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INTRODUCTION ' ------------ , " 

" , ," . During the" ia~t few decades '{he effect of nlg,h' ,temperatur~s on 

tlt~ sUlbiiity, of natural.and: synth~ti'c polymers has 'been investig;tted 

eXtens'iye~y.,' .. .'. , I , . 
\ . -: '. I" "... ~ .' 

" 

~. 

" Stu'dills,on the th:ermal behaVlor of polymers. pa,rticularly on, 
• ,"", ,', "/~' " 'j 

thet\"thermal de~ra'4~t'i'ori.are of priJiary' ~porta:n<:e frOGl a scientific 

potnt ,Qf ~iew p~ :~ch, ~t~ies',help, to revelll the molecular struct-
, ~ 

~e. Such' as the sCGuenceand arr:~ngement of'?t~"rel1eatini u/tits.or 

Su,ch :stud-

, ies also ~hro", light on the~t~,ength of the various, bonds hoidi~g, to- " 
'.' ..... ",,,', ~.:, ", .~, .... , ...... ", .. ': ,.;...';, ,,'_.'.... . >,,: .. 
, 'gether, the repeal uni ts,Of !?Olymer :molecules,' on, the Idnetits"'of, dcpoly-

, .. " :4. ~ , . . .' ',. • . . 

'. ,~ ~~rhation, on:th~eHcctsctf,tiJ!lc, umpc~ature, pressure and' othe~'.,' 
: . . ' . - ,- . '. . . . . . 

• • "" .: • ~ • > .' '., .', '. 

variabI'es, on. rate,s and products of degradation.' Similarly, studics on . . . . ." . . ,'. 

,thD~he.raal degnidat;on'of pO;'yrliers:are ofell~re.e' lJapo;ta~ceft~.a' " 
o ,. ,_ , ., , .' 

pnetical point of viC'(.~ey ndi:~' onJ.)';ClIp~~iri, the behaviour. of. polymers' 

',' ,a~high ,tClliperaturesi bUt' also Jielp i'nselccting the "right "kind of al-' 
.' ., • J' . • • 

..:-" . 

" 

rear. "~~tin~~t:~;i~lS :f~~specifl~:,u:5e~t~re b~lth t~pe:uUrI'S'ilre 
, 'encountered, It.ll. in the proc:essesof pressi:J,re-.o~ditl&,'"tr.lslon, ilnd" 

. , ;. .~. '. ~ :. 

". ". ..~' .,.,. ~....r.: .;"., 
cutina. ,aOO, ,wha t is "sOaetlaes oven liore taportilnt" suggest, t,he dltsfiJl 
, ~," - ~ I ",'" ',' ,: " . " : ~'.' :' -,' ' .• 

and syntlll:d; of new' .. teria~,s to, .ioet ,~ow or existinll' ~equir" .. nt~., ' 

.' , 'la"tbec 1aSSiC~~b~1~i.s~s~, ~h~t#'de'~tiO~'IIIea:ns ' 

, breakiaa;~ ,o~ st~ct.urci ~,' redli~'~'iO~ ~f ~ol~lar~el&'bt'( IS): Ther.e 

, an,~ '~.neral~'~f polr-er dep4a~lO~~~'sse~; ,.eci~~s~~t~J 
-, " ,,' , " 

" . 1,', 

. ~ .. , , " .. " 

, , 

• 

" 

, , . 

" 

" 

, ',' 
'0 

, . 

.' " 

" , , ' j' :" I " . 

. ' ',II, " -' 
'" .' .' ", t' ',; ", 

, , 

, , 



. . 

.' \ 

. ' • , . 
. ;;'-,', 

" . 
• 'rooghlyt<? the,. two .. types of .·pol~erization! step~reaction and chain 

?=,eaction: 

. , 

. . ' 

I 

(*) Random Degracjation: is ,aruil~gous to stepwise ' 

polymerizad~n •. Here. chain ruPtu~'or "Scission occ,urs 

at' 'rllndom'points' along tht! ·chain •. icia~ing 'fragments' 
. ~. . . . 

, '" _..... . 
.;- ~ 

,which. are usually l~rge compared to' a monomer unit • 

, , 

qcU) Chain Depoiymeri;;J.tion: inv.olves the succe5siv-:'<1' • • 
" ~ 

:relea'se ~ou. monomer unit~ from 'a. . chain elld in.a,,4eprop·-

. agation or ~n:i.ppi~g J,'eactianwhich. is essentia:lly the . 
. ' . 

\ 
.reyerse of chain polr.meriz.ation: 

, 
. , 

The5etwo typ~sma.y . occUr separately or i,.n combination;" being 'initiated. 
.. . ."", .. ' '. . . ....- ',': ....... ',.' 

. the~llythei,inay occur entirely at randc. or preferentiallY at :ctuiin 
. . .' '. '.' ..... ~ . . . . 

6 

ends or In oth'er' weak links in the c,hain •. his possibl~ to differerit- . 
" :, . . . . .. . . 

, 

• 

. . 
'." 

.. late betw:eh the twapraCesseSl in sollie. cases byfollciving the molecular' ',( 

. '. 

'."" ", ." "', .,.... . " '. ",' . '.' .', . . . . .... ,~: . ~ . 
· ... eight of It he residue' 'as a :function of the IIxtentof degradation, , Hole-

culn weight d.rep' rap~diY'iis, r~ildOlll deg~d4t:ion prec:eefts 'b~t, may rematn 

,"onstant'iil chaind~poI)'llleih~tion (fa~t uit:tipping~; a.s "t\01~ iAO~et'ule5' 
. ~ .. 

.-

, 

" 

u'e recfuCed ·to.lIlo~.OIIIer •. which' escapes ·ira-the residwa.i, sUlple ·1IS.4 gas; . ',- . 

. ., ,n:h is 0'00' Qf th~'~Hti!-ria~n ~hii:h~ewU It"nalYUlOUr data .• ' ~I! de!.' 

(~~datiQnpt~ct~Are..lSO ~(fhr~~t .f~t~.~),roc~s~s:, ~h~ u'ti_~e .. ,. 
!' produi:t~r rand .. d~adation.J·s Ih~l)' to lie "dis~s~ 1Uii.~ur~·ofiaOl- ( 

. / . 0 '.' . ,i, 

:,./'i.1' _ OC'.Jl.r':, weight up .to sev!'r"l.ll\indr~.wtic.r~a~· chaindC!pol)'lu.rt:~tionyicld~. 

l'~rl" qhlltitictS of 1Il01lOiler., For polystyrene. tIledev~ti~1I prodUcts' 
..~ ~ 

'lverl'la,.ruivoli4~iy:~ (t.~)~.~· • . '. ",' . 
/. 

(" 
J 
/.' 

r 

"\'-' , 

AtNlatdClAlo! tllo lti~rat\,lre on'thl'l.tllorwal des~ad.itionotpolr~- .. 
.' ., '.. . '. . . , , 

. sin-- . re{ctrito~rk'dQne, in" vacuu... 
; : 

'. •• ,', __ ' , ',_ ,~_ " .... .' ~ . r 

.hl thO !~t'U!&t'vhon: the p)lyaer$ &1'11 h~.ted in a· ,.seous ,1lUlOJphero. : .... 
.... ',' " .' '" ,: . . . . , ;' . . . : . -""" -... ''',-. 
"". if it i5DCUt~al.,tho dl!fushm,Ot.Jic:i(the $Upl •. at ~ci14ti Ie lIi~" 

"., . -.,.4 ~ , 

)' 

'Ii 

.. 



" 
" ' . , ' , , '-. 

> 
• • 

ucts which ~reforme'd inside it is retarded so that ,these products m",y 
• 

• undergo secondary reactions; 1'f,_ inStead of ,in a neutraJ.. gas, pyrolysis ' 
, " . . - . 

is ca,rr:ied, out in 
" I' ' \ 
ai:1'. there is an '~dditional diffic~lty arising from the 

fact that the purely: thermal effects of deir~daticn.of the pol)'lller w'ill 

be masked,by the chemical reaction 'Of .. the', degradatipn products, ~'cuit..ile ',', , ' ", " ", ' ,,! " , 
'and non-volati Ie, wlth' oxygen. . . in studies where it, is desired tcdeter~ 

. " . ..\ ~ : 

" , 

mine ,the effect ''Of an, external gas Dr o,f an oxidizing atmosphere 041 tlitlr-', 
.. 

, mal degpldation 'Of pclymers, the'.purely' therlllat' effc'ct can ,tn.en be sub-" 

.' . ':. ".. -" ~ . " :. . . / 
tracted from the overall effects thus obtamed.,." ' 

. 
;,_ • \0> 

In the ,present stu'dy the thermal deg~a~tion:ofpoVsty'ren'e; free' 

• .::,:::;:,:: :::'::~; :~,;~::::, :~::c ,:: ::o~:: ,:::::~:: i::.~.\ 
a'l"degrad~t.~on; ,A lot ofaddi ticnal detaiie4 iar.0rtlariO~ .. as 'thus' ob~ , " ",:;, 

l:; • 
tained, g'iving a clearer picture of the degradaticn 'Of cliainscf differ-

• ." I • 

~, . 
" 

, . 
~,cnt ,Doi-ecular weight, -.. " .. -.-

.'\ . 
", .' , ". 

"'.J . ", , . 
.. ~. 

" 
'.., . 

" )" :":., ',' , ',. 
,,", 

,-" ,_ .. -.---------
, 

" 
" , 

~ .. ' 

\ 
-

. ' 

, . 
\, 

'-. . ' . , 

, .... " 

. , , 
." . . '" . ' 
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• ~' 

" II LITERATURE, REVIEW 
--~--------~~~~-- . 

, . . . 
1"t is 'un ,estab,lished' fac't thilt' the end produC"ts of' th',(th enna I , 

': ' 

dcgradationo:f polys.tyi:e~llar~ .f3\'rlll:t~ile materials (.thh ff3ction 

was found by' mass spllctr,OIDetry to be:,41;\ s,tyi:ene ,andL _wi th rising 
, . '.I.', . , 

tClllperatur-e~' of degradat.iqn, progress'ively dec.reas.ing ,amounts of dimer, 
. ", ..,. , 

trim'er, tctr~er and p~ntamllr) and 57\, resiaue; which . .. ( . '.. .. ' . . .. . 
is~ low mQlecul-

i1~ 'wc~igh t fr~c~n.(l, 2). ,These can b.; qua,Ii ta~ iv~'lyact<ounted for. in ,. 
terms of the radical, mech~iifsm for' depoly::uiri:ation by depr,o!,",gat'iort 

',', "~ , 

a:n<!.,bY 'int.ral:u:ilecul~'r 'tr,ans'fer at,chain ends,.'respe<:tivoly.':' 
. '. '.'. . • ", ", I _ . .' .I ;, .... 

lIowever, a rapid initial dl'crease in Clol,ecuia.r w~ig.ht ,is OQse'rv-
. . . .. 

cd as,.oppes'od to the linear decre~sejn 'molec\jlar ,weight ,in the later 

~tagc;' of"'~h~' reaction. Jcllinek ,P) '3~'Gr~SSie(",):~ontc:nd that thot' 
, .' 

\ . 

• 

.' 

'~ ... ' 
'.',':'~ 

_.... . . I) . ::,. , 

'DondsaBi Ollit in, thel.ter, st:ag"sof tne,reac,tion thcs,lovl't' dect'''.sl' 
• .' .' ' . -~. • .:' . • • '~'., • .' ... '. ,I. • 

" 

inlOolt'cular wc.iltht ',i,S'du .. to depo1.),e-tiiatiqn in~II"fUJ' rAdi~al,cI\.1Il~ ", 

r'~ctioo; Jel Unek 0) Attributed, thCls~w~~klinks ',to o.xygel1 il1<:ot'~r­

~teddlir~ni'P'?l)'llerl:t:iUon In the pol)'lle: d4,1in,in'"th.,,' !~r:I of l"'foxldo 
, , , ' 4' 0". " 

- ,roups. "Cns; le llnd_,l: .. rr.c ) ausured th~ concomtr:at ton' of sUch ,"d~ 
Q - ..,,', 

• ~. I .t . ¥ I '., ~ :. 

lin~s .Cr..- ,th .. extcnt of thi! Init1;s1 dcere-as,. IJI ,1lO1ecul4~,,~Ol'iht. " __ 
'. 

{!» h.a: ..... ttrt~~ed thesc .. ""l ,lInh t,o, sth>ctur .. s 

-: '.: , ' 

, ' 
, . 

. :. , 
" . 

! . , I 

" 
'r . • 

" .! 

.. 

• g." 

.' .; 

, . I' -.. ~'" -- .. -----..--
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" 

9 . . , . ' 
"~', t'he other hand Mad~rSkY ,,\l ~nd~all (7)~nd cowo,~k.er,s assert,:t~at ,. 

there is no eS~ialdif~nce betw~en tlle 'initial.and f,i}lal, stages 
, .... 

" 

,of the rerti~n, a~ th~t<fhe,Changes inmolecul~r weight! lI,re due' pred-

.... :~inant1lto -intermolecu)nrchain transfe'r reactions;; follow'ing a chain-
" .. 

end 4nitiationl'5-t-ep....l!h!!.li'c ch', produces the prima'~radic~lS'.· 'i' , 

", ~ t-Ior~' r~ently Richards and Sa " .-2.}', have ,~'bgge~~~ t'~":t both 
.".. " :--:-. -, -:-- -";_, __ ,,- 4_", " _', .. • 

". . . " . '~:'" . 

,processes,' weak linicscission and intcrt:lllreS::l;Ilar, Chain;tr;i~sfe.r. are 

invol;ed' inttie reactillll. ,t " 
.',. 

'.' 

