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‘i'degraded under—Ehe same hlgh vacuum condltxonsat tcmperatures rangxng o
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-'-;‘und synthoais of new -aterlals to ueet ncw or cxisting qequirclcnbs.:

f;ginrn two ganernl types os poly-or dqxradation processes. cofresﬁonding

oL ._Dur1ng the last few decades the effect of hxgh temperatures on
L the stabllity of natural and synthetlL polymers has‘been 1nvestlgatcd
_h,exten51vely.‘f“""l—__,: oy "j‘5*; ﬂ:. N

- b

Studies -on the thermal behavxor of polymers, particularly on’

point of vxew I l.‘ Such g;udles help to reveal the molecular struct- -

ure, such’ as the Sequence and arrangement of the regeatlng uaits..or

' uonomers, and 51de groups in the polymer or copolyner chain Such stud- L

S ies also throu lxght on the strcngth of thc various bonds holdlng to-

. I

K gether the repcat unxts of polyucr molecules. on the kinetxts of dopoly- .

-nerizatlon. on thc effects ﬂf time, tunpernture. pressure and other :‘”
.fivnriables. on rates and products of degradatxon.: Sinilarly, studics on
j_.tho ther-al dogrndntxon of polyncrs are of extrene anortance fron a
.;‘.gzgctxcn poxnt of view.l Thcy ndt nnly cxplarn the behavzour of polyuers

'z.at high teuperaturcs. but also help rn solectzng thc rzght kind of al—_

,1_ e

X theirq}heﬂmal degraﬂatxon are of prlmary importance from a SClcntifIC Le

r existing naterials for speciflc uses where high tenpcraturps are-;‘:

7“‘encuuntered. e.g. Ln the processas of pressurc noldlng. uxtrusioﬂ ihd
R "'ﬂl‘

"cuting, and uhat is sonetincs wen norc lnportmt. suggest :he design

ﬁuf, In The classicaf%‘he-lcal scnse. tho t,ru degradatlun ncans 1ﬂ;:'

"$.'breaking doun of structure or roductloneof nolecular ualght (15). Thareﬁ

" R . . o A ) . P e
_”’_..".' . ' L - . :

3




L)

e roughly to the two types of pol&merzzat1on, step-reactlon and cha1n
. - o R e
reactlon'” '

- . ) r 4
v

[‘) Random Deg dat1on 1s analogous to stepwlse -

pblymerlzatxon. Here chain rupture or sclssion occurs‘

at random po1nts along thé chaln leavxng fragments"

"G"'l. ' . ,._..-.
. ,whlch are usually large compared to a monomer unit, Lo ;
' '_. . ' '{ -.F.i‘
' gﬂ'*) Chaln Degolymcrxbatxon 1nvolves'the successxv¢ L

"-ftfi"i j;' ;release oﬁ.monqmer unxts from a cha1n end ia. a. depr0p-

-agatxon or unzzppxng reactlen whxch is essentxally thcii

_reyerse of chain polymerxzatxon &

. -These two typ*s may occur sepa#atcly or hn comb1nation. belng 1n1t1ntcd
;'athermally thcy may occur entirely at randon 6r prcferentiaily at chaxn

.ends or at other weak lxnks in the chaxn. it ‘is possiblg to dszercnt-.;

'_f-iite betw;en the two proccsseﬁ in some cases by following the moleculnr K

_'weight of{the resxdue as a function of tha extent of degrndatxon : Hole~
IR ‘ *

" cular wexght drops rapidly ﬁs rnndon deg adntxon proceeds but nay rcnazn -

s

’!;BStlnt 1n chaxn depo!yneri.atlon (fast unzipping}, as whol{ nolegukas":"'5'

'.f,n'f‘are redﬁced to nonouer. whxch escapes tron the residual snapla ns n gas
- ;?This is Onc of the criterza on. which we Hillr
. L - . 1

[
J.

/ ,roduct of rnndan degradatiou_is l§kely to be & disperse nixturo of nol- =

fr
|
o

‘-/ knrge qutntities of tonoeer. For'polystyrcnc :he degradacion products

/ -‘ ..'ere utauxvelr SMI}’-Q" (2 3) ; - - —U:"'l ‘. \"_ ‘n o

N T v : TR

'/ EE A frou: dqal of tha litarature on: the ther-al dezradatzon ot poly-
./,,_ thyrcnc rafers to uurk dqaa tn a4 vacuum, ~€he aain reljon for gh;, 1;,,

'\!vtn ii it 13 nqutral. the dtffusion ot of the :lsze of &a!att'e pxau-

- .:.*‘ -

T m

analy:e our da:n. The de-‘

X

7.__~in t,he "ac: thnt -hen the pol;mers are hmtod l-n a gucous ntnosphcte.. o

f:;xrldation prdducts are- also diffcrcnt for :he tvo proccsscs. the ditxnate };g LHf

gl ocular ueight up to sevoral hundred whnreas chain-depolyucri.t:ien vicldg u‘;.f



"-mene the effect of an, external gas or of an- 0x1d121ng atmosPhere om ther--

ucts whlch are formed 1n51de 1t 15 retarded 50 that these products may

undcrgo sccondary reactzons. Ifr instead of in a neutrab gas, pyrolysxs_:

- A
_is carrled out in ar# there is an add1t1onal dlffaculty arzslng from the :

1Y

fact that the purely thermal cffects of degradatxon-of the polymer w111

be masked by the chemlcal reactxon of the degradatﬂon products,volntlle‘

3 ’

: ‘mal dcgradat1on of polymers, the: purely thermal effect can then be sub-

.ftrnctcd from the oVerall cffects thus obtaxned e

Y
-

i ¥

In the present study the thermal degradatlon of poLystyrene. free.

‘7of oxygen, was: 1nvest1gated betueen 270 % and 3d0 . Gcl pcrmeaxzon g

~
e

| ‘chromatography was used as an analyt1cal tool in the study of the theno-

'i; al dbgrndatxon. .;A 10t of addztxonal detaxle¢ 1aformatxon ﬂas thus ob—(

ﬂcnt molecu]ar wetght

®

@ \

: nxncd giVlng ‘a clearer ptcturc of thc degradataon of chazns of dxffcr-

.

t-and n0n-volat11e, wmth oxygen. In. studles where 1t is de51red to deterwzt'”
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It [is’an establlshcd fact that the cnd products of the thermal .
O - ’ ° .
dcgradat;on of polystyrene art ¢3% ??lntxlc materlals (thzs fractxon VTR
. +

- was found by maSS Spectrometry to be 41% styrene and thh rqung
:tcmperatur@s of dcgrada;xon, progressxvcly decr9351ng amounts of dxmer .

.“,trxmer, tctramer and pentamer) and 57t resxdue, Hhxch 15,3 low molccul-
' o

n(l)

{ nr wclght frac 10 These can be qualxtntx»cly aceountcd for. in.

g r B
-7

"_terms of thc radxcal mechanxsm for depolymerz'ntlon by deproPagitloﬁ :g

“an¢ by - 1ntramu1ecular transfur at chazn cnds,'respcctxsuly ; m.5?
!bmever, a rapnd inxtxat dgcrcasc 1n nolccular Hclght 15 obscha-
"

’ _cd sy 0ppos&d to the ltncar dccroaso in nolecular Hexght 1n tha Iater :

. “stagc? of thc rcnction Jcllxnck [3) and Grnssxc ? J

-

1n1t1ul fall in nolecuiar ueigh: is duc ﬁOch) to scxsslon of "ueak"”

contcnd :hat thu"

. ,”
PV .

’bonds and thnt in the l:tcr stagas of the rcactxon thc slovrr dccreaSe._;f__;
: in nolecular vnxght xs dun to dupolv:eri a:an 1n n,frﬁr rndical chain
: reaction. Joiirnok ( ) a:trihuted thcso u&ak Iinks to. nxv;cﬂuxnsarpor- |
‘f  ated durxng polyncrization in the polync- ch@in xn the fw.' of pero:idn E.i" o
() omcens

groups[ Grassle nnd Knrr ucasured the uon&cntra!lon of auch weas.

links frul.tho qxtent uf thh 1nztial decreaso tn :oiecul&t uolght. j;;

CaaerOn and Grass!c {.? havc attrtbu’ad thesa ueah linhs :n stru»:u:c:

L ‘” of the typa "_j_j~'-'3 : - F;' "'7,;  ";‘5_;-' ' ':;'\.:'“
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o at. bcuperaturos uhere valatzle fornation was assunmi T be nogligibla

; and hall "S- conclus;ons @ } are bascd upon a compari‘on of cxﬁcpxncn;a]

Coa : Y B !

T Dxt:iuultxes ot intcrprctatlon arlse Hecause oE tho couplxcatxng
. . - l‘ . e -
cffccts of volatxle “forna:zon=un f%e chazn s:xss:on rcautxons.'_kn

| attcﬂpt by Cancron nnd Korr

" S o oo . 0 ©
. : B . L
v ) '_ \ i 9'
.-'b,{-t'ﬁ 'h '}i d" dorsky 487 and warr (D e
.the other han Ma orsky ™~ and-Wall -7 .and coworkers assert Athat d
C‘ ‘ ."I
therc 15 no cs\gptlal d1£ ergnce bctween the 1n1tLa1 and f;nal stages
- K A

of the rirctlon, and thatcﬁhe changes in molecular welghe hre duc pred-
of

omlnantI) to. 1ntermolccuhar chaln transfer reactlons, followlng a thnzn-

.0 . [

end an1t1at10n

. i . .
19 CIRY ' ]

' ff.ﬁ Moro recently Rxchards and Sa n~£§) have Sﬁiﬁeiﬁed that bOth

processes,*ueak lxnk 5c15510n and xn:ermorncular chnzn transfer. arc

1nvoivcd 1n the reactxon

Both 1nterprctatxon of thc reactlon arc open to cr({1c15m T

r. -
Grasaxc 5 method ( ) of estxmatxng weak bond ccnccntratlon 15 xn: "
'_ scn51t1vc and ‘in cortain circumstanccs could be alsle ng. Slnha s’ ;

.\ _ o -

rcsults and a sophxstxcatcd theoretzgax tre&tﬁ?ﬁt. The corrospond-

v _
L e

cn;e bctween thcorv and. cprrxmcnt, huwcvcr, is. not gonvxncingly [ Ac:
. . B

for a w:dc rnnge of 1n1t1a1 mo:ccular wcxgh;s or at 1ow convurs:uns

<

. f"
(.2 was nnde xo ovcrccnc th s by studying

‘e

the ;hormal degradation bf therunlly 4nd lnxonxcally_preparad polyityrenas

- K

] ‘- ,,z" .
-(‘80 - SOO‘C). Plots af :he degree af degrndat;on,lq' 'rersus tlan
src !znoar. conftrnlng :he randan naturc of :he c&aiﬁ scisstan reuutlons._
'chrco of degrtdgtxun a, 15 dct;néd ns_r l-.ﬁ.;} 1 IR ‘ ;?  -';;i;;-.
' .;¢;‘,. ?'T; ,{fﬂ.j'_,.r [_ .;Z¢f" (U?} K (DP) . JE T N
e ',ﬁ:-ﬂ"_ here DP - dcfrnc 0! pelrnc;! atton -
. T .'l. .‘-, . ) . - - PR
/ : - '-_" B g . . , ____ /

hlch produces the prxmary radlcals._' L . ‘?'“ .
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T suBstantLal 1nter;&pg op the a- axls at zero tlme. Th1sﬁ§ahav10ur 15 -

numbet of weak llnks,,calcutated from the 51ze of the 1ntercept of the

- I

'=atagraphy was used as an cxpcrxnon:al :ool alibough._ns uw!l becuae-
=

T a

-’Attemptsﬂwcre mude to modél the experxﬁentpf d

'ccular‘wexght axstrzbutioh qf the lattcraanestxgaLLpns thnt at temp-

'1jéd Also up to nou qll thu uork on thdrnal dcgradnt!on wns donp/;alng

FY

.”l

The 11nes fqr anxonxc pol§ ers'pass thhln experxmental erfor through

LU . . - . _h _.'. . D R4
the orlgxn, but theSe for the thermally polyﬂprx-ed samples all show a -

lnterpreted qs assoélatcd wkth “weak" 11nks 1n the polymer chalns...ﬁhe

L

a versus trmeuplot ;s 1ndependent of the temperaturp of dégrndatlom

and was about 5 15 x. 10 sc1§51ons.pér chaxn llnk Thq;e weak ranks ]

mxﬁht“be dlstrLButed at randcm wxchxn fhe pdfymgrchglns and mlght bc

I
I . - -

.forme¢ by a tOpo}ymerxhed 1mpur1ty or-. b) Jn abnormal prOpagatlon,step

s » Y b’ .

durlng the polymerlzatlon._ Thcsc groups would break down vcry early uf 

g P I v, : -".“"\, B S R ) .. ‘ ‘
in the ruactxon e o T e : S : A .

b

lt shquld be stated cIearlr tha; qp to now . all the mOdbling

done on thc thermnl degradatxon of pOiVstyrcnc ﬁas bcon qunlxtalxve.
L o .,,_,l ...”l” i
ata [7"77); the results
however ara unCOnVaning -ﬁ;_',_.‘ _.”.l\ f;u o E SR
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Tk Y
ey

|- . v T ‘
y
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-

: fora:ures‘betwecn ’80 C nnd 310 c devolntnlization is negligrble. .Our.

