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THEGAAL DRGRADATIGT OF

POLY~TERT, = BUTYL METHACRYLATE

SUMIARY.

Therual degradation reactions of vinyl polymers can be
clagaified into chain scission and non chain scisson reactions.
Previeus work on poly-tert.-butyl methacrylate had indicated that
the only reaction io occur with this substaznce was of the latter
type; a "classical"decomposition of the substituent ester groups
into an acids, polymethscrylic, and an olefine, ipo~butene. Further
evidenee uud shown that this resction displayed mnexpected

suto-eatalytic festures.

- The theme of the present investigotion was a more complete
study of the thermal degradation of poly-tert.-butyl methacrylate
with the aim of ¢lucidating the mechenism of decomposition and
accounting for this autocatalysis.

Beesuse some polymer degradatiom resctions often show & close

analogy with pelymer synithesis resctions, it was thought logical
to meke a full investiguiion using established technigue inte the
mechanism and kipetics of the polymerisation of terte-butyl
methacrylate, The resulis of these investigations show clearly
that tert.-butyl methucrylate polymerises by & radicsl uechanism
whose gencral features resenble closely those of other amethaerylate
esters which bave been investigated. The measured values of the
kKinetic vate conetents for the primery processes contribtute to the

body of iaformation which is being accumulated about the effects
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of structure on resctivity of monomers.
In the course of this work it was possible to confirm that one

of the decomposition products of the polymerisation initiator

oo azo-di-isobutyronitrile is methacrylonitrile, by the isolation
and identification of polymethacrylonitrile,
The thermal degradation of polyhﬁggi.-butyi methacrylate was
elucidated by kinetic meagurements in high vecuum supplemented by
investigetions into the pra&mctsvof the rezction mainly Ly infra-red
and gas chrosatographic techrnigues. These sensitive methods revealed
that the degradaticn process is censiderably more complex than had
been reported previously. It ig possible to diatinguish at least
four constiitueni vreactions.
1. Depolyme: e&:}lﬁ.@ii@»
It hass béen shown that polyetert.-butyl methecrylate uncergoes

a chain scigsion reacltion with production of monomer. In the
initial steges this reaction resembles the depolymerisstion of
pelymethyinethacrylates but it is relarded by the accompanying ester
decomposition reaction. ‘In the course of this investigation it has
‘been demonstrated that & copolyner of methyl methacrylate and
methacrylic acid ilg more stable towards depolymerisation than is

pelyaethyl methucrylate.

Ze Plefine produgtion.
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It baz been confirmed that igo-butene production ic
“+hit
aubo-cutulyvsed. Bvidence has becn c¢biteined thabrdecomposition

haus a pon-radical chain mechanisn showing a close resemblance to
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the acid catalysed hydrolyses of esters which are encountered

in reactions in pelar solutions,

Se Anhydride formetion.
It has been found that polymethecrylic acid is unsteble at

temperatures above 15605, eliminating water with the production

of an infusible inccluble residue, This residue has been shown
t0 be sn znhydride closely similar to, but not identical with the
product of polymerising methserylic snhydride, WMeasurcments of
the rate of its formation have shown thet diffusion of water vapour
and hydrclysis of the initially produced anbydride are important
factors controlling the rate and hence the temperature al which
the reaction may be chserveds These factors probably acccunt

for the previous failure to detect this thermal degradation reaction.

4, High teaperature breskdovn.

Reactions 1, 2 snd & proceed comsecutively inm the thermal
degradation of poly-tert.-butyl methacrylate at 200°C. A
temperature 100°C. higher is required to break down the auhydride
residue.

‘Prelimtnaxy investigations into thié resction suggest that
‘4t is a chain scission reactiom with a radical mechanism, initiated

by the decomposition of the anhydride links.
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The mr!z desorided m this theuit wu emicd mt
betwum 5|ptmber wss and scptm‘ﬁw }.%ﬂ. at the |
u‘nimxty of tnasgw. ia the awmmt ef thim
ehmtstry, whieh is under the meiaim ef Erafesaur
L "%uteath Robertson.

_ Parts of the ﬁataﬁal contained harein ‘have ’aeem
pablinhe& in various seientific journalse. *‘%agrints @f
these perts are appended to the thesis.  These are,
 the polymerigation of _m.-mwz. methacrylate {Chapter III),
from the "Transactions of the Taraday Soelety® 55, 1042,
(1959)3 the identificntion of polymethacrylonitrile as &
decomposition preduect of &X‘«mf@isa’mtﬂmitrzle

(Cropter ITI), from the *Journal of Polymer Seience® 42,

588, (1960)3 and the pyrolysis of polymethserylic meid
(Chapter V), from “"Polymer® 1, 125, (1960).

A further peper, on the pyrolysis of poly-tert.~butyl
methaerylate (Chapters IV and VI) hae been accepted by
*Polymer¥, but has not yet been published,
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CHAPTER I

INTRODICTION

HESIS AND DEGRADATION

The dual sapproach to chemical problems by synthetic
and degradative routes has been made use of throughout the
history of chemistry. 4 short ocutline of the developament
of modern ideas about ®vinyl polymers® will show how both
routes have contributed to our understanding of the
ptructure and properties of these substances.

Since polymers from bLoth vinyl CHoxCH{ and vinylidene
Clig=CiY monomers are besically similar, the term “vinyl
polymers® has come to be applied to both products, This
is the sense in which it is used heres

The production of non-crystalline tars, gums and
resing, wes a feature whieh often took place during attempts
to isolate the parent Yvinyl" compound. The faet that in
some cases these resins could be broken down to the parent
compound helped to give rise to the idea that the bonding
forces in these substances were secondary in nature.
Polystyrene, known since 18591 was reported to break down
on heating to styrene as early as 1&669'. On the other hand
polymethacrylic acid was reported in 1697° to decompose with-

out the reproduction of nonomer.
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Until the work of Staudinger during the years 1920 =
1930 it was generally ncecepted that polymers were either
of low molecular welght, or were sggregates of weakly
bonded monomer units. Unly since the 1930's has it been
fully realised thot polymers have a glant or mamalecu_laz}
structure coaposed of covalently bound monomer units.
Shortly afterwards, certsin degradative studies, both by
Staudinger and also by Marvel, showved that in many vinyl
yolyﬁem the monomer units sre arranged in a predominantly
head to tail manner.

Huech of the expansien in the plusties industry which
hep taken plaece since 1940 has been in the field of
synthetic vinyl polyaers such ses polyethylene, polyvinyl
chloride; polystyrene and polymethyl methagrylate. With
this expansion has come an interest in the mechanism of
the pol;m&rié&timz process, and many kinetic studies have
been csrried outs, 4t the same time it became clear that
gcertain commercisl plastics deteriorated rapidly by the
action of such influences as milling, zrinding, exposure
to radiation,; hest and to vericus combinations of these.
Investigutions of wvuch detericration or Ydegradation®
reactions have been carried out under controlled conditions
both from an industrial and an academic viewpoint. iesults
heve shown that "degradation products” sre rerely chemically
simpler, unu msy in some cases eveu be coapounds of higher

solecular yeight than the originel polysere It must be
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emphagised therefore that such reactions sre degradations
only in the sense that the product has deteriorated from
& comderclal peint of view,

The reactions described in this thesis ai*e principally
“thermal degradation® reactions. Such resctions oan be'
deseribed by the term "pyrclysis” in the sense used by
m&“, Vizeg"ese Lhwe transfornution of a compound into
another or cther substances by the mction nf'heat». alone.®
In spite of the derivations of the words "degré.da%ién“
and pyrolysis® they will be used without necessarily

implying & bresking doun,.

POLYMERISATION OF VIuYL HONOMERS

The detsiled kinetics of the. polgnerisation process
will be considered later but a discussion of the general
features will be given at this stage »

Under ceviain conditions vinyl monomers may polymerise
by ionic mechanisms; recently such methods have produced
pelyners with ilmportant coanercial potentialities,

However, much more is known aboutl radieal chain
polyaerisation wechanisag. It is now asccepted the
polymerisation mechanism consisis of at least three, or
more distinect reaction steps.

The prodmction of a free radical {(R.) in the initistion

atep may be bréugm about by the sction sf heat or



ultra-violet irradiation on the monomer alone. liocre
eomuonly it results from the uwetion of such sgencies on
& labile eatelyst or'initicter' present in small amount.
Feroxides and azo-nitriles are the cormonest initiators
useds Detailed investigutions heve skown that with bet
series of initiators, the initiatien proeess is « complicated
QL. It is guite coumon for some of the initlator to be
lest in side reaciions, Since these do not result in
polyuer fbxmakiong the initiation process in these cases
huas been termed “inefficient¥,

The leng molecular chain chorseteristic of vinyl
polyaers is built up by repeated pr

Re + Clipg=CLY — RCHpCiY.

The meleculor chain growih may be interrupted
without breaking the radiesl chain by the ¢ccurrence of
interfering fysnsfer reactions

RCHo-CX¥,+ R4 H BCH,-CXYH R}
in which R'H mey e monomer or soue other suitable
substance.

Casey have been reported in which chain grewth may
be halted by the prcduction of radiopsls which are unreactive,
either by virtueef inascecessibility or by seme stabilising
feature; tut by far the commeonest terminstion mechanism
ig the interacti.n of twe growing chein vadicels. This

radical destruction muy proeecd in two ways namely
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disproportionation end combination, which although
kinetically equivalent, yield structurally distinet products:

RCHpwCAY, + ACHg=CXY¥, —> RCHp=CHEY + RCH=CXY
. BOHgmCY¥,+ RCH:=CKYs —> ROH=CXY=CXY~HgCR

Various methods have been devised to determine which
mechanism oecurs with any particular monomer, It appears
likely that the preferred mechanism depends on & number of
factors includinz the strueture of the monomer and the
polymerisation teaperature.

A&lthough the kinetics of such reactions are complex
they may in favourable cases be c¢apable of solution and
the rate eomstants for the individual reamection steps
have been determined for a number of monomers. .mong
these methyl methacrylate has been investigated by a
nusmber of workers, using & varieiy of metheds®, Less
detailed invesgigatiﬁns have been made on certain of thé
higher alkyl methacrylate esters and atﬁempts'have’bewu
made to relate the value of the rate constants to the

molecular strueture in thiz homelogeus series.
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PYRULYSES OF VINYL POLYIIRS

The most extenaive gstudies of polymer degradation
re@atlana have been mada of those induced by heut.
Sueh thermal degradations or pyrclyges. generally carried
eut undexr high vacuwn, méy be claspified inteo twe groups
dayﬁaﬁing,an the nature of the product. In ghain geissicn
reactions the main backbéna of carbon~carbon bonds is
- broken, ususlly with the production of quantities of
monomer snd related camyuunés. In gcg,ghaih selgsion
dag?aé&tiaa reactions iﬁ is the substituent groups which
raéat¢ Ahy polymer may of course undergo both types of

reaction, resulting in a complex mixture of products.

&;mﬁst all the pelymers which have been exaained
underge chuin scission resctions to some extent und it
&eqne iikely that the reaetica 1z guite gansrél LONE
vinyl polymers although the tenperature required for it to
proeeed at o messurzble rafe mey be greater than that at
whiah substituent resctions precominate. “ionomey is often
the main produet of such reactions,; and even when it is
nots the products are generally closely related to it
being for example, dimers, trimers, etc. Chain seission
resctions muy therefore be regarded as reverse

pelymerisations or Ydepoclymerisations”.
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Although the znulogy between polymerisstion and
depolymerisation :zs been used t¢ develop kinetic sechemes
to explain meny features of degradation reactions®, the
complexlty of the products and genersl experimental
difficulties prevent o detailed determination of the
individual rate constants in sll but & very few favourable
coses.  However the genersl festures of depolymerisation
processes have been established.

Initization. Hepolynerisation cccurs by & radieal
chain resction initiuted at lubile centres. These muy
te externally added imitiators but more often they are
structures present in the peolymer chein itself, The
chein ends appear to be particularly susceptible; other
*abnorasl® structures which may be responsible for initiation
include sxyzenated Sroups, head to head linkeges, and
branches. Initietion by the direct bresking of a noraal
C-~C lirk would require considerable enefgy (81 Cal/gm mole)
and asppears toyeeaur relatively seldom as an initiation
process. Clearly the stability of a polymer towards
depolymerisation will depend upon the presence of notential
initiator centres and a knowledge of the polymerisation
mechenism and previous history of a polymaf sauple is

thus & necessary pre-requisite to a study of itsvdegradation.
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Zrepagation and Iranafer, The analiogue of the
propogation step ie the "unzipping® of the polguer chsain
with production of monoumer.

BewCligm CLYm Clipw CfYs —> Rm=ClgmCA¥, + Clig=CXY
Competing with such depreopageticn reactions are iransfer
reactions, the noun-monomerie produets ¢f which include

substances guch ag di- » trie; and teira~mers.

e CHgw O Yo Gy~ CX Ty Clipm axet
— =  ReCHpe0XY, + CHo=CXeCHo=CXYY
dimer
Since the activation cnergles of itrsmefer reactions arc
gréa&er‘than those of propasgation/depropagation reacticns
cem@atition by trensfer processes is wore pronounced at
the higher temper&turea encountered during depelyacrisation
then with polymerisaiicn.

The relative amounts of monemer and non-mononeric
products vary with {the yartieular polyuer degradeds it
hae been found thai the retio depends on al leasst itwo
factors zs follows.

(i) Gbigh monomer yields are obtained from polymers in
which the depropaguting radical li=Clg=Ui¥e is highly
stgbilised by resonance, that is, in which at least one of
the groups X andY is unsaturated, and the odd electrom can

be de-logalised over a number of positions.
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(1i} Conversely, transfer receticne are faveured when
the readily abastracted "tertiary® lydrogen elous are
present, that iz, when Vsl .

Thus monomer ylelds vary over & wide rauge Irom
neaxly 1004 with poly-Ok-methyl styrene in which the
'xadical‘is stabiiiced by the presemce of a benzene viung
to less than 1) with polyethylene in whieh no such
stavilisation exiets. in intermediats pesition is
occupled by polystyrene {about £604) iz which the statilig-
ation by resemancc is cffest by the tertiary hydregen.

in & depolyuserisation rezciion any

termaination is likely to be due to the interaction of
two {de)propagating radicels, &8 in pelymerisation.
Radieel interactions ore often profoundly affected

by the reaction medivm. . This is cerideinly true of both

[

initistion end tornlnetion sleps In polyuwerisation, as
will be disouszcd in grester detsil in Chapter TIT.
The few regﬁlta &v&ii&bl& fsr”éﬁgﬂlymerisations suggest
that the high viscosity of the resotion mediwa is an
iuportant factor controlling terminatiom.

One interesting case iz that of the "wesk 1ink®
seission in the pyroiysie of polystyrene.’ Radical
production {"initiztion®) coours by the decompesition

of zome; a8 yet unidentified; wesk link within the polyaer

chein, lowever; thesr rodicals, unable to diffuse sparis
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digproporiicuate to produce siable molecules.  Hot only
does this radical destruction show an wualogy wilh a
polyuerisation teraination step, tul since potential
eentres of initismticn decompese withoud the oceurremce of

depropagation, {the whole process resenbles "inefTicient®

initisticn of polyuzerisantion {p. 4},

since they depend essonbially o the macromcleculary
struecture, depolynerisations ars novel vreactions in thail
they cannot ccour witir "einple® moleculwssy although
radicel exidations mud decomposilions of hydrocsrions
are gimiley in sose regspecis. lowever, atteched te the
backbone of meny volyners are rouctive side groups which
would be expected to purticisate in chemical tranzlormations
similar %o these which ogour in sizplsr COUMPOUNGS. it is
ef interest therefore to siudy the elfect of the carbeoa
chain and the precense of sinliary neighbouring groups on
the rates and mechsnisus of suel reactlioas.

iu the study of organic reacition nechanisms uest
pregress has been muade in the ileld of "ionie¥ mechenisms,
generally in poiar scivents, The investigetion of rejves
aind mechanisns of syvoelysis reaciions have lagged behind
tacse i remoliions in seirtici. Langequently in some
cages as much inforonticn has been obimined froa therasl

degradation studies om polymers as fron the couventicnal
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pyrolytic studies on smell compounds.

Certain polymers undergoe pyrolytic substituent
reactions at temperstures below that necessary for
depolynerisation. . lany of these reactions involve

condensation of neighbouring groups. fmong them may
be mentioned:

(i) The conversion of polymethacrylemide inte an internsl
imide with elimination of smmenia,®

c
M? - ?M
0=C =0

N ¥
Hy, H

\l' 150°%¢
HsC Ho CHg

{ | S
a\g ¢

(i1) The condemsation of groups in pelymethyl vinyl ketone®,
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(ii1) 4 condemsation remction, in this case without the
elimination of any volatile produets,ocours during the
thermal degradation of certain polymethacrylonitrile

samples which contain impurities in the form of acgid unitnm.
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Since many viayl polymers are esters it m.isht be
expected that me nost detailed comparison of thermal
1 degrmtim reasetions of polymers with pyrolyses of low
molecular weight compounds would be in this field,
particularly as the thermsl decomposition of "model® esters
has been the subject of some study in recent years. it is
therefore of interest to mentien some of the more important

types of ester decomposition processes.



The decomposition of ethyl acetate at a%dull red heat®
into acetic acid and ethylene il provides the classical
example of an ester decomposition reaction. The production -
of an aeid and an olefine cccurs with all esters which
possess a hydrogen atom attached to the,saarben atom of the
alcokel residues

R:zﬁ% B2 T4
' \
RywCm0bCulel — RqwOeOeH c=C
O ol / A\
0 Rafig 0 Rz R5

When the alcchol fesiﬁne is unsaturated a similar
reaction may occur with the production of an acetylene and
an acid.t®

In cansidaring the possible ocourrence of ester
dacdmyositian reactions among polysners the‘mest important
features of results on model eompounds are the relative
stabllity of eateré of different structures, and the
tenperature at wﬁi@h decompusition takes place., ilethyl
estera‘and uﬂhara which do not possess the necepsary I atom
are particularly stable, while it has been clearly
esteblished by meveral workers that the relative stabilities
of * reactive" esters aie in the order, primary ) secondary
>tertiary. The question of the “decomposition temperature”
iz less easy to settle. Hany of the reactions of model

compounds have been performed in flow systems with ghort
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contact times during whieh nessurable extents of
decomposition are acheived only by using relatively high
tenperatures. Thue Houtman, van Steenis and Heertjes 13
report that suitable décompmition tenperatures are
500 °C for primery esters
450 *  ® gecondary ¥
| 300 % % tertiaxy @

(n the éther hand more conventional kinetic meagurenents
have ﬁ&en carried out at lower temperaturesi the primsry
ester, p-propyl acetate, was studied at ::’«»40-38{300,14 while
iso-propyl acetate gives similar raias at 2310-3850¢,1%
Under similar eonditioms terti-butyl acetate decomposes at
 suitable rates at 240-300°C.1% ZIven lower decomposition
temperatures have been reported. Ais early as 1882,
denschutkin studied the decomposition of terti-amyl acetate
in the liguid phase at l%ﬁ-lﬁﬁﬂc.lﬁ

Lelyvinyl nceteles 4An ester decomposition reaction
of this type eceurs in polyvinyl acetate at temperatures
above 190°C.}7 The existence of the carbon-carbon
backbone plays sn important part in determining the rate
of remetion . Thus the aeid (acetic) is eliminated such
that unsatursted centres appear in the chain.

