:te for th-e broaclening o-f tire bell-si:apeci l.oss fac'rür

curves at higf-l f reiiue¡icies, cr higlr plasiLeLze'- c;ort,erì.t.

$ince tire "pl-asiieizerrr in ou-r üase is ¿lttar:ireci Crirectly

tr¡ 'r,ire ìrolar 6roup, it ie eviûent ti:.¿ii; CLue to tiìe increaseo-

bul-kiness c-f tlii¡- aút-i..jlal-ar-' siue Srouï, ihe loss fac'tors ano-

crielectric coîlsiãni$ are }er¡,¡er 'uil¿$. for a verjÌ rri¿hly Þoler
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sid.e troup âs in ¡he case or !o];;vi1¡¿r1 a.cete'ile t Ê0 iwhere
gY reaches ¡l v¿il-ue of .8.5 andê'r a va]-ue of L"8 at ôO cyeles'

[here is an everi greater effeet if iile rii1-oTaaçe1,ai;e -r-'cly-mer

is usedl { alln '¡ " Sinee 'oire longer h;¡crïoca.rbon subsi;iiueiits

are qu-ite bulky, it rrright be eãpecte¿ that there lçilI L.e e

larger arnouni of tangliilg tha¡i in tTre case of the shorter

siÕe grouÐs r,iitti itre suÌ:sequ-ent increÐ,se in the spreaô of

relaxat,iori tiroes. Ìience Ìillcli broaoer ].oss factor cllïves

a rnoïe graaual increase in i;he aieleci;rie cE:nsiani culîres

obtaineci fc;r l,lie ã-ethyJ- hexena.I- l,han for i;he acetal or

forrnal" -Figure äVI sh.ov'is å. coniparison oi the loss factor

ùiel-ectric co¡ista.nt curveçj :;o¡' 'cÌ:.e various polyners at I

lhere is ar-rother effeet v¿hich is ni¡t pr'ed.icteô by

theory. îhe 1.oss faetc¡r cuïves af ter roacrrirrg 'Llreir ìîå jor

ma:<il,ru:¡i, approeci:L ¿1. minimu¡i einir tlren iRclease verJ¡ steepl;i.

:Lccordiri.g to tire i)ebye 'Í,ireor¡r", 1,he be11-sha"Bed. ctlrves should-

be symme'¿rica1 about the hisector o-i 'c,he e"tex. lhis increase

has been partial].¡r e-lceou-nted -i.ol' on -ihe irasis of ionic

colið.uctÊ"nce, ¡¡:hich .ce.n incre¿ìse l:.i-bh i;he C.ecrease in viscosity

at these relatively higìr ten.ietati-ires. Ia.vies, tiiller and.

Susse a.Cleeå stabiliuers to prevent or retard- -r,Tre evclu-tiori

of ior:ic rriaic::iais r-,i 'Lc neu--u"re1ize ihem. 3'uoss ( 1g )

stuåled tlle extenl, of i:¡i'rol}rsis äii;h til:ie a.nd- 'uempe:r¿iture of
heatirig in en effort to accoüJ1i 'ior t.l:ris Ìfl.ereä,se" llov¡ever
a.f i,er cc,i-recting fsl" å. c " concitl-c-r,ã.fìC e r, 'ùTre l-oss j.e.c"¡c Í

a:nd-

i-s

enci

lie ,
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cllr\¡es ï:ìêTo still fl.ü'r, s&ry$reirical" lhi$ ni¿Jrt be e:çleiin-
a,ble on the basis of actuail transla-{,ionai motÍan of 1,úe

macronclecul-es ElEce at these high tempere-tures i;her'e is a

grea-ter tend.ency tc Í-lov,'. frr oiìrer tiorc-s, i,i:e d"ipoles, rr'lhich

tr*.iere restricted- -r,o rataiion a.borl-i ihe car.bon-carbon -borrörs,

nigit be able to arag 1,ire pol¡zmer cTiairi itself , p::ocì-ucin¡

E:,li efÍec'i similar to th¿¡t of ionic ccnd.ucianee.