.
[N

results shov thnt thxs 15 not sq.. uith xncreasxng dcj;;dacxén ttne thc L

5 X . .. . -
p-

i depersity of the poly:er decre@ses and ncrc volatzle prodq;ts aro: fon:'f,

-~

i (10)

dyn:nic th;rnograv1§etrrt analysxs e nc?tt before gel pcnneataon Lhran- '
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clear fron this uork a lat of add::xonal 1ntor=attoﬂ can be éb(axnad
&

| uaiﬁiv on the behAviUur of tho sh;lﬁs 1nd1v1duallv Purther gcgasﬁzn;
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Ong limxtation of the carlxcr studxes on the thqrmal degrada:-?' fﬁﬁ'

.1on ‘of polystyrcne._stcns from the'lnherent assuaption of a constnnt nol- .
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of t.he,.'styrcne"monqmer at 10 = mm l‘ig, and carrying out polymerizntion
and conSccutwe chradaxmn und?r the same high vacuum cond:.tlons, should‘
nlmost ru,lo out the existencc of ‘Jellmek s weak bonds, due to parondc ‘
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1111 lGeneraI Conditions

| W L s A VIR
i T N : S S e T - |
11 EXPERIMENTAL cmnrrmus R L e, T

CI

Inhiblted styrcne was obta:ned from Honsanto, Montreal Canada..‘f"'

-The 1nh1b1tor was removed u51ng a sod1um hydroxzde solut1on Aftcr

-

d15t1llat10n the refractxve 1ndex of ;he monomer was testcd usxng an "j, e

g Abbe—reﬁ;uctometer The refractlve 1ndex at 21 C was found to bc the : L -?'

ﬂ'same as. 1n the lxterature ( 1) nD Zi.C - 1 5469 (vs 1.5482 for in.

5 rca:tlons wzthout further purification, was stored in a rcfrigerator un- S

- 'hxbrtcd-styrene) Th1s 1nhib1tcd styrene, used for all ponmerxzatxon 7" 

J-til use.- All polypcrization rcactions nnd degradatxon exporiments were

- capqr,jqint§-. The sch:lntic diagraa ts shoun 1n Figurc III--. The :on:

-

carrxbd out iq&sealed Pyrex glass ampoulcs L¥2) The size uas of stand- :f

ard Pyrex. glass tubing of 9 mm 0. D correspondxng to ? mm I D Thc geo-

. L L) !
metry of theSe nnpoules is shown 1n Fxgure III 1 A steady statc heat '
T om . "‘ v

-conductxwﬂ bnlancc prOVed tho tcmperature dlffcrencc between unil and ccnt-‘f -

er of the tabo to be ncgligxblc (- 9.36 C) as reported by Hux fiz)

| Extrene ;are was. tnkcn on the dega;sing of the nonuuer.J The rc- o
S 5! A SR
dctnnt cousisting of styrcne nouoner uas prcpared and 1ntroduced into

T\*

the glass anpoules., Thcy uere seal_'

6

lfter bexng degnssed under vac—_.nv
uum o’ thc order of LO

‘= fpressuro._ These sealed a:poules vere o
- ' t .. -...‘

then usod for polyncribation ard,subsequent dcgradatlon

l““:\ Tho vacuua line rGQUlred-for thc detassing opera:ion was a stnnd-f -“~f‘
[N .=0 Ce

ard hi;h vncuua appnrttus It consisted of a rotary hcclxng punp, a ner- fﬂn"

cuny diffusan punp, a NcLeod gaugo. 3 cald trap and ten vnlved standard SR

St L . ’ .
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plete dcgaésing‘prdgedufefik‘ds foilows; j et " Yf e
. - 4 - ). P ’ . ‘9 LI - -
e \ T]) The f111¢d reactlon ampoule was connected T
. o T ‘ . v . - \ o
e e *to the %acuum llne, and xmmersed 1ﬁ llquld )
. . : AN Ce S 'l’f'f ' . A S .
‘ nlt;ogengxa/ LT e .

(2) Fifteen miﬁuték 1ater; the valve cohﬁetﬁing the

ampoule to the Vacuum line was oyen and- the
G > . - . - . m . * s

rcactant ampoule was evacuated for 15 mlnutes LT
- (3) The valve was then closed lxquxd nltr0gen '

o a

‘»‘neméved él wlng the fro~en sample to uarm

——

v up to Toom temperatgxe durxng Hhxch ﬂho dxss- - )
A olvcd gas&es cscnped from the reactant. Crack-
ing of . the glass a:poule duc ta exgénslon of ST e

rcnctunt was prevented bv wanm;ng the fro*cn SRR

-
*

ampoule qqxckly uxth warn’ Hatcr aftorzthc Tre~ 7

¢

v

; noval of the surroundxng lxquxdﬁhxtrogen {f::{:

. s t4) Tho flask of uquxd nttrogen vas put back again ’;':-f'- :
-; . to frce-e thc saﬂplc am T :'»It';.":ﬁf*.,ff '-;;LfT".I “
.77;‘ t?J',:'i;tS} -Thefzglve-to tho vacuun i;ne was DPened”aggin  _‘ .;f .'.i‘~:a% »
s |  ; . and thc anpou;o evacuate&—for 15 ninutcs. a ?j‘jC ; 7';' T
r'L:tG)' The pressuru of- the sy:ten was testod w:th the i"??;f‘ii.
. _'1' HcLeod xaune uaking suro that an ;bsolﬁte Pf°53'. R . .. o
: S ura of the order Of 10 6 Hs “33 Ob ained _- 3;.1' Eh:{. :
E -t?)‘ Liquid nxtrogon.was reaoved and thc napoulc S
. ’;;:3 sealcd off ustng a sl; 01?1‘“ ‘°r°h'_”ﬁ
o }{E; The ;oaled az§oule uas waraed with wa'ta wat—,;j;i ;
. cr and put 1=agd[d:cly in :ho nveﬂ{fé; po!y" .
g . C. ﬂ | jt:"f/.* - -
. > ) AL
., S O R A
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. - . ) M . , . L
.Both polymerization*and degradation were carried out-in a Blué M.

EIectflc Company Mechanical Convectxon Oven uxth a temperatur range

1

up to 1000 C W1th a built in propoftlonxngfggntrol systemza fixed - I

' oven temperaturﬂ (- l C) could be obta;ned All polymcrxzatxons h_  ‘ Ll T
- unléss otherwxsu stated, wera ci;rzed out at 168 % for 40 hou}s “fhé;" -
| chégacterlstxcs &f the so obta;ned polymerfare gzven in table 1 f" &
= appeﬁdxx 3 (polymer I) " Thxs polymer was subseqaently degrade& a;
T~ 270 292 311 and 336 C Eor dxfferent tlme 1ntervnls up to almost com- ﬁj:': a

plete convcrs1on of polymer._ Thxs tcmperature rangc was cgascn for khe

folloulng reasons : hclou ’70 C the dogradatxon is too slou and con- Aff

.

sequently 100" txmc consumxng. above 2?0 C the degradation is much

faster and ngcs no dxfflcultics in couparzsqn up to 340 C

2w

Since st thcsa\?cgradatxon tcmperatures a lot of volatzlc matar-g e

‘ xals are forned the’ pressure in the systcn—can ba | pec;edvfo-fiseﬁwf:hij_ﬁ_‘ R

increasing amoqnt of thcsc uatcrlnls bezng forned Assuling volntxlc

e

fi? styreno to be an ideal gas and Lhc only volatilo p.

':-1 cullted :hat frou 6\ dezradation on (%} of the orxg nal polrner dcgrnd- s

292°C ' Sincc this constnnt prcssure 1: obtained sn ea"y 1n :he—degrad- _

ntion._the uholo reaction was assuacd to. tain pluce«undf. constant Pre-
lsure. e s R

P . -

I
.\‘

III 2 Gel Porucalion Chruna grlphv Sy
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graded samples were annlyzed us1ng a Wmters Model - 200 gel permeatlon
: S
\' ch;pmatograph.l ‘The solvent flowrate was 3 5 mls/m;n., the concentratlon

\. of 1njected samples 0 25 wt.“i. The columns used Hera 2 x CPG 10 -2, 000 KA
. ‘ - ' e,

A I'xCPG 10-700& 1x<:pc1o-3vox IxCPGIO 240Aand2xcpc
T 10-- 125 R ’%he %xtent of degradatlon was determ1ned u51ng monomer and o.f
polymer pedk 1ntegrat1on of the GPC recorder trace._ Due to. the poox

re%olutloq\at the loucr molecular uo1ght tail the monomer peak probably

. . : v
uontalns large amount of dx— tﬂE, . pencamer.‘ Thxs could also bc -

N

v R
observed from n small sh1ft to thc rxght of thxs peak As ﬁgathe lxter- :

-

: aturg, ‘we Hlll cali thxs then tho "volatilo"-frn*txon, since these 011—

.t -l‘._.»f . L F

gomers are volatxle at the deg;ndatxon temperatureoi"_; .

Nunber and wexght average molecular weights uere corrccfed for

QpperfGCt resolutlon and axxal dxspers:on usxng a linear-effbctxve cf%« o
ibratxon curve 513) BRI ;'5 "‘7:; L f o '.'f‘ '»f “ b

\BlnCe durxng the thernsl degrndation of polyStyreno 2 loz offlov ‘:;-,ngf
/ ‘u LT '

M molecullr uelght prOducts are being fornod'/;t uould bo[xntarcstihg to S

{;,,5inve3txgate°the GPC response-of these Iow nolnéLlar weights. 3-,j.l‘_‘T,ij{;”
: o \.:
:,.fh . “‘"ln a- reoent paper ( 6) Hargorxson ct nl studied the vxtlation

.\_\‘\ A [

of the rcgrzctxvc 1ndex with nolecular uexght. u&ing solutions ‘of nono-“n.o;ﬁ,r.'

dispcr:a polystyrcnns in. to!uanz— Thcy found that the rufr:ctive index; C

-

di:ference 5; betwoen thc solution nnd the solvent 13 not only a funct-']'.‘ :

xon of concuntra:ion but ulso of -olecular voight. Their results shon .