Hz Eﬁg ﬁz - HE o
\\\Q/// \\\C/// \\\c//” \\\g_N,N_.
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These aotivate neighbouring groups which then decempose
‘moye rapidly than nermally,

E B H  Hy
OQ:E/G%%I/ c%lé/c\g
ot st 'd

CHzCO0H CHzCQOH g\
d Ol

The overall reaction thus exhibits autc-catalytie features,

- It seens likely that a similar remetion occurs in the

thermal degradation of polyvinyl chloride.

Until recently there have been only isolated reports
of ester degomporition reaetions cother than those of the
/3H slkyl-oxygen sciscion type. lHowever Ritchie et al.la
have confirmed the existence of several other types,
among which are soue acyl-oxygen seliszion reacticns. It
gseens likely the® en o either on aecid or slochol residue
is necessary for this reaciion

\ . 500°C

O ”‘I: —_— C=C=0 Fom O O

N H 500°C
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It has been suggested;Q that these resctions may compete
with the alkyle-oxyzen scission process.

Sueh resctions cceur in the thermal degradation of
condengation polyucrs such as polyethylene terephthalate
but they have not so far been rencried in vinyl polymers
with ester side groups.

Gthex‘decom@c&iﬁi@n reactions ef esters have been
reporied in vhieh "lecarbonylation®, “Leecarboxylation® and
FIntre~scyl Ceission’ take place, generally with esters of
unusual structure, in particuler with unsaturated esters.

These reactions are unlikely to occenr with vinyl polymers
which contain suel siructures only on certain end groups,.
The'temyerature et which they have been observed; namely
BG0°C, ig alse eonsiderably sbove that normally encountered
in thermal degradation studies, In depolymerisation
reactions, however, the mononer might decompoze by these

routes unless it is removed from the reaction zone, without

delay .

Aeid catnlysed ester exochanges are well known among
“polar solution® renctions; it seens likely that similar
reactions can cccur by pyrolysis under wmild conditions,

o . . =0 -
(teaperature  300GYC), Thus aono-ethyl succinate  and
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sebacute<t on pyrolysis yield the corresponding di~ esters
and ﬂrﬁidﬁt

CHpeCO=0Et 1729  CHpm00~0H  Clip=CO-0ES
LN . l
 CHgmCO=0X CHgmCUmOH  CilgwCO=0Et

Similarly the slow distillation of giycol mono-benszeate
yields glyeol and glycol di-benzoate. - |

in the preparation of *poly-esiers? the sxistence of
- ester exchunge reaciions is postulnted to aeccount for
‘diaytayartian&tien at200C in a molecular stillgg. Hgain
in thw field of condensation polymers, pyrolytic excaange

©: have been suggested in other derivatives

&3

reactions &t 200

oy
of sarboxylic acids suek as enhydrides™™ and amides

POLY-IETHACRYLATE ZSTERS,

Folymers fro: the homelogous series of nmethacrylate
escters provide an opportunity to study the variocus theraal
degrodation resctions of polymers since it would be
expected that both chain secission and substituent ester
decompoeition might teke place; the relative amounts
varying sccording to the nature of the alkyl group of the
egters Tuch has been shownr to be the case.

It is perbaps appropriate st this stage to point oug
that althoughk strictly speaxing the depolymerisation of
poly-oliyl methmerylebes could be Gesoribed as “ester

decomposition®; this teram will be reserved for gide chain
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estor decomposition.

Iecking &Weﬂ aton the ester grouping in pelymethyl)
methaerylate is stable and depolymerisatien is the only
reaction obmerved at Lemperatures upto and over 300°C.
The propagating/depropagating radical

. . CH

BB Gl

A
o,
is not only rescnsnce stabilised but alse lacks a tertiary
H atems ligh monemer yields ( 100%) therefore charucterise
the depolymerisations The simplicity of the produet has
cnutriﬁuted-graatly to the euse of investigation of this
reaction which is muong {the best understood of thermal
degradations. "
in the sbsence of external catalysts the depolymerisation
of polymethyl methacrylate can be detected above ~170%G,
The structure responsible for initiation at 170-220°C is
believed to be the unsaturated end produced on termination
by disproportionation. Other initiating centres have been
sugpested for the resction at higher temperatures. “he
kinetic chain lenzth of the depropasstion process is long
and mey exceed the molecular chein lengih if the latter
is less than 2004000,

The depolymerisation of polymethyl methacrylate can
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else be lultiated by wlitra~viclet irredimtion at lower
teaperatures {~16.°) and a determination has been made of
the imndividusl rete congtants of the primsry processes
under thoge aanéitieﬂﬁﬁﬁa

aeh less wori has been reported on the higher

methaorylates. Cruwford '

measured the relative rates of
monomer production from a series of poly-alkyl methacrylates
as sonomer yields under sienderd conditions, (100 nminutes
heating in vacuum at 250°C), One of the factors determining
such a rate will be the resctivity of the depropagating
radical. It can ve seen that the zame radicai

Fa I

Wilgym DRie

takes part in beoth propegeiion and depropagation reactions.
it is therefore ﬂah surprising t¢ find that Crawford's
results beor souwe relatiouship 10 acesuremenlts ¢ monowmer
wid radical reagtiviity recenily carvied cut in tuis
deparitaent by meaus o copolyscrisalion exyerimentg.ﬁé
The exigbence of ester decompopition side reuctions
wight also affeet the depolymerisalion behaviour ¢f the
higher poly-uethacrylates. ilthough Crawford suggestis
tust olefinic iwpurities are preseat iun the products fron
Eegendary esters it is only oun recent re-examlnaticn of
poly-ethyl and p~buiyl methacrylates thatl it has besn found

izary esters undergo side chaim decompos-

-
3
et

3

tha$ even these p

SO

ition resctiouse”
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POLY=TERPIARY=BUTYL IETHACRYLATE

Foly-tert.~butyl methacrylate represents an extreme
case in which no depolymerisation appears to take place.
Crawford reported quantitative ylelds of iso~butene under

the eenditions described sbove. .

¢ Ck
1H5 H l s H
| H | =
0=0, He 0w G,
s °
\ & zirgtrnc)c s
Clix, CH,

The polymeric product polymethmcrylie aclid had been
investigated previously and wes repartad to be stable to
ultra~viclet irradiaﬁioﬁ?ﬁ a known initiater for
depalymerisations-

The simplicity of the products sugzested that the
kinetics of the reaction could be studied fairly readily.
However, preliminsry {unpublished) investigations by
Gragssie and futhewson, in which the pressure developed
in a closed system was used as a messure of igo-butene
production, showed that the reaction displayed unexpected
aute-é&talytie features, =g shown in figure 1.

The only other reference S0 in the literature tc
yely-ﬁggﬁ.#hutyl nethoorylate degradation concerns the

electron irradistion of it and polyaethyl nethaerylate,
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FIGURE | DEGRADATION OF POLY-TERT-BUTYL METHACRYLATE
AT 200°C

RESULTS OF GRASSIE AND MATHEWSON




-2l

In this, it is suggested that the backbone of poly-tert.-
butyl methucrylute may be somewhat weaker than that of
polymethyl methacrylate. However since the degrzdation
conditions are obviocusly smo differemt from pyrolysis it
would be unreasonable t¢ expect that a direct comparison
is possible.

I$ was the aim of the work desoribed in this thesis

to invesiigate the ester decomposition reaction in

poly=tert.~butyl methacrylate and in particular the

apparent auto-catalysis. It has already been pointed

ocut that there is & elose relationship between polymeris-

ation and some degradasiion reacticns and so it secnmed

logical to atudy first the polymerisation of the mononmer,

Determination of the rate constants of the pelymerisation

processes alsc allows comparison to be made with those of

other methacrylate esters and contributes to the body of

xnnwleﬂge which already exists on the relationship

between strusture and reactivity of compounds of this type.
The simplicity of the reported products of degradation

suggested that s suitable method of investigation would

be by means of the dynamic moleculay stillﬂsin which it

is possible to measure the rate of production of volatile

material, and particularly in the case of a single product

t0 relate this directly to the rate of reaction.
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In proectice it wes found that the resction wes nore
complex than suggeuted and 1t proved necesssry in addition
to examine the pyrolysis eof polymethseryliec aeid in seme
detail, Yeagureanents in the dynamie molecular still
were supplemented by measurements of the infraered spectra
of the polymers at various stages of é@g‘mﬂgﬁim‘

This thesis is therefore constyucted ss follows.

After o deseripbion of the various experimental tech-
nigques used In this work (Chepter IT) the investigation
of the ki&fiﬁtiss of the polymerisation of jept.-tutyl
nmethaoryiate is deseribed in Chapter III, Thie is
fauwed by o prelininayy study of the pyreolysis of poly-
sarke-tutyl methaoryiate {Chapter TV), the elucidation of
the pyrolysis of polymethaorylis acid (Chapter V) and
the méﬁ@im of g;aly-&m. ~ bty maﬁﬁwﬁtam pyrolysis
(Chapter VI),  Tn Thepter VIT an nocount is given of
the produsts of the high tempernture breakdown of the
residue from these degradations,  Tinally Chopter VIII
containg a further brief Aiscussion of the more important
fentures of the vesulte, R




APPARATUS AHD EXPIRIDNTAL THCHIIGULS

PART 1 POLCERISATION.
all polymerisations were carried out inm dilatcmeters
sealed under high vacuume The resction was followed by
mensuring with o cathetometer the decreuse in the level of
the liquid neniscus in the stem of the tube.

A high vacuun system waoe consitrucied, Ivagustion was
provided Ly « wercury vapour diflusion pump backed by a
retayy cil-puanpe That part of the asysien uged for the
Filling of diluiezeters is shwwn in figuve Z.  With the
axception of the burette tube thic syé‘l;a:s and ithe degrademtion
systeas were construcied from « pieee of nerasl {Ysodu®)
vurctte and & soft glaes Jjeoimt. All ground glass surfsces
were Lubricated with silicone grease.

It was found thet the mest satisfaciory method of
calibrating the narrow stes of the dilubouster vas to
deteraine the volume/length relalicusiip of {ihe bore of
the individual length of tubing by & mercury thread techniguc
before construction of the dilutoueter. For the rate
meagureacats deseribed in chapfer 77 the nsrrow btublag

generally had & bore suok thal U ca = 1 ml widoh with
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R DILATOMETERS
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bulbs of 5-0 ml cupscity and 2 cathetometer resding to
+.)e 01 mmm makes detectable, changes in the extent of
polymerisation of =0,01%, TFor the preparation of guantities
of polymer for degradstion experiments larger dilatoneters
of 25 or 50 ml capacity were useds

| Before use dilatoueters were cleasned by filling for 24
hour perlods with chromie acid followed Ly sulphurous acide
They were then rinsed with distilled walser and dried uader
vacutins

Since ‘tlm gquuntity of initistor and Inhibitor uged was

extremely small, it was convenient to introduce them into
the reaction tubes as stsnderd sclutions in chioroform. The
sclvent was i‘azaavac‘i at the waler puup.

Fresily distilled monoucr in the storsge tube wos
degassed by repeated cycles of freezing in liquid oxygen,
evacuation and thawing. Porticns were transferred by
"gold® distillation under hizh vacuun inte the burette tube
and measured volumes subsequently distilled intc the
polymerisation dilatometer. Since tert.-butyl
methacrylete polymerises slowly by thermul snd photo=
initiation amd cold distillution is o slow prﬁcfssm; polmer

is produced in the storsge tube znd in the form of a surface
film it retsrds distillation. Use of a horizont:l vacuum
inlet and bent-ar storage tubec mude it ;;;s@ssziblaf to disturd
this surface film by rocking the tube geaily.
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For some polynerisstions 2 seseond licuid resgent
had te be distilled into the dilatomefer, This was the
cwev.for polymeripetions in benzene sclution and in the
pr&yaragien of acpslymeam. It wes distilled from 2 gsesond
vacuum chember on the other side of the three-wany tape.

’cﬁaila it was & feasible, azlthough slow process te
cistil 1-2 al of methacrylic acid under high vacwum, it
was not practiesl to £ill large tubes Ly this method and
for the preparation of polymethecrylic acid (Chopter V)
the menomer was degassed in the dilatometer.

After the dilatomeisrs had bLeen filled with a volume
of liquid calculated to bring the meniscus about half way
up the stem et the polymerisalion lemperafure they were
sealed still under high vecwm snd stored at ~-152°C t4l1

required.

PUOTOPOLYMERISATION TECHNICUES
An Osrem 155 watt mereury cac lamp wos used. In order
o m’ﬁié “gkin eifecis” due to the non unifeorm sbsorbtion
of light by &« thick layer of monemcr it wae necesssry to
use ‘waveiwgtha greater than 3300 E. In the preliminery
phetoinitiation experiments shorter wavelengths were absorbed
by the glass envelope. In the photosemsitised “segtor®

experiments it was necessary to have o sharper source and
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the eavelope wag revoved, hovever the soft glses lenses
wored with this systes eserve the sime purpese.

Precautions wore tokem %o minidize intensity
fluctuations. leosurements were never sharted until the
lazp bad becwn rumaing for at lesst nn houwr. The lmzm WBE
run at 240 volie from s *Varisze® frunzformer with a voltueter
iz perellel. Constent checks snd adiustaents were usde to

compensste for slisht variations iu %minms® voliage.

SHSTTY SOREEHS

In order t¢ deturmine the wariation of the rute of
yolymerisstion with the incident 1i;nt intensity o means
of outting dewn the intensity by known reluative froctions
was requircd. Thia wag done mest conveniently by ®“intensity

sareens® of wire oM Zes of $iffereat aesh sises aud wire

ZEWZHB Thelr {zanomingion cocifisients, welutivwe to full

intensity were messsured using a urmyi‘r. cxuleate sobinoneter” -,

The uranyl ion pholtesensitisce ths decompoesitlom of
the oxalate lon aad ever o ocrbtedn cougontraiion runge
the sameunt of decompesition is directly proporiionzl to the
incident light intensiiy. Thiz condition holids provided
the oxalate ilon m never less than "helf 2 meolscule in excess®
Uranyl cxslate was prepared by nizing hogolher nut
solutions of ecuivalent amounis ¢l snaler oxalic weld (Lebigme)
sno Analar uranyl nitrete {1004 iw) e Phe presisitede

wag flltered offy washed thorouzkly with coléd water and dried




iz o« vacuum desiccabor.

Dllute solutione were made up of both uranyl oxalale
anu oxalle sela, Volunmes of these sgolutions, such that
the cbove condition holds, were nized and the cxalute ion

content measured by titration with notassium psrasnganate

solutions TIdenbtiecsnl volumes were mixed in a zlass welghing

bottle which served as an sctins eter eell and vere exposed

under stendard conditions to elther the full inteusity or

the intensity with one of the sereens in position. Residual

oxzlate ion contents were neosured by perasngennte titration.

weaneminsion cocfficient of soreen

= ipitisl titre - titre after exposure to Iw

iaitiad titre ~ titre slfter exicsure to 1000

& typical series of results is given belows

Ixposure time ==« 1 hour
[5023234} 04902 M ( B ml of 0.006 )
[32‘3204 ]= V. G067 {10 ml of (.0L0 M)

[&zﬂf] = Ca0087H Ln0g~ 006 ¥
Screen - - A i} ¢ Blank
Pitre {(m1) 0,080 '%.795 4.010 4,180  4.220 4.320

eSO  Ta¥3D  4eudD 44170 4,310 4310

I

26980 3,980 4,040 4,170 4.300 4.320

LaBR8  J4720 44030 4,160 4.310 4,306
Za728 4,030 4,170  4.320 4.340

- o 4,020
Average titre 2.935 B.,72Y 4,027 44171 44315
Ueoompesition' 1e58U  UeBB8  0.208  U.141 0

(ml Xn0s)

# Trepmuispien 100 42,6 20,9  10.4 0




For the dﬁtarminatién of the rate constmnts in the
polymerisution of tert.-butyl methacrylate the average
lifetime of the growving polymer radical must be messured.
This was done by the established technicue in which rates
of pelymerisation are neasured under different illumination
eonditions; i.e. Tull intensity, snd intermittent
illumination with a range of exposure times. Repeated
exposures of between U.1 and 15 sec, were obtained Ly using
the "roteting sector’ apparatus shown in £ig.3. - The 1l:l
rotating seetor wae driven téraugh & redaeticn.geﬁring sycten
by a Citence Type K(/345 stirring motor.

Por flash times of longer duration a manually operated

shutter was uged.

THuRMOSTAT CONTRULe ‘

Dilatometers were imsersed in & 20 litre tank of water
thexmnat&tieally cantroileé\by o mercury-tcluene regulutor
activating a Snnvic'relay. Since the dilatometers act as
very sensitive thermometers special attention has to be given
to close temperature control. It was found thut meniscus
fluctuations due to temperature cycling were just on the
limit eof detectability indicaling a tem?efature control of
about +0,02 C° .

It is preferable to carry cut pholtosensitised
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experiments in as low & temperature range as possible, Fer
teaperatures below 30% a coolimg ceil wes imsersed in the
thermostat. Cold water wae & satisfactory coclant Tor 26°
snd 209C Wt for 15° and 10°C brime wes cireulated through
& syetem in which un externscl coil was imuersed in an
ice/palt bath.