, 
" 

• J 

, . 
• 

Both interpr~tati~ of the.reacti~1l a'r!' , :' 

, 
;, Grass,ie,'sm'et"~ (4) of es,tima,ting'weak bond COllC·entr:1tion is 'in:. 

s,enSiHveand- inceriain circumstance~ cOUld' be ,ClISl:i¥.·ng. 'SiCiha's 

and'Wall's~0~Clus~on5 .(!) areba~~upon" co~pari£:r ex;e,i:lental 

r~sults and a 'sophisticated t,heoretica.1 tT:~c •. The corrospoild-. . . . 
-, ' .•.. 

• - - _0, ___ ., _ • t-

and, expericenc',howcver, ,i son\ltC\l~_v~riC 1J1~1>Y erct 
. .' . '.. . . . ..... , . ~ . . '.. '. . 

for a lIide'rangeof', Ini tilll.l:Iol ecu !ar .. eights or' ",t 1 ow' cOllvl."nions. 

enc'" bet .. e,entheorv . '~ 

. . ~ ..",,, , . " . 
'Offficulties of intcrpret~tiQil a1'1$" lt~l1,U~l!, .. of t,ho co..p1i.cating' 

'. t.' 

ccfect~, of ·\·¢I·lItn~ ':fonutiohc'\JnJh" chair. sCis,,:ion reactiol1s. -,M , 
",' . .,'."'" 

Htr:llpt by,Cueron And ('orr (9) '""s JUde ·to oyerCOOJIe 

'~",.,t..:..r,," ~ 
' .. ·~t·:~ 

.\'.. 
" .. :~ 

'.: ".< . 
. ..... . ~ .' , 

r 

• • '<". '. . •.•• , " '. " ~ • . " ~ • 

the t,hcnul.l"irad.lition M thonUilly~.l anionic'.-&ily"'pr'C?:lred :p<llyst)'TC!n~~:", 
• a ,. . . J, ... . '",. C •• l;...' 

,.~,~C!SIIp!'raturn oi'hl!T"VQlatUe fOnU.tion II.." ASSIAIIII!d ,t~' benoil1il.ibh' 
. "'" 

.~:. . ..' "..... '., ~ . . ". .~:- .. ' 
(180 ,~OO'°C )~. Plots "fthe Il"lt.ree ,of, d,elll""dAtJ'o~'.: ,,,', '",,,nus t.\,ll .... • 

~ . II- ' '''''', 
" arc 1 in~r, 'c~nfirAinll thel"llndoa natur· ... 'of' tiioc~hl,$cission react lons; , 

.,"" 

....< • " ", , .;. . . {: 

-, ' .. ' . 

,~Oe,::re(l of d"ltuJitioii "0 h d"Hnod AS, 1. '. ,~ 

, " "',' • ;~DF)~' . (DP);) 
" ' 

,1 '. ~ 

. ..~. 

.... 
. -'. 

" 

• 
~. . ,' .. , , . 

, ' , 

'. l~~i~, . -: 

. 1 
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" • t....,. 1.0 
. . ~. .~. . . -

withinexpei: imel).t'al error: th~oug'h 
. l. ~:. 

.. 
" 

. ..', e ~ , ' ", ..' , 
· the origin, .b~t ~he!;e for t~~~ the'ttnally:polyl:t!!ri.:cd'· Sa;m\l.les all show a 

.. . :.-'" .~.,. . '. .~ ::·;·l=-- .. '.' . 
~uost.an{i.al' ±nt~r<r.~:~ 'oj! th,! ,oca.x~s a'i:' zar?,~ime •. Thi~'~<lhaviour ,is 

, '. '. '. ~. ." . • ',I ..... II .' . -;/I';' " • 

'interpre,ted'l\.s ·assoCiat.cd~i.tlj ··"wealc."~ links ~n, trye',polyme; chains., "·The . 
~ , , . '" ' . .. ~. ,- . 

• , " ' .. _. .' • .. I o.' \' • 

· numbet of weak 1in~s",calculateci'frO!ll' the size' of the intercept of the' 
0,.. O. .. .. 1> " " •• , J' 

; Q versusti'lne, plot, .i·s· independerit 'oft~e te:nperatur.!l·o(~e~~ildat.iol\·,'. 

, , .. and.:w~s ;~bout ,5. IS x '16.-,5:~C·i'~~ions·:per ~hain link: ':'Th~,se' ~~k hrik; 
~. I • 

."'l • 

, . . '. 

. . -

.. ~ 

• 
, . 

.' .: ' • " .•. : - '., - • ',. ::._ . . .'. :,' :; .' .' .1>... . , . 

~ii:ht' ti'edistributed'at randa;a 1'Iith~nfhe po'~ymtrclliiris'and migh"t .be 
, ' •• '." . " ,I ,,"" \0 " '. •.•• . • • • 

,€orme<J"by Ii .copo,lYmerited impuri'tYdr. b}' ;(n>bnormal' pI'opagiticm ~tcp " 
'" . ,.1. '\.:' . ,,' .• , . ' ... _, '0. 'b' 

dU',ilYg the, pc:i,lymeriz.irtiori.: ThcSegr~up.s~:'W';.uldbteak. dow:n ve~Y·ea.rl'i " 

i'~~' th~ t' . ."~ ... " ... '" A roac;: 10.1).. :, 

' . 
, ' 

1 t s/lquld. be; stated c1car'lY tha~ 4P to' n01'l·.3 l.i. the ",pdoling ., . 
· done ori' the ih~~l degradat i"Oh ofp<'>iystyrcnehas be~1l q;,a l:1ta ti ~.;, 

• '. ' • • & • • u~ • .,.~'. .0. .. 
p,·.22)· , 

" ·the I'C$'u 1 ts . ~Attempts"wer~r.idde t~modbl, th~ cxperi,,)erit~l data 
. ' ... - ":. '. ,I> r " ~.;:t .... 

.hOWeVer'a·re unc.on~:i:ncing.· . ''',: . 
, ':."" . • , . o' 

• ,:.. • .', '. ,,; .', ."1' • • • • .~ ,_ v 

., 
," : 

. -; .. 
-:::,,\. OI\C H~:t~t:.on of the'~ilrlicr 'S.tu.di.e~~ri';\tl;~th~nul 'dCgr~dat- . 

· ion of polystr.rene •. 5tem~ from: the'i;nh,ereht. a~5lll1lpt·!.on of a' constant ~ol-
· ."~'1. . , ...... ,;0 .~. < • ... ,· ••• 0, ..•. • ('. '. '.".' ';~ '. , 

· ecull\r 'weight aistdbution,"c# t,ht, lu'tor ,inve:stigat..\'?cs "that: llt temp~ ,." 
· .. - ...... :,' .", -...• 0 :,' .-' . 0:--' ,-.:. : . .- . ' .... .' ~. '<1' • ,', .' . 

eratures'between 280 C'and 310 l: devollluliution 15. n~llgd)1e. ·Our. 
...., ,- - ft ,..... '.. • ", " 

... .',.-,: . "" . 

~,esu,l.t~ Sh~thilt~';:S is !lot .S".:~lth:inc~e:SI~~:~de7d_"t~6n·,t1=:the." 
·di.sporsity of .the poi)'lDer:.decre.ses and "Iloreyoll1ti lti I'rpdu",t5 aro' fol'2-!.' ,-: 

~ . --. . -" '::-' ;' ;: .... 'f:' . 
. '-. ,.,' cd:. ,Usoi.lp to now. ".u. tho .work on. thcfr.:lilll .deg.rudJit ion •• a.s 'donI'. ,~S Lng 

", . .-: .. ,. - '~" ~... , .,". .. 
• ~"";. ~~iC t~t;"?J~v·1iCltz:ri:'.J·~iysis ,cIO} '" 'neverbe(~e tel.penieation 

• '.,~,' ... ·f ... ', . - . -t . ......".. ~~ !",",~' ;.. ... ~ ••. ~:~ ... 
···,.toi~~hr. ,wu uU'~ IU an. ,u?e,ria"nt41 .tOol~ '~lfbougti,.u '"~Jl i)<;~oiae 

,p . ?, .. :' .' . . -. , 
.• ,f: 

-- '!_. -· c'I:Ni'(roca thh·· .. ~rk, ~,\:Jot of Ilddlti:o~'t lniO·ra.&ttoil.clln .be 6bC~lne4, .. 
, . '\.....". - -.:: . . .. . . . ~' .. 

· ~~!'tl~·~j the bl'h~Vi\)~~'ofthe ~!U:ill.;'I~IV1~~I""'F;lrt;'or 'JOI~'~in ... 
.. " " . ",,:;, ' -! •. ,'~ ~. '.... " ~ . . . 
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st)'Tcnc"monQl\er n,t'1O IJUIl Ilg, Iln4 carrying out PolYD\0ri.:ation ,. . , 

and con,!;ocutive 
~,' " , D • ',' 

4cg,t'ada~ion und!lr t,hcs~e hilth vacuum. conditions; should 

, almost l'U,f~ but thcexi'stcncc of ".Icllinek',s w"nk bOO£5, duo .. to peroxIde 
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tIl ',iXPERIMENTAL 'C!l;DITIONS 
-~----~----------------

" '"~' ! 

III-l General ConditiOns 

'Inhibited 'styrene' wasobtiined" fl'Olll Mon'sa'i,to, MontreU, Canada. 
) 

,The,inhib'itorwas removlid using a sodium 'hydroxide solution. Aft,er 

'~. di.stil1'atio~the r~fra!=tive ir¥lell' or' itie mon~er was ~ested using, an' . , . ' .. 

A~be-refp,ctometer.ihc refractive i~dex at210c Ita!> 'f~und' to be the, 
:, '.' .'., • t' 

". ' '11) 
same as, in th,e' il'.ter' ature, ,( ,'. n... 1 5469 ( 1 5482 f ' u, 2loC,· "" ,~s, ,. or In-

, , 

h~bited, styrene). This' ,inhibit~ _'~t)'Tene, used' for all 'p,olymeriution -; 

react'ions without f\lr'fh~r p~rific:atlori,was' stored in.·; refrigeratorun~ .' . . . . , 
, 1 

, til, use.' All' pal}1ller'i'ultion rflactions and, degrada.tion exporil/lents were . -. . . - " . 

--carri~out i:~ se~led pyi-e~ glass ampou,le~(J.i) The ,size "as of stand-
..... ' ~. . 

ard Pyrex, glass t~bini of '9 JDDI O.i>. torres-ponding to ,7 mill I.D. The geo­
I" 

L 

metr1 of these amPoules is shown in Figute 'Ill-I., Asteildy, statehea~ 
.•. ~,' .' ..' " .'-' ", ~~.;.: . " .. - - .', .' . : ,- .... ",. . . .' 

'cortductillr\ billaricc proved the ,telllpe~'atlire dlfferenc,e betwee,llw&lt ~nd 
,.. 

cent-
.. '. ..' - . . .' (."., '. ' '. '. . ,.',' 

er of the ttlbo to :be negligible(~' O.l6°C): as rep<fr.ted bYHui' ,(12);, 
, . ,. . ~ - "'. . 

Extreme!:are .... s Uk'en: on thcdeiU$ ing of the acin9lller.' , The 're-
. o!' " , '\ , ' ", \," 

" actant, consisting o,fstr<ene' aono.u:r,:wasp~cpared ;nd' introd\lc~' into 
. . ',' '. :,,# '." '. , 

. the alass ampoules:' They vereseai .-, after beina d.iasse.I.undervac-," 

'u~' to ~h'e orJer.of(o~(>_ ,pro;'~re~Thjs~:sealed Upoules vcre-.. .\ ,'. ' . 
• ',., .' • .0<, , • • ,I' . 

• ,th~n ~od. for ,polyaeri'iatiOn,ar.su~s~uent!i~adat i,~n . 

.: ~ Tb •. vacuua.liile,required.£~r the,degassinll operation v1lS ,a stand-
.--.' ',' ,-,..'. .' ~".-' , .. .., ,,,".< : ""., ,,: '-~~ . '. '. ""'"",' 

. ~ard hlah Vac:uUII.appa~tus . It c:onshted of a rourtb.cli.iJ\ipuap" 'a, ael'--, 
ClUIy d1ffusign ~p., aMcL~l ,&Uae, a' coliS 'uapallC! ten VAlved stAndard 

.. ~ 
-', . :;."" - • ~-, .r '. , ~.'.:' 

tAJ'Cl:r ,oints. ,no sehCaiticdiAanah,shOWll In' Fiau" Ill-Z., The c:"oII~ 
• .::'?!.-:,_ - \<,,_., .,',' -, ' .. ,' ',I .. ~ .• ", -'. :' -, .~ ~ . 
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pros;edureis as fO~lOWS;" • 0 " \. 

The£;llcd reaction ampoule was~onnected . \ . 

':tci'tlle vacilumline" and; immer sed:'UI ,liquid ,'." 
, • .\~ < ~ 

ni trogeit",,---", ' 

r .. 

plete degassing 

. -, 
15 

'.(2) Fifteen minutes later., the valve c,oMeetlng the , 

. rutlpoule to."th~ vllclium 1 fne Was openllnd' the 
G";' ~ .~, 
reactant ampoule wa~ eva'cuated' for 15 minl,ltes. . . ".,' . . ," . .. 

(3) The ~alv.e was then closed, liquid nltrog!!n '. 

". removed, d~;"-ing the frozen sam~l~ t~ ..;i~ . 
. . 

up to room .temperatl:\.redur,ing ·Wht·ch·tbe d,iss- . 
'I' .. _. :. . '. " '. ,.'. ...:. • .' .• 

olved gasS:es escaped from the reactant, •. Craclc-, 
".' .~ 

, ..... 

. ing of the glass a=potile due'to. ex~ari~i~n of , . 
. . . . ' '.' , . 

reacto.i1t was prev.orited or. lOI31lU1ing the fro:-en 
. . ' . 

" . 

, 'a::apoule q~ickly.wYth War1:l water a'fto-r·the re-. ' , 
. ,'~ov'a:fof the s'urro~ndirig lifiuid .... nitrogen. 

(4). Th~fla·sk of .liquid nitrogenwasJXlt ,bad aga.in 
. lJ· ... 