‘an asynptotic. approqch of tho refractive indcx incre-cnt tou:rds 8 ~"ﬂ;} “é',

Iinitxng vaiuo chsrtctarixtic of the infini:e -olecnlar -oight polyaer. j- |
Thcy ftnd that this: liaiting vtluc is r-ochod nithin crperllentnl errorf”” :

in tha lolecular ucight rango betuacn so 000 and 190;900

e
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Thxs change of refractzvq mdex \uth molecular weight is an im- =

. .0
¢ : L

...portant expermental parameter m the treatment of data obtamed from :

GPC.. In order to. standardl.e the GPC response for dxfferent cham

L3

R lengths, a correcuon can T)e introduced< follows

: . F (
el Y

- ! olm

8 ..~ Where - _C.(YJ : - nass/umt volune

. L. F-(vj' - ,G P C. responsehexght

. ' . at eluﬂon/count v _ ' .

@ C'V)." - | -proportiouality Eactor de-" S I ~‘ -
' pending on elution count or

'nolecul_l_raweight.

.+ " The-normalized heights are then: - . . & o .-

-

N B A0 T b E L

f c{v) dv

R Y F(vJ d“'/ P PR T SN
E N n(V) o
14 /__\ ] - . -‘ -‘ . )-r-_.-- T,

" In order to 1m'cstigatc -the \}sehtlve inporunce ot’ r.heu proporuomuty

Lo
| flc s. solutions of 0.1 and 0 Z wv. ‘ PC"Y“Y“’“ st "°l°c“hr v::.-.‘ :
ucights up to ;gg OOO uua 1njocted Tho ueu t;::de} the GPC raspon;e : .-
-'_’;curvcs “r. calculated using Shpson‘s mtograuon mlo. ‘ Tho polyst)'!’m" ‘;"; s

R ‘_mpfu und sere ;h;rp lwlccuhr wixht fnctions obmm tm Prc.u-. N

uro Chnicnl Co._ Tho resulu arc shonm kn ublc m ! ll'.'d ﬂguro 112-3- .

E
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" .Table ITI-1 - -

. "o-\ T

r

.’1w§ightifiaction‘($)

AT

T

-;mp;ECu;éf wiight

area (x 10

i

-

97,20

. .

50,000 \ -~

19,750
- 4,800

4,800

. 2,030 - .
©.-2,030
. 6DO
600 - -

. ‘Monomer

. . Monamer

.93754
.89802 . -
.92458
. 87509
. 88553 -

| .oos7e -
{+  .85349

" .87662 .

.. .82021
- .B1439

.79138 -

76179

0-"1 -' - : ‘ " .

. 97,200
;97,200 -

- 50,000
19,750 -
74,800

- 774,800 .
02,030

. 46530 "

44262

947906 =

% 45341
AS5467

- .A5802. -
44797
4 39750

36250

. 7,36800:

=
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It is clear that m f.he rangq of polymer concentranons etnployed, ;he ST
refract.:.ve mdex d1fference, g1ven by the area under the GPC response )
' curve. can be expressed as. ' : ™, o ’

o uhere V “is the refra(:t:.ve mdex mcranent corresponding to the pol -
- \J . A} \‘-, ——
L f mer. goncentrauons, bemg expressed in tems of mass’ fract).on, W, and

b \,.r .

" can be obtamed as the slope of the area versys w-cur\res in fxgure III -3.

-

The followmg V uere obtaineﬂ

B ML L vox10” n - . S
S A .. - T e e
o L] ‘monomer . CoEe o | S

- : __... ’ ' y ‘ 0@ ’ _ b, Ter .. . “ . ) ‘ : :

2,630~ |  .a38
. " - ,’(' M

. L .- —_— . o 4,800 EI'h;igher, .455 .

- - : . L4 L P v, .
. . .

D o s - 5 ,‘_”h L
Frour a- p10t of V w.-rsus uolecular uexght t‘xgnre 111-4 it is apparent

6‘

that, ‘as tha _polymer uolecul.lr waight mcrea;.es Vn mﬁrozs‘es tmrds ;j_"’.'-' -“‘.
' a Iim.ting vnlue charactensr.ic of thc inﬂnite nolecul.ar h‘eight poly*. “
‘ ner The poxnt at which thc systmtic wnriation of. v, nith noloculxr S
o .Iuexght 1s randered undetectable by ;he prescnce ‘of randul erroi"s ot‘
a nusuraent depends on’ the ungnitude of :hesn crrurs. _ lii:h tho GPC

.-!;ochniquc of data amlysis ue conclude that V effoctively ruchos its,

liniting value ;1: n -olocuhr weight smewhere aro:md 5 000 thc valun. '
Vi being 455.; wlly .<:5 f"."j:al.' S ~.3‘: T
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& These results can be explalned as. follows. }t is perm1551b1e to

' regard the spec1f1c refractlon of a polymer solutlon as begng the weight-“

o groups,\the latter 1h our case C, H9 The 1nf1uence of molecular welght

1

~on v, is. entxrely an end group cffect. As the. prOport1on of repeat ‘up-"

R
1ts to énd groups 1ncreases, tho rofract1Ve xndex 1ncrement V approaches
-1t5_11m1t1ng Value;__.. C “'o-_ o . ‘.f A ';a%nw' .
' ’ LR -/ : ) . .-'.:r!. ' ‘ . S -\nxf C
L, YA

The GPC callbrntlon chrvo 15 ngen in’ fxgure III 5. As one ‘can .

-

" see the rcsolut1on for thé&used set of columns at the lowcr molceular f :,

welght taxl (< 5 000) is rather p00r Thxs—xs/rather dxsappoantlng in

T

view of the Iarge qhant1t1cs of low molecular uexght mafcrial formed

. PR ¢

durxng thermar dcgrndatxon. Due to this: poorer resolutxon thc cogrec-‘_._;

txons at the lowcr molqcular uuxghts bccome mcanlnglcss and weré therc-: '

“ fore. omxt;ed 4 Although not too much can bc‘saxd about thc 3ower cnd of

. thc molccular ucxght dxstrlbutxon, howevar the changes 1n’conccntrat1on

.

at the 1ntcrmedxute nnd high molecular wexght cha;ns can bc clearly
B > ,wf”fw o
_’Eunx.- 11 is maxnly in thcse ch&&ns that we are xnterestcd as they sign-r

v L e

-

1f1cant1) 1nf}uence the mechanxcal propertxes of tho polv:cr and thexr

oy

dcgradatlon is certnxn to scfioualv reduce the effccfhvene&s oY the

polvner in nany of its npplicnti@ns._:' :-}-'.," ' "‘_~}uf3

. B RS - - r o _“ '. . ' - EA " X
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Slnce we. would 11ke to show 1n thls study how our k1netxc model
\‘ \ " *

-0

,’explalnlng the thermal degradatlon of polﬁ;tyrene, was developed we

: as. gradual}y more expcramcntnl data becaﬁe nvazlablc. f{'f _
g ;_‘" Khen we go back to the litcraturc, the 1n1t1a1 stecp dccrcasc

“lout the subsequaht polynerizhtion nnd dcgrtdﬂEIOn at. 10 mn Hg,-
'ordcr to nakc surc that ne oxygen could xntcrfere uith the dxfferent pro-:'.

“'f‘ﬁccssos. This should allow us’ to nakc u nore xtaﬁlo pol§=5r. ihara

\ N »
" bonds as pero:xde groups formed in the chaxn duv:ng polymerizatxan

LI

wxll trcat experxmcntal results and correspondlng dtscussmOn 51multan-

o' . L

'; 'cously; Th1s-w111 allow the readcr to follow‘the trend‘of puyﬂxdeap.. ® }

.2 .
e

in molccular unxght dur:ng thcrmal dcgradatxon of polystyrcnc is- explain» B

cd by dlffercnx nuthors (see lxtefature rev1cw) as duc to the prescnce
| x 3.

o,

s of wcak 11nks in thc polymcrchaxn Jellxne spccxficd thcsc wcnk -

a
o
-

o~ "t N : 5,

Thc 1dea on whhch this uork was started thqg uas to efinxnatc

‘Uthcsc pcroxidc groupsoby degassxng thc styrene nonomcr and carryinz

~

' . T

. ¥ .
N . -

-

.sLiqgion of i Qpe chaina.by oxygnn could shnost be ruled out, nnd thc R

fAdegrndatlon process described solely through dapulyugri:;:ion [un.ipp~

B L (ng) of namﬁer units at the cham cmds.' Furthfer in Lbc mvesuguion .

J

Y

. tt becnne clear ihit this si-pla "unz;;ping“ aodei was not adoquate to

expngn the degrtdhtion rntes Othcr lachnni:al aere nnaly:od Thn. ;

differant ﬁtep; ucre 'j ﬁ,.”;"-~. '-i'b ‘.T,. ,f- -'3_;:f.;ﬁ'.; 1- .—;_3_

|- \.. -
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(a) Unnppm-g or depolymenzatmn. ; i'h‘stahtaneous‘
a ) :

gndslow. RO

(b) Depolyuienzanon Hlth k dp (depropag%xon constant) |

‘hv B D functlon of cham 1ength .

(¢) -“andom scission and depolymen:atidn.'

\.“ "’

(d) Rahdom -s;:issio-n‘with k (scmnon constant) 3
_' \ ] functmn of cham length. | o
. ] . ‘-J‘ ) ) ~. ‘ . .' ; . 2
“ {e) Test of model . _;' e T

o

-

y ) .

As already stated before stcps (a), (b). (c), (d) were investigated (éﬁ:

styrcne poly'menzcd at 168 C und.er 10 -6 -fom H.g \mcuum._ The ‘so obtained

..

_"-snm;:les \iere degraded at the same oxygen lcvel at “70 "92, all and b

'-,336 «C 'l‘hls ga\re s a qmte broad tcmperature mnge aﬁd allowed the :

- constructxon of‘| Arrhenius plot for tho ruction constants 3

- NOT .: All thc dnta on the dift’erent fxgures can be found back m

tabl,e fom in appendxx 3.

=

o L\'-jjz Hodcl i Unzippmg’ or Depgl)merimtion

tuperntures' : the decreasc m pol‘}uer mass vs tino, figure I\'—Z ;nd -.

‘l'he first expermcntal mfomtmn vhi,ch becane av:ilablc was

_-t.he productiorr of nononer or mm'e precxsely "volatilc" fncticn Versus

LY

tine, figure IV 1.‘ To tcst the poox' rosolution ot‘ thc GPC colunns at

: ‘\

,lcuer nolecular ueights ua also plott,_ed for the differen: degrnc@n:mn

. the dncreuc in poly:er lnrgcr thnn nolecular uci;h: "0 000 vs tine. e

figurc IV 3. Ml the cun'as obulnod hwe the sane sh.lpe stnight

5

26 7

hnes t‘or the louer tu:perntures (270 C 292 C), tnd pmr;inlly stnight'-

R -u.h Ehhrlture around SO‘ ml:ti% fmtion for etbe huhar ;upera:urﬂ B
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(311 C, 336 C) BaSed on the 1n1t131 1dca of solely depolymar1zat10n

_the followlng twa k1net1c schemes were devcloped

- 1. -Instunt;noous‘Unzipg;ng. 2 f ARV ) '“_;.;
. ThlS model, which adequately descrlbes the thénnal -

- g

S degradacxon of poly (methylmethacrylate), ¢onsists’ k _ R
of the fbllowlng process . as soon~as i chaxn-gets

i‘inltlatcd monomer ‘units come oft very quxckly unéir
-~ -
til the whqle 'chain has dlsappeared, ‘The krnetxc‘r

. - T :
[ . . -

L. equations are:

Ifrom,uhith : Pn ':5_;P o efg_( jrkdp't?