Tiie eff eet of molecul¿,r r¡:eight on trarisi'oion 't,ero,oet:atrrres

anô -i.'elaxa-i;iorr tine s]:or:-ld- L e c i;,.,c.1;-1,ç trC. \f L+rJ;. l-iti,le
]-iterature ofl. üris particr:_l¿l: srib j ect, in co::nection v:ith
tra-nsition remperetr:-res es aeterrrlineù b¡r tiie ilie]-ectric
metiioclo has -been pïeÊer,i;eo" Ëirkwooci ena åi'uoss ( b0 ) heve

precricteci tiia,t a plo'u c¡f l-o¿ fnLax (wher.e fma,r is.i;Ì.re

frequency of maxinium absorptic;n) against log lì (r¡rhere lii is
the mol-ecul¿rr r'reighi,) :-s linear end" fo-trncL Êìoril€ correl-a,cion

alttrou-gTi the evicLence ( Ib ) is not corrclusive. l¡rith ancl

Ti:-ckett t, L+ ) have staied- th¿¿t t varies line¿ì.rl;¡ viiüi ch¡in
length" 01,iier investigations ( z i by rnechanical mei,hods

ir.arre sjicr¡:tr tÌ:ai ¡;he; brittle }oin-r, (-i;he temper¿:.tu.re a.t whicÏ¡

the pol;vmer' "b¿'eak$ i:ii'chr.;ut 1-rielinira"r-;; :tr.eichÍng) is line¿;r
wi1,h '¡he reeiproeal of the soJi.¿iïe roci of molecu-lar uei*na

{llfi[). luckett ( l+ ] has fou:rcl a simirar rel-ation Íïom

¡he stud.y of brii'uJ-e ooi-nts.

The qualitat,ive iesrrl-'¿s presented- c.i; nct seem

a,ffected- by this d-ifference. lhe simil-ar values of

to be

A $*,
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AH&, lx a¿o- t tor polpwin¡rl aceial ana polyvin¡il isobutsrral

are partialty ùue to ttre large pereelltã.âe of a-cel,ate Srou-!s

j;::esent iri the aceial poJ-ymer" lne d-ispersion Ïange for

¡rolyviny} ace'ua'ue is inu-cn lor¡¡er ( ef¡ ) ano the.presence or

acel,ate r,,;crr-lù tend to shift the d-ispersion rsfiEe t'o lower

temperr tures ø "

ï'Ïre a-cetate grou-.ûs would. begin to rotate ai a lower

i;emperature tl1an i:re acetel txollps and. i.b woulci i¡e e:çecteci

(f'ronr the concept of se.grnént,ed- rotation) that the oscillating

e"cetate groups rr¡ould- ¿:Ssisi in i;he rotaiion of ifie e'ce1,el

groups, bringing abou-t, e. Iower i,ransition t,empera.ture"

one of th.e ma.in objectives in this research x¿:s to

correlate the iransit,ion l,emperatures fou-ncr by mecha'nical

meürods r¡ri-i;n 'r,hose cieternrinecl- by e].ectrical method-s. I'or

tlris purpose 'r.he tempeïatu.re al, v,¡hich lOg l 
'= O is chosen"

T
Since the mechanical methods useci ðrepen& on a 1,eSt wiiich

laÊj*r,*c f or approximately one second. (tfre relaxation time of

'r,he polymer r¡;ill then 'be a'bout on"e secono) , the extralolation

is made'r:'o ¿i relaxation t'i:ne of one secon'd-' rn lable 'Irrt
tir.e values of Sx, Îm (a second. ord.er iransil,ion at i¡rltich

rapia cireinge of the elastic noåull¡.s ocel¿rs v¡ith inerea.sing

teinperature ( 3 )) anô fs, the softening temper¿tu-te ¿;t r':hich

the elas-¡ic rtoidutus has e, va.lue of l-0rOOO pounas per so.u-a're

inch. lm ano rJs are the v¡lues given b]¡ FitzTrugh a-nc' ürozier

( ff } to.,: ihe same ç¿:F-Êles. used- in tl:is iiìo-l'ko
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tÅ3iÉ vII
Conipa,rison o'i Ve.lues cf ?ra.nsition L'-enpera'uures by