(5), 

: f _ ,I 

to ::"~".~~ tit" ~uple u.~ ... " , ' . '. 

The valvo to the .. vacuuaU no. '!,as, operied~gat'n 

~ .' 

. ' •.. a~.the3.i:lpcule~aCtlatod-:for IS Idn'U,teS. 
'. ..,' . 

L'(6)The ptess'ure' of· the .systlJll va,s tested ~lifi'Fh the , . • t>".' •• .;: • . " 
o • • • , '. .. 

McLeod galige ukin, sure thatari .absolut'e press-
", q . " ' . ~~ :,....", " .~ ... 6- " . " ,'. .~', !'.. . 

uro ofthct.order ~'IO .UlIg,vuobr~ned::' 

Liquid I;,iuogcui >tasrClllOved and tho' ,.~le 
ff1f • , ..... • / : 

s~rcd 'oir u$ing a ,a$-o.x·"aen lorch.: , 
. ' . .. 

. ,. 
'e" land',rut llUlediilt.,I,l' I.it tho ovon' for poly-' 

., 

/ .' 
:- , / • 
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" Bt,th pol~~rizati~n aoo degradation were carried oUt in a Blue M 

'Electrc C:D1pa~y ,Me~h'~!1i~al Convection O::eri with a terDpera,tur~rang~ 
up to :O~O C ',Wit~,a~built";in p~opottioningr~ntrol syst'jIA t fixed 

oven tempera~u~e' (-, 1 C) could be obtained .. Ail polymerhatio,ns .•. , 

,. '."\ 

. ' 

"r - ' 
.unl~ssotherwis~, ·stated •. were carried .out at'168~~ for· 40 hou~s"- The 

dUlracte~isti~S '~~ t~ ~oobt~ined, pol~~r<"!re given in t~le l' i'n 
t .,,-- , .... ", 
\,' ••• - " t 

apperldix 3 (pol ymer' 1); This polymer was subsequently degraded aG .,.. ,'" "" , ' " 

-210, 292,-311, a~d 3360 C"t,or ,,different time int~rvais 
',' " 
plete conversion,.ofpolymer •. :This ~tClDperature rang~ 

:!.l> . . • , . ~ 0 , ' • , '. ' , 

up to a lIDos t com­

was 'c~os,;n for '-\!Oheo 
c 

• • '0' '. .; 0 : \ ~ , , . 
following reasons: - 'below 270C the dogrildation' is too 'slow, aoo ,con" 

'.,', .,,'-', " n' .• • ",~ , ~, '0' ,~'. ',:' .~. , 

sequently.too time conSllIDing;above 270 Cthe degradation is much 
-, 0 " , - ' , , ," ' 

. . 0 
faster· and_ gives, no difficultfes incOll'parisQ~. up to ,340. C. 

' .. 

. '.' Since 'at. the~edeg~ad~tio'n,temper3ture5 11 Iota!· \'olatilir~ter~ .' 
. . . .',.' \. ". '" .,,' " . , ,.. ,..,' 

;als .. .,-e forme<!. the pressu~e in 'the 5yste.: call be peeted ,to' rise ·.wlth 

increasing 
. , " , ',' , ' . .' " ;,., , 

UlOlInt of these materials being (onaed. 

, 0 

bean i~~l'gaSlloo Ithe~nlY vOl:iu; p' 
, 0 

nyreno to -.. 
. . - . 

~ulat~~'tha~ fro;.o6~'d~grad;t1on on (6(' ,o(the orig 

ed).a consunt''Y'ssure ~orrospondi"g to t,he vaPCiUr, ressu~li'oJ. styrene­

(14)at th~"c:~r;espondini. tec.porat\lre. wu' obtained. e g. S.9x10
l 

':'Hg A.t 
" " " . ,,' 

.? .' '.' , ~ • . .' l . '." .' . 
. 292 C. Sill'C,e tl:lhconstant pressure is obtained ,O,e&. 

~ , '. 
• 

• ?' 

a,tion. the whol~re:.c:t'iol1·"as a,_tId to coniltant. ,pre-

, lsure. 
, .-

• 

, " I , . 
" 

,"",utOft~ &t docTal1aUOII. ,nWsber. woi,ht aVOR,o ..:1.1 ccu,Iar 

W.i&ht._~l~i~persltY ~nd ..:Ii';ul~r-i.ilht cli~t~i~ilcmoit ., 

" 
' . .. 

. ' 

,-

/ 

-, 

.'. 

" , , 

.., 

( , 

" 

. 0' 
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,gtac1ec1 samples ,were analyzed usi~g'ilWa'ters MOdd '- 1200: gei permeation 

~. ' . ' 

" 'i! • ' .-
ch;:9matograp~. ~ 'rhe sol v,ent flPWh te' was 3.5 mls/ilin. ~ the concentration' 

\ 
\~ , .Of iniected $ample~,o. 25. ~t.,\. ,The cOluums.us~were 2 'XCj>Gl~ - 2,000 

• ~.', 1- x CPG'IO - 700 A, l,'xCPG 10 - 370"', I, xCP'G'10 ~240 A and 2 x CPG' . ~ "" ~ -, 

,10-'125 A./The 'bxtEmt of degta:dation was ~te~~~ed tisingl!l~n~me~, allll '. 
~ ..' '~.., ....' .. ' ", .:...~, . ' . . " 

.. 
", • 'j .• . .••• . ," ,'. 

pOlymer' peak integration of ,the Gp(;, recorder tt:ace.'. _Due to, the pOOl' 

, re!\Olut,i<l1( at the '..lower m~lecular ,weight 

~ ~~n~ins} i~rge ~ount o~ ~{:,: nil" ... 

observed from' a small shift to the right of ,this peak~ As ,. the liter~ 
• , Q' • , :. • 

this then the "volatile" -fra-:tion. since these oli-
o , • • ' , . ' • • • 

'.' ~. .' -',' 

tall th,e monomer peak p~bably 
/'~. I 

pentamer. ' this could also be 
-' 

( .... ,' 

,gomers are volatile at the deK,Pldahon,tClllperatures., 
" -', " 'f", , 

NUmber' ail4w~igh-~ 'a'Vera'ie molecular '~ei'ghts:werecorrected:fo'r, 

'~', ',~perf~cL~,~olutionandU~al:dis~rSiO" usipg a;ini!ar -effective ca'i-.~ 
. ibraUon ;c:urve (13),,;" ' ,- " 

'~ince' d~rini,the: theriDal, degradation of' ,polyStyre!1e 'a lot' of-low 
, , ',' ,'"" " ,': -/ ',. 

mO,l ecularwei ght,productsat:e, ,~e ini,fonaeci;:'1 t would bGf i~terest i hi to 

,,~ iitve~t igate:,the'GI't respo!1-5ct ~f these low 'lIou2ular :weiihts.' "" , ,', " 
" ,'..... " ""'~.':1:'" .' . . . : "' .. '. ' 

""~'-..:."In ar~ent papex: (16) Ma'!'iorisoll et aL, stUdi~ the varlatiim' , ' 

.. 

.. ' . 

. ........- ::........:._~ , " ... . 'I ' , . 

of the, retnctiv~dndcxwi th' .0lecular'weight'U$~n~.'sOludons of .0110: 

disperse polY~'tyre~s.tn tOI~!ir. ';'Theyi~~,: that th'e' retractivcindex . 
;, 

'diifer~nce 5llbc~wccm,thc ~ol~ti~n andth.- s'-olv~t hnoton~i a' funct- , 
., .... ::: ~ .". '- . " 

ion,of .:oncentrat1o,,'but d;o c>f aolecutar weiiht.The~,rruulushOw 
.~ ... ,r./ .. ~ .':' .:'. < ".- _ • ". ~'. ' -..... •• _ '. _, .,',...... .' _ :.'. : " :' ,:." ••••• 

an 'asrz,ptotic: appr~c:h,of ,theretnctiYe illdcx 'lncr_qJtt :toward" Ii .' 
. ~ . -' .. , "- - .,' .... 

. .f! 0, ~ 

• '1 iait'illi .valu~chancte~llltic',of the, inflftit~'1II01~1.rwOliht,~1}'tler •• ' , 
'. " 

,ihoyfllld that this'iWtiQl "alu. i'!..H.c:h.didthill,~l.IIJlUI CrTOr ... ' - ~ . .. " , ' . . 

, '0 , ,\.' 

" .. 
" , 

, '1 
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niis, change, of refractiv41 in"'ex with molecular ~eight is an ilII-

" ' . c • . . . <) " • 
"portant experimental parameter in the treatment of data obtained 'i.;Om 

. "',' . . '. 

GPC. In order to' stalidardi::e the G~, re~ponse for d~ifferent c'hain ' 

lengths, a correction can b~ ~ntroduced ? foilows: 

, . 
.', ... 

, 

• ' F (v) '\ ' 
c W) D / Q (v) 

- .. ' 

where c (v) • ',.as5/u~t, yolUlle 

F(Y) .' G.I'.C. response,height 
, , 

, - , 
at,el~tiGt<' c.ount,Y 

'''i'' " 

, ~oport'ional i tY,factor 'd~- ' 

pending' on e,lutioncount or 

lIolecular vefght; , 
.,. "".-,;> 

',The ,'norma li::ed Jte1llhtS az:e then:' ' 
, , 

• 
" 

. ' , 

~. 
.~. :-~, 

"',-i" ,. C· (Y) - • ,N 
, Cry) 

. ",' .. 
r e(vJ.dv 

,t<-

-, ',' '.F{Y);. 

or ,C
N 

(Y) • .. ", .Q~Y~ , -

.~. 

r F(v) 'dv / 
' , a(v) ", 

, . ' 

" . .-.; .. 

In o~:rtojnv~~~lK:ato -the klatlyo iltportan~oot the,. ~portioDilaty 
.. " . '" '....' 

~ac~s~ SOl~tyo,~ of o~ 1 a~ 0: 2 wt :" \,'poIYstyr~ne aDd Dole-<:qlar ~" 

"'el,hu'upeo '100,000 '""ere injected. ,Tlie ar_$y:id,,~ tho CPt:, roSpoM, 

curvo,:".rocalculateG ,ustnlSiJIp~on"sintOlr.t1oDTVi,.> '1'JIe' pc;lynrr~e, 
, " , ,', , " ' ," ' ',' ";," :.' " " , " '",' 

.... ptG'$usod .. etlt1hai.'pDOlecula~ wei,ht 'fracdoDS obUiftCctfroa ,"re~s~ 
. '", '_ . ," '~.. ' ",:' " " . . '.' '" '. . ~'., I, ., n' 

un Choiaic.al Co,. ,.The resu,lts are~Jl in ublti lll-l alId,,'!1auul!l-i;' 
'I ' .',' 

" ' 

.\ .. 
. " .. 

.... 
- ' 

-
, , 

, . 
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,Table III-I , . 

,,'f, 

weight fraction (\) 

" ,,' 
'. >'. 

" 

,0;,1 " . ' 
" . 

" 

..... " 

. 

• i 

,- ,-

• 
:·i. 

" 

l.) 
,v' 

-
... , 

~ 

• J 

• 

~;, 

, 

, 

" 

J 

" , 

molecular wight . , 

\ 
. 

" 

, 

~ 

. 

.,~ .. 
'97,20 
97,200 
50; 000 ' 
19,750 
4,800 
4,800 

'2,030 
'2,030 

, 600 
600 

MonO!ller 
, Monamer 

97,200 
,91,200 " 

50,000 
19,750 

4,800 
4,800 
2,03Q 

600 
MonOCle 
HonOlllcr 

" 

. 
; 

-': 

-

'fH 
• 

}"~", 

.... " 

• 

I 

I 

, ,i' 

-'';. 

• 

ar.ea 

.9,3754 

.89802 

.92458 
· • 87509 
.88553 
.90879 ' 

· .85349 
.87662 
.82021 

- .81439 
.79138 

, , .76179, 

.46530 

.44262 
.• 47906' 
~ 453'4.1 
• 45546'-

' .45802 
;44197 
.39750 
.36250 

,.36800, 

" 

' ' 

I 
L· 
,;~ 

~~ ~~ -.\ 
;~ 

• 

"\ 

,c 

-. • " 

. ' 
" ' 

"'J, 

, 

• 

~ 

.. 
.', 

.;-

. 
, .... .,;; . ~ . 

\& .... ,,< 
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.5 
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I 
I .1 
I 
! 
I 

I' 

·area' 
.:.4 

. x 10 ,'. 

. , 

', .. 

" ... " 
'. 

. , 

I . ";,.." 

,Fl (;': 
'~-, .-. -'-'----.,.,.: 

\J' •• 
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, ' .' , 
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AREA UNUER G.P.C. 
RESPCllS~ CURVE VS. 
CONCENTRATION OF 
SA.'IPll£S U1JOCTeO 

~. 
:- . 

.; . 
• 

, , 
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, " 

..... 2030 
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It is c11!!-r that in the ra:ng,~ of polY,JDe'r concentratiohs eI!1ployed~ '~he 

r,efract'ive index diffe7ence. gi,:,~n by ~he area unaer the GI'C response 
, - , 

" ", curve, can beexPI'essed as 

• 

) 

"'" 

.,. ". 