- et R o
Thc monomcr productxon. or dugrease 1n pelyncr mass can be £ound

- L e . -

o e w2 N ek (:T-'_ n P ‘5 ﬂp ( -k v
. . - n'2‘ p "‘.'.

BoomPpox (Ton B exp (- hyp v /‘ b .
< P.[; iV(t}ﬁwlfﬂ,(‘%Pngf o  _@} _ .-,‘d”f,‘

. !:_: n2 P .- (En Fm) exp( -kdp ;'} SN £ ) ,

- I
L P .
."'" P
’ s ) . : ‘ -
ELi . -u
: ', .
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where P 1s'the‘number of-thaiﬁs. in'gramholes pér‘liter feécfing mix- IR
. : . , ‘ LY 3 ) ‘ :‘ - - . ) .
| ture, contalnxng n monomer &nxts. From (2), (3) and.(4) follows .

. o E T T .
! Ten ; mo o "4 w rwo‘

* ‘

: ~the.nﬁmbér-and weight average chain lengths_rgmhin‘hanbtant during
degradatlon. e , _:’j '

Arqu;ck look. at the results -for polystyrene degradation shows f
that thxs model cannot be valid for the two experﬁnental facts-- |

“? (a) r and r fall rapxdly w1th tnue
Ny .

‘-(b) the polymer mass doés not vary ex nentially ~=~ff z

. u1th-tinc but rsther llnearly (fxgure IV-Z)

L _;['Za Slow Un:ippxng .‘ 5'¢':

P

Thxs ptocess consxs:s of nanouer units splittxngf

'foff nt the chnxn ends. Thc klnetic equations 're'i

Cor. a4 TR

-
.
o
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Assumxng in the fxrst stage of degradatlon the number of dlmers to be

-

negl1gib1e (P S 0 ) then from equations (5) and -(6) ﬁ'- T

. » -l -
“.T . o ”.‘V i . - 4
o _,j£l~Pn 2 o Pﬁo .
D=z n=2 . -
1 .and'_ L _ . "
- . : ) £ N "i " .
} d( ? nP) Ly LP
. n=2 =" 7 dp naz. "0 :
ST e '

give

LI - W \ : B co [ I
. B N v - a . . . . N "
. . . . - . . BN T .

S T “t;l - rué '~ ’ kﬂp. e e cL ey

’,Equation (6) could explaln the lincar varintion of polymer -ass versﬁs tinol
f as the total numbor of particles renains cons.ant in the enrlv petzods of
“‘_degradation and ulso the raductidn in rate ac higher degroes Gf‘dcgradation

. when the tota! nunber of polyuer chllns starts falllng due io :hoir dis-< , '-

. ppﬁi?énce ms nononer e ".;v- f" '[.  P .f %"fwj' S

“As nora exparincntal infornatlun bocaae :vsilahle houcver. sonc

-
°

'facts indzca:ad the 1n¢onszstcncy of this nndcl.

LT 'L;ﬂkai' T, and T, do not vary Ilnenrly-wtth tine bu: ‘3 _ r("‘ :
- ut.hcr uponentiallr (sn n.uns V-4, nf-s -6}
r | R ~
- -.. . \
- : . : ¢
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 ncg1iﬁ1b1c in the-carly“stagcs of the rcact1on, cquatxon(G)'cannot.cx-_"

- plaln thc straxght l:ne bchnvxour of the ~r0p in polrncr mass

;frcm cquatiou T6} f6116w5 that'in‘ofder‘
~ for the drOp in podymer mass to be prOport-'

'

: 1onal with txme, the totalrnumber of - .chains,

RN

.
Q.

_Thls could be c0n51dered to- be 50, thhxn exper4

)
.

-v1mental error, (flgure IV-7) for 272 an&

‘T292 C but becomes rather dubLOus for 311 C

l

and 336 c, fqr-which the total number of‘parf:'.‘

- A

'txcles almost dou!les, bcfore decrcaszng

ar

5 e ’ .
. T Pn', sh0u1d remaxn constant wzth time. - ’
n= 2 : .

WLthout the sxmplrfyxng LETN mpt1on that thc amount of dxmcrs is

. This-mod- .
cl was thus rulcd out, . '9: . :

. J., . - ’ +

p -

. [4 ’ b . . .
L : i - .
DR K o
- T . . . ' i -

wo . . b1

N ! B "

- . I. . N R L T .

= { |
.. L ,
P . - - ' . .
:.4..' - s .:____'
N -.
. - Sl
. .
. K ] iR N R ‘ s ] : T
X N ) X .o i . : B . r LR o " : . .
“for the method of' calculation of L P+ scg appendiad. —
C- - - . . = . i - . n"’- R .
A - :

'
|
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Degradation a reversible process? ﬁ S

3

~

S1nce a pure unzlppxng model cauld never cxplaln the degradat«

mﬁﬁecular welght fractxon) we had. to consxder the possxbxlxty of a’ re-

»

the thermal degradatlon

"msq. .

o v

‘~ibhxﬁfﬁaﬁéts as reported in the llterature (42% styrene and 58% low

B

“ vers e process, probabLy polymerxzatlon. 801ng .on sxmultaneously dUrlng

38

.
—_—-,

-

1

e To test. this hypothes1s. samples wm:h defercnt c;tcnts of degrad-'

atxon Here kep;Ffor 40 hours at 168 °C to see lf any rcpolymerxza:xon Has

taklng place

B |

"o

9 .

lt.v.:'l

»

<>

‘n'crages were measured before and aftcr thf rcpokymcr:zatxon cxperzmunt

S

The amount oﬁ VQJﬂtlle fract1on, and’ molecular Helght av-'

sz-k'q;; E .
2o | 'BEFORE/AFTER .| ~VOLATILE ' g i :
" [SAMPLE NO. | REPOLYMERIZATION 1 ° FRACTIOh g\} Tn T W L P.D.
L pefore T aa2s 0 Jerians {126,432 | 2. 450l
S .after 9,247 . 146,608 .| 122,136 | 2.620
| P 1! S PR -
S S U before 50. 25 14,102 | 28,049 | 1.99
1 - afrer’ 53. 12,985 "¢ 25,120 | 1.93
7 . R \, L . . h L . - o
111 ' before “sa1r . hgdsor | otrds0 | 139
-...l  after . o 83321 8,409 - ‘l..}’b_ 1.44 .

3 =e

U~ .
" noticeable dltfeftncﬂ Hus rcnarkcd

L qu;)ncrlt;txon was thea‘rulod\out

f: From table IV I no pnr:xcu!ar tfcnd can be Observed

. and af:cr repolynert.a:mou are con;1derod to be u:then exporiacn~:1

e

:héﬂd:ta,befbfe

Hoit Prob;blv the repuivnorx'aslon

wcrror Thc nolgculnr uexght dzstribuﬂcons were alsc supcrinposod no

3‘0

4

Tbe posstbxlxtv of largu scalc rc«’
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LH 4 e L

of the monomer formed is 1nhib1ted by other degradatibn‘broducts. -This

scems to lndlcnte thnt no equ11xbr1um for the dxfferent tcmperaturcs 1;

' 1nvolvdﬂ.1n the degradatxon process. Othcr cxperlmental observntlons

&-‘

Wil confirm this assumptxon, e. g. superp051t10n/of thc dctroase of a-"

.veragc molecular wexghts at dlffcrent tamperaturcs, when plotted varsus

o
'extcnt of volntilx:atlon (see further)
S ‘ "

. N D [ -
. . PR . : . ’
K Ll T

v-4 Importancc of the extcnt of degradatlon

o
| . Uy RN .
’ Befpre trymng out another modol it s thought 1nteresting to

M

u "

- -

) agn;nst tthmore eompnrablc exte %:S) volatllxgn;idn. Thls shoued E

- ’

. ama 1ng rcsults.;. S 'é, CeL e T "

Pldtted ééaxnst entcn( of volatxlzhatlon the number (ftguta

. )

'”IV 8) wcxght aVcragc moleculnr welghns (f1gurc IV 9) nnd total numbor
pf" partzclcs (ftkurc l¥ 10) supcrxnposéd on_ene ‘curve for the dxﬁferent

N - ’ ! Q

plot nvcrage molccular wexgﬁts:\;:i/}amnl numbar of polymet partlcles"_
£

o~
a

‘dcgrndaéxon tcmperatures \nvcst:gated., Thxs has the follouxng consequ*

R - - - . Kl -
a . . . K o Y

miteer the degradatron reupcrnture.‘“Th%.

S
- L

»; tdhperstuto uill only influcnif the tlnc at

| .L'l.r A polyncr axth given nolecular wezght. 7';“a )
. ..; ;f distribu:ion uill degradc nlpn; the sane ;’iii ?ﬁ l:“,";
o ;”'g.if:i‘ Pnth of nolecular uexghf dlStributxons. ﬁq'.",

| . '.: S uhich a ccrflin d\egrw pf dggrndatlon ulll bel':
: | *; !eached - .ﬁ‘ f e fl : . f';::‘l.l s
l; o Q:f For a glvcn ?OIT’”' ‘;; “tg*‘tluﬂ é?e;;Egﬁ J
. o of thc canstlnts in?olved in :hc dc!fﬁd“‘?°" - 1;
R : “ o

2 prn;vss -u$t bc the samo, - slnc: dxfﬁetent

a

. . .
. - o ¥ + ) .
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TOTAL NUMBER “OF POLYMER S
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S 272°C
. o292°C
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o 336°C
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.

_cquatlons, desqublng xhe{degradation mech-'

‘anism, as a fuﬁction of ‘the degree bf-volat-‘

- of t1me or sxmply the react1on constants

‘x:atxon at the

. nct4vat10n energles wohld make the coxnc1d~

;.1ng of the dlffercnt curves rathcr unllkely. 2

o
~

Thxs means also that 1f we wrlte the Llnetlc-;

. .
r Y

s 111zat10n tbe klnettc constants should be

‘
1\1 .

' Jndependent of temperature._ In OPdcr to ob~

LK

h‘_;{ :aln Arrhenxus plots thcse kxnetlc cquat:ons

wlll havc to be cxpressed agaxn as functions’“

' .3-' ’ -

-
multxplxed by the rates of volatxlxzat1on at

the correspondxn& temperatures Th;s w1ll be-
1

come clsarer in the dcvclopmcnt of thc_ﬂgll-*

‘

’ ouxng modcls.ﬁ hhnt 1& Ver} meortnnt howevcr

ls that thxs_xmp]xcs that ‘the rates of. volatll-

xffcrcnt temporatures fxt an

. Arrhcnxus cquatxa:._ That thlS is so- can bc

,i seen. from fxgurc IV 11 The rn:es of volat?

: 111*at10n obta;ned from figurc rv 1 are T

"~ r‘A s,L BV .2

TEMPERATURE. (°C)

../::

RATE OF VDLATILIZATIOh {sec )

!

790 7§’ R 1°:;f‘

292 Lo TR T8 k107
C I y.w_‘:.,z;zz x 10 w0
336 . N - 8.27 x 10 — .,
A s . :

. .

Y o S .

43
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rate

10° |
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e

i
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x

FT 6t

M
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v j r
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: b . .
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The activation energy, governlng the degrada;1on process of. our R

polymer can now already be forecasted from this Arrhenxus plot 34.2

keal/mole. - . S T K‘ S ,
T S e S
4. Although no-équilibrium tudies were carried - |

on of thesc curves. seems.