PRECIFITATION any IYING OF *Ji’;fﬁ,,zs’be

Both in the preparation ¢f polymers for degradation
studies and in some measurements in conneeotion with the
determination of the rate constants, the polymer uust be
isolated from the resotion mixture. It is importsnt that
the polymar should be obtained free from low-molecular weight
impurities, particularly monomer snd residual initiator,.
J?rseipitétim of the polymer in & non~sclvent is the most
satisfactory techniques |

?ol:fmerimtima of tert.~tutyl methecrylate were halted
at approximetely 1075 conversion. XZven at such & relatively
low conversion the resction aixture wae very visccus end
was firet dissolved in 1:4 dioxen before pouring into 70:30
methanolswater. While this non=-solvent patisfactorily
Mmtes polymer from monomer and initiater, the polymer
is still .sewewhat gummy. A seccnd precipitation from dioxen
into 503150 methsnoliwater deposits the pelymer in the form
of & finely divided powder, which was ccllecied in &

sintered gluss crucible.
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Polymers whose melecular weights were to be maasufed in
the deteraination of kpkt.% were dried to aeﬂ#tam weight
in an ailr oven st 709 for -3 days. Some of the
preliminary degradation experiments véex*e« carried cut on

polymer thorcughly dried by this method. |

Cases have been reporied in which even such mild
pre~heating hus coused changes in the degradation properties
¢l polymers so snother methed of dryiag was employed for the
xselyzﬁers tc be used for dégr&é&tiwz studiegs. These were
dried at room teapersture in flusks attacked te the hnigh
vaecuun gysteme Cinee traces of sclvent were detected anong
the dagz?adatieu procucts from polymers dried by tids milder
method it is less efficient then the other. Apart from these
impurities there was no difference in the degradation
properties.

In the cmirse of degmdatimn studies, seversl copelyuers
were prepared. In these eaaeé polynerisation wes hnlted at
5 comversien in erder tc cbtain unifamity of copolyaer
compositions. The solubility of these substsnces is not
significently different from poly-tert.-butyl methsorylate
end pimilar precipitation techuigues were euployed.

m preeipimtim of polymethacrylic acid was somewhat
different, and since it hae some bearing on the degradation

results it is discussed with them in chapder V.
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OSH0TIC MOLECULAR WuIGHT MUaSURLTHTS.

Humber average molecular welghts of samples of
poly=tert.-tutyl methacrylute were meagured by osuouetry.
Osmotie pressures of dilute solution in redistilled metiyl

- ethyl ketone were messured in osemometers of the
’?mar-—-st&bin 32 daaign; supplied by Polymer Consultants
Ltd,

Ognonetex.

In this type of ocsmometer the solution is contained
in & small {2ml) glass aeﬁ.i; sepurated from o large (~200m1;
volume of solvent by membranes supported by stsinless steel
platess There arc tvo openings into the cells, One of
these is used only for filling the cell and during operation

it is clesed by a wereury sealed positioning rod which can
be used to edjust the initial level in the second opening,
"zs. fine cepillary tube. A refevence level ie provided by

& matching ceplllsry tube dipping into the solvent.

Kembranes were prepered from undried cellophane
‘conditioned to methyl ethyl ketone. The initial agueous
mediun in which the membranes had been stored was gradually
replaced by scetone by immersing them for £4 hour periods

in bathe progressively richer in acetone till after five
de,yé..‘they were in 1009 acetone. & sinllsr process wes then

used to repluage the wscetone with netlyl ethyl ketone.




Leaperature Control.

Accurzte tempersture conbtrol is necessury. The
Gumoneters were set up in a 50 litre water therucetst
controlled at 25 Ly & Sunvie relay and spirsl type
mercuryftcluene regulator. With the larger rezulstor,
temperature contrel ie probably better tham the uU.usvC.
obtained in the pulyaerisution thermostat. The difference
in level of the liguld in the two capillaries wes measured
with & outhetometer and onece ecguilivrium has been attained
there were no detectuble fluctuations due to temperature.
The pressure hesd can be measured to within 0,008 om.
Heugurement tecimicue.

A8 is usually the case with high polymer solutlions
non~ideal behsviour wae encountered in the reluaticnship
between osmotic preseure and concentriation; followiag the
pormal procoddure csmotle pressurd ueassurenments vore aade
for each polymer sample over & renge of conceutreticns from
1 gn/100gu selution to C.1 gn/l00zm solution.

Qe3 = 0.5 gm of polymer wes <dimselved in 50 wl solvent.
sfter tilt&ring to remove dust particles, different perticns
df this stock solution were weilghed Inte tered 186 wl flasks.
it the sane time the concentraticn of the polyner in the
stock selution in gu/l00zm sclution was determined by removal
vf & portion end @v&@@f&tion)&t 100°% in o taved bottle, to
constent weight, lower concenbrabions were prepured by

diluting the stock solution in the flasks. To avoid
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grrors die to evmpat&ti@n losser these diluted solutions
were welghed cnly irmedlately befors use., The concentraticuy
were therefore caloulable on « welght besise

Singe the ﬁaneﬁmtr&tiéﬁ W Q@ﬁ@rminaé before the

sclution entered the camnﬁet@r, the latter had to be careluldy
rinsed ﬁithAfdur §értiaﬂs of S=3 2l of ﬁbﬁ solution befere
£11ling, to ensurs thst the caloulated consentvation wes the
true one. About cne hour after filling, the preseure head
wee aﬂéusﬁad by m&aﬂ&>af thae pesitioning rod so thel 1t wus

UPRsBUTo, Thereafter the

B

close %o the enticiputed comotic
ogumometer was left undigturbed., Headlngs were then taken
at intervals ti11 they became constent over a twelve hour
period. Thig equilibvrium wes ususlly atteined after wbout
thirty hourse.

The constency of the osmotic pressure head after this
tine demonstrated tlwt diffugian of low moleculur welght

polymers through the nenbrane was neglizible. Sinee the

melecular weights of allvtha polymer samples were in excess
of l0Uyu0d thiz was not aur?riﬁing. in many eases the
ogmotic yraasﬁre hewd was confirmed by approaching it from
both above and below ithe true value.
Gell Conwtaut;

Tdeslly the equilibrium pressure head should be zero
with pure melvent in the cell. In practise there wus slwayn

& small Ycell constant® which had to be subtracted irom the
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observed pressure hesds. Hegular determinations of the
cell constantes of the osmometers were curried ocut. .fter
the osuometers hac been in use for several weeke these values
¢id net show eay great varistion (U.00% 0,02 om) during

the six month pericd they were in usze.

The product of the meapurements outlined ahove was a
series of osmotic heads L ; {em) at concentrations 8 (20/100
gm solutien). 4 plet of h/c againet g wes made and the
iiziting value I, determined,

isee L=(We)g,g
4 can be veleted o I, the nunber averzge melecular welight

of the pelyner in the fellowing wey:

(T/C) g, = R/ilp

where 1r- owmotic pressure in atmespheres
C - soncentretion of solution in gm solute/ml solution
R = Gas Constant, (a%,.li}é cc atmos. per degree per mole)
T-= Abaaluizev tenperature

Since 1 atmos, = 1033.3 gn/sq om

v in etmos. : h % density of solution / 10533
Eimaamgm/m: einm/loﬁm x W

x ~ x??
densi‘ty

/ey -

= L/ 10.333
Therefore Hp = 10.332 RI/L - 252,800 25°
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CONCENTRATION C (GM/ 100 GM )

FIGURE 4 TYPICAL OSMOTIC PRESSURE DATA
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PARTY 11 DHGRADATION

inlessy atharwié@ specilied, degradutions were earried
cut in veouuwn, The generel arrangement of the glasswork
| of ithe degradation epparstus is shown in figure 5, Iasicaelly
1t oonrpists of & dynunic molecular still {demss.) which was
& modificetion of that first used by arassie.ané‘galvilleazs
Iy thia means rates of velstile production may be measured
under eonditions of high vacuum. The additional spperatus
including & secondary degradetion system was used in
connestion with the smeparation and remowml of products forx

subsequent infra~red and/or gas chromatograsphic examination.

THE INNAMIC HOLECULAR STIIL
In the deiese & layer of polymer is degraded thermally

by being kept in contact with & hot surface, Since the
systen is continously evacuated during degradation, the
velatile producte have very little chance of further
intersetion once they escape from the polymer. rrovided
the rate of removal of volatiles is mmintained constant by
having an uniforam pumping rate them the rate of production
of volatiles will be measured by the small pressure
ﬁeveloyed ingide the atill, This pressure is neasured
by the Pirsuni gauga.

| Two previous improvements ovn the original design have
been incorporated in the present syatet, They are the

. . 7 ) ,
&ntradu«%ionl of & product trup between hot surface and
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FIGURE 5 GLASSWORK OF DEGRADATION APPARATUS
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Aeroury pump and the use of a thersortatted Pirani zauge
on & side arms The systems for heatlng, tempsrature
recording and eontrol are slso different £roa the original
syateas.

During » degradation run the produst trap was kept
imrersed in liouid oxygen. This prevente possible resction
of the mersury vepcur with the degradimz polymer er with
the products in passing through the pump,  Ite mein function,

however, is in providing & ocnstsnt %sink® for the remcval
of produets condenssble in liculd air which is independent
of flugtuetions in behwvicur of the wercury punp.

Por such sub&tanaea the mereury puip werely provides
& backing vasuun to ensble the product trap to act as a puamp.
Sinoce more volutile substances are only ramoved by the
gonventicnal pweping syetem 1t iz poesible to test for thelr
rresence waong the products during degradation by elosing
a itay between meveoury puxp and still, The presence of
“non-condensables” is shown by sn lumuediate pressure rise
indicuted on the Pirani gauge. These tests will be referred
te as ¥Pivani Tests’.

It wes shown that aubaﬁaﬁces“aa volatile as carbom
dloxide and izc-tuiane wéxavtrmggﬁé gfficiently in the systeq.
In addition propenc can be irapped aliliough no experiments
were earried out to determine the effieciency of its trapping

It seens likely thet the omly substances which can pass
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thivoush the syoton are Coe=hydroesyboney methane, cerbon
neneklany oxygen, niitvegen and hydrozen. |
ihe 2irzpd Gouge,

Jregsure messurenents by meens of a Pirani gauge are
bered on the relationship betwean the thermsl conductivity
of « gas and ite pressure sl low pressures of the order ef

ot tﬁvlﬂ’G mn 6 Y Thaﬁmal conduction of the heat awey
fron am electrieslly hested hobt wire by the gas would
result in & degresse ln temperature and consecuently a
decrease in the ?@ﬁiﬁt&ﬂ@ﬁv&f the wire. To provent this,
aucitional energy in sug?liaé to the filsment by en incresne
in velteges, This cun be me&é&red in o Wheatstone bridge
sircult. At low yressures: the term (v2VE) / V6 ie
prepertionel to the presauregzwhara V and Vg ers the applied
potentials recuired to balance the bridge at preseures p
and zere respectively,

In the original demez. the Piranl guuge was exposed
to fluctuations of light and room tempersiure with consequent
variations in the rake ef heat loss by the wire., Even
provided thuit V ond ?é could be messured under the sane

e,
conditions it was necespary o evaluste the tern {(VRaVE)/Vs
in order t¢ obiain the rate of preéaatianvef veletiles from
& culibretion ocurve of {v%uv§3;v§ sgoingt rete of flow of
vapour through the aysteme In the durkensdy thornostatied

forn of the gauge these Tluctustious do not cceur and
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PICEIN SEAL

COPPER WIRE

PAINTED BLACK

THIN GLASS TUBING

{CE + WATER

77T

C:E_E
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f

TUNGSTEN FILAMENT
50 OHMS

FIGURE 6 THERMOSTATTED PIRANI GAUGE
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b :} / b,
A

A ACCUMULATOR 2 VOLTS

C COARSE POTENTIOMETER 0—250 OHMS

F  FINE RESISTANCE 0~-10  OHMS

Z IERO CONTROL 0—50  OHMS

Rt Rz FIXED RESISTANCES 376 & 23.5 OHMS
FIXED RESISTANCE 1,950 OHMS
VOLTMETER 0-2 VOLTS

S
\)
G GALVANOMETER
p

PIRANI GAUGE

FIGURE 7 PIRANI GAUGE CIRCUIT
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culibration can take the form of « eurve relating ¥ to rate
ei Tlow ¢f wvupours

The vucuum side-arm conteining the hotewlre filament,
figure 6 and the complete Pivani cireuit, figure 7 arve
Vasioally simdlar to those of MoNeill {PheDs Thesim, Glasgow,
1857) slthough a nusber of modifications were made to the
baeole deeign o provide gresier robustuess and case of
operation.

Initislly the circult was adjusted so that V,= 0,600
volt. It was Tound that aitesr & few degradetions thia
decreased,; presumably due o more thorough removal of
volatiles, thercafter it reaumined constsnt at 0.582%F 0,002
volt throughout the fifty to éixty degradations carried
out in the demss, These narrew limits sre approximately
the sane as the limite of the errur in measuring Y.

As with any sauge operaling ou the thermal conductivity
principle the Pirani geuge muzt be calibrated Tox the gas
vwhose preasure is to Le meagurad. Siance it had been
rapoxted that jfgo~tutene was the only degradetion product
from poly-teri.~butyl aethecrylate it was calibrated in
terns of rates of flow of iso-butenes. The experimental
syctem i shown in figure 8. The rate of flow of iso-butene
into the dem,se wios controlled by the needle valve and onge
eguilibrium gonditions hed been sot up this flow rate wes

eguivalent to the rate of velstilisetisn ol liculd igg-butenc
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TO PUMPS

CALIBRATED CAPILLARY

a—D—h;‘s

-CATHETOMETER

L]

UNSILVERED DEWAR FLASK
AT -78°C.

——> TO PUMPS

NEEOLE
VALVE

L
DYNAMIC MOLECULAR STILL

FIGURE 8 CALIBRATION OF PIRANI GAUGE
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messuTed velunetrically., A calibratien curve showing
the relutionship between Pirani readings and rates of
Ticw of iag~tutene was comstructed and part of it ir shown
in figure 9,

Heating, Tempersture ‘isesurement and Contrel.

In the dem.s, the hentinz systez i3 contalned in an
evacuated zlass envolupe. It consints of & copper heating
block onte which is noreved & eopper degradation tray,
(figure 10.}, sonteoining & layer of pelymeé covered with
copper powder %o ensure zood thernsl cuntact,

The heating bvieck contains three cartridze-type heaters
eaech 0f which hus & fated neaiman Qutput of 50 watts at
24 volta. The single lower hester hus an interaittent
power supply, on/off switching being provided by means of
an LTHER "Trensitrol® whick in turn is setivated by a
copper/eonstintan thermocouyle soldered to the twee of the
degruedation traye The pane thermoepanle mezsures the
teaperature of the degradotion surface.

Phe various elecirical circuits are nhoun in figure 11 ’
vne aspect in which the present systea differs from previous
ones ié in the method by which wires enter the vaouum
systen; instead of ucing horated copper wire to pase
through the fyrex glass, all wires whether of copper or of
congtantan were 1ad‘thxeugh.pieaea of capillary tubing

sezled with Ficein wax. By this means bi-metallic junetions
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CONSTANTAN COPPER

FIGURE 1O HEATING BLOCK & DEGRADATION TRAY
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were avolded and where ﬂoina were negessurPy wiree were
vverluppeds Using the same tray theraccouple as part of
a gimiler circuit it was found that the observed esiefs
on the millivoltmeter was ayproxinately the same as the
“stendard® volue for the temperature recordied on & thermcieter
inuwersed in the same 0il bath as the tray, st temperatures
sround £009C. The temperature/c.:,f. culibration was
therefore based on these standurd e.m.f.’'s with a small
correction made for the slight drop in potential across the
finite resistance of the wires of the circuit.

The finely divided copuer powder used in the degradations
came from twe sourcess Previously it had been prepared by
the reduction of cupric cxide by ocoul gasy ithis material ic
generally contaminated with adsorbed hydrogen. Instead,
comrse oupric oxide (does not pass 100 mesh) was reduced in
formic acid vapour; ¢ method based on thut ol wehlgg. Sinece
the reduced product showed a tendency to absorb volutiles
from the stmosphere it wee kept stored under vacuws sfter
heating to 9509%C for 2 - Elhoura. Later 60 -« 80 mesh copper
wag obtained frox Hopkins end Willisms.

Techmicue.

In order ic minimise the time necessary to evacuate
the pystem, the d.u.s. was kept under vacuua except for the
1L = & minutes necessary to introduce the tray contuining

weighed quantities of polymer snd copper and connect the
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therwocouple leads. Lven then the system bud to be
evacuated for several hours before a Vo Pirani reading was
obtained, Durinz this time the product iray was not
Lamersed in liguid oxygem. This was only done immediately
before raising the temperaturc of the blook. |

To raise the temperature to that recuired for degradation
the following twhmqué wag found to be the most satisfanetory
couproaise betwesn prevention of overshooting and @ae&y
a’ﬁmmmﬂb of temporature, Initislly the temperature is
raleed yapidly by paseing sbout 30 wolts through the eonsitant
heaters until the tespersture ls mbout 40°C® belew the
required degradation temperature, when it is reduced to
s5ere 80 thq.t the approseh to degradation temperature is
B8lowe Just as degradution f{emperature iz reached wnd the
controlling systen comeg into operation a conctant lovw
voltage (B8 « 10 v) is applied which is maintained during
the degradution. There is nothing to be gained by the use
of the full power of all three heaters in the early stages
ginee this leade only to overshooting difficulties;
consequently the intermittent heater is kept on 8 - 10 v
beth during the temperature raising and normsl running
stages,

Degredation temperature is generally reaghed after
26 » 30 minutes snd after some initial fluctuations of
£1 ¢° 1t resains constent to within the limits of detectable
temperature change (0.5 C°) throughout the degredation.
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vne disudventage of the system is that the large size
of the heating block (~ 350 gm copper) resulits in slow cooling
witer degrodation, Before exemination of the products it wus
uguelly necessary to leave the system to coel overnight
under vaouum,

"Bagikground” Products.