" F··~;·.· .' '. ... . . 'j 

where VIII is the 'refractive, index ihcr,ement -correllPonding to the; poiL' , 

\,f,,~,~~?~cen;r-atio~. b~ingexpr~ssed, in ~erms ,0f~SS fraciiClf\;~.\~nd '\ 
can be obtained ~s the, slope' of',the area verst,l,s w-cuiv,es in figure ili"~3. ' ' 

Thl\' fQllowing VIII 'were obtaine'd:, 
" 

, . 
: )of. W~ V 10 

. 
x 

r~'" .. , , ,-. , ' , , , 
" 

\. , 1I0nomer , .l76 
" , ' .. '" 

600 ' , ' .408 

, 2,030 • 438 
" 

4;800 6 higher .4S5 , 

• c 
, ' 

FrOllr, ~ 'JJIot of V .. v'orsus .olecular ",ei'aht. 'fi&1lre Ili~4. i tis appar_cmt, 
. ., _. . ' . 6'. ..' . ~.: 

, :. t~t. a-s the ,Polyaerlloleculolrweight increa)les,'V,' i.)icreas'~tovards 
, . "'" . . _,'- " ." .. ,.' ". -: . D ,~/:,:,r -" .. 

il liDitinavalue characteristic of, the ,infinite 110 1 ecular weight polY· 

,lIei.'- The' pai'n.t lit vhich the,syste:aatl.c variatioll of V '''i th lIo1ecuiar 
• ' "" II',. 

weiihti~ ,re,nderedUhdeiectiable llY~he' pnsene:e 'Of~~ ~mh 0(' 

lleaSUZ:dle~tdepends on the .alnitude ,of th~se errors:', With th,e GPC 
. ',' .. ~ . . . 

ieclmique: of cl.rataaMlYsis ,wec:ollClude t~t V •• ffO\:ti~ely reaches, its 

laiH!" valU. 'Ai: • 1!'01crc;~lar"ei,ht,sOlle.n.erearpund S,OOO, the:vlIh;e 
" . -'1'· V. beina •• SS, J( 10, ., 
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" ' 

," 

,', "'_"! 
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" 
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, These results can be expla~ned ~s . fo'110ws,_ }t is pe~issible t'o'~' 
r-egard the' sp~cific . refraction' of' a~lymer sOl~ti~n' ~s . be&g'the . weigh i-" 

ed s!llD of,'theSpec:ifiC'I'.efr-actions. '~(the • solvent, r:f:: ~ni ts a~d' ?~d' 
groups,'.the liltter. ihour case C4 1.1g. 'The influence of~olecular· weight·. 

on Vm is. entirely an end g,roup effect .. 'As' the.proport~i:ln Of repeat"un-: 
f ' ~ I ' 

"its to end groups in,creases, .the 'refract'ivc' index incrl!liJent .Vm.'approaches 

its limiting value; 
,.". r,' 

The GPC calibra.tion curVe. is given 'in.fi~ure III-S. 

.. , '.,.,. 
t {~~~;'~ ~' '. 

\ .. 7..;rM 

As one can • 

• 

, 

. see the resolution, for tha. used set' of ~~I~s ~t the lower molec-uiar', 

weight.tail.~< 5,000) is rilther pe:or;'.,·This i.s-rather disappointing in 

.... 

. . ~ _---~-- . ' ',. J'l I-_ 

view of the larg,e}~antiiies of lew molecula:r weight. ~l.".rial formed 

during thermal'. degiildation, Due to thispo<?rerresolution the.co!jrec-
".,. . , 

tion's at .the lower 1lI01~cula'r, voights become IlIeaninglesS and we:<l there- ~~' . 

'., '~'\. ". 

. :' v \. 

0, fore OIIIittcd~' AI.though riot too much can be said abou~ thelowe~cnd of' ' . ". - . 
'the ciolccular weight distribution, howevor· t~o challgesin ·c.oncentn,tio,n 

.. - .. ' . ..-" , .•.. ;'" ......... ..' ..... ,-- .-' 

at the intermed~~!1.!)d. high moleculu weight' chains can. be clearly 
.' .. '._~, M • _~ • 

""--'--'~"'="""-l't--rs mainly in t·hes~ ~!ilS tllat we are intereste<i as' they .s~.ltn-· 
. , . . .'" ' -':.;,.' 

t" ~I' 

i fic~~t1y influence tht:! ,~echani~al pt'op;,rtie:> of tho pol~~er and their ~ 

. :. "". " 

J"~::,.. . 
•• "',,;j;, " 

, . 

. . .,( t 
, 

1- ...... 

f '. 'I.: ,'" .' 

, 

., • 
~ 

"0' 

r, 
~; \ , • . -.~ ... 

, , 
,,. .; 

.'t' ..... 
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. ,_ .. 
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IV .E~~~~!~~~~~~~~~,~!~_~~"~!~~~~!Q~ t 
P , 

" " - , , 
IV-I Introduction·".... '. - /. ' 

I"' ,~ " . 

Since we.wouldolike .to l;how'in this"study .how· our 'khetic model, 
. ",' . \ .'.' " 

: explaining t~~ thel"!llal~egradation of PolYryrene, .~~~deV~lopcd, we, 

will treat· experimenta.lresults an~ c9r1'esponding ,ris~u:ssio'n si:lultan-
~. ~ , . -

. ' 

eously; :This will a'now ,the r~d'erto follow .the ,trend of our id~a~,.· ~ 

as gradual)Y' more experim,ental. dat:l beede availabie. 
.:. 

"' ' " r,,' ,,', 

linen we ,go back to the l~teratl.!rc; the inidill steop' dec,rease' 
" • r 

. : . .~... ~ , . " .. 
in molecular weight during thermal degradation .of pOl ystytC,ne , is exp1-ain~. 

., . . 
:' "'.,'.. Ii "r". ... 

:.,ed ~y. ,di ff~re!l-t author.s (sec ~l~tefature. r~vi ew) ~ du~' to the presence 
o '. . . 

,of weal:.' links int~c polymercha~n. '. Jel.linel<. (3) 'specified the'so "eak 
'\"'- .;,.... . ... 

bo~s as peroxide groups, formed i,r. the ,chain· dUl1ing rolymeri:ation, 
, . ... 

o 

, ' 

.. '~ . 

. .: ," ~ <:. ' , -.: . '" ',:- . '", , ~ . " 

, The .. ~dea.~on "'hl.ch this work ,was sur ted th\" was to eli.illat,,· 
, . 

these ,peroxide, groupsoby degassing,·the 5tyte'rie monoaler ~nd ,catTyirii 
• ' 'T . • • • .' • " • 

,out thesutisequ.ftt pq':.i)'1lleritlLt1otiand"degradail.on at.lO- 6 
_ Hi..in 

." ' ,..... . ';1' _. . ,. ,r' .. ') '., J}~ ....... ", .' -'"'" " ' 
. order to IIIIIke·.SUTe that no 'oxYIen could interfero'vitl! the differeil~ 

. '.'" ,.".,.. - t ~ _ 

.':'c.cS:~&s:. Thh,;houl.(al1oVu.s to, .. k~ •• o.,re,nab.le Pol~. "1'. ;"'"r6 
~ .P . ., 

: " 

... ', ' .,.,. '. ; . 

. $~i"5ion of;\!le ch&lns,by oXY''CIl!could 'alaoStbe ruledou,t'i Inc! the 
I. . "j.' , " _', ,. 

. ~ ~ 

, del~.datlon pro(ess described solelY throul~ depol~pri~tio~ (~;i~' 
.. • • • • 6 • ~ _ 

'NnE). of '.onciaer unit~ at, the Cha'i~ ~s.. i'u":~ in ~o~nvestll~tion .. 
'it bee .. e dear tJui{.this s,~t'e ''u1'i,Iy,pina'' .od~·was 'notsdequat(to', 
. ,,' '0 r. 't:", :- ", "',, ' " : . .,. : " ... '" ",' ~ .' l " .' ' 

"I!J[,pi~n ~t"lieo dec.l"lcflUoft rat!s. Other, .. chulS .... ere ailal.y:C'd. 'Tl!1>. 
. . '>': '. ~ -: ' , '. "'. ..,. '. ;' ,: 

•• di.Henmt U'''P': .. e::" ,'. 

. ' 
, . 

' . 

" 

" ' 

.. .-

.. , 

. . 
.. ' 

. ,I 

, , 

" .. 

.. 

." 

, .. 

GJ; 
,', 



. ' 

b 

. ' 

.' 

,. \ 

'. 

( . 

" 
, 

.'\ 
Ca) Unzipping or depllymerization:. 

, 

'. 

i'i\stantaneous 
\ 

Q . 

"nds low. I \ .' '.. 

Cb)· De~~~erhation. wi ~ . ltdp (de;ropag~iO~ constant) 

function of cilElin length. ., 
(cl -:tandOOl scission a"nd d~polymllrization. 

. Cd~ 
• 

",' . 

(e) 

, ., 
, . 

Randoms$:issionwith k ~ (scisSion constant) 
. 5 '~ . l 

function of chain length. 

Test of model (d): 
. -;--'" :,r ' . 

. " J 

26 

, ,)~ 
(.' ' .. ' - , .' 0 ' -6 . . ' 
"It- styrenepol)l1lierized at 168 C ~nder .10 1II1II H& \(acuUDI. The 50 obtained 

l\;salready s'Uted befo~e steps (a), (b), '(c),, ('d) were investigated on: 

'\"S&IIIPleSliere deg'radedat the. S.1ll!Ie oxygen lewl 'at. :!70, :!9Z,'.,511 and 

\,' 3360<:. ' This gave lis a quite broadtemperaturl! r.ange a~ ,allowed' tile 

~', 

, " 

c·ol1.Struct.~~n ~f. Arrhenius 'plot for tlie reaction constants. 
·r 

NOTE: ,'AU th.e data o~. the. different' naures can be· found back, in. 

table £01'11 i.n ap,p.endix 3. .', " 

. lV~2 
..... 

Model '1; Unzipping' or ,Depolcier'iation . 

The' first exper.illlentai. infonaationl<lli.di b~lIIIe available was 
• ~ • , J _.' •• ,', • • __ ,' " ' • .,. 

.th~p~uctic:nr~f monemer,',or ~ore precisely "volat11e" 'fraction venus· 

,time, BlUre ·IV-I,· To. tli'st the poor resolution orthC!'. ~I'C colu-ns.at' z· . ~', "', 
',' . " . . ~ . . ': . . '. . . -, '\. 

10000er IDolecular weight,S ~e al5.9, plot~ed for the different degraitation 

t;';peiature~,'th~ decrea~,"in pOlj'llrf 1la5S YS tiae. figure 1\,-2, .,i.d' 

the-ded"easein pol)'llor l.r~ettnan '.olocular w~i&h,t 20,000 vs tin;' 
~ 

flgu.ro IV-l. Ai 1 the curves obtai~~ b:.vo the" SAlle· shape: stral&ht 
. -~. .' .' .' "., ~ ,:' ",: .' .'. ,\. . . . 

. ,lines :tor 'the lowor uJII~r.t\,-res (270°(::, :&20q~,&nd pl.~l.Uys~ral'ht 
, 

. wlih eurva~ure .r~ ~ vo.la~i~o frK~i~n for .tlle h~h~t: ~_perature .. 

. ' ., 
.' 

. ' .. 

.' 

• 



I ""'" 

;j .. 
'" I 
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tr ac l(O n (%) 
, I F iG.~1' . .vOlx~iLl~ ERAGTIOS IN.'LVS TIelE AT 

DIFFEREIo"T TE.~IPERATu'RES OF DEGRAUATIO:-; 
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POLYMER I, 
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(3H~C. 336°(;')" Based on th.e initial idea of solely depolymerization 
. 

. the fO,11owing twa kinetic schcm~s' ,were 'd~vc::loped: _. 

", 

I. InstAntaneous' Unzipping, , " . :' 

This, model'. ,whichadequat<;IY descrili'es the thelmal 
, \ 

., degra"dat~on~ of p?lY" (me~hYlmeth~CrYlate) ~ consi~ts~, 
of the f'ollowing, process: ,as soon as ':i,chain gets 

, ' 

1ni ti!lted. monomer 'units. comcoff yeryquickly un": 

til the. whOle I chain has disappeared. 
# 

The lSnetic 

L... 'equQtioris ar1J~ 
. . ' , • 

dP' 
r 

, .' P' \, n '~ 1;' 

dt dp n 

from which P ,. P ex? ( - k ,t) 
n no 'dp 

! 
... ¢fl, , 

, . 
," 

\ I 
30 

r .. 

.... " . 

.', 
~ , 

" 

J ' i. 
, 

..... : 
\ 

The monOlller ,produCt~on. or 'dii\:-:teas,e 'in pelyt>cr mass can be £ound 
, , 

from: 

<1.\1 ' .. 
'd'f 

.. 
d ,r n P 

n.2 n 
, dt 

"The mOl!lent equAtions a;~: 
'~ 

-l: ' n' P " 

n-2 n' 
" 

,.., 2 
.'~ P n n-,2 , 

.,j 

-• ( r 
'n-2 

," 
..( Y r') C!.1Cp (- kd" t) ,no. ' p , , 

·· .. n··2 
" ' 

". 

' . . ' 

(I) \' 

(3) 
.. " .. 

• 
, (4J 

" ' 

" 



" 

" 

. , 

-- where P n is' the number of chains, in grammoleS",per .lite,r reacting mix-

ture, containing 'n ;onomer ilnits. FrCIII (2); .{3~ and. (4) follows 

, , 

-r n 

, , 
• -r nO, and 

• the, number and weig~t averilge 

degrada 1:i on. 

rw 4-" rwo 

c-luiin lengths remain, ~'~nStant during 

!' quick. look. at the resul tsfor polystY:rene- degnia:tioil shows' 

,that this model (;annot be valid for" the' two experbental facts: ' 

. ' 
, 

", 

.. 

r and r fall rapidly with time 
n ",w ,,/ ~' (',(al 

(b) the pOlyme~ aia~~ does not v~ eifnenUdll' ',' 

• with- tillle'but rather ,linearly (flgure IV-2)., 

2. Slow, Unzipping. 
, ; " 

off at the chain ends. The l:inetic eqUations' re: 
, -

"·d (~:/n) 

de 

It' 
dp ( p , 

n.l 

, >lr, ,d(., 'f ' P) 
n'.% n • ,- 'ltd "P%" 

• , P' 

., 

-

" .. 

'. . ~ 

, ' 
~'. -' 

" 

,-
(5) 

,.. d f:Y "~ P) , (! D 'p 1'- r., n' P J 
, ", ", n L' '.." , 11+ "D'-%" n 

.elM •. : ,?~; " ..... ~4p ~D .... 