Hlectrica-.1 a.nci i,iecha.nica_]. iIe'onoôs

tx Tm Tsog 06 oç
Polyvinylfsobutyral.øè.58"1b6
Pol.yvinylHexana:.} c o o o " '¿6"4 3g gg
Polyvin¡rl- 2-Ethyl }ie:ranal . 31,0 Zb g5

'Jhese results e-re in excell-ent agreei:rent, Índ_eed.,

better tl:.an tb.ose uhich have ai:peared- in the literature to
d-ate (cf " Frith and- Tuciretl, ( t+ ) published- in r9b1)"

These values are inclined to be sligh-t,ly ]ou: d.ue to,r,he

na-ture of the extrepolated- curv-e (Fig, v") vrhÍch shous a

tend-ency io be corrceve d-oviny;ard-s ( i. e" 'the ,inter-cept at
1og t = 0 strikes iJne Lf I axis at a higher value 'r,Ïran ifr
the concavit¡i T.lere taken into accou:r'1,)"

From this er¡idence, i1, rna.y be s¿ìic" that 'rh e êielectric
netirocl coulo be enplo;.zeo- v;ii,h success in the cha.racteriza1íon

of pol,vmers.
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,SUilft{.A-RY

The d.iel-ectric properties of a series of pol-yvinyl

acetels have beea stuúieù and- the resu-lts are in queilitative
Ð.greement ivith the Deb¡re Theory of Ðielect,rics. fhe effect
referrect to as r¡internal plasticizationfr has been corpared-

to plasticlzatLon in th.e usual sense and. the analogy vuas

founo- to hold-. lhe d-at,a were d.j.scussed. from the poini of
vj-evr of tire i,bsoluie lieaétion Rate lheory¡ and- the conceBt

of segmented. rotation abou1, carbon-ce.rbon h onds follov';ed.

from this 'rireatment" a]-so mentioned. v;ere the effecl, of the
d-istribution of relaxa.tion times and molecular weÍght on the

values of 'the transition temperatute" lhese rrere founci '¿o

be of minor importance relative 1,o 'che ph.enonenon of, ilinternal

Blastic j.za't,ionrr" 0f rnajor irnportance v;as the cl-ose agreement

between trre extrapolated- transition temperaiureso (at, which

&dl= 1), and- mechanical softening points, Ts or Tm.,

forrnô for :'-'¡*d-entical samples of pol;rmers"

rn conclusion it mi¿Jrt be said. that, the stuô¡i of the

electrical- properties of polymers would- give an insight
in*r,o the basic mechanisms gover.nirrg the bdø¡iour of
maeromolecules u



jiISlIûGliÁ*L-r{Y



60

SIBIIOG|,..éJIIY

l-u /,-lEXÁlii}r-lClV, A, P., ¿]nd- tra zltrirLn, IU" S. , þ.ci,e. Phys,i,coch'¡,m,
L.Iì",.-1.s" LZ, 64rl . (1940)

2'Bl"v'I}i],c"E.H',ÜherniS.r,lyofHighPo1ymers,Inter.science
( 1e4S )

5u SOYEli, Ro 3'. r arnd. Spencetr'" iro So, Á.d-vances in Colloid-
Scienceo Yol. fI, Interscience (L946)

4, Cûfui, 1ì", ¿rnd. Cole, Ku, J" Chem, Phys,9, Z4!. (1941)

5. CUI¿rIIS" H. 1., Ìi,icPhersono -å." 1o, aind" Scott, !+, Ho,
Ilational 3ur" Stand-ard-s Scl. Paper }io. 560 u 22,
3eB (Le27)

6" IAVIES, J" Ido I'.[iller, R. Fo, and- Eu-sse, F. Fo, J" Árn"
Chem. Soc " 6Ø, ø6I (]-94L)

7 " i;üBllE, Fo n Pola.r &io1ecu1es, Ohemice,l Crtilog-ue üo. (1929)

8. tEtsYE, Fo, irhysik. Zeits., L5,97 (fgf¿)

9" !,YSOI'I, Á.0 J. pol" Sc" 7,l,55 (1951)

10. lrYiìII\G, Ho, Jo Chem" lh¡rs" 4, 283 (1956)

11. FITZIÍUG.Hn A. Fo, and- Croziero ...1" Ii", J. PoI. Sc" E,
225 (]-sSZ)

L2, 3t0RY, P" J., J, rtno 0hem. Soc. , 62, l-05? (lg+O)