Pirani ra&dingakwere'mada gt intervuls of one minute
throughout the periocd of degradstion, Even in the sbzence
of pelymer, volatiles were detectable in the early stages
of hesting. A typical example of a "background® Pirauni curve
is shown in figure 12. This feature of the dum.s. appears
to be peculier to the present heating syetem since it has
not been reported previously. o

The first meximum in the rate of evolution of volatile
asterial (pesk A) ocours immediately power is switched on
and 1s resohed bhefore there is sny apprecisble chunge in the
trey tempersturce Albthough the temperature at which peak
H oocurs is such that it could be due to volultiles from
several parts of the still}iﬁ'aggeaxs to be largely an
srtefaet assvcinted with the voltage reduction zade at the
end of the initial heating period. It seems likely therefore
that the volatiles are produced from the porcelain of the
cartridge heaters. Exsmination of the products revesled
only water, in cuantities of 0,5 - 1.5 mg. Presumably this
is picked up during the time the still ie¢ open.
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PIRANI READINGS
(voLts) g0l
TEMPERATURE _ . 1 200%
0.70 t
A -4 100°%
1 V| REDUCED FROM 35 TO 10V
B
0.60}
V° { i T

20 40 60
Tive  { MINUTES)

FIGURE 12 '"BLANK DEGRADATION SHOWING "BACKGROUND'
PIRANI CURVE & TEMPERATURE

ATTAINMENT
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In “blank* degradations on the porous copper powder

prepared by foraic acld reduoticn of cupric oxide, pesk B
wae slightly more pronounced and carbon dioxide was detected
among the producis by & combinetion ¢f chesmical and gas
chromatographic techmiques. The cuantity was not sufficient
to cauge 8 mespurcable weight loss of tray and contents but
boti pressure and gss chrometography indicated thai wbout 0.z
of carbon dioxide was produced f{roam 10 gn of powider, These
obgervations were confirmed by heating copper smaples in the

secondary degrudation syetem. It was shown by repeated
hetting and exposure to the sir that the carbon dioxide arises
from the atmosphere znd net frem the redustion method, The
Hopkins and Wiliiaas copper which has a higher bulk density

and was not porous did net give such effeets,

THL SECONDARY UBGRATATION SYBTEM,

The best features of the dsmes, are its direct measure~
ment of volatilisstion rate sud the lack of uncertainty about
wniform heating and temperature control. However in
eircumstances where volatilisation rates are not of primery
importance and most interest lies in the reaction producte
the demes, considered simply as o hesting aystem possesses
certain drawbacks.

Firetly, any non~volatile residue is oontaninated with
copper powder, It may of course be feasible Uo dissolve the




residue and remove copper by filtration but in many ceses,
the residue iv insoluble and infra-red methods of
exzmination are the only ones available, Separation of
copper and polymer in this ecuse is a necsesary but aifficult
operation,

Secondly, the slew hssting-up pericd and the even
slower cooling pericd make degradations For short intervals
of time impracticable.

Thirdly, with regard to volatile producis, not only
will these contain the Y"buekground” produsts but if non=
condeneables ars present, although detectable Ly the
-pirvend test (page 41), they will be lost in the normsl
- method ef operatlon. On the other hand if the resction is
carried gut in a closed system the large velume-{~ F litres)
0f the glass envelope would maike 1t necessary 4o use o
substuatiel quentity of polymer to obtain eufficlent
prepsure of gas for sy infre-red gas analysls.

For some degrudaticn studies therefore it woe more
convenient to use the smalle-volune gless system alresdy
shown in figure 5. Analyses of the degradation products
were generalliy confirmed by carrying out degredations in
both systens. The seeondary system was particularly
useful in the high temperature breakdown of snbydropoly-
methacrylic acld (Chapter VII] where non-cencenssbles were

present. 1t was alec used to degrade the XCl/polymer
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disyervions, where the ability to perform short tine
degradations wes reguired.

Heating wus vrovided by = metsl bath contrelled in
the same umsnner s the heating block of the demss. (Figure 13).

REIOVAL OF VOLATILEL PROLUCTS OF E&ﬁﬁﬁﬁ&?ﬁ&ﬂ TR yernny

The vaouum system is designed to sllow a certain
flexibility in the aftev-treantment of volatile producis.
In general the products were redistilled under vacuuwa at
room temperature inte & relatively smell weighed collegting
veugele A simple frsctionation wes then made by distilletion
frum this vessel those products which were volatile at -78%
in vuacuun.

tualitatively these gases vere exsamined by iunfra-red
spectroscopy and ges chroumatography after distillation
into the appropriate collecting vessel. Guantitatively
dso-butene wes ectimated in & calilrated capillary at «7%0
with a correction for the vapour occuyying the decd space.

The residusl liguid nomevclatile at « 789C was weighed
directly, before it wap examined further, generally by
measuring an infra-red speatvum of a dried sclution in
carbon tetrachloride or ohlercform.
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REACTION TUBES
FOR POLYMER FOR KCI/POLYMER DISPERSION
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FIGURE I3 SECONDARY SYSTEM HEATING APPARATUS
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ViU PHASE CHROL.TOMRLPHY
- 4 ussful analytical teol for the exsmination of

degrudation products iz vapour phasc chromatography {v.psc.)
owing to the case with which the constituents of small
semples can be separated.

Introduction of sample

All chroaatograss vere run on a Griffian & George
Hexi II apparatus, This mechine igs é&ai@aé# pringipally
for use with liquids which cun be introeduced by syringe
thwough & serun cap. Ome method of sample introduction
which was used for pases wes to withdraw a mixed sanple of
alr and vepour with & 10 nl syringe and inject thisz inte
the systems

Since in many cases only one gos sample was required
& less crude method could be used. The sauple was distilled
into & deischable U-shaped collegting vessel on the veouun
lines and isoleted by turaing the stopoecks, The serum
Cap WAS re;amée& by ong linb fw. the U~tube, an zir-tight
seal being made by the rubber collsr. The sanple could
theu be introduced affer the sir wes removed from the

auluansy by cpening the stopeoek.

For gases non~condensable in liquid exygen, satisfactory
results were cbtaiuned by gus/sclid chromatograply cn

60 « 100 mesh echarcoal at room temperature with & {low rute



of nitrogen cerricr gas of B litres ver hour: inlet
presrure ataospherics

For produote volatile at -758°C gus/liquid
ehroastography on Sillicene 30)/Celite celusmns at room
tenperature wae useds Inlet presgure nmspherie,nitrogen
fiow wate 1 litre per hourw,

m'&“&ie use wae nade of vep.cs for the analysis of the

icuid freacticons since these generclly contained either

watersy or sokd or were obiuined ve dilute solutions. Infras-

red methods were preferved,

- LHPRA-RED SkRECTRA
. Infre~red specira between 4000 end 660 om™l were
neasured on & Perkin-Zlmer Model 13 doubtle bean
spectrophotometer with sedium chioride prism. Specira wers
measuxvd of dezrndation preducts reuging from gases non-
condensable in liguid oxygen Lo soclids non-volatile in high
vacuum at 3809 |
Gasese (V.33 and V.gg)
Thess were examined in & 10 ca gas oell with socdium

ehloride end plales.
Iiguids (Vg ;,) and yexes (Vp,g,)

 For qualitative work these were examined preferably

w8 thin filus between sodium ghloride “plates®™. Since in
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many cases of degradution water wes a product this method
eould not always bc useds In these cases the product was
dissolved in earbon tetrachloride and dried over anhydrous
sodium sulphete, The main functionel groupe precent were
detected from the solution spectrun between 4.U0 and
1500 em™ in & 5 ma cell with & similer cell conteining
pure solvent in the reference beanm.

guantitatively mononeric tert.-butyl methuerylate was
estimated from the carbonyl pesk heishts of the spectrs
of solutione in chlerofom of knowa volume, Tigure 14
shows the Beer's Law calibration curve obteined from
stendard solutions, 0.5 ma sodium chloride celle wers used.
golidse

Solid state spectru of polymers and related solld
compounds were obtuined from 0.5 - £ mg of substence dispersed
in & 300 mg disc of molid potassium chloride,

tuslitative Spectra: The golid was ground for itwo minutes

in an sgete mortar with dried .otassium chloride under an
infra~red lmap ( to reduce adsorbtion of moisture from the
stmosphere). The cﬁ.m&raien mixture was then pressed at
5000 1be per sqe ine. for five minutess; giving s transparents
disc. In the measurement of the spectrum & "blenk” disc
containing only potassium chloride wse placed in the

reference beuam.
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Jince some of the degradution products cannct be ground
to & satisfactory fine partiole size, they give specire
with broads ill-defined pesks. Better spectrs were obiained
by the following methods The undegraded polymers can be
dispersed satisfaotorily in XCl and the degradation products
produced by heating the dispersion mixture in the secondary
degradation systen before making the dise.

. titati Speetra: ixperimentally sollid state spectra
are usually regarded as the most diffiocult %o place on a
guentitetive basis. Hot only is there the difficulty in
the handling of eusll quantities of materials for
exsmination, but also there is the difficulty of the
reproducibility of intensities depending to a great axtent
on particle size and particle size distribution.

Degradations have been fallwgd seni-quantitatively
by using heated intact XCl diwasm put only for remctions
in which no velatile products ecour

Some preliminary investigations were made into a method
in which the dise was reground snd the degradation carried
out on the resulting powder before finally re~pressing the
dise., . It has been shownoé that even with erystalline
Bolides which grind readily, formation of a dise does not
result in & solid solution but thut partleles retain their
inuividuality., Degradstion by this method should therefore
still resemble solid phase reactions. It was found that
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the ethod was felrly satisfactory but bad two drawbacks,
Waler adsorbed froa the atmosphere could not be removed
reudily by heuting in veeuum ‘and ufter several cycles of
grindlng, heating asnd pressing XCl eppears to lose some
of its ccheeive pover minee the dises become very brittle,
Instead of this "ree~grinding® method sn alternstive
method wae used. Sufficient polymer for & number of dises
wes welghed end transierred to the zgete mortar. The
corresponding quantity of KC1l was acdded slowly, with
grinding. Sinec the sgate mortar could neot asgcommodate
more thun sbout UebH gn of alxture it was necessary %o
transier the first cuantity to & larger mortar. The
reacining KC1 ufter being finely ground wes added to this.
After being ground together the mixture was placed in &
Bealed vessel and shaken vigourcuslye. Smell gquantities
i this material were then ground aguin on the agate
mortar, Finelly the whole quantity was shaken again,
Approximately 320 mg of this dispersion mixture was
heuted for the recuired time. 300 wmg of the degraded
sanple was then weighed scourately and pressed. It was
shown by repeated sampling that the reproducibility of
pesk heights of spectrs ebbained by this method vas
about 5%
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CHAPTER III

PREPARATION, PROP RTIES AND POLYMERI

oF
TERT o= BUTYL METHACKRYLATE

PREZRATION OF MONO TR AND RELATED SUBSTANCES
It is well known that it is diffiecult to prepare
tertlary esters by the direct resctlon between acld snd
texrtiary aleochol, The forcing conditions sometimes used
to overeome steric retard%ion cannet be used with
oaﬁpounéa liable to polymerise and indlrect methods have
te be eaployeds
Beesuse methyl methacrylste ie comnercislly availsable
sleokolysis or ester exchange methode have often been used
to prepure other alkyl methacrylates, but this amethod is
alsc unsuccessful when zpplied with ferb.—butenol®d.
Soxmal HMethod
All previous preperations of tert.-butyl methacrylate
have used the rezotion between methacrylyl chloride and
tggg.ahut&nnl or its 3odium§6 or magnesium hr&gi&e

‘ e
derivative Eq’d?"
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s s
Ciig=¢ Gy Chg=¢ (o2 ]
G001 + HO=CwCHy £ | s o
[ ‘ 0 @»G»@Hg
OHg |
Oty
Pyridine is used tc remove the HCl, in the method recomnended

by leyboer andiﬁt&vmrman?é All the polymerisation and

degradutiqn studies were made using monomer prepared by this
wethods | -

1 nole methwrylyl eh}.c?rm& was added slowly, with
Btirring, to an 1&@»celd.mixture of 1 mole tertebutancl;

2 moles pyridine, 1 gm copper powder and ﬁ.i g hydroguinone,
Imring the addition solid pyridine ceaplexes precipitute,
asking stirring difficult. | |

After refluxing the resection mixture for two hours
and cooling, it was poured into twe litres of normal
hydrochlorie acid tc remove excems pyridine, The ester was
extracted using 40 - 60° petroleun ether snd dried over
calcium chloride,

Petroleum cther was removed by distillstion at
atmospheric pressure and the monomer obtained by distillation
under reduced pressure, Until reguired, moncmer wse stored
at -18% in the presence of hydroguinone (0,1%) ss inhibiter.

It was found that redistillation alone cannot remove the
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lest traces of inhititor and before use monomer was purified
by washing with socium hydroxide solution followed by
distilled water. Pinelly, after drying overnight over
calcium chleride, tert.-butyl methuerylate was distilled
under reduced pressure, (38°C et 20 mm).

. Yields average only 407 snd the method could not be
satisfaotorily epplied on & larger scale then described
above; therefore it was necessary to repeat the reaction
many times to obtuin & reasonable guantity of monomer——in
all sbout twoe litres were yreyared;

Dimethyl aniline has besn recommended as an alternative
basic catalyst to pyridine 36. It wae found that tert.-
butyl methacrylate éauld be prepared by this method in
gimilar yields to the sbove, However it did not sppear
0 offer any particular advantuges and was not investigated
further.,

Hethaorylyl Chloride,

Large quantities of this intermediate were required.
Heyboer and Steverman™° heve discussed the objectiene to
the aotion of the usual inorgenic chlorinsting sgents on
methaerylic meid and inste:rd recouuend benzene gulphonyl
chloride. We uged this substanee in the early stages but
found that benzoyl eﬁloride %% was cheaper and more

satisfagtory for large scale operation.
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¢ moles bensoyl chloride, 4 moles methaerylie scid
and V.4 gm hydroguinone were heated in a 2 litre flask,
fitted with a 20 ca fractionating column. Hethaerylyl
ehloride distlills off directly, dissclved HCL being the
only impurity. This may be removed by redistillation
under reduced pressure. Yields 70 » 80i.

Anhydrides.

In conneotion with the identification of the
degradation products (Chapters IV and V) it wes necessary
to prepare and teo polymerise methaerylic anhydride. This
monomer waa obtained by the resotion between methacrylic
acld and methuorylyl chloride in the presence of pyridine,
& standard methed of anhydride fﬁrmatiﬁnéﬂ The
corresponding saturated coumpound igo-bulyrie aunhydride vas
prepared in the saue waye

Gluteric snhydride was prepsred by the action of acetyl

41
shloride on gluteric acide

An alterhativa route to tertiary esters was suggested
by ﬁltschul?g For tert.~outyl csters it makes use of the
eouilibriums

n*
R=COOH + (Clig)pC=CHp ===  R=CO0C(Cly),
The method hsd not previcusly been applied to unsaturated
43 |
soids but the mild conditions recommended suggested that

1% wight be suitable for such compounds.
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1.5 woles igo-butene was condensed in & thicke-walled
resgent bottle cooled in GO jmethmal x-?fﬁof:). & mixture
of web mole methecrylie aeid and £ ml concentrated sulphuric
acid was added, und the tightly etoppered bottle loft
overnight at roon teaperature, After recovering about
Ued nole Fgg-butens from the reactisa m:ix&ux‘a, the residue
was washed with sudlum hydroxide to reuove excess acid, then
with distilled waier and drieds istillation as previously
described ylelded Lert.-butyl methacrylate in 580 yleld
(Vased on metheeryliec aeid),

Yhe nethod hae siuee been applied to texk.~buiyl
acrylate with siailax 313@4:%53?4
PREPARATION OF DIPHENYL PICRYL HYINAZYL (DPPH)

For inhibition experiments the free radical DPFPH was
required.' It wag prepared by the method of goldsclhaidt
and .?f‘iennm outlined in figure 18. The only dsparture from
the established metlhod was the use of lithium aluminium
hydride t¢ reduce diphenylnitmaowinafé | The eriginsl
reagent (zinc mnd acetic woid) gave only poor ylelds of
impure products. Fleryl chloride was prepared by the
uethod of Hoyer et &1.47

Zhe final preduct wes recrystallised fron an
ether/chloroform mixture and obtained as violet~black prisms.

It has been reported® that DPPH crystallised in this wey
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is & complex of approximate composition p IPPH : 1 CiiCly
where =3 aAnalysis of our product confirms the presence
of chloroform bui suggesis thaet g lies somewhere between
% and 4. In weighing tle inhibvitor corrections have been

wede for the presence of chlorefora

Table 1.

% #E @ g0l
Prepared as sbove 5le2 £.84 3.6.2 6o

Lyoﬁs and Wntsanég "Bled 2.7 1540 6.0
3 DPPH § 1 CHCL, BO.7 2,84 16,8 8.2
- 4 DPPH 3 1 CHClg 5166 2,89  16s5 603

‘leagurements of the refrasctive index of freshly
distilled monomer were made on an Abbe refractometer
These are seem toc be in good sgreezent with those already
aveilable |

Table Be Hefrag

- Present work , uga . 1l.4148
, Bﬁﬁbﬂr%j ‘ an o 1e413
27 ‘ 2
Crawford | np  LeAldd
b 20

Heyboer and Staverman nn - 1.,4150
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gltre-Violet Spectrua

In crder to ccentrol abeorbtion during photochemiesl
reastions and particularly te avoid ®skin® effeots it is
negessary to know the absorbtion charzcteristics of the

monomer in the visible and neer ultru-violet.

The trensmiession curve of a 1 om layer of monomer
vas Lherefore measurced using & Hilger *Uvispek”
spectropholometer and is shown in figure 16e
Iafra~red Speetrwn:

Checlis on the purity of different samples ¢f monomer
vere made by eompuring the liguid phase epectra. Mononmer
prepared by the different routes mentioned above gave

identical speetra; an example ieg shown in the appendix of

Spectras, Sl

igge Moot of the prineipal pesks

in the spectrun can readily be azsizned te specifie vibrations
using the aceoepted velues gquoted in standard reference works:

Bellany, YInfra~red Spectra of Complex Holecules®,

(Hethuen, 1954.)

Techniques of Urganie Chemintry, vaxume'zx. “Chenioal

Applieations of Speetroscopy®, (Interscience, 1956.)
Comparison was slsc made «ith the spectra of some other
mathﬁcrylata esters snd the saturated anslogus tert.-butyl
igo-butyrate (sumple supplied by r R. V. Hay)s The
assignuent of frequencies was of some help in considering

the changes on degradetion (Chapter VI).



Table 3.

frequegey Intensity
( =X (relative)

cn ")
3@?@}
IR
3360
S070
2954
£910
1993
1665
1708
1638
1474

1450
1434

1390}
1266

133
1508
1154
101

1254

1208

1041
439

BeY

W

2 & @ £ £ = @ <

sh

-]

Eouw

8h

Losigoment

overtones of C=0 and C=C girvetching

C~H stretohing of =0H, group

4dssymmetrical C-H stretohing of -Cly 's
Symmetriecal w " " #

? Overtone

Overtone of 939 ou™*

€C=0 stretching

C=C stretohing

sssymmetrieal CeH bending of ~CHy 's
in teud.-uiyl group

Asaymmeiriocal O-H bending of «Clig
Ithylenic Tw=il in plene bending

Syrsgetrical O=1 bending of ~Clx 's
in fert.~tutyl group
Present in all methaerylate esters,
probably arise from coupled stretehings
of Cell 4nd C=0 of ester Zroup.
Only 1134 ¢a™™ is present in texg.-
’ butyl igo-butyrate.