" 

cit '. ,dt" ' .'., . 
" 

'"':-':"'.:, -
t 

. 

, ~. : ... :. 

''!t 

,,' "'f'" 
Ii ,ft_P:' " P) 

dp "" % Del 11, 
(6) , 

" 

, . 
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", 

,,' 

, , 

.... 
.. , 

• 
, '\..: 

, , 
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32 
" 

AsslJ!Ding in ~e first ~t~ge. of d~g:_adation ·th.e llUlllber of dimers to be .. 
'" ,,'. ,negligible. (P2 : 0 ) then from. equations(Sj and (6) .. ~. . .. 

,. 

, . 

. 'O! ... 
.:1:"P ~ 

n 

.and 

) ,".' d(n.~ ,n PIl ) 

".' 

or 

,. 

, ·dt ' 

.. 
1: 'n l' 

1l"2 .' n .' 

.. 
1: . P . 

no 

.. 

, , 

It dp 

. 'I 
i! P , 

. no 
n-2 .. 

.. 
' .. 

( l: . Pno) 
,n-2 

kd' ''t p. 

k' ,t dp 

(7) 

, " 

, .. 

can be'derived to 

. siye: . ' . 
" 

t' . 10' 
. '. 

;2 k .' i , dp' .~ .' . (8) •. T- .. -
;, 10'0' 

, Equation (6) could explain ,the linear var~ati.On of pO~ymer~5 "ill'S",5 ·ti~ 
" ~ . 

as the total nUlllbCl'~ ofpartlcleS~tIIlin5'cons:ant in the eady periods .of . . ".' . . 

" degradation a.nd IIhothe Ted~tiClli in . rate at hi'ghe:rJe~es~f·Ueltnda.ti6rr~ . . ..' . 
. ,0 . ." . 

When thetotal:'n\ill!ber of po~ymer chairrsstartsfalHng"due lothehJ.h~, 

a~(;e. IUlII!'nOlllC! I' , 
d " 

',' As aor:o' uper1aent.llnforutlon boeDe, IIvallableho"ever, SOlI}' 

"' b~s indicatCd tho . ineonsis teiu:y '0'£ thb .odel. 
.. . '. 

. ... 

" 

, (a) , . T ~ ,C¥ ·'ilot. vary Un .. r~i,"lthtiJle INt .., 
-' -, . . . , ," "" .. 

Nponontially, (,;o(iJUr~s lV''', IV·S,- (-Y·6) ~ . . '. ... 
, . 

! . 
,-, .-
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(b) 

\ 

from equation. "(6) follows that in o,rder' . , 

for the drop in. il'6-1ymer mass' to bC) p;oport-' 

ional wi~h time, the .total ,number 'ofcnains , 

should 
.~-:-- , 

remain constant. wi th time, " .-- -. ..... , 

. , 

.This could be considered. to be so, with in exper~ 

imental error, (fi~ureIV~ 7) for 2720 C' and' 

. '. 292
o
C;but becomes rather dub ious for 311 0 C 

. -, .. 
0" 

and 336 C, for 'wpich the total number of par-, 

tides ;J.lmost doul les, before decreasing, 
, ' . 

. Wj,thOUtthe ,simplifying ass':~ption ,tha't the 3lC9unt of dltlers is 

... 

negli'gible in the early s~ages of the ;.caction, ~quation(6} cannot ex­

pbin the straight 1 inc behaviour of the -'r~p iripolper mass, . This:-mod-. 

01 was thus ruled out, 
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Degradation, a reversible process? • 
~~. . l. , 

Since a Jl1.Ire unzipping model could never'!lxplain the degradat~ -. . . ,,' 

•. i'On ~cts as reported,' i'nthe Hteraturc"'C4'2\ styrene and '58\ 10';' 

mlI'ecular weight fraction) we had t~·cons·ide; ihe' ·possibilitY. of a're-
, '. -~ '" , . 

'. ' 

verse proce;s/'probab'l-y pi:rlY)D!l'~izatiol,l, . g'oing· on 'si~1I1 taneouSly during 

,·th·e thermaidegradation .. D 
.. . 

, " . \' . 
To test thish)'pOthesis-;· ,S~~les 'W'i~ different c;Hchts of d'cgrad- ' 

. '. ""~ . . 

, 

,at ion were 'ke.ll\-.for 40 hours at 16S
o

c to s-c;e ~f' any' rcpol)'lDerization was 
<J, 

tak ing' place~ 
cl , • 

Thcamount of' vQJa'tilt'~fraction, and' mol'ccular., weight llV,-

cl"ages w,ere 'measured before and aft(!r,t~repol-~eriza,t ion cxpetimen! . 

. . 
TA S·} EI.V.~ 1 

, 
No.1 

", ~ BtFOREI AFTER j YOiJ\TILE - '~!"\ 
! ' , 

FRACTION, .() ~I , . P. D. 
. I 

S,\'1PLE RCPOLYHERIZAiICN r n 

f 
" 

. 
.151.4i5' 

, I - , 

, , I 
, 

b.eforl: 9 .. 26 116 • .t~2 2 .... 59 ..... - I "6>0 • .after 
f 

'9. 24 ,16:; 608 In/136 ~ 

I ". -
, , '. , 

, 

Q " . . I . ;. 
,', ' 1. 99 II before 50.25' 14,102 \ 28,0'49 .. 

after 53.85 ' 
'. ' 

12,985' 25,120 1-.93 , . . , \ 
. ' .! .. , , '. 

{ 

, .' 

\ij.5Q 111.~9o III 
. 

befo,re 84. ,17 [1.39 
. , after ", 83 •.. ll 8,409 -, 1Z,126. ,1.401 . 

, ,', . . 
-''"''''. 

. .. 

.l~d·after r.<:po·I)::lerit.lti.o:1. ll;e con)iderod ito 'be wnlrirt exper1::oent,Jl. 
'. ..' .' " ., ..' . . .:Q..... , ',,:, 

,"~r. ih"aOl:!tcu'iu Wei&htdist:ribu\ions-w .... r .. alsQ' supcrlDposcC, no 

• nutlc" .. bl." 'differcnc~ was, r,,;'urked. 'The 'poSSibilIty of rug" sNl" .rc-
.~ . 

, " " 'G' ' " ..., •• ~-?~ 
.~ 

loIon I'rob .. bl.;< th~ :"!"J1r->"rl: .. t.l'on ,-,·I;"1''''"r1:.>tion ""s thl!f\ rulOd, out. 
• ~I :-\ ~. r 
,;,; ". 

j .•• 

\ 
-' 

; , . 

.. 
;) , 

,....~~.:. ' 
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, • c' 

. , 

" ..:..:.-.. 
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" ,' .. . . 
of the InOROIlIer formed. is ihhibited by ,other degr3datilm'""products. 

'.' 
This ., , 

seems ~o' i.ndicate th1l.t no equilibrium for the~different t!!lllperaturcs is . . 

illvolve'd ,in. the degradationpro.cess .. Other eJCperimental ob.scrvati~n~ 
I " .r;.. . ., ,. 

. "(ill. conflrm"t/lis, a~~umPtioll~ "': g. 'superpos'ition lfth~ detrease of,.a-

" ·verage. m~iecu.la~'welght.s at difi~r~n't temperatures. ~hen~plottcd \I~r~us 
, , 

. =tcht. of volatil izat,ion (sec further). 
of" , ," , . 

'; .. 

lV-4 ImPortance' Gf tl;te extent of d~sr;wation .. o 
'. '" 

., ". Be-fpre try'i;ng,out 
· -

another' mOc\~1 it '"as thou~ht. in~eresting ~o . 

:.plot :verage .molecular· weights. ~ndrtl1i num~er ~f pOI~et,~.a~tic,i~s 
aga'inst th(',,> mor.e' eOll!parable ext~~volati l,i,zation. This showed ". 

amazing rcs\Jlts, "C ' • ) ; 

."" PIClt.t.ed·~~ains~; .c"'t'eD~ of vola ti li:at Ion the 'n~lIber (figut~ ~ 
. .. " 

'IV-8L'"wcig'ht~averagc'lIIolecular wcight,s '(flgur~ JV.9J a,oJ .ttrtal .Illl=i>e" 
" ' .. " . 

" . Pf";l"'r't'i~'ies,'(figurc,IV-IO) s~p';riQPPSC:.l ~n l'nc'ctlrve lor the' ..ti~fcr~nt. 
• • .- ~ I;:i , . 

" 

. ':kl:rl1ja{io~ t'ciupcratii'res inv.,st,igated .• , ~is has ~'he,.follo"ing c,on~'cqu-, 

cnce .. : 

" 

.. , 

I. 
" . 

A' .polY'lcr :"i1:]1 :givcn moi.cclflu Wtcig'ht 
, " 

.. 
'. , ~ .. papr 'ofQOlec~lar .. _ei~ dijtri~t:ons .. nQ . 

....tttor tho'dc,r.d.1ti-o~ teiirp.r~turCl; ';h,CI . . . ' ..o '.' ,f., . , 
., .. . . . 

• .t el!Ipera.tui;o . ~ill'oniy' infl"e"\." ' tho. tI •• '.at " 
• .' ',' , ',. " '. : •.• ".to _ ,... ," . 

.. hi~h~a certain d~,r" of d~,radni().l\ '~l n b" .' 
, , 

te.lched . 
I • • .. .. ~ !J 

For iI ~IVClQ pOlra~r ~b.,. act.l Vol tI on 'ClMU:tt,''-': 
. ~. . , . "'J4tJ -

of tho con't.nt~· involved· In' th.· "",n.1.&t!on 
'" , -'.. . - . . •... 

.. 9 P!:OC<.'U lIU~t be thot "a.M.' ,lnco'd.Htor':nt 
<iJ 
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.'. actfyation .energies .wotlld .lllake .the coincid-
.' .. '- " .:;:':." ,-

. ing of thl1 different 'curves rather, unl.ikcly. ... . 
3. This means al-so that if we write the 'kinetic 

equations, describing ,the' degradation 'm~c:h-' 

. anislli, as a function ot the degree of· volat- . 
~ . 'r . 

.. j lization, t~e 'klne'tic constants· should be . 
.' '", 

..... ,: . I:;"." • 

. independent oft.emperature. In .. oI'der' to ab-
o ' ", \ 

'tainArrhenius p16t~ '~hese kineti~ cquiltions 

will hav.e to be· expr'ess'ed again as functions 
. '. . 

~:~ 

of 'time, or simply ·the . react ion constants' . ,. 

., 

- I l' . _ 
multiplied by the rates of vOlatili.zation a): 

ihecorrespcmHng temperatures .. 'thi; wi I r b~~; " 
. . (> 

come cl,c.'1rer· in the development: of t,he j911., 

owi~g. ·models.': lIlkit r" ~'ery importo1nt"'however 
" . 

'izatioi! at the 

. Arrhen1\1s cquatiol. That t/l1:1 is so-can be:. 

set-nflo; fi~re.: IV'·Il •.. The utes 0( v·ol:/.t' 

,.ili.:a.tion o.bulned· from rfgure IV~I Arc 
'. 

• 
IV " :z , 

TUIPERATURE (0C) ! . RATE OF VOIATfl.lZATION 

'27Q [ 2.31 .\ 10' 7 
:!92 '., -:.1 7.11.1 .\ IOc7 

.. ' . 

. . : 
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! 
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-I I ' l 'b 
lll" I' 1'.:72 x 10 . 
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, 
. ,. The act-iva'tron: energy. gove~ning ,the degradation process of. our 

polymer cai': now ah:eady be 'forec~ste<,l frOID this Arrhen+us plot·: 34.2 

kcal/mole. 

) 

• 

" 

4. 

;.-- . \ . 

tt~iCs were c'arried Althou~h no'equil~riUID 

out. the supllrposi'" on of these curves ,'seems, 

to indicate tha . ,a-t th~di.fferellt temPer;lt-
, ' 

ures the. degr I:Iation ,will go 1111 the ,.ay to 

almost, complete,,-. @CDllIpi:Isit~on. and apparent~ . 
~ ~ 

ly no~~uilibriUID for th,e. ~iffetent telllperat-'o . 
,,,,~,,:.--....... ' 

• • ~ ures i.s involved •.. The only.variable is the' ,'\ . 

.. ~eat wh-I~ thi~ endpoint Wi]lob~YteaC~ed: '.~ . 
• thehigher the' temp~rature, the 'sooner . This 

" . . ---{ 11) 
. is. not in cOlllpI~'teagreellent"'it~Odil.n • 

. ' ,:hos,tatesthe Celling:l tCalp~~u~e (Tel for 

pure stYTene to .be 310 C., \, " 
.: "-.~'., \ 

, . '-\";" . 
, .' 

. . 

, .-

(a). It sliould:,be lnterestlna to lnves t.igate if 

; " .I,th,e: ',5U1e dearadation' path will aiso be foHo .... 

, ... :: 

, .,' _-:",.- : ... "." .. ~ " . 
ed. by-a' pol)'11l1r ... tih coeple.tely dlfferent 

. . . .' , . • 
-aolocular weight dtstribudon •. To ten ·thiS 

r" ... 
~t: fiJUt'es.IV-'8 ~ncI, I,V',9 were' plo~ted !lOre 

, .~ 

,eQually infiaureIV-12,.an.i IV'-l3 ,in oider 
.' ' -

to .be used as po$5ib~e, M,ter cu~e5. :', 
," ,. ~ 

, ". 9' .' .' .-. . , 

(b) 'Tl!is jupcrrposltioa of 'the :dearadattoa cutVH 
. ......... .. " . 
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ioned',by Grassie ,!nd~ l':err(4), for a 

,.tem·perature range between 280 and 3000C. 

T~at this would bt;"valid for the broad~ 
• 

er range, ·'Z70
0
C to ~400C, has never. been 

reported. 

(c) . The activation energy found here can he 

compared with those obtained by other 

investigators: . 
..... 