!5, FIùÀNK, !-" C. r Tr¿:ns" I'aradi:y Soc., Ø2, :634 (1:gs6)

L4" }'RflH, Eo Ïvi" and- Tuckett, R" F", trinear Pol;,rmers
tongnans (fg5r)

15, Fultl, B" Inn Can" J. äes. r 5O, 64 (Ig5Z)

16" S'U'OSS' ;¿. !l"g llhe Chemistry of trarge Ïíolecules,
T.^J-^*^^;1.^^- ìr^--. ^r^-^r- 1-nnr.j, ç --t
rnrersCience iieEi yofk (Lg¿,,&)

17. r''lIC;ìS, tt" Ii,i,, Jo Ani" Ci:em" Soc" , 5g, LrÍeT (lgãr,)

18. FUO$Ê, R" -Lir" Ju Ám. Chem. Soc., ôO , ilEL (lgg8)



61 -

19. -r¡UûS,1 , l," I;I" u J. .þstt" Chem"

2t" ''?UûSSe R. il,, J, *rnn üh.er¡"

ZL" FUO-cSu Ê.. ii" e i " åro" Chem.

22" I'IJûSSu Iì, iilo, anù Iiirktroodre
ö3 r 3e,5 {1941)

Soc. o 61 " 23Zg (L9'ó9)

Soc", 62, 369 (1941)

Soc" o 6ö, 578 lL94L)

J.u J, *årno Cl:e¡ou Soc,o

Z-ó, FUûSiju ä. ÌiI., J" Am. Chem. $oc. , 65, 24OI (1941-)

(zila) FUc,Ss, rì" iíuo Ju ¿.m. chem. soco " 63, 2+1o (1941)

(zsn) FU0l3Ë, it" ì,i", J. "åm" chenl. soco o 6b, 2852 (1941)

?+, GEI¡EIù,;T, i{*i,IO CüIæAI,ì-Y , Cata\ogue I (1948)

25. GEIIEI{;I fi-A:lïÛ c0illPiÏï, }-orm 681-B

26. GIjTSSTO}u.]tr, Su r laid-ler, K, J,, and- E¡i'ring, Hn, The

'Jheory of -{beolute fr.ee-ction iìa.t,es, l,{cGrarv-Ili}},
rlevr Yorlc (1959 )

2'l . 1;-4UZi"lA]ìI(, Tl., iìev. lío}-Ph¡rs", L4o L? (T942)

?8 " Ä-&UZi,r+Jlir, \:r', r and Eyring, H. o J n Árt. Chem. Soc o ,
62, 51J.S t1940) ,

29. i+;Ir Cli]]i, Ð. !1,i": Inùu Eng" Chem. , 24, 5/tg (Lg52,)

öQ, .liliKliüûIu Jo, and. Iîuoss, fi.. !i. e J. CÌrem. lhys",
9, 529 (rg+r)

iiL" jl![CIí, E. Jr., J. Phys" Chenr" r 4L,22l- AgbY)

øZ* i,,.[EAJ)u Ð" J. o Ðnd. Frr-oss, R" I,.,Iu ¡ J" Ám" Chem. Soc.,
65, 2852 (rg+r)

i-rO\',J"Ell, i-t" Eo , a.ndt E¡rring, H. , ¿.d-ve.rrces ir: Colioio
Science, fnte::seience, Ìrer¡i¡ York (L942)

54" SCi{ClÏ,Á}r/i0.lio Â", ?rans, I'ara-o-ay i3oc, u 42, 180 (L9â,6)

55. SHII,L.ji"f{]!CII!, C n Eo , ItVinyl a.nå Relatect Fo}¡,merÊr' ,
Ë'filey, I'ievu York (L95?)

56" lûUCI;El']', R. Fuo 'Jrans. l1ìaraoay Soc, o 40, 448 (Le 44)



62

57 " iTllGIiEä, -K" iì, r Ánn" d" ?h¡rsi¡", 40u g]-? (L}LZ); Árchiv,t, llectrotechnik, 'ðu E.ð ligf+)
58. YÁGljä, 1¡, Au o :h;isiçs ?, /+.ó/t i1956)