‘w

"5 e o out, the superp051

., :7,1 to 1ndicate tha‘ at the dszeregt temperat- .
ures the degr datlon w1ll g0 all the way to

- almost complete j sition, and npparent-';',. R PR
ly no:. equilibrlum Eor the different tcnperat«' 1 ‘

TR | i . ]
e jfflures is involved. The only varlable is the E“\

e at which t'his endpoint wit be"’reached..

[;- : the h4gher the tcupcrature the sooner 'This
is not. in conplete agreenen: ulth denn (17) e 1ﬂ;7l",”” }.*

. uho stntos the ceilzng teap%%:fure (T ) for

" b L

_ _ purejstyrgne :o,be 310 C.--"'f o -
.'..‘ - . e BRI . ,..... ‘/1 B : -

(a), lt should bc intercsting to investxgata lf ‘,M;;‘;;;jy:_: T

;fj{'fthe snne degrudatlon pnth vill also be fol!ou- o f.l P "l}‘ _pt'
| ed by a’ polyner with conpletely dlffercnt ;;'
'”'nolecular uelght distrlbution. To teat thi:
ll\; o out flgurcs 17-8 and 1v-9 ::le plotted more
S :goncrllly ln ﬂgure w-u md 1v- xs n arderf
fl o tfi:o ba used ts Pbsslble llster curvcs.:-‘ 1“Fl:f‘®.
o ..(bl' This 3up¢rposltion of thn de;rtdstion curves
;_;; fbr dlffertnt ta-pcratur-s uas alreudy Icnt—; '
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LRl G T3

VS VOLATILE FRACTION (wr IM:LUDIVG
' INITIM MONOMER)' ' ‘

R pOLYMER 1T - .

WEIGHT AVERAGE MOLECULAR WEIGHT .RATIO

POL"(MER lI

e 272°C
-** 292°C . ¢
@ 31 °C.'_-f B

c> 336 C -

;5d7

a4

 :$0.f= 100 —36-VOLfr{v:



t .o w

Lo e A :
ioﬁedﬂby GrasSig qné'Kererl.for a -
'f;em;ergturg;raﬁéé bgtwéén éﬁo_dnd-36d0c.
 That ‘thig‘would__'be'"'v':;l]'id for the I.)r‘o‘ad‘-‘.-
"Qr faﬁgc,{??ﬂoc t9A§§00C} his never been
repofted .i"'f;' ; ._‘ f ‘:'“i. o
R I‘_.(t)l»The act1vat10n enc;g» found ﬁcre‘can bvi~
N 4“L,_.‘ | compared Hlth those obtaxned by other'
| 1nvest1§ators o 7'7- R R ; '1':
.-x;';J°1¥1ﬂ?Vr'(2i.é ‘4§{?-kcéi/moie;
- Madorilly  (3) T s keal/mole I -
(d} The- superposltxonrat the dlfferent temp- S .

:craturcs is exccllcnt for thc Helght av-

'eragc molecular hclght good for thc numb-

oo Cer averaxe and reasonablc for “the to:nl
C —

"numbcr of part1c1és Thxs corresponds :
B '
- i w:th the . rclntxvc xanucncu of the lo»cr
: ‘molecular wpxgh: tail on thesc quantxtxes

SLUIV-5  Model 2: .fUn,ipping thh dcprOpagatzqn constnnt func:xon 'f- -";“
L B of chain length - Y

‘ ht'thfs ndnént-iﬁ‘ih§ iﬁvésii§ttiﬁns if*ias-ﬁtlll b¢11CVed théﬁ

L]

“number of plrticles to rena:n constln? before decrens:ng.. This assunp- B

tion, could be con51dcred w:thin cxpc:inental error nt 270 C &nd *9 C B

(ﬂh;ure I\ ?), andfjs also valid at 311 °c- and 3367 vhcn only polyner o

-'chains ln?ger than 600 unxts are. considered (fxgurc I? 14 to fzgure

-

.9 'a. . =

‘f\ 15)
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- TOTAL NUMBER OF - CHAINS OF MORE. .
" THAN 970 UNITS VS VOLATILE FRACTIUM

a—

272°C
Cx 292°C ¢

e 338°C -

O

o °/o'.v0lat. fract,

e -

als



i

-

,. oo_ I

PR

g

— —— 60— g
%:; o\o B L
. L 3 o .l °.
- oommm;o L , .
h o :m o o T

2
s Un
s
’
- + e
. -
R N .
- ' -
o
.
- Ed -
.
. ar - . - .
> -
. . - 4 » ro*
- T : : .
- . . . . »

. zou.m.uén_ ”Sﬂ.ﬁo\, SA SLINR 0D6T. . _ —

.. NVHL 2¥0K 30 SNIVHD 40 ¥IBWN 101 -/ |«%L O] 4

1

-
N
K
o
T,
e oo
-
.
'
.
,
. .
- ~
) , -
1 - '
t . -0 N
[
: Y
-
o6 e’
|ﬂ [}
T a
FIN ! v
. N P
. 13 . *
v -
Ve




'

¥

w——

L

‘. i s

P

bl
Yt -

"TOTAL NUMBER OF- CHAINS OF MORE THAN.
4400 UNITS VS VOLATILE FRACTION

-,;\

-~

&

% volat. fr. 3

£S |

o



T Althoush the hypothe31s of a depropagaheon constant being a func-

— .‘

.. tion’ of chaln length seems rather unreasonable fron the poxnt of view .
that above a certaln m1nimum length any cha1n end should be_the same,

"and in each case the same carbon carbon bond if/groken. this is already
— '
- reported earlier in the Ilterature. Wall and couorkers,ﬁ7)‘explored the .-

-

_ rates of volatxlizabﬁqn for monod1sperse polystyrenet €n¢t1cu1ar.y in
the low molecular we1ght range (up to M, W 64 000) They found the

c0111$1on factor frem the Arrhenxus equatlon to be incre351ng thh xn~

+

creasing molecular welght They also reporte& a dr0p 1n ‘the act1vat10n
: -energy from 49 kcal at hxgher molgcuiar uexghts (>24 500) to 24 kcal 3‘

o4

for a 3,400 molecular wexght sample.; 7 ' - -

S This nodel was also favoured s1nce it could not unly explaxn the linear

L variatzon of volatile fractxon w1th ;xne, but also ‘the exponentxnl dr0p

E TR P '_'.
in the average moleculnr welghts.‘ ';-. T Lo

-

-

| 5 Dif‘e'ert ways of xnvestxgatlng rhe chaxn length depcndenCe of

Kd uere then‘Pfgiored.l Ne uxll restrict ourselves to the eas:est and
uost obviocus nethe¢ Anothe;.uax of obtaxn;ng-the dxfferent kdp's 1:

ngen in Appendzx LR S ST ; v 1 "f\ ' ." _.‘. o x‘
The equetxon for a chnxn contazning n -onaner units is o T
e n ‘-l' o kdp _(-nJ‘ " (Pln‘l Pn) o7 o - o -i':".
. ) b 4 .dt ‘_ o ’ .. . . wn
. Summing from'n to infiaity: '’ el : _ o
T T . L ' T'A;_; A “ . T
| a T Tk, Um P, - P
e . .n-a. - n . ﬁa dp - v .. oo ” : .
Y T : . .

et e e

Iy . . e s : - B . .
T . . PR e ot * - . L - ——
. . . . - - . i




v FEEN . . u o

- . ' T . >
. .

. .ﬁ ‘ f‘kqb fﬁ]  {P5 ' , L '; . (9)

a . ) e
LI

‘So, if in equation (9) we start the sumation at d1ffcrcnt n or cﬂaln

length we obtaxn the correspondlng kd (n) ..The uge'of cquatxon,(g)_

' requ1res taklng the derlvatlves of f ( Pn verus time'fortthé"h
: . 7 n=n ST : _

: crcnt tcmperaturcs of dcgradatlon. Thisfﬁdﬁla be rathcr difficult'$ipcp-t‘
: nOt‘EEQZjh cxperlmental data are. avaxlnblc at each temperaturc. Usith"

‘master rVes howeVer and cxpressxng equatLOn (9) as a functﬂon of %

volatllc materxals x;.gaVc thc 1dcal solutJon, L i, RS ;, 5% ‘

) Ll B Pt R P . s
Y. PR . |
- X 4 . 3 P
from“ghich kg  (R) = - _nan 7 1 dx o (10) 5
; S R s, . v dx Pa’ dt . .
Plotsxof If “? \crsus X fOr dx‘fcrent n are g:v;n ln fxgures IV 14 lS
n=n’ . o
Thc Arrhcnxus plots for the kd (nJ are on Ezgurc IV !9 ?arallcl l;ncs R

prov1ng a constnn: cnergy of activa:ion, Merc obtzined fo— moleculnn

EA T

ucxghts bctuccn 60 000 nnd 290 000. Thc corrcspOndxng data are gx&en in’

- i

‘ t;blcfonn 1n_nppenqx; 3 Outsidc this nolctular ucxght rangé dev‘ating ?m

“a

' sults'ueré'dbtnined' For nolecular uexghts lover than 60 000 th:s is p:obr_

' 4bi) due 10 the Lnfluence of the rise 1n td al. nuaber af parrxcles iz lo~~

cr cltcnts of volatll;::txon (sce f guro lvhl4 la} Por nalccuiar uelth{s
‘ercr than ‘90 000, thc dccl:nc ln LP n;th_x 15 50 stbcp 1h§t_ncqur:~c

1L0perac43urcncnts bccug¢ uuhxousg Thtﬁacttvq:ion"cnergicg pbrained

&, - . . ) . o . . ¥
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were 34 254 kcal/mole, almostiidentical‘as mcasured-Carlier Plottlng

-

thc c011151on fqgtors A from the Arrhenlus cquatzon versus M.W. gaVc a stralghc

11ne (flgure IV- 20). from whlch the follow;ng rclatlon A(M LN ) was dorchd

A = 346 X, 109 In (M W, /12 000) . ; ‘ 'fﬂ.; (11) f,"

The extrapolatlon of thlS relatzon to lower molecular welghts (<60 000)

nges the apparent rather strangc result that fcr molecular welghts lower

-

thun 12 000 kdp should become zero. Thxs is not 50, unreasonable, when we

< look at f1gures'IV-1? and IV—13' the averagc molotular wexghts are Icvcl-

"‘ing off*afbund'mblecuiaf weight 8 OO@L ,A Very:small‘value for.the dcpropr

e

i tion (10} in’ the form

‘ffu;;', ..'l ; o ;J  4 E'E.Pn}f o o - {j,
. _:‘, 5 .;,kdp_,‘ 1 ? . . .nan.‘ R .1 o o . o | .(1}1‘

agatzon constant would be morc Ingcai but, 1n each case thc contrxbution

- P 3

of Vq{atLIC materlals of cha1n5 smallcr thnn around &”ﬂ unxte should«bc

-

noglzglblc tompared with thc totu] product1on of thc*e\materxals

-t

Remark that thg\same kdp (n) should have been obt11ned u51ng eun- - ::;”? R

Thc Ldp (ﬁ)”froalthis éqﬁatioﬁ is bnff'fﬁhction 6? chain;déngth Qﬁe ; .

To \Jlucs corroSpondxng to” cach dcgradatzon :enpcrature can be fadﬂd by

-U1~1PIY1“R bi the 3PProprxatc rates of \olatilxvatior o sl
| ~To cheul ;ho adequacy of thls :ndcl we used cquatlon (6) in :ho TS
T R L SRS S g opl SR
ot i .’ “’-- . - , i . - s . .
- - ﬂ ‘, B | & I . ‘ .-«naz'-w . dp (.n, , n ) . ) L
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. ' J.‘- ) . . ) N : : X _. . ‘
- The resul;s are given in table IV-3. In thiq,table it can be seen that e
f n P ) ' LT T
n & n° is larger than T kd (n} - P in other uords the decreaSe C
t , n=2 . . ‘

in polymer mass (En P ) uxth tlme-cannot be explained solely throunh unzipp-ﬂ.i

1ng, even w:th a chazn length dependent deprooagatxon constant An addi- ‘~‘i‘: .
. tlonal mechanzsm for polymer breakdown shod‘& be consxdered Thts wech- o -
‘anism should also account for the rise in :otal numbcr of part1c1es in .
the earlxer stnges of'degradatlon Thxs wzll be the startlng poxnt foo .