\~. Jelliney' (2) 

. Madorsiy (3) ~ 

. 
44:7 Kcal/cole' 

55 kcal/tlOl e 

. (d) The superposition a~ the diffcr~nt. tetlp~ 
" 

craturcs is excellent {or tho we.ight iI\,-.... ".' .r--.. , 
erage.,lIIolecu·lar· ... cight, good for the nu:nb-' 

c.r averal:e and Ii.ei',sonable 'for the 'tota I' 
. . ,-- , '~:','''' , " 

~Ulllbcr of particlb.: Thi;corresponds • 

vi thO the r'elative infIuenceof thelo ... er 

molecular w,ei-ght tail .on ,these 'Gu~nti ties. 

48 

'IV-S Hod'cl 2:Uit£ipping with depropagati~n constant, ftinc'tion' .'. 
of" chain length .. " . . 

At thi's 1II000ent ill the i~·v:sti.ap'ons it "'1\'.·stlll bel!ev:thc' 
\ . ." . . . ' 

lIUIIIber' of partl~lu to~euin connan! before, d~r~sing. This .SSUlllp-
, ,.' I ">." ci ,'. 0 I , -: 

tioit.could be con.~ider~ ,..jthil{experhlenUI e~or at.:.270 C and 292 C 

(t4 t in'e ~1~-7) ,and,)s~ also v~Ud~t31IoCandH~';>C w,henO~lypol)"ler. -
'.' ' -. -

. ch4 lnslaTg~r than 600 uni ts are. considend (HEUrC!, IV -14 to (l",ro 
o· 

1\'; 15). 
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AlahQUgh,the hypothesis of a depropagaCdon constant being a func-
", 

, tion of chain le~gth see!Ds" rather unreasonable frOll the point ,of view 

, .that' above a 'certai~ minimUIII length an), chain end should be. t'h~same, 
, " ' "/' " 

, and in each. case theS~~carbon-carbon bo~d lsbroklln, this"is already 

, r'eported" earlier in ~th~ literature. Wall and c~wor~ers. (7) explored t~e ... , 

. iates of volati!izatriQn for monodisperse po,lystyrene!. f",rdcular!)"in 

the 'lOW molecular weight 'range '(u~ to M.W: M"OOO) •• , They found the . . .' . . 

colliSion factor from the Arrhenius equation to be increasing with In-
, .' 

, crea,sing mol,ecular weight, They also reported a drop in the activatio,n ' ". ." 
,energy from~? :kcal at ~igher llIol«:cular we;ghts (;24;500), to 24 )(eal' 

for' a 3,400 molecular weight sample'. , -: J 

, . 

", This mQdel, ';as :ilSo;favoured since' it could not wtlY explain ·th~ .1inen ' . : 
, . variation ofva,la'tile fraction 'with tille, but also the exponential, drop 

" 

,in ,tli'e average ~'1lecular weights. 
. ' , 

3 Oifferer.t ways of~investig"tingthe chain length dependence of 

k,d ,~were then ~ored., We wi 11 t'est~ic't-oursehes to the ea~i,est and 
'p .. .- •. ".. . ", '" 
1I0st- obvious lIethod.. Another, way of obtain~n"the difhrent. kdp' 5 is 

'. ,given 1'n Appendix '2. 

, ,'11ie llqUat ion for a chaincontaitring. n lIona:ler units is: " 

'dP , 
.....!!. - ., 

, ,dt 

):odp '(n) 

Q , 

sU-ine frOlS'n ;0 ~rifiaity; 
~~ .:, '''.- ..... .,:. .,. 
" 0,,"-, 

d I - P 
n' 

a-n, ""':=', Ii';::t~- ,. 

! 'k <!p ':(0) 
u'\ii " " , 

-..... 
, 

. , 

• 

" , 

\ , 

;, "'\ 
.. ". ~ _1_~---

. --.--,-.--
,-



., 

_. __ .'" 

. ' . . l ". , . 
\ , . 

• .. S5 -
worrng' out, the swnma,tion ph the ,right handsidc" we get: 

.. 
00 

. d r._ P 
n=n n kd~(nJ p-,P 'n ' (9,) 
, dt 

SO', if in equation (9) we start the sUllllliation at differ~nt n or 'C"~:Jin 

l,~ngth .we~bta~~thecorresponding k.:p (n), ", The use ~f cqua t ion(!)) . ~',,' 
rl"luires taking the derivatives of t, P verus time for the~, ' . , 

n.~ n' ,'. , 
erenf tcmperatu~es of degradation., This would lie rather' difficult ~l,ncc' 

" 

not ~ugh ex~erimcntal data are, avaiia-ble at, each tcmpcniture. Using' , ' 

'mastcr~rvcs howeYer ~nd,cxp'ressingequatiOn (9) as a functo,ton'of,\:, 
, I' , 

~ , 
Yolatilematerials, x" gavetl)e ideal solution: 

.' \ 

\ 
d r P .. 

non n 
~ k p- I dX/d~ --

'tW ' n 
,'j .. dx 

, .;.--.( 
d ! ' t' 

"' . from~ich (n) n 
ld ' • n.:.n I dx " '(lO~ 

, ' 
p P-: , dx n dt 

Plots 'of pversus x for different ii' ~regiY"1\ in figures l'lc 14.-18; 
n • ~ 

n:rn" :. ", , 
, :ahe ArrheDivs' plOts for the kap (ii,) ne on figure IV-I9'.· Puallel lin",,' 

proving' ~ cQnstantcne;IY of activation,wc-!'e obtli.r\ed 
'. . . .' :, . 

,weights between 60,O()O and 290,OOO~ :Tho c,orT.t'5~nding d.-ltaare'iiie!l' in 

ub·lefon:l in llppendi.Jt 

suits' were' obtained. 

3. , cittside ~his 100,I~CUI;H "eight ra.nie devi.ttingr-
. . - '.-' 

For QolecuJar .. eight; low;'!" tl'lAn'6Q.OOO'thi~'i~:prob' , . ' - ". . , . 
.. bl), o,\ue to the influenc~ of' the :-in ,intO't:;llnuaber of punde' .n 10>1-, 

'':r extents 'of volati'li~ation (seo n~ur<" 1\,"'14-15)". f'or ,:lolecuhr "ei,hti' , 
. :." r .. 

lHi>C'r th"n :90;OOOth"decHnojn LPn "jth x IS so st""p th4t llc.;ur~t" 

1 . ["'" -Lb'ou'·, Th~ '''-t'~''',t,lvn ~n"r"i,t's, OO[,i'~~N .' ,ope" "C3~ur~"n' c-c ...... O .... 4 h ~ _~ 4 ~ .. 
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we,re 34. 254 ~cal/mole, almost ;idcntical as measured· earlier • Plotting' 
, ' , 

the collision f\ctors A from the Arrhen,iu!;, equation versus M.li. ga~,e a 'straight 
'. 

line (figure IV~20);' fromwhi'ch the following relation A(M.W.) was'd"l'ived: 

A ~ ~ -;'346 x_lO~ In (1)1, .. ,/12,000) (11 ) 

'. '~~ . ~', . ~ 
The, extrapolation of this, re.lati'on, to lower molecular weights (<60, 000) 

gives the' appa're'nt rather strange result that for ruoleeu,lar weight~ lown~ 

than 12;000 kdp should, beeo~e zero; This is not so, unreasqnable, when 'we 

,look at figures rV-ll and 'JV-13: ,the aV,erage mol~ularweight,s :Ire, level·, 

'ing off"ar~und molecui:lr weight 8,OOQI'~A very sllIall value for, the deprop,-
. " -. . .' .~. . 

~ ". . 
, ' 

agation constant wc:>uld be more logical. but" in'each c:lse the contribution 
. ,,' • • .. r 

of v'?Iiatilc materials o_f chains smaller tharl around ~'i~ uni'ts should -be 

n('gligible ''compared with the total production of theSe'\~~terials_ 
, " 

, " 

Remark that thl';srune k
dp 

(ii) should have been obtained using equa­~-'." 

'. t ion:' (10) in the:fom: ! 

,> ' d 
~ 

r r 
n n=n 

.',,' 
',' 

1 (IIi -' 
dx. p-,n 

Tiler {Ii} from this cquati?ti 15 onf)"' function Cit: chain 'Ie!lgth, r,,1ie, 
".dp 

o .'all,les, c9rrt',sponding tO'each 'degradationte1llperature, cari be: fou':>J by 

, :::"ftiplying, by 'theappropriaterate~ ~f \-olatili,~atio/,,;, 
',' 

To ched 'tho adequacy of ,this oodel we uSN,equlltio,n (6) in the ,,', 

foro: 
, 

• 

,' .. . ,., " . 
. ~." 

'" , 

d, X' n P , n 
.. n-Z _ 

dt 

• . 

-• 

.. r 
k (n) V 

~·n·2 ,"' , dp n 
, 

.. :' 

, : 

.... 

'", 
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The results are given in table IV-3.· In this table it can b that e seen. . 

··d(tn.p), 
. n-2· n is '. larger than t 

dt n-2 
k . 
dp 

..•. "' . 
. ~,<\..(;J 

, , ,{ 

(n) . l> n' in other Nords the decreas.e 

; 

S9 

in pOI)'lllermass. (tn P n) Nith. time cannot ,be ~Plailied solely throuCh unzipp­

ing~ ev-eli Nith"a c~in length 'dependent depropagation constant; An add!­

tio.nalmecha'nism for pOlymer breakdown shou1'l be' C:onsider~d., 'This'CII;ch- . 

anism should also account for the. rise in total number of part,icles in • 

the earlier stages of. degradation. This'Nil~ be the starting pOint 'for 

llIod'.e'ls 3 and 4. 

IV-6 Introduction' to' Sci'ssion . \ 

A point .o.f discussion in the literature . " '. I ,lIc.ission takes 

at "Neak'" links or at . ra.riif6ai;';'''v·'-;- '. 

~eron al1d Kerr (9) ~h~ed that Nh~n' thenu;:~'POI}'1lleri'~~ pOly: 

'. styrenes are· decomposed. the' rate..at Nhich bO~s are brokenranddal y .sat-

place 

.• ', . isfies the 'relationship: . 

a ~··s· + kt ~ , . . .,;:. 
(I::) . 

·where. a is thedegrcte. Oeclellr.dation· or fraction' o£ bo'nd; broken per 
-', ' - -" '." .. 

molecule at 'tiJIe t a/ld can be. ~pressed as 

'I 

OPt.· 

I 
DP 

. 0,'. 
'~ 

8 1:1 an apparent fact~ of ~henlolabi~e hoOds bi thepoly.cir . 

k -is.a fiut order veloci ty cans~nt for'boDd, scluioll; 
• ',. -, • . J 

, " 

So it is usuaed bere t~t ·~N.k~ links. br_k veryrap14ly at ~~eonset .~ 

0:( the reaedoll. cons~uent;;, the'pres~ccl all4 aapitudeofan. ;"'di,*te 
", . .. . 

-.int~~~~ iri plou of Qi;e.r~ti.lle' villlJ11Ucau 'the ubh'riCc, oC lI1lY 

..... f·bot!ds. 
~' 

• 
----,' 

• 0 

.f" .. 

.' 

) .' 

,' . 

.. , . 
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Eqiudon (12) f?r our' polymer is shown in figure IV-2l. No intercept 

is found, so "w.eak" link's (structural or due to oxygen) can almost be ruled 

. 'out,and randolll-scission will ha.;'e to be c;:onsid'ered. 

',." '. 
. . . ." . ~ . . . ~ . 

IV;7'Model 5:. Randolll Scission.and DepolYlIlerization 

, • 1 
In orqer to expljlin. the increase In total nUI:lber of pa.rticles " 

rand'olll degradation will be ~~troduced. This mechanism' alo~e howe~e, 

can never, accoun't for the total productiol) ofvolatile'll1a.terials· during 

. '(3)' .' , 
the degradation '. " Depolymerization alsC1 will have to be, considered . 

. G-- d .~ 

. According to ·tlilS ,~.odel the rHe of breakage of bonds wi 11 'be: 

w 
·,dN : k N 2 kdp 

t P , s - n n-n 
dt 

( 13) 

, 
:.where N .. is' the total numb!!r of bonds' in chains' containing core than 

-' 
.1) uni.ts. 

"', 
With 'at the mosya "I\:.error, we can 

-. 
of bonds by the 'total nUmber of mon~'u'riit$ i'ri t~c'ns·tc:l. 

.~ 
(13) becomes thcJl ,'~. 

, . 

- - • 
d r n P k Z n P " .~ k . . L r 

- ·n. s n dp. n 
non .' -

non n-n 
J O

" dt 

Equa t ion 

(l-l ) 

[q":'l t..i on (14) describes the evolUt.ion of poly", .. f.uu ~.i\A fune t!on ,of 
" .. 

'~"I::::'" 
:"; '. ." . 

. . , 
. . ' " 

/ 

" 
.. 

tl.::e .. : 
. i f 't'h ~.-~ r 01' pol·.~-r · ...... ·rt-A siJ:Iilar ':'qUo\t.ion cOIn be"r !ten or? ...... "e. . .~~. ,-, 

, 
• 

" 

. •. 1 • 

r ' • 
~ .... 
(I S) 

, . 
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Equation (14) in terms 

~ 
,. 
",,-

d r n. P 
n=n n 

d.x 

, -
As mentioned before k 

"' • ", ! 
,/ : 

,. 

Q 

of x: 

.. 
= k E s -n=n 

il 
n p 

n p 
n 

'(16) 
.' . 

and kdp in equation (161 wi.ll be independent of 

".,: temperature. 
~ ':f<~i:" .' . They are found using a least' squares fit pn the expcriment-

,H elata.' Again w.e state the importance,of the transformation tox; 

.moreexperimen~.al P?ints become available and make the least squar,es 
'0 . 

fi t. more< accurately. 
, 

" 
Scission and depro,pagation constants found are given' in table ' 

IV-4 ., 

TABLE'lV-4 
.. 