Tert.~bubtyl skeleton. Suggested to
be C-0Ys rooking. ‘

%
Out of plane bending of ethylenle CmH
7 due to isrt.-butyl group
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Table Te ﬁo}!&l{}&gt}.

ST u&:ﬂ (;;ziz;;é) . ,;;gsai@mrsem
880 8 @«t}aﬁ skeleton
¢
814 ] 7 ©=C tersionm
785 m ? 0=C«C bending

DILATUIZTRIC ABLATIOSSHIP

4 convenient method of following a pelymerisation
rewotion is by dilstometry since the density of a polymer
s generally approeciably higher than that of the monomer
from which it is derived. The method recuires calibration
by determining the relotionchip between decresse in volume
of polyrerising syster and smount of polymer produceds
Zepourerent of the cuentilty of polyver hy precipitation
and welghing has often been used tut its acouragy depends
upon the efficieucy ¢f precipituition.  4An wlternative
method, which wae used In the present work, is independent
of this limitation, snd depends directly upon messurement
of the densities of wonomer sud polymer.

The » shrinkege (s8h) on couplete conversicn of monomer
t0 polymer is related te the volumes of initiul wmoneumer

nd derived polyaer in the following way:
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FIGURE 16. ULTRA-VIOLET SPECTRUM OF 1 CM. LAYER

OF TERT-BUTYL METHACRYLATE
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e = ImgTpe x 100
m

: ;ﬂp_g&:_f Dn_ x 100

where V and D represent velumes and dm@it!eu and 3 and p
refer to monomer and polymer respectively.

Sinece Dy varies with tewmperature it is clear that s
will siso vary, Variations of D, with temperature are

usually small and it i¢ cuite common for

values to be

obtained using D, velues (meesured by flotation) at one
temperature only, The main digserevancy in thie methed lies,
however, In assuming that the deneity of the polyner in
solution remaine the mame as In the molid state. It ham
been shown that this isg not the cnse for polymethyl methaecrylate
and the use of the density of nolymer in =onomer solution
hes been reeemmendgé?g The methed we hove used is based
on thet of "mtheson et &1.50

An aeccurate deteraination of the demsity eof freshly
dietilled monomer wam made ot » low temperature (20 end 30°C)
using o lorge pyknometer conmtrueted from Pyrex slasse.
It hed previously been enlibrated with distilled water at
the pame temperatures uring densities obtained from the

Internationel Critical Tables. Results are
20 )
Dg (vaeuo) 0.877g

p:‘@( “ ) 0.8670g
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The eoubical soefficient of expanuion of monomer in
Pyrex glass was measured over the ranze P20 - 90°C by
obeerving the expension and aantraatien in a dilatometer
containing & known weight of monomer on raising and lewvering
the temperature in a large thermostst. Benzoquinene was
added to the monover to inhibit polymerisation.
Reproduclibility of readinge et the acme temperature showed
that it was effective, Teasurensents were repeanted
geversl times and it was found that the volume of monomer
st & tempersture £°C im given by

Vg = Von + VooXt{te20)
where Vy = volume at t°C
Vag:volume at 20°C
and {4 hes the values in table 4

}' ’Tablu.é.

+ (%) r '

25 0,001126
30 0,001135
40 04001150
80 10,001168
60  0,001188
vo a;éaxgos
80 " 0,00122

90  0,00124
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¥nowing the weight of monomer it is now possible to
calculate ite volume at temperatures between 20 and 90°C,

Solutione of known weights of finely powdered polymer
in monomer were wnde up in sccurately calibrated dilatometers
of sbout 25 ml eapseity and sfter degnesaing the nixturs,
they were gealed in vaouui,. The volume of the smolution
V; wee then determined st & range of temporatures.

Ty = Vg o Ty
where Vs 1e enleulnted from the weight of monomer as above.
Corrections were made for the veluwme of the small guantity
of benzoguinene added $o inhibit polymerisation.

f#h could then be caloulated sinee V,, the volume
ceoupied by a weicht of wmonomer ecual to the welght of
polymer in the dilatometer, can also be eanloulzted asw
sbove. The results of two determinations are shown in
figure 17. and average velues in table 5, This also
gives the monomer concentretion in the pure liguid, & term
required in the evaluation of polymerisation rates in

absolute unite,

Table B £%¢ {%]gm mole/l, Jeh
20 6,17 16,6
o8 6.14 16,9
30 6410 17,2
40 6,04 17,9
50 - DBe96 18,5

60 5,80 19,7



Table 5
~ (continued)

- by extrapolation

10
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30 . -y
£%¢ |"7]2n more/1,
70 5481

90

5278

5.68

6.24
6.3

e

“ah

198

- P08
P12
e
1.3
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FIGURE 17 POLYMERISATION OF TERT-BUTYL METHACRYLATE,

DILATOMETRIC RELATIONSHIR
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POTYERISATTION w PRUTLTMIVARY INVESTIGATTONS

terte~Putyl methaerylate resembles methyl metheorylate
in polymerising slowly without added initiastor. Fowever
the rates obtained are too low and irreproducible for
kinetic work. TEven st 80°C the rote is only approximately
2 x 10°% mole 17t see™t (~ 0413 polymeriaation per hour)

vhich ie negligille compsred with *eatalysed" rates,

- Rates of & sinilar erder of mognitude are the highest
obtaineble when pure monemer ot 75°C is {rradinted using
wavelengths greater then 23200 &, On varying the intensity
of the light by menne of the intensity sereens (page £8)
it was shown that the rate veried vwith the scuare voot of
the incident light intensity (firure 18), The souare root
relationship is & Tenture of the kinetiee of any systen in
whieh radica) ehain repetionn pre teminated by &

bimeleocular intersstion, and is the “nermel® behaviour of

a8 vinyl radierl nelymerisstion,

In erder to obtain higher raten of polymerigation it
ie unecessary te adé o radical source or initistor to the
Byatem, Yhen sueh an initiator decomvposes by the netion

of heat nlone then the volymerieation ie dereribed ae
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thermally catelysed, The initiator mey alse decomnose on
irradiation, in which case the resction iz aeid to be
vphoto~nensiticed,

holce of initistor 4 it

£, fecommosd £107

ol Azomdi«igg-butyronitrile (ATEY) wae used as polymerisation
initistor, Tt ie known to descompove to impe-Putyronitrile

radicals end nitrogom

CHy Tn fi‘,‘i%?,x {l?'ﬂ
l w? \ %! .t .
CHogm ?«»}Izﬁa-«i‘— Ofr  —> COFael, + HIW | 0@z
5 ‘
cy o oy o

dac~Putyronitrile radicele can then initiste polymerisation,

being themselves imaerpogatad into the polymer chains as

end groups, often important features in degradation reactions,.
Only a fraction, L of the redicels formed initiate

.polyweriaation. “ome indiecation of the fate of the

remeinder can be grined from the results of other investipgstors

‘on the decomposition of ATBN in the abmemece of polymerisable

-aonamera. Thus tetrammﬁthylwﬂaagin@dinitrila {1,

- lgg~-tutyronitrile {71) and methacrylenitrile {II1) cen

‘arise from combination mnd disproportionation resctions

“between the radicals.

?ﬂg g ‘yg—‘? ?Hﬁ .
2 OFgnCs —» CWygulo0uCFy I

i 4 NG OW
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Both tetra-methylesuseinedinitrile snd igoebutyronitrile
have been detected mnd estimated by sn isotope dllution
m@thﬁd?l A further unatable produet whioh has been
deteeteé.gpéetroghatbmetriemlly i the keteaa»imineﬁg(zv)

£ T nT

‘ = | 2 \ 3

ATBY wae normally purified by & repid reeryatallisation
from hot methanol, “hen heated in wethanel for 2 longer
pericd z small susntity of pélyﬁ@rnlike rroducte appeared,
Thies was dissolved in secetone and reoprecivitated in
methanol, "ufficient material {” -z} wae obiained for
the molid stute {701 dise) T7 apectrum to be memsured,
{apvendix of Spectra 32), This wae identiecal with
the spectrun of vure polymetheeryienitrile vrepsred at a
gimilar tempernture. “hile the existence of polymeriec
produets hre been reported previeuely, they do not appear
to have been identified conslusively hitherto.

Yependence of rete of polyrericntion on initiator

“hermolly ecatalysed polymerisation

¢
was studied over the t rmersture range P0 -« 907, Tigure
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18 1lluetrates thot the vete ie nronortiensl te the

souare root of the initiator cencentration over z wide
cencentration rence,  Photeoesensitired polymerisatien
ven ctudied over the tempernsurc renze 10 « 20%0 and
figures PO and 71 1llustrete that both inteneity and
pennitisger concentrnticn exponemts are 7,5 within cmeris
mentel ervor, Thene resultes confirs that the terminotion
resction is normsl, lavelving rmutuel deatruction of vairve
of redicels, |

2 of rate of nolyvarisgt:

Teing & fixed initictor concentration of

P8 X lﬁ"ﬁ 8 mele/1. & velue of 1.086 was obteined for the
monomer eoncentration exponent at 509 for polymorisations
carried cut in Lenzene solubien; {fizure 29). in ordsr
slightly greater thewn unity hes been reported for methyl
methacrylate and attributed t0 chain terminatien by aelveut?g
Alternatively o slight deevesne in initiator decompesition
rete or initiator efficiency with deersasing wmoncaer
concentrotion weuld have the same vewult,

rote of veliymerisation

™ kinetie work, initisl rates of

polymerisntion are normelly veed, ™ prsctice, this ie
the sverpge value over the Tirnt fev ner cent, conversion
end unlens ctherviee gtated the rater custed have been

obtained in that woy. There in hovwever, some infterest
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in the rate at hisher sonverelons and thie was mensured
o come oceasions,

It is to be cvpented that menower depletion should
orng 8 decrense in rate with inerescing conversion, but
in nraetics 1t hne been found that seversl mounomers
inrluding ﬁethyl and penropyl ~ethserviates, exhibit an
inerease in polymerisation rate beyend 107 cenversion,
Thisg "gel effeet” hec been ntiributed to diffusion eontrol
of the rate of termination in whieh interactien of two
groving polyner radicale takes plece in a viceous medium,

The rate of wolymerisstion of fertetutyl nethaerylate
decrenses in the initial siages of conversion, Beyond
1?2 « 187 econversien, depending upon conditions, there is
usunlly a periad of eteady rate folleowed by a gel effeet.
Aee with methyl metbacryla%e%é when the wolymerisntionr are
onrried out in the presence of benzene, it is found that
with inercasing esclvent concentration the eteady rate and
the mel effect #hift to higher convorsiens or are
suowressed completely, "hese nroneriies of the aystem
sre 1llustrated in Pigure 7%,

The initiel Jdeevease in rate ie anvroximately first
order with reanest to monomers 't camnot be accounted
for in tewms of & decrease in inltimtor eoncentration whieh
et be nepligibie during the cource of the reactian?s

The decrease in rate oceurs in bYoth thermally oatalysed and

photo~initiated and -sensitised polymerisstions.
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POLYMERISATION « DETERMINATION OF RATE COVSTANTS

The preliminary resulte outlined above are in sscord
with the usuel kinetie scheme for radieal pelmerisatim?a
It follows that:

. 3
R = gz,.%[?ﬂaé e (1)

in whieh k., and k, ave thé rate econstants for propsgation
and terminution respestively, [‘ﬂ is the concentration of
mononer, and Ty and R4 are the rates of polymerisation and
initiation resmpectively. }_s:p and kg have been determined
for & nmumber of monomers and several established technigues

are aveilable,

Yeagupane eizht method.

coe ()

in which Xr 18 the vete constant for tranefer to monomer,
P is the moleculsr chain length of the resulting polymer
and n ie 1 or © depending whether disproportienation or
combination im the termination mechanimu. Tging this
eguation it wam pommible to obtain values of l‘p&.‘ﬁ*
Polymerisations were carried out at 50, 70 and 90%¢
over a vange of initiator concentrations. Rates and

molecular weighte were memsured and the results are
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represented in fizure 94, , 'é‘;a* values obtained from

the slopes of the mtraight lines are shown in table 6 for
n=l and 2,

Table 6. 5&'&.

&
e s

| kpky
temp, (°C) mol.-wts method inhibitor methed
o n-1 ??‘2 - m=}

5O 0,18 ] 0,12

20 0,81 0,15 0.16

80 | 0,28 0,20 | -

Intercepts on the 1/P are small so that tranefer is

_ - . .
~ negligidbles {kﬁp 0.5 x 107 ), ?;e;ae low gf/kp values
cm‘bmg-d with the relatively hish _gpg.h values are

reflected in the tendeney to high moleeular weights

encountered with this polyner,

The weckness of the moleoular weight method resides
in the doubt which existe sbout the value of g to be
aseumed, Dircet determination of Ry (equstion 1) by the
inhibitor method is Pree from this complication. Teing
TPPH pood pgreement with other methods has been obtained
in the benzoyl peroxide catalysed polynerisation of vinyl

. 58
acetatam and the ~TTY catalysed polymerisation of siyrene,
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FIGURE 24. DETERMINATION OF kpk,r 8Y THE MOLECULAR WEIGHT METHOD.
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(n the other hand, its use to wmeasure the rate of radical
produotion by various initirtors in & variety of mezvanﬁﬁﬁg
hae recently been ceriously omnstioned, & ﬁeﬁgiti¥itylto
traces of oxygen and non-stoichiometry having been
zegerted?g It hies also been reported that this inhibitor
underestimaten the trapped radical concentration in
poly&érylanitrile?l finece both meleeular weight and
inhibitor nethods sre zpplicable to the present system 1t
war of interert to disecover the axtént of agreenent which

| could be obtained betweanlthem.

?hé transition from zero to full rﬁtﬁ ie sharply
defined in the inh&bitien of the polyneriration of tert.«
butyl methacrylate by merr, {figuve 5},  The inhibition
period obtoined by extrapelation of the full rate portion
of the enrve back to the time axis im, however, exaggersted
by twe factors, Tirest, there is the initial heating up
period during which the rate of initiation incremses to its
maxizum value, and secondly, an apperent inhibition peried
due to exvansion by self heating at the onmet of resction
c@unteractihg contraction due to pelymariaation?g
Corrections were wade in the following way and will deerease
the error in our estimations of even the shortest inhibiticn
periods reported to less than 57, Soom after immersion
of sn uninhivited wrenction mixture in the thermostat the

dilatometer level vasses through a maximum at which
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contraction due to polymerimation balances expzneion due
to wizing temperature, The time at vhich this maximum
occurs {usually about * minutes) was used os 2 ecorreetisn
for inhibited experiments whose vrates of initiation were
ginilar,

If the inhibition step can be reprosented by

wP + % —> inactive products,

in wvhieh g is the nuwber of radicals destreyed by each
inhibitor moleocule; Z, then a% eonstant initiation rate,
inhibition perieds will be propovtionnl to the inhibitor

concentration and

in which 1 is the inhibition veried, Sinee &, is
proportional to the estalyst concentration ‘{e] it follaws
from equation (3) that a plot of [Z)/t mgainet (o] should

be & straizht line through the ovigin and thia is confirmed
in Tigure 76, If a value for n ie ansuned, ‘fv%i may be
ebtained from ecuatien (7} and kpa;:% in tura from ecuntion(1),
kpkt‘a’ Talues obtained in this way at 50 and 70°%¢ apeuming

n=1 are presented in the last column of table 6.

wh
Talues of the initistion efficiency, £, defined by

£ = {‘2;1/ ?kd[ﬁ]
in whieh kg is the rate conmtent for eatelyst decemposition
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have been enlouleted uaimﬁ?" the wslue

l = 1,88 x 10%® exp(u‘% 2 800/RT) mec”
and &n msm‘had in ts.h‘.le 'h

. Table 7, initiation Bfficiences
3 (%) : 1 (miow, mathod) 2 (inkib, method)
50 0.32’!’1 9&5&
w0 I X . 0.68m
| 90 | ) Qom - |

It has usually been assumed that m-1 so that it is
tmﬁm to eonclude on the basis of tubles § end I that
g~? ami termination is by combinetion, snd hende to ume the
Xk .1‘. ~ velues in eclumn 3 of table G. It independent
evidemae mvmm disproportionation as ﬁhe dominant
ﬁeﬂimtim meeimnim in the bulk polymerisaiion of methyl
met*merymte in spite of the faef' that this eleso leads %o
efficiency velues of fiu. « 0.4 % and 0,64 - 0,74 58
ueing moleonlsr weight and inhibitor methode respeotivelys
Themehamparable dgiserepancies led us to exemine more
closely the mechaniem of initiation by ATHEN, |

The existenoe of maf‘fw&en% mi'biatim yre@e«ﬁm
was fivet disoussed by Vethesoni® Tt wes susgosted that
there was coupetition for radicals befmeens -

(1) resctions with substrate molecules (monomer or
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inhiviter) and

(2) intevwradical resations,
the lattsy being of imporiasnce in the ezrly ateges of
initistor decompomition when the two radical fragments are
eontained in & cage of polvent molesules, On sush a
bvasia 1t would be exmented tha% the efficlency of initiantion
would depend on the renctivity of the subastrate, Tater,
ﬁ?ﬁ.@rys‘? pointed out that the intereradical reusticns
within the oage would be mueh faster than diffusion sut of
the cage and that dus te re-Tormation of initiator en
ecnilibriun systen is aet up within the cagze. Inly those
radicals which szcnne from the caze sre sapable of initisting
polyaerisation, and on thia brgis the e2fPisiency would be
independent of moncmer reactivity,

At the timwme thess ldeas were vut forvard the only
common Initiator was henzoyl peroxide and 1t vas ms,thia-’
sompound that they were based. T¢ seems not unreasonable
o cugzgest that the mechanism of decompesition of AIBN is
suffieiently different to show different kinetic Teatures.
It sesms ceriain that the desomponition of the parent
initiateor {9 effectively into three entities, twe
dzg-tutyronitrile rvadicals and a nitrogen noleoule.
He-Tormation of ATHY by a simultonsous attack of the twe
radieals on the nitrogen molecule seems a much more

unlikely process then the corresponding combination eof two
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benzonte radiecels, ond it is likely thet any redical-radienl
intersction within the esge must lend to insctive products,

If this is the cose then the veeultr above would suzgest
thet with the methaerylate esters TPVY {m pble o reset with
8 iarge-prapertiqn of the rediesls, while the smaller £
value deduced from the moleculsreweight method suggests thet
the monomer slone zllows o larger swount of interaction
between initistor fragaent radienls,

This meehanism vill also lead to & decrease in Ry or f
with dilution, 4 small deoresse in rate of pelynerimation
with deerenning wmenomer coneentration bas been obmerved with
tert.~butyl (p. 88) and methyl methmcryletes whieh aould be
the result of such g decrease in efficienecy. Remults heve
been rapartadﬁ& which ghow 2 lower efficiency in selution
than in 1007 monomer for the ATHN eatalysed polymerisation
of methyl —ethaerylate., These results may however be
interpreted in & different fazhion (p. 110)

With etyrene the agreement between inhibiter and
molecular weight wethods is very much better, a faet which
on the sbove hypothesis may be attributed to the greaﬁerﬁg
renctivity of styrene monomer towards initistor radicsls.