' modglo-S aod 4,

R

Iv-6. Introduction to Scission '

A point of diséussion in’%hejlitbfature is whether scission t;ke§“i_‘ AR

”-]placc at "Heak" lans or at’ “rand il v 3"“i-‘ioﬂ}7 - .

Cameron’ and Xerr (3 ]_shoued tha: when therually polynerx.ed poly-

PN

_styrenes are decomposed, the rate-at uhich bonds nre broken randon!y sat--

¥

- 7

1sf1es tne relatxonship

' where a is the degree of degrndatxon or fraction qf bonds brokcn pcr o

mo!eculc at time t and can hc exprcssed us

N | L
B is an apparent. faotof oé théflolnbilo boods lﬁutho-polfiérf

. e . L ...' .,; ' ', ) i
\ . . : Lo 3.

5

t is a first ordcr velocity constant far hond scisslon.

. -

So it is assuned here tha: "weak" links. braak vory rapidly at zhe on:et L

of the " rcaction. Consoqucntly. thc'prosenco and nagnitude of an ordinate'_

qntercept in plots of a versus ttno vilx tndlcttc the nxlstontc of sy

woak bodds. e | { e L :
. | \ | ;“ . ) . . : .. ' . T - ' . -. ‘ R . -‘- - . .
¢ L - . . » _W




‘Table IV-3

. . . d ( . B u? . .l N
‘Temperature of | . "?"2 n::'z' kdp () Py
N, .Degradation . . Time '
270 0 L2301 x J953 k 10° ;
SRR 12 .231 x 991 x 107
31 11231 x - 963 x 10° 7
85 L4231 x .979 x 10
¢ 72 2231 x L9443 x. 10
292 0 .781 x .317°x 10 2
1 . 781 x w317 x 10 -6
N 7 . .781 x. 32 ?\x\ _6
28 781 x 336 x Q‘ o
. 52. L781 x .332 x 107/
72 781 x- . 303 x-lo_.55 o
. 1207 781 x .246 x 1070 -
311 B 272 x - .865 i‘lofif o
3 272 x 896 x 107k
) 9 .272 x 908 x 10
12 272 x 888 x 107/
24 S22 x 1072 TN 1070
Spooss b Lam2creTy .396 x 107, :
coe72 TV 1082 X107 o) 264 x 1000 5
: N 3 g
336, I 827 x 10: 7 » 307 x40 o
- 5 CLB27 x 0 . 204k 107
21 82701070 7 -} 622 x 107/
41 163 x 10, -} 1022710
o 68 463 x 1€ .0 ) 5175 x 10 7
v \t o - . ‘ ' — . N
’ o 0 » ., ."
» - - .--
, [ -
- . . . .
v o
. L '
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Equatlon (12) for our: polymer is shown in flgure Iv- “1 . No infcrccpt
is found 50 "weak" llnks (structural or due to oxygen) can almost bc rulcd T

Out, and random-sc1ssxon wzll have to be consxdered

IV 7 Model 3: Random Sc1ssxon and Depolymer1zat1on

In order to explain the increase in. total number of partxclcSJ
random degradatzon-wlll be ;qtroduced. This mechanxsm a}one houevc:,-v
Do ' ' . : : o - T S .

~can never account for the totnl'production df*volatiléﬂua:erials during

(3)

the degradatxon N Depolymerxvatxon ulsd Witl have to bc consxdcred e

'L

1

' 1“. ?' o ;“dN x - ks ﬁ - 2 kdp fE Pn . S (;;)

PR ‘ dt : : Lo T n=R . P .

R - _ o o . . S A )
. . . L. . . . _ . . C, ‘ ‘_.“ ' -, E . ) . - o

fwhefé N;is-thc total nusber of bonds in chains containing more than

n unxts.
t hxth at chc most’ a 1% crrar, we can approxxmatc ths totAK/numbcr'

of bonds by thc total numbcr of m0na£““ unxts if thc s)s:em Eﬁunt;qq

. . j?} o

- (13) becones then - - : S T - D

. 1_‘4 .I.—‘ . o .. . R L . : .
h A . R, Y RC AR . . . B
- d I-nm gﬂn B B; « n n < Tdp. n o IR
e e nen " - ¥ n=n
‘.V ¥ . . dt __ o o . . V ' | . 3
' ) ) . ) .(.‘ . e L . . '. _.‘ . '." : . e " .

£qu4txon (143 dcscrxbcs the cvolu'lun of pquncraa;s A;Xa fchtlun of

»

Ctime: 5A szn11ar cquatxon can be rritten for i,j nunbcr o: polvzer part-

Cacles "”"_' o o 'f l- T
: “ood4 T .
_ T y :
n=n “ 2 ek i P_e2% o o F
: 1 - d » nldp ,pn Ty n "3 Lo

: L ) . . . nan - nen Legy .

: , ) . Cooasy

' K : I X

p - a._ . .




R

Equation (14) i@ terms of x:

. d )
. N=n

b3

S

L . B
=k, L np
n=n . ’ n

.y

- 2

kg

E'—

. Pn‘
ni=n

ey

l-Asmentloﬁjgfbefore k and kdp_in.equation (16) will bc’indépendént of

f.?.'

,.

.l/

tcmpcrature

.“""*L

- al data

They are found u51ng 2 least squares f1t on the cxperunent-

© Again we state the 1mportance of thc trnnsformatxon to X,

more. experzmental poxnts beccme avaxlable and makc thc least squarcs

fit more accurately

‘.

o

. Sc1551on gnd depropagation constants found are given in table .

BUENE :
TABLE 1V -4
| r EPICS N R vy
. ) F , k5 (;_.} | . kdp {x-")-
. : L, K q . -
2 TR S L9867 x 107
200 L2143 §900."x 10°
. 800 7767 361 x10"
” 1,500 - 5499 _.1910 x 10°
' Rcmark thnt by u&ing thxs ncthod L and k P wtl:

o :md i.

sumc aclx\atlon cnergr

3

S
i~

2.

autoeat 1~ally have “the

As an 1114$tratlon thd Arrhentus piots for k

p nre gl&cn tor ns 1 900 in fzgu—a v-22.

rroq an anai;sxs of - thc rcsxduals the !ra:l sqn;rcs fit can bc

. santtered.

_'4'

nunsx¢cred to be \ery goad

" the

-

cs:dual: are xnall and randanlz

1
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,4; However to be cdps&steﬁﬁ?ks and kdp should.Bc the same for different
n.. As can'hé seen from table IVr4' this is,surely not thé cﬁsc'éor.k

dp° .

At th15 p01nt ne conc1u51ons can be made howevcr, ab0ut the val-

~idity of the model. A\qu1ck look at the corrclntxon matrlx for kg and’ | N
‘ ) | ‘ “ s,
kdp shows a hlgh negut1ve correlatlon (- 9940) bctween the two constnntb.
. Thl% means that a number of COmb1nat1on5 bctwben K\«nnd k dp gan-ngc an_M
_equallv good flt Another method to detcrm;nc k ank ‘kdp will have to -
- be SOught. _ | .
. ' . \\ :
" L
. N\ ﬁ,'\ e . *
- o . - o
S @
- ‘ - .‘A‘ - . Do ’ . i
= . .- fo. .
. - ‘ls ¢
. . . o
' o
: - .
s L oo
I3 , . T
/. ] .



) , ' e . :
T
V-8 Model 4; ‘Random 5c1551on A ri-' o
Hhen we look back at equat1on (14] ue can See thnt in thc early '
stages of degradatxon. when the total number of particles is" small -
the deprOpagatxon term wxli be negl;g:ble compared with the scxssxon term. ’
“At later stages deprOpagatxon will become domlnant Th1s approach can
o s . &
‘ aﬁﬂo be found -in the Ixterature G, ﬁ),. So 1f we. restrxct oursclucs to '
the 5c1551on part of the degradatlon, equatlon (14) becomes -
. . p‘- , ‘.‘ | . .
R dny! np_ o
',D L] .? . n'ﬁ 0‘ n - .- , )
S e n :.ks I nP S N (17) .
. e de . " n=n » '
‘which can bo_integrniéd_toigive:“. R e ‘)
E ‘.n P ‘- E n P B /.°Vn. e , L . 1 . ’-' '.
L nen . . nap- .n o -ffp: ('ks tllel.ﬁ . (;3) ’ :
Agazn equation {17} 43s. convcrtcd to volatile frac:xon,. ;‘jrhg rc}ui:s
" obtained are ngcn in table IV S ) .
o1 2% L 292°c -'31.1_ O i 336° c R -
1,900 1.43.35 © 0 -}, 3.06 |30.7 °| 36,3 | 109.7 .
600 | ‘475 | (110 437200 29 {393
001 180 ] .e2 | .88 | b | é.ss B
. L L :
To prOVe the val:dity of the transfor-atxon to x, we- v:tl CF’PE'” e o

the k obtaxnad throuzh tvo differon: anthod!- ._“1

+
[
. ¥
' v
o .
]
8
-
4 _ -
v . - L]
. & " . -
" & . . : )
. - P - !
F]




X

(A

"Méthod I: k obtained from least”squares fft of, equntion (18)

- on In P versus’ "time data ‘at diffcrent ;enpcratures "
Method II: k obtamed from least squares search on AN |
d,,.?, - Pn- L _*\- . b :
‘ + -k, T np’ (9 :
dx . S peit n. L

,and multiplymg with the rates of volatillzation at -

-

. the different temperaturcs

The results are .'._hown in table Iv-6, n - 1_.90bz

TABLE IV -6 ‘ ‘
T 5 .
T (_OC) L o k (sec ] x 1(’ _ "
ey 1
270 . | sas ] 306
R I T:* S I 1'% S PR U 2
31 | 3621 - 36.4
; 1 336 . 2.1 | roer

_-Tt; determine to what éxknt .t!’xé"d_eprdpagation, téi:';in equkt_ion (16} «

",

| 1s‘s;§ti;ticall'y signifi;;xat or ;:ot. we used ﬁg "extn_'un. t_!f..‘ _;qg;re;‘-'
'_ .prin.c.i;-:nlf;g,f - l TRCEE
Fa (l p-2j -'-"55’#“515" e e
: ._ ' T a-2 BT -y
-hore F is the vﬂue of the F -distributim cor'espondku to ' .
| level of si;nmﬁncqs A . D .
' RSSI u thc rosidu.u squat:: of thé mlely scuno:} : ¢

| lodcl, oqn.uuon (19) -

N H . N



RSS2 is the residual sum of squares of the model
. N : \ _ R N
combining scission and depropagation, equation :
. (16) |
. . H I
n is the number of observations.

68

For both lcdst squares. f1ts the experxmental obsarvatxons were cut off at

S’% degradatlon Beyond thls pOlnt an 1nc ination in the straxght lxnc o
'behavlour of the ﬂegradntxon cufves is observcd {fxg

(.