, - (X-I) - (x -I) I n . k - k 
!'I dp 

, ., '~771 
Q ? ! 

? .9S67 ~. '10-~ . 
. 200 . • ·2J 43· .. ~ 5900:x 10J , . 

. 
· i~ 1 10" 600 .7767 x , , 

10
5 

, 
1,900 . 

. 
'. ~499 1910 x i · , 

'. .. · . j 
, 

\ 

Rc=rk tha·tby using this cetr.od I. anJ L
d
' wi 11 "utoqLlnally have the .... . s p, 

snmeacth'at:ion energy. As an 'lliustnt ion'tll« Arrhenius ·plots for "s·' 

. and k.· :He 111\'.1'" f~r ii -.1,9.00 1n fii:lJrl!.'I\'-Z~. 
. . up. . . ) 

;':.::;. F~ .on aIl4I)'51S of ·tlle rCHdlah til" .ie-oUt S'lUHes fi t c .. n.' be. 

.. scat t .. reo-!. 
.~' 

.. 

.. 

I 

/. 

., 

, ; 
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6S 

/ lIowever., to be conslisterifl"k and kd should be the same for' ,different . ' s P-
' . , 

n. As can be ,seen ~.~.om table, IV.-4, this is surely not the case for. k
dP

: " 

At this point f\P conclusions can' be made, howeyer;, about thcva·l­

"idity of ,the modeL A.,quickl'ook at the co;r~l!lti'on'matrix"'fo~ks ;'dnd, 
.~. :.- . . ',~,~", ' . .' . 

kd shows a 
p r 

high negati've, c~rrelation (-.9940) between'the two constarit~., 

This means that a: number of coinbi~tions bet~6en ,i.('~!l'Hd kd can givtl 'a'n 
. '. " ~ s ,'" .. p 

,equally good fit. Anothermethod.todet~rmj.ne ksan,'~l.dP Wi.~l have to 

be sought ~ \ 
\ 

\ , 
'\ 
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IV-8 Model 4: - Random Scission, 

, 
" 

b 

nen we l~ok, b~ck at e~ua:tion (14) we can see that in the early 
. 4. I 

./.' , " '. ". .. '. , .. 
stages of degradat~on, whel) ,the ,tOtal number ,of particles is ,small, 
, , ' 

, .'~ 

66 

• , I • "..'," ", " • ~ 
,the depropagation term,will ,be, negl,igible compared,with the scissiontenn: 

. " '. ~. . ", .. /. .~ 
~ . '. , 

CAt later stages de.propaga~iop wi 11 tle~ome dominant. Th~s approach can 
.,.' , ,:,' "(3 4) , , ,,' .0 be fOund', in the litera~ure ' ,",. So if. we restri.ct ourselves to 

. 
,-the scission pat-t"of th~ degradatiq~, 'equation(14) bec,omes 

• .' . I . 

" . , " 

, ' 

.. ~-
d, t nP

n -. n-n • 
dt, , 

which can be integrated ,to give: 
.' . . '. 

n p" ,. 
n 

;, 

- . ' 
,( 17) l: n P 

!l ';'," 

" ' 

,: _ I) :0,:' 

o " ' . , 

Again equation, (17)' ~as 'c'bnv~rted to _vplatile fract.ion.x. The results 

obtainedne given in table IV-S:, . , 
" " 1 

10
6 • - k ex -I) 

, 
'k,s (sec.-, )oJ n " . . 

. -5 " 
29 zOe I 311°C : 336°C," 

; 

, 2100 c . , 1 

i " 
' , 

• 36::& 1,900 .13.,:5 3,.06 10.7 '109. i I • . 
600 4,.7S , 1.10 .. ,,3.72. 1'2.9 39'.3 ;1 " 

i.80 
" , 

.88· l:·1 9.l5 7,00 .42,. , . j -, , . 
. ., I , . ' 

To, prove the, v~li111 t)' of th~ transforUt.1on to X,' ,we"i tI.·c;.OII~re' 
, ' 

the kQbtainCld t1!rouch t>io'different aAitho,b; , ' s 

',. . ' ~ ... : ~ \ .~ 

, 'J 

, , 

, 

, 

, .. 

\' 
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Method I: 

Method II: 

" ' 

• 

, , • ~'I 

" 

, , 

ks obtained from least' sqUllres fit of,equation. (18) 

on En JI n veuus' time data' at different ~lIIIperature5 . 
• , • • • ",', 'jo 

ks obtained from 1 east. squares search on '''"' 
,::,>. 

/ .. 
d r Pn 

.....,. , - .n 
n-n -, -r ,- k t n P (19) 

dx 5 - 'n. 'nan 

, 
,and multiplying w,ith the rates of volatilization at 

.~ 

the different temperatures. 

are shown in. tab'le' IV-6. 'n - 1.900: . , 
TAB L E IV - 6 
. . , 

. 
Its 

. . -1 ' i\f6,. T (0C) (sec )'x 

I 1.1 .. 

270 . l.19 l.O6 
. 

292 10.57 10.7 

l11 36.21 36.4 '\ : 

., 

ll6 122.1 .. 109.7 

67 

tbedepropa'.tioD.te~)n cqlUtlon (16) • 

ls's~tlstlcally Slenifica~t or not. We used the "extra sua of- squAres',' 
. 

pTlnciple~ " 

F (1. n-Z) • ." &r1 - RSS~~, 
2}' '. " 

n-2 

,-v 

~ .. 

",., 

, ' 
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RSS2 is the residual sum of squares 0,£ the model 
"\ 

combining scission and 

(16) ',' 

dcpropagation, 
~ , 

equation: 

, '", , ' 

n is the numb'er of obs'ervations. 

• 

For both least squares fits the .experimental observat ions Were cut off at 

52'!, deg,radation:Oeyond this 

. bch'aviour of the Uegradation 

point an incUnatlon in th'e 'straight 

euI'ves i~. o<Jscrved (fig, [\'-1-3). 

i , 

- TAil L~ -IV 7 

0) (2) .. (3) 
-

line 

- ~ 

n 'RSSI RSS2 .. 'RSS2/ . (4) .(1)~(2) (4)/(3) F '95(1,n-2) . ; n-2 alii. . 

.. 
. 3 -' ',3 , , 

190.000 ,3038xl0 • 27l"9:< 10 • 151lxlO' ,319 x 10~ ~, I I .\.4139 

. 3 , , 
103 ' bO.OOO : 1751:<10 • S468X.lp~1 .-2878x 10. .,120 x 41.~9 4.3808 

.' 

,20,000 .ISI2)(1(? ;.180~"·102' ·3 , 

/: .948J. .133 x_ 10 . 140 •. 2 .380B 

. " '. -; , , 
, '4 .3~Og . ',-Il"23xlO

L .. 
2 ~ • 14S3xl0 .0765 . .398 x 10' 520.3 , 

" 

. , 
From t ab·1 c IV-7 

" .. follows that neg1.ect ion of' vol:ltile for- _ ... ion at (hese 

. tcnpt'ratl.\res is onl)' allowed for .. olecular ... eights larse~ ·than 190.,000 

fij;u'l'e IV<~3and figure IV-24 show equation (19) for' n. 1,900 and 
, 

n ' {,(J.O respectively .35 .fit'ted to ·the e>:p.erimenul data: the fl't 'j's :>uch 

'h"ttc~ fIJr t.h .. largern.·r.ls·conduslon is in.contri1d-i~t",o,,""ith 

C.cH"r~n and Kerr (9) ",ooassl.C~ th:n ;t teaperat~;~s between 2S0
0
C .J 

. 
.. 

Tt' becon\i;r~ the Sos'~lon ·cons·t.'Ints frC<!uble 1'.-5 .And [V-6 . . .' . 

'I .'. , 

'>".jIJ h" inJ':Il"nJent of ii, ... her" ".~,now th~y 1n,r ... ",'" with in.creald'!l , 

• . . 
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This was' also confirmed by Cameron and Kcrr (18), who,from thc comparis~ 

'on of thc ratcs of 'Chain scis~ion of two polymers whk?"'e,e both pol}'-

, merizcd at '~OOC~ showed t~e .. ~i bond· sCission to eXhibi t a direct' 

'dependence ,6n the initial nlOlec~lar weight: 

0' polymer k· 10
5 -1 Mn 10-6 x (hr ' ) x . . () 

I 

TPS /2 
/ ,,5.86 

t 
I. 490 

T~S/3 1.48 l. 044 , 
" 

-.... -:. 

·see IV-6: lntroduction .to scission 

The scission constants we' obtaincq up fo now howc\'cr ,must be kind 

"of average for all 'the chai,hs larger .. ~t~an ii. 
0, ";. .' ~ 

A, chain lengthd,cpcn,dencc', 

2m-r.owever\e extracted if '\o(! ,r:~!"rk, that for this polymcrthc averaic 
. '.-

" ,4 

cha,in length . ",' 

> 

~ 

[ n P ,! 

n=n n 
~ 

for' n, " 1;900, 
" , 

r p 
n~n' 

n • i, 

'.i' r ~'" 

stays ,almost constant, (within 10\) dur,ing the period ofllcgrad;ition con-

~idl'reJ(u,p to ~2\ \'olatilizQ~ion), b,cfo!'e decreasing.: st'ceplyb"fore 

" 
" .1i>appcarOlnce., This stat_ent beco::>es Cleare,r after Ii look at the GPC 

rc .. pon~c curve:, these 1Il01ecuiar ,weights Olre,sltu.Hed,.if th~ tail of the 

, ' 0 
,So' Olt 311 C the following scission constants cOUld be 

,t~ , 
," , ub:aillt'd: 

• 
, " .' 

" 

Q 

'~ \:, 
, r.,. 

, ,"- ''', '" . ' , , , 

. ,,-
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IV-!) Test of 'model 4 

To test the validity of relation (to)., 

, 

... 
between -k , and molecular 

s 

weight, for 'other pol),lIIe.r samples, degassed styrcnemonomer was therm-

.74 

, .. - ~6 

ally pOlymerized under 10 mm Hg vacuum at 111°e. The characteristics 
.( 

of this polymer (caI1cd-pol)1ner II) can be c6mparCJ "hh the previous 

(pol)1ner'I) under table I 

31Jr°e fpr .:up,' to :30 hours. 

in appendix ·3. Pel)1ner I I. was degraded at, 
, 

The degrad'atien path'c~n be ..feund back on 

tlie dJ fferent figures a-s a dashed \.inc. USing equation (17) and i,n a 

polymer I,. the ls en) fer polymer I I ,,",ere .obtained: 

TAB 1. E I'V 9 

z ' .. 
I. I ~>(:»'~l n, n 

av.cra~c -[ 

(j, Oo't~. I -~ 4,400 • 18S4 ~ 10 
, 

.: 
S,!!O .10 c3 6,40q .3137 x 

I ' 

9,300 11,000 1 ; S201 x 10- 3 
" , 

The rc,'latlon between lis .1nd ?olceu.lu ,weight ""~ n"" fo· .. m..l tO,be • 

,leg "s '. " 31..25 .1.]03 log,N.W. ( 2l) 

/ .' ,.-,. 

fro::! fl'.ure .1\,"~S, where ooUtJelauoM '(20). IIn-J -UI). Ue plotted CAn 
---._/ 

bt",~en' thllt th" 'sciulon ~onH~ni~"'f.)r' th",Junll clu,iiu,o{ ',>oI)1:"rll-
, .' 1 ~ :t-

H<' ",,,eh hi~her thlln could bt fo;"i:llued !r,!=pvlpc!' I. ~ Tloll> U .. Is;,) 

cI .. "r free fq:UH !\,-;!>:thc' d~n-h(! 1~.· p.:. I,....., r. ;pn f.!r pol,....,,: il 

• 

..... 

.' 

". 
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"-
is at any momllnt faster than for polymer 1. 

. 0 . , . 
At 311 C the rates, of volatili~ation for both polYmers: as obtain'cd , 

from figure IV-I, arc 
. 

. I I ,r 
polymer . rate of volatili:ation 

I 2,7~' 
. ~ " 

'II 4.17 10-'6. "-. . x 
",,:,. 

- . I 
. , 

Pol>'IIl~r' II degrades faStcrthan polymer I. ,The sM ' condus ion is 

yalidJ'rom the. mo,1ecular weigh,t CUI'VeS, "figu~e, 1\'-4' and figure IV-5: 

the fall in average molecu.lar weights'is much ,greater for poiY')lcr II. 
. . , . '? 

Superposition was tried but no conclusions "cmlld 4~ madc, 

" 

Clearly the same Arrtien.ius· plot 3'S was ,used for polymer I, will 
-, 

not' afpl)' ior pol}:""r II. ~ .. ~ 

- , 

. ------,' 
, , • 

" 

'. 

.J " 

.. 
" 

, , 
• 

-

. ' 

, 

-
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V I CONCLUSIONS AND RECOMMENDATIONS 
------------------------------~ 

. ,. 
; Unin!Ul>i.tcnst.yrene. degassed uhder high vacuUlll( 10: 6 mm Ilg), 

, , .. 
was 

thermally polymerized in bulk at 10-6 mm Hg up to almost complete con-
, . 

vcz:sion. rhc samp~es so' obtained were thermally degraded under the same 

high vacuum .conditions at temperatures ranging between 2700 C and' 3400 C,· 

- fOl'different time intervals 'over the whole range, of dcgradat.ior:. Thc 

br'cakdo\ofT1 of .the pol~er, t~_ough 'changes in numbcr.1:~ght,average m91-

ecular weights: pol),dispcrsity, and mOlec"'la~ ,weight distributiO-n-,-w"-a-s';-='--~-

investiga/Sin~ gel peI1D~ation,chr,omatOgraPhY .. 1)\ si"'ple un:ipping-

_,_,.mcchanis~ from, which fi-e s,J..rted was found to be ina/equate in 'dcscrib- ~'." ... ' . 