The diecrepancies between the results of molecular-
welght and {nhibitor ezperiments may thus be mceounted for
and1g®g£% velues obtained by the molecular-weizht method

on the basie of dispropertionation as the polymerisation



*»10P=

termination mechuoniem aceented se the —ost relisble,

Turther evidence obiained in degradation exmeriments rmhows
that poly-tert.~-butyl methaerylste ohain moleecules contain
ends capable of initirting depelymerisation at temperatures
below £20°C, Cimiler rerults with polymethyl methaerylate

28 :
have been interpreted, am evidemece Tor dispropertionation

ae the temination nmechaniem, fxtrapolating experimental
1 .
results to 75%: kvkt%'= 0,005

7rom the zbove experimental results,
2B, = By = 77 Keals/moles

wvhere gp and Ty are the asctivation energles for propagation
and terminaiion respectively. Tndependent values of
T, = By have been obtrined by stondard methods from the
overall enervgies of activation of the catalysed end photo-
sennitised reactionss Ploverall = Pip + By = Ey
These depend upon sssumptions being meade sbout the energles
E4 of the respective initintion processes and the agreenent
between the values obinineds

Tg = 9.5 Keal./moles {ecatalysed)

?Eytv
Qﬁp - By = 6.6 XKeal,/mole. (photo-sensitised)
end the previous value rmst be considered satisfactory.
The first value ip wreferred because it is free of these

sesumptions,
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easurement of ki
Tn order to obtain individual valuems of }%3 and X, it
is necemsary to obtain another relationehip betweem them,

It can be shown that: -l " |
' Epkt = Ty (]

in which X 1= the lifetime of the growing radlcal, Thus
determinstion of T leeds to the. recuired relationship,

Tt hos been established that both intensity snd photo-
‘sensitiser concentration exponents ave clome to 0.5, It
is therefore posaible to spnly the nethod of intermitient
illumination with Turnett snd “felville's theoreticnl
tre&'&mmtvﬂ to obtain T, Sinee the overall rete decreases
in the initigl stages of polymeriwation, the rate at full
intensity wae messured before and after g peried of intere
nittent 11lumination and the mean taken os 3, in celeoulating
Be/By in whieh Ry and g ere the rates of polymerisation
under intermittent snd full illumination respeetively.
Radical lifetimes were cht.&inéd by the usual method of eurve
Pitting to the exverinental fﬁsfﬁo pgainet flash time ourve,
{fimure j_‘z) . The theoretieal ourves were constructed from
velues ouoted in reference 70 and by interpolation.

kpk‘{:l voluss obtained over a range of temperatures are
prosented in figure 28. The line was determined by the
method ef least scusnres spnd givess

gk = 2,60 x 1070 st 25%

and E, - Bt =35 ¥Yeal./mole.
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FIGURE 28. ARRHENIUS PLOT IN DETERMINATION OF kPK'T'



» pgrlson w ith other “onomers,
1ndivﬁ&ua1 wote vengtantﬁ &ﬁd energien of sotivetion

were ”a1°u7”t”9 and are given in table S ulong with those

for other acrylate and methuoryiste esters,

Table 84

stente and eneveies of sotivation for
aerviste and methaorviate esters.
Ok k(a0 B By Bef

' o : 39 206 Pl 6 2.8 B0
aethyl methacryliate 74 %10 68 4,4 1 n

74 BIE® 4% B . S ¥ 72
n-7repyl * %0 467 45 - w73
pertutyr ¢ 30 %6 10 - 4,8 = 73
Lertebutyl * TE - %50 14 404 1,1 present work
methyl acrylste o8 1880 58 - w73

20 780 4,% 7ol 543 T4
gebutyl  * 5 13 0,018 2,1 0 75

The préqant rorul eonfiyme ﬁurné%ﬁ, ?véﬂa and Yelville'sn
eentanﬁiom 7% that gp ig 1n§épﬁnﬁam+ of the @star chain length
in the m&tﬁaeryl&te series and it in elenr that the bulky
lert.~butyl group deereases k4 only to a small extent, about
the same ar does the gpbutyi ATOUD, The energles of
setivation available in the ﬁethaarylate peries confirm that
this is a steriec effeet, Tme decrease in ky is relatively
small oompavred with the decresse in the aerylate serieus

it is not ¥mown why this ie eoc.
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POLYMERTSATION = TETATIONSHTP TO IOARATATION RWAMTTONS

Tavestimation of the polymerisation of Lert,~tutyl
metheerylate hea not revealed any abnermsl Teantures by
wvhich 1t might differ from the uveumrl vinyl mcnomer
polymerisation, Yetermination of the rate sonstants for
provagation and trensfer and for termination together with
the eorresponding sctivation enerzies hms shown that these
do not differ greatly from the values revorted for other
methaerylate esters,

& ecorparabdle ainilsrity in 2 wide mﬁga of methacrylate
enters was clse obmerved in the more limited investigation
into the behaviour of tert.-butyl methaerylate and other
methacrylates on eepal,marimﬁimf _ These results show
thet the resctivitiy of terl.-lutyl methaerylate towards a
propageting cvadionl resembles thet of most other
metheerylates, narticularly the ecthyl and igo-propyl esters,

It meems reamsonsble to ccnclude therefore that the
straeoture of the polymer and probebly some of iﬁs degradetion
cheracteristics mhould closely resemble thome of

polimethyl methaorylate,

POLYIRISATION « SO OOMTNTS O 9T TEHINATION BEVANTSY
In coneidering the initiation zé,rié. temaination

nechenisns in fert.-butyl netracrylate pulymerimﬁign 3

clome examination was made of the evidence wresented in the

ccse of methyl methacrylate, This hes revealed certain
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disorepancies in the evidence on whieh the terminution
wechaniem haa Deen coneluded o be disprovortionation,

The belence between digprovortionation snd eombination
seemss to be a delicete oneg thue it hes been shown that
changes in temperature of polyierisntion ean cause
differences in termination mechanien, in all the results
depsoribed Yelow ths sane temperature (60°0) was useds

Jaing radioe-szotive initiatore ﬁﬁvingt@n?é showed that
the mumber of initistor fragmments inecrporated in a polyner
ehain was Juslt over one in the csve of methyl methaerylate
polymerised in tmlk (i,e. pure monomer). This isg
conpiatent with terninetion by disproporticnztion as the
deminent nechanima, % wae alsce shown thaet the muber
of initiastor fragments wos aprroximetely the pame vhen the
polymerisation wvas cmrried sut in 53 benzene molution,
Thie was interpreted as showing that no spprecliable transfer
to benzene was oscurring since this wenld reduce the
nunber of initiator Tragments per melecule, )

Trom degredation studies %raﬁsie'amd'“elvillaj

eonoluded that only one in two of the pelyser chains

posneased a rendily degradable ends Thie, they suggested,
was & double bond ends "hese remalte toe, Tavoured
»

disproportionntion. Dlaber, Trassie and Yance made
dearndation studiem on polymer prepared in 507 benzene
selution, 14 was found that the proportion of veadily

degr:dable ends wos reduced, This was interpreted as due
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te the oeourrence of tranafer reocctions by vhioch the
number of satureted erde {ineluding vhenyl zroups from
the bengene) was increcned velptive to double bond ends
wvhich could arire oenly by disproperiiconation.

How although beth theme sete of results favour
dieproportionation they ave eprarently in conflict as
regards the oscurrence of tranafer in BOT bengene solution.
ime feature they have in comron is the assumption that
the termination =mechoniem does not change ot gll with
ditlntion. Tf thie gsesummition ie not walid then the two
reculds arc no Lonser inecongicieni, The number of
inttipter ondz ner "wlermple would be inerveassd by
gombination nnd deerenccd by tran=fer and so the existenec
of emall amounts of beth might well leave the nesrured
mmber of initianter endn ner wmoleoule evnunrently unchenged.
Tn the other hand both ecombinntion snd trensfer would
reduce the nunther of double bond ends snd so exnlain the
desradation reosulits,

“eference hne olvendy been mnde to eerbain recultis
whie™ show & lower efficienay of initiiation hy 11 in
molution thaﬁ in ure @ﬁﬁmwsy§8 "he existence, in sclution,
of mere teraination by eovbinntion souid provide an

saditlonal oxylenoition of these verults ainece the efficiency

wnn debsrmined from welaecular sweisht =ethode, ond ns such

its value Jeneacdz on the aseumtion nnde for the terminstion

mechanian,
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Tt ie suggested therefore thet the balance hetween
dienroportionation sand ocombinstion nny be affected by the
rrevence of polvent, Tt ie certaninly well eetablished
thet the rote of terminstion cen be sltered by the viseosity
of the medium as is shown by the 'zel effect and it seems
peosible that the mechanism misht plee be altered. The
gel effect ic sometimes sald to be evidence that methyl
methaorylate is 8'bad' solvent for its polymer, “"ith
incressing concentrotions of & "zood' molvent the gel
effect beconen lems prenounced so thet in 507 benzene a
gel effeot doer not a@sur?4 Am hes been nhown, tert.-butyl
methaerylate bhehaves eimilarly. It may be significant
thet etyrene vhieh does not ehow ony aprrecieble gel effect
hae 8 combination ternination mechaniem,

Tinelly it might be pointed out thet ecarly attempts
to decide on the termination mechoniem were made using
- model radiaala?g %inue the modeles wvere of low molecular
weight, viscosity effects would be at & minimum, and it
is interesting that destruction of the radicale ie
predoninantly by combinatien,
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CHAPTER IV

PYROLYSTS OF POLYTERT,FITYL YERPHACRYLATE)
I+ THE EXISTINCE OF SRVERAL REACTIONS,

PROTUCTS OF THE MTACTION

A econvenient point to estart the discussion of the
thermal degradation of poly-iget.«butyl methaeryléta. at
temperatures up to 2002, is px?avaaea by the results of a
re-oxanination of the work of ﬁraasié and ﬂa‘b‘hmén {page
20) , |

Ysing the mecondary degradation system {puge 55) the
reaction at 200%C was fellowed ?:ay mepguring the pressure
at room temperature developed in the "-~tube by the
degradation products. The method wam similar to the one
employed by Orassie and ™athewson and figure 23, shows the
existence of an inerease in rate 28 degradation proceeds,
as was previously obmerved, The suecesaful appliecation
of th:ls‘ simple technioue reruives that the volatile produet
should be completely vapourimed at the temperature at
whieh pressure measurements were made, This would be the
case for jmg-butene (b.p. -6°C).  Fowever, it was observed

that in the V-tube there were drops of liguid which did not
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evaporate st reom temperature, Tt wae coneluded that

ino~hutene wos not the only volatile product.

Degredations in closed systems and Pirani Tests {page
41) aarried out dur:in@; runs in the dwmomie molecular etill
(demess) failed to deteet sny materisl which sculd not be
cormmletely condensed ot «182%0,

The fraction (V .,) which could be distilled in vaouun
frem soliad ffﬁg/methaml mixtures wag examined by infra-red
and vapour phese chreomatographie teeclmicues. Although the
apectrum of the zee vas identiecal with that of & pure
sample of iso~-butene, v.p.0. showed thet a trace of garbon
dioxide wee prement, "hie eould be necounted for as having
been adsorbed on the copper powder, {page B5), The
cuantity of jgo-butene wae estinmted in s calibrated
eepillarys it amounted to 35.%’ by weisht of the originel
polymer, compaved with a theoreticsl content of 32,47,

The liruid product (V,») volatile In vacuunm st room
temperature amounted to 10,77 of the original polymer,

This was not h@mgénewm two layers weve cbserved, The
cherancteristic gmsn! Qi‘ tert.-tutyl metmarymte indicated
that one of these was monomer.  Positive identification
of the denser licuid as water was made on the produats of
separate experiments by the usual teeis, namely, colouration

of anhydrous copper sulphate and a refractive index of 3,737,
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vater would of course atimek the sodium chloride "platea®
used for infreered mamples but it was shown that a drop of
this layer of vroduct between pressed disce of pure
potessium chloride gave the sume infra;red apqairum as
wﬁxer does. ?he speétrum between 7600 and 1600 am'a

of a dried sclution in carbon tetraehloride of the licuid
froction Qas mepauTed, | n addiiiau tc the expected

Cmit, C= 0 snd O=C absorbtion ﬁﬁ&k? of the monomer & anmall
(eharp) peak ceourred at 505 em” -1, Thie is the free

=¥ gtretehing frecuency ehown by metheerylic seid in

dilute molution, Ty comperison with the eneetra of
gtanéard aclutions the smount wae estirmated st abgat 0,07
of the original nolymer, - The abhzence of similar peaks
at higher frecuenciee phowed that neezible yields of
tert.~tutoncl or methanol (pelymer nrecipitent) were

negligeable (certrinly lese then 0,57), Additional C-¥
| gbmorbtion attributed to «CFoe gzroupe was also present.
Sinee thie did not avpear in the speoctrum of products from
more thoroughly dried polymer (technicue mege 3%) it wae
eoncluded th&t it srose from trocee of dioxsne (polymer
solvent). .

Agcording to the previcus work the residue (57.%7)

should have been polymethaorylie seid,  The additionel
loss in welght, ansoeisted with the production of water

sugzested that the residue might be an snhydride of
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pelynethaerylis acid, Poth the residue snd suthentie
polymethacryliec aeid were insoluble in the usual solvents
eruitable for infra-red spentrossony and nlthough polymethe
acrylie acid pnve = gatisfactcry'ﬁﬁectrum by the motamsium
shloride dine tee'micue !page 61), the veridue wes soft
and difficult to 2rind te the necemsary Tine narticle size.
Conrenuently the neaks were much brosder then norasl, In
spite of thie, 1t wos iwmedistely obvioun %y 5% ecomparison
of the twe evectrn [Apmendix of Speetrs, “% »nd %4.) that
the residue waes not polymethavrylie neid,

The sneotrum of the residue ehows the charseteristic
twin earbonyl peake (1795 and 1750 em’l} of &n'&nﬁyﬂriﬁe
together with the less distinctive 0e0=C peak et 1092 em™l,
This identifiontion was later confivmed when it wes shown
thet en identiesl epectram war given by the vproduct of the
polymerisction of wethaserylie anhydride, In spite of
the ifdentity of these two spectrs there wos 8 alight
difference in physinai properties of the twe anhydrides
and 1t will be convenient to réfer to the pyrolysis product
as "mnhydropolynettuorylic gscid” to distinguish it from
the polymerisation predust polymethmerylis anhydride.

Resmgtions in the d.m.s. were prineipally of interest
in showing the variations in rates of vroduction of volatiles

tut ot the weme time some of them were uzed to cenfirm the
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sbove analysis of the remction products. Thene resulis
are shown in table 9,

Table ﬁo

m 3‘3 . Polymer ﬁ% idue m-%utem '_"im %gamor

e e » o #
220  146.8 5440 - - -
200 = 1P6,3 5344 5448 - -
200 9544 B2 363 00 - -
200 8546 54,9 - - -
200 60,1 50,8 74,8 .- 2.4
200 59,1 58,5 34,8 - -
200 57+6 5643 7248 - -
200 B7.5 5448 - - -
200 5744 49,3 3447 - 2,5
1928 53,6 53,8 24,3 12,3 Pe3
19248 5.6 5448 31,0 1.6 3.0
192.5 5148 52.8 3046 10,9 4.6
192,56 51,2 5543 51,0 9.8 2.4
181 49,8 52,0 31.2 12.8 2.9
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RATTIS OF PROIFIOTION OF VOLATTLTN

Pecaure the vointiles produced from the degrading
polymer gontain several substances ench with differing
thermal eenduetivity 1t would not be expeoted that Pireni
gauge readings could give a direct ~easure of the rate of
Jgc-butene productiong ﬁevefthﬁlegﬂ. Tirpnl readinge of the
damaBe during a degradstion should still give & cualitative

pieture of the chanzes in the rste of evolution of volatiles.

“eries of thermsl degrsdations in the d.mes. were
earriéd'ﬁaﬁ at 200°, 1%?.5°}%md 181%, A typiecal curve
of Pirani readings zgainst time ir ohown in figure 30.

In dimecussing the wariousz pesks, representing velatilisation
vete maxina, i1 1ie convenient 4o use the notation shown in
the Pigure.

Pealkn A and T are imé@gaﬁﬂ&nt of temperature and
gquantity of yolymer, indeed they occur in the abrence of
polymer and are n Teature of the decradstion system (page
5%) . They need not be diseussed further,

In ghe degradations &t the lower temperatures peak e
cocurs at the attalment of the remotion temperature by the
copper tray tut the rote har alresdy pasned its meximum
and is decreasing before 200°C im resched in that partieuler
series, Put for the failure to detect appreciable

quantities of suéh solvents and/or precipitante among the



PIRANI READINGS —i8—

(voLrs)

0.90

0.80

0.70}t

0.60 i ] i 1 I 1 !
° . 40 80 120 160

TiIME  (MINUTES)

FIG
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produetns of degradation thie peak misht have been
atiributed to a perticularly larze "impurities" content
within the polymer. These volatile substances have been
shown to cause such » pesk as they escape from certaln
pelymers when the seoftening temperature is raachedgg
The main pheee of the desradation then Tollows.
"here 1is & falrly steady inereare in rate reaching & maxinum
at D Thus the d.m.a. method confir-n the asecceleration
previously noted, It ia however suficiently sensitive
to show that there is o eubsiduary inerease in rete at X,
This latter is not alwvays g sharply defined peak, some
polymer samples showing only a broad inflection of the curve.
The general shape of the eurve doew net change with
temperature hut rates are lower and maexima D and F
coneiderably later at lower temperatures, an is shown iIn
teble )0.