1

- T A B l.k. IV - 7 g

IV-1- 3)

E

4 (3) o N
n ‘3551_* .hgsz ,;Rssz/n;z (4):(%):(2) (4)/(3) Figs(1in-2)
190;660 ,3038x10° ;55r9x103*.151}Q103: 319 x 10° :,ii li.liig
00,000 '.".1751xi_o3 Jsae,s»{o? .'uzs_‘:_gixio." _.;120 x10% | sares | a.3s08
Qb.bo’o’ '..1'512::1013 .‘_130::{10?7'.643_“7'. (133 x. 10% 14u: ;3'863._
'2 " . 4123x107 ':14"5'3:(1{0' L0%6s J.sgs"x xo‘ | 520.3 . ,34;33-03'

Ffom fable.lv?7-Fdllous thdt'ncglhctibn of volatile fotp

;ion-at these

'Lcnncratqrcs is only alloued for molccular -cxghts lnrger than 190 000 '

' tnguﬂc l\ <23 and fxgurc IV ’4 shcu equatxon (19) for n > .,900 3nd
n s 600 rcsaectchlv as.fxtted to-thc expprxucntal data:

bcttc; fur the largcr n ..

L]

)

_thc th is auch

ﬁ.xs contluslon is in cow:radx;t*on -xth

. {¢moron and Kerr ¢ ) uhu assuaed th:: at tenpcratu"cs bctueen 280 C a,‘

110 C dc)ronagatton was ncglxgtblc

L4

P Y

' To be Lonsxatenf‘tbe 5;155100 cons:ants ‘raa tablc Iv- 5 and 11 6

i sh- !d he 1ndcpcndcnt Of A,

n Ints ;urs,torhnr

-

g

w*ere A3 :nOw the) intrease u:th lﬁ"cdiihz

the pObSlbllin) of a chain lcw;:b urprﬂ»que of L

! )
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This was’ also conflrmed by Cameron and Kerr {;é), who from the comparlsh:-

on of the rates of chdln sc1551on of two polymcrs whlch wbrc both pol}-

_merized at 60 c, showed t%h?x;ife of bond sczssxon to exh;bzt a d1rcct

'dcpendence on the 1n1t1a1 molecular WELEht' )
}'poiymer k* x 10° {hr 1) .”'ﬁh; x 1076 . .
-"l . . . . %
| TPS,, .i_§f§6‘ T R LA CE L !
RO Tz TN Y PR B
2 N . . . ] .
‘e [ . ' . l ."_ o ‘ h \'""'*---I..__,,_. o -
*see IV- 6: Introduction.to scission’ T Y

| .
The scission constants wer obtalncd up to nau howemcr must be klndy» R

<

"offaveragc for_all Ihe,chaghs lgpgqrwtﬁqn n._ Ajchaxn lcngth-dppendencc*

.

CanTfiowever be extracted if we remark that for this polymer the average..

. chain 1cngth:' T i |
- K '
. E n p : . ( -
n=n n: ST L S
T ' “for- . m. > 1,900 - ,
T o |
s RS
| - ‘ " r ””i

stdvs alnost constant (uzthin 10\) dunxng the pcrzod of uegradatxon con-
' szdureJ (up to 52% \olatllxzatxon) before decrcasxng 5tccply btfc*c
.-,dzaappearnnce., This statwment becomes clcarcr aftcr 4 look at thc GPL ‘

'fteﬁponsc‘éur?é: thcse molecular wexghts are situated a: tho ta:! ‘of the T

| response curve,’ So at 311 C :hc follow:ng Scission Luns.ants coutd bc

- o . - P : . . o . - . o b .'; . ' -
. vbtained: - L e A G . ST .
o L . i *
LN - . '
: , . - -
._.ﬂ——-h s ’ - . ~ i
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“IV-9 Test of ‘model 4

. . i ) , D " . T ., h‘ .
To test thc validity of relatxon (’O], between kg and molecular
weight,
-6

,ally polymer1zcd undcr 10 mm Hg vacuum at 111 C The charactcrlstlcs

]

of this polymer (callud polymer II) can be comparcd with the prev;ous
- (pplymer I) pnd:r,tab}c 1 in’ nppend1x-3 Polymer Il.was dcgraded at
31L9C fpr-up;to'SO hours The degrndatxon path. can be found back on

the dlffcrcnt figures as 3 daehed line. Us:ng'cquat;on (17) and in a

51mifan way as for polymer I!,the Ls (n) for poi)mct II.Qéré‘obtdincd:'

"TABLE W 9

L -
‘l *{ ¥ ‘\» N -—-_.]b
PR B nnicrdgc f h ﬁ?cﬁ Y .
- 4,900 | 6,000 | L1854 x 1070
6,00, | s, | 337 xa07
9,300 | 11,0000 .| 5200 x 1077 ;

x

The relation between k;_and‘;alccu}ar.ucigh: was now found to be

"

. log k. e 231,35 « 1.703 log MW - . . oy
Frum fi;urc IV 25, wherc ba¥h rciations (’0) and (2!) are plo'tcd can
‘be %ccn thn: the scxssxcq cons;An;s fa*'thc Iung ghalns of _;vlrbcrlllﬁ

are much 1zghcr zhun cTule bé *urcgastcd from pOXyzc 1.’ This 13 alsu_

L4

clear fraa f:gure_lgw.az the dcarcx:c 1' pulrncr ;as: fi* polwucr llf

\

.74

for other polymer samplcs, degassed styrcnemonomer was thcrm- :
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is at any momgnt‘fastcr than for polymer I. o | '

At 311°C the rates. of volatilization for both polymers, as obtained

- - from figure IV-1, are =~ - = - v o
‘q{f\ | polymer .| . rate of volatxlx.atxon 5 -
| SR S N 27 3 L .
" N S Coo a0t b
Polymer II degrades fastcr than polymer I - The sﬁmé-conolusion‘is ~
yalld from the molecular Helght uurves._ 1gure l\ -4 and fxgurc Iv- 5
the fall in average molecular uexghts is much greater for polchr It. .
ki
-Supcrp051txon was tr1cd but no conclu>xons c&uld hc nade. - | o

-

Clearl) the same Arrhenxus plot as ‘was uscd for polymcr L, wil)

! ..
b d

nat’ ﬂpply tof‘pOIXmer J;. N L L
: . )
.o - . ]
B ‘ l
S
‘ | | .I
L - , ;
£ ' : ] )
y _ -
- L \. -
l> . - = [ N B .
RNV : g
. - - l
o )
. Ao~ . ,
H : _ : "
. ; . -
- 1
* * ) —



v ., CONCLUSIONS AND RECOHMENDATIONS .

X3 - ' ) o
Unlnajb1t°4 styrgne. dugasscd uhder hlgh vacuum (10 mm Hg), .‘
thermally polymerxzed in bulk at 10 6| mm Hg up to almost complctc con-
vcrszon.‘ Thc samples 50 obtalned were - thermally degraded undcr the same

hlgh vacuum cond1t10n5 at tcmperaturcs ranglng between 270 °c and 340 .-

“ for different time intervals OVer the whote range of degradarxon The

‘ g breakdown of the polymer, through changes in number, ‘Xﬁlghtnaveragc moi~ L

PR e — ”________‘_.a_-—-"‘
ecular we1ghts polydxspursxt). and molecular wclght dnstrzbutxon,,was
1nVcst1gatcd sxng gel permeationechromatography. ] 51nple unzxppxng4

"

U A,mcchanrsm from whlch ae sbérted wWas found to bc ina cquate in describ-
T P T
*voing all experlmental obser\atxons. D:tfcrcnt other deC!b were tricd

/

from whxch finally a.combxnntxon of r\ndom scission and dcpokvmerl:atxon-
' .

satls:xcd dnta bcst. The qcxss;on cons:nn&s were dctcrnxncd and. found

c o to bc functxons of cha1n lcngth

To tcﬁt thxs model polystvrcne, prcercd with tho sane careful ex<

-

\\.I : clusxon of oxygcn, but with conplctciy dxtzercnt charaytcrxstlus [c £
. poly:erx.ed at 111°C) was deg'aucd at 311 °c, Thc modcl w2 tound to be el

applxcnblc, but uxth gouplctcly dxftcrent Tate constants.‘ Ihrs supposc; , .
the mechanisn to be tou simplc and an nddxtxonal 5tcﬁ; rclnfxng q&ffércq:

>.LTN molecular weight d;strzbutiuns. 10 be lﬂCIUde

» vt I s

Althdugh here the liter:;urc can’ prov:dc a lo; o‘ new 1dcas no*

"

nany are 100 u;c‘ul - The mesr 1=portant were trea:ed herc

+

- -

hall and cuso'kcrs ( ) uc&;f!bEd thetr :§§rrnuental ohsc*v:::ows-

r

-Qﬂ tho :hcrnai dc;radataon of n:rrou disst 'xbu ol pols 1!\tcne hy \hc re-

sults of. uunputrr calsulalxuns bmaeﬂ on a ncxhanxin xntulstng inttiation,.

. . R . . . . . . . . »
* . . . - - .
" o

. B .
. A . . s . . . .. .
. - b . Toa . ' =1 . L .
. - e - - . Ca. L e
_'-_‘— . , . . . r . . 3 . . . . ) )
. . ' . - 3 . - L : - B

-



B

‘tion, Thc Fit with the cxpurlmcntal data is not good at all,

~ion and. depolymerization respectively.

78

dcprOpagatibn, intermolecular trahsfcr, and tr&nsfcr by disproportiona-

1

surely not
¥
at thhcr molecular WElghts: They at:r;bute thxs to thc o;uurrence of

. °

tcrmlnatlon by comblnatlon and dxffu51on controllcd rates.

Atklnson and MacCallum FIQ z J dcvcloPed rate cquations’ for .the

thcrmal dccomposxtlon of a polymer by a random 5L15<1on rcactxon follow-

ed by rapid dcpolyme:izat n of a constunt“number of monoter unitsffrom ‘

both fragments, togcthef wiih'fapid cvaporation'of'ldw moleculdr'wcight'

' specics. Thcxr theorctlcal curves could dOSLrlbc tho wet;ht loss anda ¢

L]
-

molecular wcxghts as obtdxned “from dvnamlu thcruogravxﬂctrxc analvsxs

» [

Howevcr;~n0_experimcntal ddtn are given

+

Thc largcqt dxft1cutty is that up to now nobody really hn0us uhxch

stcps hovcrn the thcrmal de radatxon of poi»styrenu So refers Cazeron
(2. to inter- and intra- - mglccular-chain transfer as opposed to scivs-

- 4 Fa

: oL L : . Yo e
" The best agreement wrth’cxpcrtmcntal data was obtarned by Gordon
. N . ,‘ . . . 05
) C . .
! )} His model involved antxat*on anxn‘vﬂd unz 1gﬂlnh, 1nter~eleuul-

-~

‘ar tfansfcr and termination, Ho#cVer,dcpcndzng upon the znxtzal zoles -

. PR
ular hcight the ordcr of tho :ermxna ton’ rc;;t:@q ﬁnu ta wc “adapted,

-~ senund O*dcf for Jows molcuular uczghz (*JU 000),‘3nd °xr°' order fd?

5 . -

q'high ﬁolcdular'fcxghtﬁ(2,000,000)!p0fystyr¢§a,.:A: intersediste zolecul -

. - . . - . - N .. |
B : . .

ar werghts no fit could be dbrained. e S
This leaves open’the saac qucstxun as in our mechantax!  which

Stcp ;an rcla!c th¢ dszcrrnt walc»ular hri;h"dx;!tlﬁu:tonv? 'ﬁﬂ:dop - {

‘ erpen ym 1 B ok ‘ ;s... .
was ;Jso ablc .Hrough his ﬂouc! 1) ex"lain the superpaiition ol ;hc_ag. -

Kl

I3




'should be thc dcgradatzon of polyner samplcs w1th dxffcrcnt initial

and unzlpplng to. bc cqual Thld s found by us to be so0, - “; L

The. next step in thc btudy UF the the al behavior'of poiyqurcne

molccular wcight dxstrlbutlons, c. g polvmerxucd at dxtfcrcnt tcmp ra-

s

_tures.’ Thxs should gch a clearet pxc:urc of thc nst:ng stcp in tye

mcchanlsm whxch relates the bchav:or of dxftcrent molcqular ucihht dis-

.
..

tributions. . e ' . ) .\
Although in the literature sophisticated models are described,

.

the true model cannot be too complicated: thc molc ulur uc:ght curves

2

superimpose, nice lincar rclationships‘nre.obtntid'ctc}

v

~§ .