, ing all e:tpcrimenta I observat ions. Oi Herent other ",ooe. Is ,:,cre t;' Led, . . .~ 

from which finally a. camhi'nation' of r'lndo::lc scis.ion and dcpol~""cri:ation . 
. " , \ 

satisiied data"best. Thescl"sion'constan-ts werr'deternincd and found 

tobcfuncti;ns of chainlerigth. 

'To test th,is lIrodcl''!Xllystrrene, pr"pared with tho Sa:le careful' e"-. 

elusion of oxygen, ~t with .completely different char3ctcriHics' (".\': • 

. , ' a 0 
polY'::zeri:edat III C) was degraded.'at ~ll C,The ",OJel "H .. round to be 

. applicable,'but with completely dlff"r,ent·rate constant,s. Thh SUPpOS.,s 
, ' 

the ::IeCha,:l5::z to b~ ~oi.i si~ple and an add!t;o""l ster:~, reUtlng different 

mOlecular , ... eight dl,stributions,' to be inciud.ed • 
., '. , 

'Although here the litenturc can'provi" .... lot'of new,iJe, .. 

I!\3ny llre tOO usefu L. . The :>o:H' l .. por,tant, "\tre ('rellt eJ her . .,. 
,.: .. 

loa II .. and cowo!"ken' (,~) d .. ·~cnbeJ,· t~"'lr "~~t;: .. nt"lo!l"':"Y"1 fo,u 

'Ill tti .. '(h"nUl d .. gr .. d.lt~on :of runo .. Jl~tn.but.,.J pOl:-~.("t'''n .. b)' the-re-, 

,-

, 
" 

J'.' , . 
. , 
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• 
depropagation, intermolecular trahsfer, and transfer by disproportiona-

tion. The fit with ~he ~xp~rim~ntal data is not good at all, surely not, 
, J 

at hikhe~ molecular:weight~ Theyattrlbute this,to the occurrence of: 

,te,rroi'nation by combination and diffusion controlled rates. 
o . ' • 

, (19, 20), ',', 
,Atkinson and HacCallurn , developed rate equations' for ,the 

~hc'r':na'i decomposition of a polymer by a ,andom scission reaction follow­

ed by: rapid depolym~ri zat\n ofa co~s~an~nllmber of monomer units (rolli, 

both fragments, together with 'rapid c\'aporation 'of 10 .. ' mOlccula'r 'weight 

species. Their theoretical 'curves cOllld describe the wt~il!ht 105s and~ 

molecular,weights ,as obta,ined from dynamic thcr.nograVl"'ctric analys,is • . , 

lIowever,'/lo .experill)ental data arc given. 

Th~ largest -difficu!'ty is th:lt up to nelW tlobodyrNIIy. bOws'w!llch 

steps g~verri the thermal de~i"dHion of pO,I)"tyr ... nc. So refers C:I::I<,rol\ 

(21),to Inter-and intra" r.lIJlcctllarchain transier a. opp,,'scd'to 'SC1'~· 

ion and, depolymcri:atlon, rcsp'ecU'vcly. 
"\ 

, The' b~s~agree ... lt!'nt w1th' cxperiCletlt.ll, J.lta ,.as vbLl!n ... J by GprJon 
.Q, 

tli~ model involved In-it.latlon,- l:nat!t:-enJ" .un:i;';Hng, lnt("r::Qte,~u.l-, , 

~ar transfer:,anJ tt-mination. However .dcp:endl:i~ upon th'~ l·;~l:!;tl ::ol~-.:· 
/' ./ 

ul:1r ,"c!j\ht. the order, of the tel'1liru~ 10n ["COlet l,on r"'d. tel ;,c' .. J J..?t cd , 

second-order for 10 .. ioot'eculiu'weil!ht (';30,08(1), .Wl.! flrH order, ~-Cjt .. " ... 

ar "e1j,hu no fit q)uld b .. bbt.>\ncJ.' 

Thu 1~<1,'e, 0l'"n'the 'ol:lIC, Gut'HI<m ;n '1n Qur "e"h~n1 u; 

, . 
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ecular weight curves by the.activation cncrgics fo( transfer 

and untipping to be e'lual. , ... founJby us to be so. 

The next step in the study "f behavior of po'lystYfen.,,· 

should be the degradatio~ ,of polymer s:unpl~s with different initial 

molecular· weight distributions, e.g. poly:n.eri:ed at different tCQP!ra­

tux:es. This should give a clearer picture of' t'he~i5sing step .. i'n ~e . 

mechanism whi·ch relatcs the behavior of diff~rent mol·ecular. w'ei;:ht dis-

tributions. . ,: . . . . '.' ( :.. . \. 

'\ 
Although in the. ·literature sophisticated r.IOJels arc described, 

/" 

the true:modclcannot be too complicated:. 
, 

the :nolccular weight cur,",:, 

superimpose., nice linear relationshit's 'are obtaired etc. 

" .. .. 

-
, 

. ' 

.. 
. . 

.. 3 ". 

, ' 
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{ 
call:ulatiori' of 
GPC, res onse 

number ,of polyml!r panicl,es. from the 
" ' 

The conye,rsion from GPe ~ t (',f " ' c .. roma ogram F v) to 'mqlecular weight 

,fraction, P(~) can· bo,obtained. 'a~ follows 
.. , 

- F(Y) dv = F(M) o 
( 1 ) 

or F(M) D . "---' 
F (v) I (dl04/dy) 

. ' 
The number of polyme,r molecul'ls of molecular w('ight M, can'he: 

" 
found as 

P (M) <1.'1 " 
F(M) d.\f 

" M 

c· .' 
The tota I number o'f molc,-'Ules is, then: 

F (1,1) d.'I 
M " 

, , , 

or in G'.P.C. response t\!ms and equatii!\ .( I): ' 

\' -2 ! Flv) dv 
V l' M(v) 

"~,,, 

;, 

:, 

,The :so. obtrin~ nu::ber is" the tot..11, nUmber of &r:t.=oles of 'pol)":11~r 

of chain' length ri p';r gr1m of ·polper.' In J,p4e~ to com'err this to j;ra'-
, , 

.. ",oil'S .per liter of reacting.·::ixtc~~ ,we ~ve to crultil'ly by: 

(I-x) l ~, . x - ,p' t I - xl J 
III .,' I' 

.. 

.!,",,~ __ -L.-
J-

where 

-!o, 

X D.: \ lOW' mole.cli Lir weight f-rae,t i~n" "', 
, , :, '..;), ..... ',-, 

• 

P'" ~ dery o~" ~h~ ",~nOCltet>'::9~~" ~:'9'i'~ (T ·in.,I), gil 

P = ,de~ltY of th~pol')'",er':~ 108-1.8 - 0.60:' (T .. :7~.'l) ill 
p , . 

. . 
. . 

J .. SchiHber. J,., A::I . 
'~' 

. '\r 
Ch~. Soc., 661, 3-149 (1939) 

, . • frOll! It.' Patllode a.nd N., 
- .---

" .". """" 

• 

I: 

" . 

, 
.' 

o 
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2, Secood method for, calculat'in8'"the ,chain length dependencc of 
the dcpropagation constant in mod'cl 2 

pli5,mcthod is not as 'lccurate as the first method. It ·gives· the --- ion constant, for a narrow range,of 'molecular weights, where"the 
~,. ... 

con,stant to be the. sallie for' the di fferent chaili U'e,ngths 

\' 

• 
Sta rting fr;~""~he bas i c ('quat ion 

dPn : k
dp 

(0) (V - p ) , t. (l) 

" dt 
0+\ ' n, , 

Sum.-na t i 00 of equatioo (Ii over a narrow :no Iccu la r .. eight r~lnt:e~ .' , between chain length ~ andS gi."'~s 

o ' 

nl'll 
1: 

d n;::')' 
p ( n 

~ k 
dp' 

~t ],9 

l'iorUnj; out !ih" 'su::lJnation. we ~et 

;; 
d I' I' - n 

ne.-.l 
• • .. ... , 

(j 

Cdj and right hand:~i'Je or CqU3t'1.o,:l 

~ time. This "3~::~ound to be so. 

5 " 0' 

J: P ~ 
0' r 1 n+l n' 

n<:lil n:l .a 

(~l ~houldh.we the U::IC ~ign llt 
.. v" 

,,~ stoltl:'daholle thcfirH · ... ethod " .. s preferrl'J; ~::1';", it j;l\"es, 

• 
, . 

('I. "",,' 

" 

" ' ... 
• 

, , 

.. " / 
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Tables : ' 

Table 1: Pro erties of the undegraded pol)'llier s plC1s 

Characteri st c Units 

PoJ)'IIIerizat on 
temperatur« fc 
Pol)'1lleriza , ion time,l hour . 

" 
, 

Conversio \ 
"-

Mass ,of pp l)'1ller g/liter " ' , -, 
muture 

, , 

Number-a erage 
molecul r weight • 

Weight- verage 
mOlec:u~ar weight 

, 
, 

Z-average'aiol ecu In r 
weight 

. , , 

Polydispersl ty 
., 

iota I IIUJIIber of moles/ 
pol,Yller p:1rtides Ii ter_ 

, , lI,Uturc 
,', 

" 

. . 
\ 

\ 

. ' 

.' ... :' .. " 

. ' 

'. ,,' 

I 

j 

Po 1)'111 
7 
~r I 

,. 
, " 

168 

40, 

,97 

9.9 
"-

64,867 

" 
168,453 

282,746 
, 

i.597 

.1652 

, ' 

"-

"', I 

x'iO 
-I 

-, 

'" 

. 

Pol)'1ller II 

/ 

III , 

60 

95 

9.7 
" 

" 

226,603' 

518,000 

753,034 

2.280 -
• 

.4666 x 10- 2 
, 

. 
-

.". -.-- . 

" 

• 
• . 

- l 
, 

(I 
, 

"~,"".",.'" , '.' 

, , 

, ' 

'\. 

t 
'I' 
, 
, ' 

I,' , 

-

" ' 

, \ 

: ' 



Table 2: 

n 

600 

950 

. 1.400 

..... -, '" 

~. 
, 

.' . , 

kd e~)' at different tempcrat~re~ p, 

k . - I 
dp 

e se~ '. ) 

270 292 311 

• • .7205 x 

.919'7 x 10- 5 . .3355 x 10 ·4 .9287 x 

'10- 4 ·4 ' .~" 
• 11.1 1 x .3777 x 'J 0 - . .1'123 x 

;1345 x 10- 4 . • ,1455 x 
... 

10 '1(' '~"1256 x· 

'.' 1~2l x 10. 4 .5,\57 x 10. 4 
.• )525 x 
_.",' 

'oJ .. ; 

~. 

336 

-4 
10 .2476 x , 
10. 4 

• 320<). x 

10,3 ,3656 x 

10'3 .A712 x 

10' 3 .6799 x 

.' 

. . '~~ " . 
:"'d' en , p 

• 0 
600) f,or 270 and 292 C !Ocrc tot c;ansi strnt any::>0re . 

. From ·the. 

a, slight ise could be ·seen.· 

-.~. 
" ,.' ... 

. ' 

---,~ - --.' - -----:--

• <> " 

. . 

j. 

.. f 
j 

j .. 

I 

'I. l 
I 

,. 
) 

\1 . } 
" 

I 

J. .

..., 

"-. ' 

"j' . . 

-. .. 

" . 

.. , 

\ " . "-

Ii'; . . . ;. 

~ .... 

...... 

'." . 

10. 4 

10- 3 

10. 3 

10<\ 

10' 3 

. 1 

, 
, 

'. .' 

'" 

... 
... . . 
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r .. -. " 
, ' " 

.. ~ 

- i' . 
Yolatlle I' 0 1 )'1:,.; r 

Time. Fraction' fr.act 1 QJl •• 
,(hours) -\ \ 

. 
, 

~ . 
" --o ' 2.94 , ' . 100 , 

\ . ' , ' 

O· ,4.40 98.49 

12 4.84 98.04 
, 

, 31 
v 

,6.09 96.75 - .. , 
55 .. ,7.02 95. 79 

~. , ' 

78 9.26 93:49 
, , 

" '. 

, 

" _. -. 

I 
l - I ,-

M 
n ' ~I\.-

I " 

,62,567 156,197-

I 

I " 

59,665 155';475, 
, 

56,450 131,758 

52,177 129,943 

51;089 ' 121,849 

. '51,390 ' .J 126,055 

-i 1 . 
' , 

. 

.. ~.,,~ 
"-", ~~., 

.,., +;: . 
P _ D,_ 

0 

~,:496 
''-. 

2.572 

2.334 

2.490 
I 

2.,385 

2.453 

~, 

Total Sumber'" , 

of Pol)mer particles 
moles/liter mixture 

.. 1652 x 10 
-1 'r 

. 
. 17t 2 x W-

1 
. --

, -1 
.1789 x 10 

.-: 
-1 

,.1907 x 10 ./ 
! 

;1925 x 10-1 . 

.1861 x 10- 1 
• 

. 

'·YO}' .. ~il elrac t ion 
"M -"" 

., where M includes r.:anomer, dirlcr .. ,pcntoocr • 
/of '. ( i: n P ) 

",0 . n n 

"Po,lr=er 'fraction i 'n r 
n 

/ ' (' 'r n P ) 
• . ,n 0 

. n-2 . 
• 

·o-z 

~ 

"''rot<!~ IlUIlbe~ ,of polymer p.ut Ides 
, i· 

• r 
n·2 

p 
,n 

• 

, 

-( 

f ) 
..... :-:.:. 

d ' 

-
:;; 

,', 

\ 

• 

v 

, 
. 

\ 

" 

"'"", 

~ 
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~ 
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............ 

~I 
I 

. 
, 

. , I 

Time 
. (llmirs) 

: ,0 

;', 

1 .. " 

. 7 

\ 
• 2ft\, 

• I 
52 • 

72 
c· 

,-
':- . "':<h 

" Table .\' 
, 0 ',. 
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