Table 10 :
Tempgg&ture Peak D iruten Teak E
200 68 o 96
192.8 132 ' 178

181 387 ' 532
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paration of “ate “eximae

The wider secaration of pesks 0, D and ¥ nt lower
temperatures roede 1t possible to stop the reaction at
intermediste stages. u this way it was poasible te
wecociate the individuel rate naxinmg w:l‘kh‘ different
nroducts, |

The Pivani eurves during the three nioges of
degradation are shown In figure 31, and the yields of

producte at each stoze in ¢able 11,

Table &; 5.3 : . : , ; :
Stege % Voletilisation iso~Putene Yonomer
Total Turing Stage o 7 BT A
T 19 19 Oe0 7e'? 3.4
IT bl ) PP A Be2 01
17T 427.4 17.4 8.8 7.0 0,0

These reoults show olaa_rly that monomey ig rroduced
only in the early stoges of degradation snd must therefore
be egeoeinted with peak C, Jso~Putene occurs at all
.ﬁfif«'f».:’_;’,'aa but mainly 4 stage Tl. The nmain ester decomposition
‘is therefore the reaction vhoge rate inereases to &
meximm gt D, "he mesonistion of water with the
"baokground® peak A hae nlrendy been noted (page 53) and
the presence of wnter at all stoges is to be expected.
Hevertheless the larger cuantity in stage ITI ehows that
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peak T arises from & water producing resction,

gf ‘fg ! esi];i'ﬂ&%lgat

n cormon with sny reaction which takes place in a

solld or highly viseous licuild phese, the rate of diffusion
of products may be alow and ean in some cames be the rate
eontrolling step in determining the rate of production of
volatiléa. Sinece polymere are generally vnoor eonductors
of heat it ie aleo pomsible for hest conduetien through &
layer of polymer to become rate sontrolling,

Tt hos been shown' © that in the case of polymethyl
methaerylate up to 0,5 ém, of polymer may be heated in &
nimilar dem.s. system, barore'eiﬁher of these two
proceseer becomes 1mpertant.- However in these
dezradations the residue is 2 ¢lear, brititle glass showing
that polymethylmethacrylate is s relntively mobile licuid
at the temperatures (210 - 260°7) used. Anhydropoly-
methaorylic aeid is 8 =oft, énaqum material indicating
that although poly-tert-tutyl methaerylate may have
poftened pufficiently te allow the particles to conlesce
it has never been molten, in inoresse in degradation
temperature even up to 220°C does not have sny effeot on
the produect, Pecause of these differences between

the two systems, and the different produsts it wae
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thought desirable to moke s thorough examination of the
whole cuemtion of heat conduetion and volatile elimination
in the poly-itert-butyl methmorylate system,

Varying weighte of polymer from 17,6 to 196,% mg
were degrrded at ©00%C, The Pireni eurves weré identicel
in shape, the various rste maxims occurring at spproximately
the meme time, cuite independent of the cuantity of yelymgr.
“ince it had been shown that pesk T way be sssociated
elnoet exelusively with jpe-btutene production, these
maximum Pirani readings ean be reisted direcily to rates
of iso=butene elimination by means of the calibration curve
{page 47). Tigure 32, shows the relstionship between
the maximm rate of igo-butene production {peak D) and
welght of polymer. These runs were made with pelymer of
the sane nortiele size (60 « 80 mesh)., Tn addition
runs were made with poiymer of different mesh sizes,

Theiy maxiwm retes are also shown in figure 32,

These results would sugrest that diffusion of heat
through the layer of polymer ean only maintain an unifornm
temperature when the weizhts of polymer are less than
about 60 mg, Aeceordingly in other runs the cuantity of
polyner war kept to within 50 « 60 mg, Provided thet
the particle mize of the polymer is finer then 60 mesh
the rate of evolution of jgo~tutene does not increase

with decressing porticle size showing that slowness of
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MAXIMUM  RATE OF PRODUCTION

OF 1SO-BUTENE (GM./HOUR)
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FIGURE 32. PYROLYSIS OF POLY-TERT-BUTYL METHACRYLATE AT 200°C.

RELATIONSHIP  BETWEEN WEIGHT AND GRAIN SIZE OF POLYMER

AND MAXIMUM RATE OF PRODUCTION OF 1SO-BUTENE .
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diffusion earmot account for the aceeleration phase of
the reaction,

nly with very coarse psrticles vhich will not pass
50 mesh is there ony slteration to the shaps of the Pirani
curve.  In this come peak D is considerably broadensd
and at the same tine the copper powder is disturbed by
the swelling mnd bursting of the partioles. These
obeservations are congimtent with the rate of diffusion
of jag~butene beeoming less than its rate of production.

The linsar relationship between weight and rate and
the ldentical ashave of the Pirani curves ghow that contact
between polymer znd cepper does not result in any surface
catalysis) this conelusion was substantiated by carrying
out runs with copner semples of very different bulk
densitiew and partiele surface sreas. Vo difference in

rates wag deteocted,
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T DEDOLYMTTISATION MRACTIONT

In splte of the previeus failure to detect monomer
anong the praducﬁﬂgv,the axietence ¢f & monomer producing
reaction in the degradation of poly-tartebutyl methumerylate
ghould cecasion no surprise, partioculsrly in view of the
cloae simllarity shown by the Zeri-butyl methoerylate
polymerisation o thet of methyl metloorylsta, “hat ig
more interesting ie the somparative smollnens of the
monomey yleld, = Tniltinl Pirani resdinge indicate that the
Initial rate ism anvrealable, but that there is z rapid

deorease in rata, The following experiments were carried

outy; the resulte of wvhiech go some way towsrds explaining
the behaviour,

The resemblance of pesk © to an "impurities® peak
has alrendy been noted, However, the possibility that
up to 47 monomer is trapped meahanicaily in the polymer
is & remote one, verticularly ss the polymer im obiained
az o Pine powder, and by a double precipitation technique
in which dioxene is present in much srepter concentration
than mononer at the second precinitation, That & true
depelymeria&tion renction cecurs is further substantiated
by the following pieces of evidence,

1. The Pimani curves of two polymer smmples in the

early stages of degredation are shown in figure J3.
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“mple I hed been dried by heating at 80°C, asmmple IT by
storing in vaeuum, in the latter czse a small trace of
molvent had been detected among the demrndation products
(pege 114). The extra step in the volatiles ourve
- probably eorresponds to & true *impuritise® peak.

Pe’  The degrndation of noly-tart-~butyl serylate
is similar to that of the methaerylate in thot iso-butene
in pradnezd.é4 Yowever, vepk C in abaent and no monomer
woe deteeted althoush the nolwvaer prgeipitation technicue
wne aimilar, finee tertiary hydrocen ntoms ave present
little or ne monomey wenld bs expected Prem & depolymeriention
tyne resetion.

3¢  Iphibitors. Tadieal depolymerisations are
ecapable of inhibitiong thus the depolymerisation of polye
methyl methacrylate can be inhibited by 1,4~dleminoanthras
quincnezﬁ. Attempte were made to inhibit monomer |
produstion from poly-tertsbutyl methaerylate by grinding
it together, before degradation, with & similar eompound,

O NH

ocHa

O NH,

15 4-diemino-Zenethexysnthracuinone
Yo reduetion in monomer yield ccourred, Tt ig believed
that this was due te the non-molten gtate of the degrading
polymer preventing diffusiom of the innibitor inte it.

A pimilay difficulty has been reported with polytetrafluorc-

80
ethylene.



=1 20w

Polymer films cest from a solution have sometimes
been used in degradatien atudies%? ¥ith poly-tert-hutyl
methaerylate cest from chleroform it was found that during
degradatian the film became swollen with trapped degradation
products and the Pirani ourve showed the same distortion
an enaountered_w%am the partiele =ize of the polymer was
too lerge (vpeze 125).  Although Pireni curves of
volatilination rates are therefore unvelioble in these
easegy product yields were nermal {monomer 4.2}, “hen
the experinent wves repsated uning o solutien of inhibiter
in ehloraferm ae the earting solvent the yield of monomer
vas deereared teo 1,17, showing that some inhibition was

teking pleee. The ether ytaéuet yields were normal,

Sentres of Tnitiation. |

T aaﬂméﬁ poraible that the depolymerisction of
poly-tort-butyl methaerylate nisht be initiated in one of
tvo woys.

1. Ty rediesln from tranped initiator,
The preeinitation teshnicue is desisgned te remove all
traces of peolymerisation initiators, ™ eddition it
was shown that polymer from a photowpolymerisation (i.e.
in which externsl initistor wee never present) degraded in
the same way ae ATFY thermslly catalymed polymev.

2 it labile structuves in the polymer.

Most of the work on the degradation of polymethyl methe
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acrylslte hos been with polymer prevered with benzoyl
pevoxide am initistor, Tn this esve the end groups of
the polymer choins eve pheny? snd benmopte {from intitiation)
and saturated and uneatursted {from teymination hy
disproportionntion). |

Tt ver et one time suggested . tuat the imitiel

decomposition of AIYW wng into twe dissimilor wadieals

Cry ';315:%‘5 |
| %«?«%m and .t‘l%-.ms
ox | ow
I TT

of whiah i'hea azo-:mdiaaz I was t:&m nore rmativ& iniﬂatar.
This 'friaw wae ari%miaasi% and 1t is now generally
‘"nie view wag eri%imma% and it is now genemnyme"%w
with radienl nroduetion or very shortly afterwvards.
However, aso-radical I end groups if present even in &
pmoll emount could provide the necessary labile struectures
for initiation and it weas thought that this hypothesis
was worthy of investigation, It was ghown however
that polymer from benzoyl peroxide thermslly eatalysed
polymerisation of tert-butyl methaerylate degrades in the
game way av the corresponding AINN, polymer.

It seems likely therefore that the centre respcnsible

for initimtion of depolymerisation is the same in both
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poly- methyl and tert-butyl methacrylstesy i.e. the
unsaturated centre arising by disproportionation.

Vhile it is possible that the smell yleld of monomer
is due to the presence of an abnormally amall number of
unsatursated chain ends the results discuseed below indicate
that decreased monomer production is due not to failure
of the initiation reamction but to interference with the
depropagation step.

While the thermal degradation remction at 181°C yields
only 47 monomer, the photo-initinted resction at 170°C
gg. Sinee the monomer
produced thermally appesrs at a rate which rapidly
diminishes right from the start of the resction, and since
the above photo~procenr shows that the depropagation
reaction gan occur extensively in poly-iert~butyl
methaerylate chaine it scems reasonable to deduce that at
the higher temperature something is being produced whieh
inhibits the depropagation atev.

In the vhoto-resction no igo-tutene was detected,
while in the thermal reaction side chain ester decomposition
is the msin process. T+ would appesr likely therefore
thet it ig the sirmltsneous ester decomposition whieh is
in some way responsible for inhibiting depropagation, Tn

order to sccount for this it is of interest to consider the
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products of the m‘wtm esteyr deconposiiion and how they
could met in this way, There would appear to be twe
mein possibilities,

l. TFxternal inhibvition by img-butene. igg~Butene is

& known inhibitor of radieal ehain vemotions, snd only e
very small amount would be resuired to inhibit depoliymerige
ation. | ' ' '

2, Internsl inhibition by enhydride or aeid units.
Although the polymerie produet of the ester decemposition
is en snhydride (page 115) degradations at 181°C in which
the resction wes interrupted in the eurly stages revealed
that the intermediate solid products are copolymers of
methaerylate ester and me‘hmeryiig neid (Appendix of Spectra
56, 56 snd 57).  The presence of acid groupe is shown by

1

the development of broad sbsorbtion about 2530 em — and

by the bremdening of the cerbenyl peak in the 1700 o -
region, A more detniled discussion of the spectral
changes will be given later, It has been reported that
polymethaerylic mcid does not depolymerise to monomer sc
that production of aeid units in the chain might interrupt
depropsgation,  Alternatively the inhibiting unit might

be the final snhydride unit.

Tt hae been possidle to decide between the two
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pogsibilities dimeussed sbove, Tf methaeryviie soid unite
can stop the depropegation in vely-toré-tutyl methaerylate
it seemed remsonable to suppome that thay'wﬁﬁld do the seme
with any poly- math&cryléte enter, “Tethyl methaerylate
wes the obvious ehoice beth becausme its polymer degradation
has been studied wmogt therousghly snd becsuse it ig the
~lesat likely to undergo ester deecomposition.

A eopolymer of methﬁi nethnerylate and metheerylie
‘poid {emtersacid = 2,531) was prepaved using ATBY initiation,
Figurelgg‘ahams the Pirani ourve durihg degradatien, Omly
2 small ousntity of volatile material was produced and

thie only in the early stages of reactien, énaiymia of
the products showed it to be mainly methyl methaerylate

(%°) and water, slthoush traces of methecrylic aeid,
methanel and hydroesrbon ﬁreaiyitants sould be deteated

from a 7014 solution apeetrum of the products,

Ixemination of a spectrun of the molid residue showed
that the moid sroups hnd been converted to anhydrides.
Rether euriously, although the original eopolymer waS
insoluble in chloroform, the degradation produet dissolved
slowly in that solvent.

At terperatures below 2o0°¢ polymethyl methacrylate
degrades ranidly only to 507 sonverasion and therenfter
more slowly, At higher temperntures {e.z. £50°C) it
degrades smoothly to camplation?ﬁ. After being

degraded at 20077 $i11 evelution of volatiles had ceased
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METHYL METHACRYLATE AND METHACRYLIC ACID,
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the methyl ﬁethaarylatm/me%haaryiia acid copolyuer was
degraded successively Bt P20 and 50°C, In emch ease
only trace srmounts of monomer were produced, The total
weight lowe after all three stages was only 197, The
temperature must be raised to over 309°C before appreciable
resction oecurs, “wen at 570°¢ volatilisetion is slow
(60, wvoletilicration after %00 minuten, 807 sfter 645 minutes),
It will be shown laler that anhydrovolymethacrylic actd
“breaks down at this temperature and slthouz: wonomeris |
nethyl metheorylate wae the maln produst from the copolymer,
" there was infra-red evidence ﬁﬁaﬁ it contained impurities
srising fron snhydride bresk-down,

Theae resulis show elearly that ineorporation of
methaorylic zcid units ¢an stabilise a poly- methaerylate
enter againet demolymerimation. It i not certein how
they do thisg, Tnvestigation of the resctivity of
methaerylie acid in ceyolymeris&tianﬁ?e reveals that the
factors determining monomer and henece radiéal reactivity
are cuite different Trom that of the esters. It in
possible that the necidie ¥ aton can react with radicals
in the same way se & tertiary N atom. ‘m the other
 hand, slthough smaell traces of monomeric meid sre produced
on depolymerisation, methaorylic anhydride was never
detected, even at *20°C, T¢ would seem therefore that

it may be the anhydride units which provide the dloek.



Tt ie only pessible to speculute about the manner in which
it may operate. Being bound to the chein at two points
may favour repolymerisation opr illw time for intersotion

of radieale to c¢ceour,

mE TR mEm o
é é ‘é s [ e | A

7 2N . ,,{’ Q\ A

¢ S0 b g’*a ¢ S0 o go
™ 5 P

~~nCy e Me/g\f':. |
c ¢ . e
¢ S0 % d So" o

long-lived radieal ?

A study of eopolymers of methyl mc:thaerylato: and
‘methaerylie snhydride might help to solve this prodlem
altheugh such materiale would be expected to be eross-
linked and insoluble in the monomers, giving rise to
aamidera‘b;a 1mrny effects,
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it has been established both frem en examination of
the degradation products and from the relative rates ef
production of volatiles during degradation that several
reactions escur in the thermel degradation of poly-fgrte
butyl methaorylate,

in the early stages there is e depolymerisation
resotion sueh as taies place in other pely-alkyl methacrylates,
Thig reaction however, is brought to n standetill when
the side-chain enter déeom@nai%ioﬂ becones important, In
the eourse of this investigation it has been demonstrated
that a eopolymer of methyl methaerylate and methacrylic aeld
is more gtable towards depolymerisation then polymethyl
methacrylate,

The ester decomporition roasetion displaye auto-ecatalytie
kinetie fentures, It is more complicated than the simple
alkyluoxygeﬁ neisgion to jgo-butene and pelymethmerylie
aeid since the finsl preducts also include water and a
polymeriec manhydride, Pely-tert~-butyl methaerylate does
not possess the ¥ atome necemsary for scyl-oxygen
pyrolytie meission and there is no evidence to suggest
that such products might be present, The existence of
two vpeaks D and ¥, and the detection of methaerylie neid
units in the chain during degradation are both eonsistent

with the renction nroeeeding in two atagesy
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estey —— gpoid —» anhydride
and not by the direct production of znhydride from two
ester units,  Although fert., butanol might be dehydrated
slightly at the degradation temperatures, the absence of
sven & trace of it among the degradation products renders
unl:tkaiy the ocourrence of a rTesction such as occurs with

certain mono-esters of substituted phthalie aciida%.

¢l a0

@cooCsz __200% é>o oo

& COOH )8 8
In any ecase none of these posaibiliities would lesd one
to expeot the obeerved sccoeleration in rate,

With vepard to this scoelevation , the resulte
reported so ﬁmr are ngseful oz *negative® evidence, It
- has been shown that it is not due t¢ the physical nature
of the degroding myaten, and the results with inhibitors
and ultrae~viclet irradistion weuld euggest that free
radicenls are not involved in the ester deoompomition.
The possibtle eater deeomposition mechanisms will be

eonsidered in a lster chapler and evidence presented to

ghow why the rate accelerates,
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CHAPIER V

LYMETVACRYLIC ACID,

Evidence for the belief thet the thermal degyadation
of poly-tert.~butyl methaerylate proceeds through the
intermediate formation of polymethaorylic acid has slresdy
been presented, It is obviously a eritical test to
show that polymethaerylic seid will form sn anhydride at

& suffieient rate under siwilar eonditions.