,

[
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l.. calculation® of o nl numbcr of polymcr partxchs Crom thc o B
- GPC.response i . B ' ’

t.

The conversipn‘from GPC chfomatOgram F(vj‘ko mqlécular wcighf

.fraction.?(M) cnn-bogobtqine@‘as fo&lows o '
- . EWLdv o= - R : o
. . o o _ . - . . ) . : I
or, F (M) e Fv)/ (dN/dv) o o Cm
’ The number of polyme: moleculcs of molecular wcxght M, canbe |
found as . .. s _ o . ‘
L A ) I A Eé-%;**- S I , . |
The total number of mglecuics:iSfthen:_f ]
L e e e
or in;Gi?;C.-re;pqnséjferﬁs and ed@atign il):*
. . . . .,. . : - ’ oot - o Lo -"' . . . N
. \_.;2 . . ’ .. ' - ]
S N € U A T
. \,’i . (VJ o ,. o J\ , ,“r

The 5o obtfxncd nuaber xf the total number of graz:olcs of polrner
- of ch:ln 1cngth n per gr:m of polyner ~In Q:dcr to convert this to grama-

moles pcr lxter of reactxng “xxtu'c wc have to =ult1ply by

e | R
L = ( am" f,f'p .(1 -x) ) =~ . o .

‘ M | —_ - o

- - where - ..x = \ low aolecuur ueigh' f‘rar.‘.twn : P ' _ =

iy T p = doryﬁ of the nonomer’ 9,?)—"“"6”91% (T-273,1). R/1
b . Pt

P ; dcnsxty of the polywcr = 1084. 8 - u. 605 (T 73 1) g!i -~
P o N
. _ . ..
* from h Patnode &nd W, J. ~Sche1ber, J A, Chqg soc..tel 3449 (19391 n
e ol ;. . , .
QP l ) . \‘)-
. : r&»_‘: -



. «

Second method for calculntmg«- the ch:un length dependencc of
the dqpropagatlon constant in model 2

* This, method

is not as uccurnte as the first method

[

. It gives the

R e ’
( .
Startxng fgam the bas:c equatxon " ‘
dz: kg, (0 '(Pml'- P .t o o _
2 Sumnation of equation (1} aver a narrow molecular weight range,
- * . N D‘ . o R - -
' _between chain -length a and 8 gives ' ]
“ ﬂ;ﬁ' " . . 2
I p N : . 5;
¢ psa 'pn - (P roP)
o dp» ., n=a ‘ ne .a
de . s A
Working out ihé'summationl we get 0 T e ‘ '
d P o o ' s e
. - . : L on=a . ’ ¥y '
. ek (o, - P T
. ’ B X - d .- ﬁ‘l 3 : . ’
s;‘.. - " _p‘ul:‘- ’ ’ : : . " . . ' ‘

.-

B ‘:;iy and r‘Lht hand §rdc of equafﬂoﬂ ( ] 5hould ha\c the. suae xxgn at
. n

v timc. This was found to be 50 .

As srated ch\c the f:rst mcthod was prcfcrrr , siave, it gives .

"kd Lorrcspondsnb to a 5pcc1f1c cha;n lcng:h
P

. .
) . ‘ . .
.o Fi . .\ .
) - . Lo : . ) L '
. - . . CE - . [
N . 1 LT X . - . i 7 P ‘
L * : ! o ' * . ‘- : . .
) . ’ o ’ ’ . o . . . L A
.

.‘ -
-
.
- 3+
- P
o, 'R . U
. A
N
* - -
£ Y R 4 L
. . _ e / [
—
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3. ‘Tables ST
Table 1: Pro erﬁies df'.tiue"undegraded polym'ér s\ples' | !
- -_ ) . . ' . ‘. ’ . . | . v ‘ E

/

- Charactcfi§ﬁﬁc | Units ;-Polyméf 1 Polymer 1

fe e Lo,

| Polymerization tima" hour 0. [ e

Polymerization.
teémperatur '

Conversiof, .~ | % .| . 97 .95

‘ Mas‘s;.o_f o lymcr-‘-‘l | g/liter = 99 . © 9.7
: o 0 mixture T L '

- moleculdr weight | * . | 64,867 | 226,603

: molecu_]/ar weight . i68.453 o 518, ¢o0
Z-averige'm”olécul'nf" D - _ 1 . o
< weight S 1282,746 753,034 o af ot

_Polydispersity | - Coaser [ 2288~
~ Total number of . | moles/ o
polymer particles | liter. . |.1652 x-10
\ oL Bixture | . - -

1 -2
4666 x 10 T

e AN T

R K - ’ : S . . LT .. 5
o i . L . ) B }
. _ S - S o T . ‘ i
. : ‘ \ o . - .
] e _ ‘ ) : T .
. - = .

¥
¥
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Table 2: ©  k, .(n) at different teﬁpcratureé g ' e :
. : dp- ‘ B . . o . : -

e .-11
‘;kdp {seg 7))

n 270 | oo 4 s |36 |0 -

-

600 A {7205 x 107,

5.

2476 x 10°°
. ’ ‘

.3355 x 1077 {9287 x 107* [ .3309.x 1073
3

950 L9197 x 107
I 1,400 | 0 L1p11 xa07?

.3777 x 107 | M2 x 1070 |, 3656 x 1073

. " . N . - . N _u '. . A‘ . . —‘q
Tt 1,900 | . . 1345 x 10 4. L4455 x 1011256 x 10 o1z x 1077

| Feso | v .1s21 x 107 5457 x 107 L js2s x 107 | 6799 x 1077
U A AL S ; - T S

5! _' !... ) ‘ o ' '3 o .

?kdﬁ (n 600) for 270 and 292°C K¢f°/h0: consistent anymore. -]

' From the
a.slight ni

-




’ o . ’ S
crhuddtien ot polyner Tat 270°C

| . velatile Polymer

Time. ‘Fraction®

_ _ .Fraction** ‘
‘(hours) | -\ - ' T

4+ ¥

M | p.p,

Total Number+=*
of Polymer particles

jmoles/liter mixture

-

o - | zsea |7 100

o - .40 98.49

120 4,84 - 98.04

L3 4 6,09 96,75

\

55 7,02 © 95,79

155,475,

121,849

156.15§\\3.496

- '-*'\ - R
2.572
131,758) 2.334
129,943] 2.490

-
2,385

=}

1652 x 10

1 .

107
-1

,.'1'7‘92 x
4'1 789 x ‘1.0
L1907 x 107

1925 x-

. | . e.26 93,49 1 51,390 .} 126,055 2.453 | .1861 x 10 e o 1
R — ]
M

.*Volatile yrdc_tio‘n e
_#*Polymer ‘fruction = I -
S 2

"f‘r.orta,;- mumber of polymer particles. =

A P .
' ) i
—_ -
i, 7 L.
1 _E .
! :
Lo N . . R Al
4 L;j .
L . .
. : .

hed
L P
ne? n
PN

—
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‘* Jable 4:  Degradation of pommer I at 252°¢ y

- i 7

_ e - 1. ! - T OO L Total Number of
o "l Volat2le *. | Polymer IR - ' " { --*** Polymer part-
‘ Time Fraction | Fraction** L I - - f-p.Bp. . icles moles/liter
. A Hours) L % - S S - L S PO mixture

- = T = pcE

Joo ot des 0 oo su,sozﬁﬁf?ﬁ 168,453 L1591 x-loflx
1570 x 1071

-1

-

C 1 T s L 99018 T 65,195 | 468,338 (E:
| E R | N ' 1 139,907 %

R IR 0 - T 96. 38 36,297

1759 x ‘10

.2089 x 107}

dre7 7} o vo.sol | oas,ia3, - | 108,641

82 ol heses oy B3 s | 33,328 | 70,705 .2593 x 107}

72 . aree L 7 19037 2,002 | 62,590- -{ 2.151 L2720 x 107
120 | 35000 | 66,96 .| 22,652) - 41,836 | "1.8s7 | 2899 x 107!
- B | ‘ _>r - -
y * Volatile Fraétlohr A M. | ; Where M includes monower,

-‘ . : . . o . - i : . .
/{ s P AU Ho * (nfl ﬁ [n}o - ; : i

»

A-""Pbl‘}y'l_ner__ Fraction'= . T n P /0 I n Pl

‘_ﬁ'? R _rnﬂg_k__;_f‘_

”“’fd!ajtNuﬁbcr;of_Particrcs =
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A

!

rl

Table §: ,:Dégradhtionﬂof-fbljmcf I at311°%

Vs

.Tine

: (Houqs)'

‘Volatile

" Fraction *

LI

Polymer
-Fraction **

Total Number of ***
Polymer particles

moles/liter mixture

I
3

=

N

s .

24

4
.‘;

.7§l,

oo

b 1

Y
5.75
212:91.
' ‘15;3j.
2818
50.35

fﬁfEQJ o

P

| 39.93.

3.99

.02

24,278

14,280

13'j79.

X {
:162,649 -
?;sf,767f
92,?947_}'
156;351-:?

51,070 |

25,742

-7
e

-2

2.
2.
L

1.

.620
332
2.343
o
363
141
§03.

643

.

- 1836 x

2418 x

.1645 x 107}

107}
10!

10k

-1

L2317 x|

“Volatile Fraction = »

f*Polymer fraction- a

.

3

+

]

A

' s+sTotal numher.of pulymer particles =

-V”"-'

s

-ﬁ  @

n=

AV N B

hhch:M'idcludps noneaer , dimer...pentomer

.3024 x 10 L

S _1. L
L3414 x 1070 =
. 2842 x 1077




TabTe~&: - Degradation of_pqlfmer i'at'336°C

Volatide "

L 2

‘Polymer "

Total Number of ***-

: At
*e*rTot

£

*

**Fofymer fraction s

. he

al Number of Particdes = %
L re .

ToonEd

y
PR
e P
-
1

. Time . .| Fruction’ friction - . Mo P.D. Polymer particlesie.
._(boursl'__ t v .y ' moles/liter mixture
: ?%%:79_” 5.87 9697 1 d0;329 130,445 | 2.592 1982 x 1071
Lo o 18.00 g1.48 | 33,130 | 75,437 2.277. [ .2572% 107}
21 65. 50 35.54 10,306 |15,952 4 | 1.64s 3211 x.107h
44 87.'50 #.12.88 ..7,604 108,566 1.390 -1 Ls16 x 107t
68 , gs.?d---éu-\ 1.34 7,409 | 8,195, 1. 106 -; 1585 x 1672 "~ _
fVol;tiI? Fraction . ) M_- where M inclﬁdes mdnomgr,ldimer...pentomer "

e




1" ‘ o \—\: -
3 ~ . . . - c . ) : Q.. )
~ “Table 7: ° Degradation of polymer 11 at 311 €
o e ‘ |§ - . ! ) v
S R A R - = A Total number |
Co ) Volatite ' Polymer *.. | Number-average] Weight-averdge of polynmer
Jime Fraction {4 .Fractiox . | molecular aplecular Poly - particles
(hours} ™ [ - % N weight ' - weight <dispersity | moles/liter
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