PRRVIOUS WO

There usre very few reporte of previous studies of
the effeot of hest on polymethaerylie seid,

Beilstein's ®Ovganisehe Chemie®™ menticns only the
work of %3cen3. Telieved at the time to Ve an occtamer,
polymethacrylis scid was heated in sir with the follewing
resultnsr becsme yellow at 150%, bezsn to "decompose®
about 200° snd volstilimed st %00° without melting, ne
monomer was detected,

Sehildimecht's  "Tinyl and Qelated Polynmers®
otntes that dry polymethserylie acid is infueible but at

200° glow "polymer ehain degradation® begine and at 350°
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deoconpoaition ié rapid to CO, and volatile hydrocarbons,
The source of this information ie not given but it may
poseibly be connected with en ahat?a@tgs of a Japenese
paper, ~ Thia states that at a temperature higher than
200° V"Mchﬂa?YQQQ asid verine® depelymericed rapldly,
The melaculnr WQlﬁgtﬂ of the ﬂ@nely%erf@ed productes were
estimated by viae@ai*y maasmremv%ta af acetone sulutiaua.
fince pnlyM#%h&ﬁeri? amiﬁ ia virtua*ly ingeluble in
gcetone an@ must ennglu@e tha* the work 9etually refevs
teo metheserylic neid gagter reeine,
| Gewlef ané‘ﬁelvillegs briefly exsmined polynethseryliie
acide. “hile no details avre évailabla it meemm likely
thet this investigation wss eonfined to determining whether
there is an incresse in the rate of vroducticn of volatiles
on irredisting (ultroe-violet) & ssmple maintained at
about 160°, Yo much volatiles were detected,
3ruwforﬁ?? makes no mention of water being produced
from the degradation wyroduet of pely~fert.-butyl methaerylate
even st 509, & pomeible exnlenstion for this will be
discusned later,
Polymetheoryviie acid in acueous solution has been
degraded by n variety of agents other than heat, namely

8? In thesme canes

x“?avbae, gnd ultra-sonic vibration
polymer degradetion hes been attributed to s secondary

recotion brought shout by hydroxyl or other radieals
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produced from water,  The results should therefore be
expeoted te be ouite different from those of thermal
degraﬂatian.

: mh»rtly after these present studies on the pyrolysis
of yelymethaorylie noid were eemmenaed, it vasn ruporﬁadaa
thet treatnent of a comercizl polymetheoryiic aeid ien
exchange resin with thionyl c¢hloride resultes in the
produetion of a subatanee which eontainz snhydride as w@il
as unreacted acid and the expected acid chloride units.
Although obtained in this case by shemiesl and not by
pyrolytic setion, it ﬂ@@alﬁamanatrata that anhydride
formation ir not o diffioult prosess with polymetheerylie

neld,

It has oome tc be accepted as wellenigh axiomatic
that vinyl polymers have a predominately headwbtowtail
structures in the case of polymethscoryliec acld it would be

Tk ek Tak P
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FPormation of anhydride from adjacent ocarboxyl groups
would lead to 5 strueture in whiuh.aixam@mhered.gguggg;g
anhydride type ringe are the repeat units
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In the #0lid polymer it ie likely that the cheins are
colled end twisted together in a |

complex manmer, Tt may therefore —3 Wy eima B
be pessible for a2c¢id groups in non- \?/
adjscent positions of the chain, £

or on different cheins to interset | o /0

ag if the aeid orovne belonged to \\?:
different molecules of a satursted e

NUSUNY. F I N
monobaeie acid. “uch a strueture Ry OHy Fp
mey be ealled the igo=butyrie pabyéride type s

‘hile the Fformction of five~ nnd simemembered ring
anhydrides ins well emtoblished no results of kinetio
weasurenente are available, Sueh is the state of our
knowledge of nyrolytie reactions that the view of Hnrdag

(1970) that only scetie asid among monobasic aclds
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was capable of Torming an anhydride by pyrolyesis remained
unchellenged until 1952 when Davidson and Yewman®°
showed that a number of high boiling moncbasie and didasic
acids formed anhydrides when refluxed in an open tube,
at about 280°,  They attribute the previous failure $o
deteot snhydride formation to the existence of sn
equilibrium |

| seld = wh&éﬂgle + water
which 1lies so far to the left that when the mmi sealed
tube method is used very little anhydride is ever present.

PROTUCTS

A mumber of cxperimental aiffiﬁltieg peculiar to

polymethaerylic scid pyrolyels may be traced to the ability
of polymetheerylic weld to abmorb forelgn molecules.

Thepe difficultier were partieularly noticeable while
atiempting e cvantiiative analysis of the wvolatile produets,
In addition the absorbtion may play some part in determining
the rate of produstion of volatiles during degradation,.

The two materials wvhich cause troudle are either gther or
Efhere Polyiethnorylic acid was prepaved by the AIT
catalysed tulk pelymerisation of methaoryliec acid, The
polymer was inwoluble in most organie lioulds {including

mononer) but is selfble in very polar solvents such ae
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- methanol, Tt wun purified by precipitation (twice) by
ether {teohniesl grade} from & methsnel solutions
Although apperently in » finely divided form before
filtretion, it formed & sticky gelutinous plug in the

sintered glass crueible, “hern thin was dried under |

{vesses 100 mesh) on & mortar.
‘When this sample wos degraded at 200° consideradble
quontitiew of ether vere deteeted among the products,
inelyeis by & V7,0, nethod showed thet it smounted to
b « 7% of the weight of the polymewr, Tot only iz this
e large impurity conlent Tuit subsecuent investigzation
- ehowed that it wee vesoved only slowly om hesting.
MJoen neted the ebility of polymethacrylie aecid to
pbeord water from ovdinery ether and reecormended the use
of anhydrovs ethier as the precipitant. %‘%aprecipitatim
in this medium gave a produst ‘W,Ef‘:i vh although etill

recuiring to be ground did not produce ether on degradation,

~ The abeorbiien of some substance , Wemmb}.y
wotery, £rom the atmosphere by polymethacrylic aeid is
ﬁwmm*{:mted in Pigure 38. whieh shows the changes in weight
of the copper tray contuining avproximately 50 mg. polymer
during ten minuter irmediantely fellowing the interruption
of vrolonged dryinz of the polymer in vacuum. Tt shows

thot the polymer gzins 87 in weisht in ten minutes.
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Clearly this must introduce a sonmidersble ervor in
following the depradation by measuring weight losses,
partioularly when it is remembered thot the theoretical
welght less for ecmlete formation of anhydride is only

C 10,4%, Thies ean be overcome to mome extent by resweighing
the polymsr anmile efter i% has been dried by evacustion

- in the degradation system and usino the extranolated
weizht as the true weight eof the pelymer, Figure 26,

- ahowe the loss in welzht on Bo vrenum drying a sevmle,

and also demonmtraies that the cormletely desraded product
doen not disnlay the same abeorbtive eapacity,s Heither
does poly-tert.-buty!l methaerylate,

Jeletile FProdunts,

After allowanne has been wmade for the effeots noted
ebove there i atill, on prolonced nyrslyeis at 2009, a
weizht loas and wabter nroduetion both amounting to
evnroximately 127 of the polymer, indieating that
anhydride formation does take place,

"lore interesting is the fact that the agueous product
eontains a trace (7.2 of polymer weight) of methsorylie
veid, It s atill produced from the polymer whigh is
repurified by an additional preeinitatien by enhydrous
ether, Thig suzgests that & smnll ameunt of depolymer-
isntion may ccour before anhydride formation bleoks the

depropagution nrocess,



Because of the difficulties ensountered with the
velatile products it was natural that mest atﬁentiaa
gshould be focuesed on the residue feom the dograeatiausv
At firet sight thias did not seem to be & hopeful line of
aprrosch, Anhydropolymethaerylic aseid whether obtainged
from the feri.~tutyl ester or from the acid is a wery
intractable mntorinl, 7% ie inseluble in zll cormon
orpenie solvents, it is infumible, mnd when it does bresk
dovn at higher temperstures it produces z very complex
renge of produscts (Chapter VEI); Tn addition attempts
8t CyHy0 analysie suggest that there is » non-combustible
renidue, |

The only wmethcd of avwpronch which was found to be of

eny value was bagsed on measurenen: of the infraurad

anectrune
Infre-red pectra of Polymethae

The diffieulzy in obtaining good epeetra from
pre-forned anhydresclyuethaerylis seid has already been
mentioned, Iy using the methed {Chapter IT) in vwhieh
polymethaerylic acid is disperssd in KC1 and the degraded
produet formed in gitu the perks nre oonsiderably sharper
but in the same positionsy the renstion may slso be

followed pemi~cuantitatively ueing this technigue.



In discusaing the
- ghenges whieh oscur during degradatien it is necessary
to assign as far as posaidble the aboerbtion peske to the
individual vibrations of the polvmer molecule or of groups
within it This has been done by making use of the
eocepted values for simple molecules (page 72. for acurces).
In addition the follewing monomeric or medel compounds were
exunineds _

methaorylic, isg-butyrie and elutaric acida

. " ¥ anhydrides,
Direot comparison between the spectra of these substances
and those éf the polymers ig only of limited use partioularly
in the vegion helow 1250 em™l where the model gompounds
five more complex spectra than the volyners due to additional
Cel and CwC gtyetohing vibeations of the skeletons, which
ere not slways vreasent in the nolymer, In addition to
econmarison of the svectran of the three principal polymers
studied (fert.-butyl ester, aeid, and enhydride) it was
pise helpful to commere them with the specta of related
polymers such asi
poly methyl and n~butyl methaserylates

polyaerylic acld and poly-jert.~butyl ascrylate.

2600 = 2000 cy™d C-H stretohing vibrations give
rise to an sbsorbtion band in the range 800 » F000 o1,

Uith the K1 disc technicue snd the MaCl prism of the



o L4

ferkin Ulmer instrument there is ineufficlent resolution
- to warrent & detailed disoussion of the individual
froouencies, An would be expected there are no
aporesiable ohanges on cnhydride Formatien,

Thie “Cwll sbaorbtion® is superimposed, in the asid,
on & broad absorbiien hand extending from 3600 to 23909 o™t

with maxima at %170 =nd 2580 "L which is characteristie

of seids in the pove licuid or solid stabe. In the
oane of mimmle acids thig abserbiion S
:EP:? f‘;ﬁ$ gfﬁ R
: PP B R < T wpd oy . A e
inm sttributed to the 0«17 vibration NG é e
of the hydrogen vonded dimer A
/.3
rreaent in such eondensed pheses, 9/ \?'
In ¥the asse of nolywethaerviia !r'f 4
poid 1t muat arise from sinilar ' Q\Mé

hydrogzen benda, The atructure
shown here hme Intomcleoulay Attt ¢
Yebonida, bt 1t would socem likely - ® -
thnt intrenoleculnr bonds will aleo be present, On
enhydride forantism this broad abeorbtion disappears
altheugh that about 360 en™l is rewoved only slowly.
While this might be attributed to isolated acid units
it has been shown tlat water, which also can give a
resk here, omn be renwved from I'C1 only very slowly

under the pane exporimental conditions,
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20090 « 1800 on"1 The broad pesk st 1700 en™t
arises from the C-0 gtretehing vibration of the H-bonded
acid groupss Un anhydride formetion it is replaced by
the twin earbonyl pesks of the anhyride at 1705 and 1750 om™l,
The intensity of the higher frequency peak is enly about
half that of the other peak, Important conolusiens
have been drawn Prom these obwervetions, They are
disoussed below,

W&:"- =¥ bending vibrations give rise
to & series of peakms in the frecuency vange 1500 - 1350 m"l.
By eouparisen with pelyeerylic aeid it was possible to
recognise the 144% m"l penk as the “methylene soissoring®
vibration frecueney, leaving 1480 en > as the sssymmetrical
J-i bending of the methyl group and 1790 em™l as the |
eorresponding symetrieal vibratieon, A wery weak
aboorbtion at 1268 ex™' is asnigned to «CHpe wazging by
analogy with mlye@}xy‘lens?l

Aglds genersily show an absorbtien pesk about 1400 em?l
The only evidence for this sbsorbtion in the present
eeze is o gemeral reduction in the bockground in this
rozion on enhydride formation,

The only other chenge on snhydride formation is
that the 1480 end 1448 on -
eingle broad peak with maximum at 1462 on™t, The two

peaks are replaced by a

vibration frecuencies sre not always sepsrsble in other
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asompounds {e.g. h@wnﬁhoﬂ‘pely%hemesl or polynethaoryloe
nitrile) and the change im probably not of any greet
significences factors such me changes in polarity, ring
formation , or even melting alone have been known %o
csuse small nlterntions to these frequencies.

| C=C and Cw0 stretohing vibtrations
" have frequencies bolow 1300 e Y, Yecause there is
considerable interaction between these skeletal vibratione
the assigmaent of ﬁaitiuular frequoneies is less oertain.
helds nornally hove s peal about 1950 e, T séﬁms‘i
likoly that thic is the main factor in the 1264 ou™>
peak but residual ebsorbtion on enhydride formetion
probsbly arises from a CeC skeletal vibration.  The
fert.~butyl skeleton ig imown to ebsorb here and one
gource attritutes this to a C=Clly rocking vibratiens
Such etructuren are prescnt in the polymer ohein,

The bromd pecl at 1174 om “is the most diffieult to
sasign. After the “ecarbonyl peak® it is the momst
intense in the spectrun and alnost certainiy ruet invelve
=0 wvibration. Avids do not normally absord strengly
in this vegion, certainly none of the model cempounds
hes strong sbsorbition here. me of the few oxygen
sonteining vinyl nolysers vhowse inTra-red speotrum has
been discussed in detail is polyvinyl slooholy this too

-l
has a pesk at a similar frecuency (1144 em ) wvhose
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asssignment has been the subjeet of some controversy.
Tadekoro et al?g suzgest that 1t arvises from Ce0 stretehing
in "erystalline' vogions of the polymer while ¥rimm et
al?3 attridute it 4o an ether G0« linkage. In the
precent came it is unlikely to arise from trapped ether
sinee similar apeatra were obtained fron samples whieh did
gnd did not yield ether on pyr&lyais¢ It seens likely
thet it ariser froo some ecabinntion of extended 0wl
linkeges with Cell o Cule¥ vibrations, & wsugzestion
vhish ie supported by the fact thnt only in the oase of
pome Long ehain foity acids has abserbtion by acide in

d?é. {3inee these meassuvements

this region been renorte
wvere wmade in solution, eryetallinity ie probadbly net a
eritiesl facter,)

The moet ivportant feature on anhydride formation is
the development of an intenwme pesk at 1022 el wnioh s
quite charaeteristic eof anhydrides, being shown by s1l the
model anhydrides, It is due to Cwlel vibrationa,
The anhydride alao has weaker peaks at 1154 and 1080 om™L,
The shoulder st 963 on" > is present in sll the polymethe
acrylates but abment From the polyoerylatesn.

The remeining broad abeorbtien from 950 te 750 em™
precent in the aecid ariser from at least twe vibrstions.
0-71 deformation is the caume of 2 broad ill-defined peak

8t about 920 am”l in wost melds. The peak at 933 ent
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probably arisca from thise ethylene rooking, which in
polyethylene hos = freouency of 720 am"lg ie said to be
variable in polymers and values of over 900 cm™' have been
reported for polyvinyl chleride, polyvinylidene ohloride
end polyvinyl aaeﬁate?3‘95< The peaks at 820 and 826 em“l
in polymethacrylic aeid may arise from this vibration. On
enhydride formation the only detectable peak is at 737 o™ 1

vhich is muoch nearer the normal nethylene rocking vibration

frequency.

Detalls of the atructure of anhydropolymethaerylic
acld con be dedueed from three fentures of the twin
eartonyl peskts of the snhydride spectrum, namely

le The frecucncies

2¢ The seporation of the Trequencies

% The relative intensities of the peaks,
Strained ring anhydrides absorb at

hizher froouenciesn than strain free sixe-membered rings or
open~-chain anhydriden, The values for the model eompounds

are showa belows

Zable 1% Treouency of carbonyl pesk
Found Tite Ref.
suceinic anhydride 1855,1776 1868,1782 96
glutaric hg 1802,1756 1802,1761 97
deo-butyric * 180%, 17473 - .
antydropolymetheerylie 1798,1780 - -

aeid
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This shows cuife clourly thet no apprecisble nwaber of
fivee-membered rings are present in the degraded polymer,
Hendetowhend, tail-to-tail, structures cannot therefore be
pronent in detectadble cusntity in eithey gelymethaerylio
acid or ita ig;&.*bwtya enter,

Although the average separation of
eorbonyl frecuencies in anhydrides ic 80 en” 1. it hos been
paint@ﬁ‘aut'a that the range of values extends frem 40 %o
80 mm"i, and gn attonpt Yes been wrde te eovrelate the
gevnration with atructure.

Sixemembered anhydride rings generzlly heve the lesst
separation of fresuenciess This being true the small
seperation (45 e1~) in the cese of anhydropolymethaceylie
acid would favour ciz-membered intramcleculsy snhydrides
rether then the jgo-butyrie suhydride crose-link as the
predominant structure,

Tor the identifieation of

orgonic atructures most interest has heen in the freouency
of cbsorbtion peats, and much lese at? ention hos been paid

%o their intensities.. Le Tar se is ¥nown no previouo
attennt has been nde to correlate the relative intensities
of the two poaks with the amhydride strueture. The only

eritisism to which the generalisations below wey be open

£

iz Ahat they are Dbused on o falrly limited nuvber of

exevnlane ™iin is due to the fact that while {reguency

velues have been reported for meny snhydrides, velative
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intensities hove nots
- *In open~chain snulydrides the hirzher frecuency penh
i the mowe intenme,"  Thie avpliew %o mcetiae, crotonic
end caprole am:fdr;fiéem% T also azg;aplim to mmanmg
perfluoroprepicnic, zmxi shrysguthenn moncearboxylic
nhydeider vhone srcetra ave llsted in the "Tocumentation

‘%

‘pectroscopy” Index [Tuitterworihs),

o

of “olecular ' &
ghoved thet it cevéainly soplied to netheorylic aniydride
and to jzo«butyric snhydride,

HThe lower frecucncy pesk ig the more intenme in
five snd gizemenmbered anhydriden,® This is the caze
for glutaric anhyiride, botk by a previcus revort 97 ag
well ag by our own mensurement,  The only slivemevbered
ringy snhydride in *he TS Tadex, 7,7 Phthaloyl-~Tsgiutanic

anhydy 16,31‘ s alsc chows this relstlionships © Ye also

ghoved thet it alied %o

which must have the »luilarie sphydreide ring stracture

am discussed further below {®Insclubility and Structure®),
Amonge Pivesmembered anhydrides the zenerslisation holds
for mma.miﬁ:.% nlein and phthall ﬁggf‘ each of vhigh vas
ghecked by ug and Tor three naphthaleme dicarbexylic

1‘01" T¢ ig alzso true for feur other Tiwmes

anhydrides
nemhéred ring anhvdrides whose spectrs syre listed in the

o Indexy
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l:5-diphenyipentanes1:2-dicarboxylic
235 » 132 "

81do~1121814mtetrahydroel t4-phenyl imine-naphthal ene-
P8 %= df scarboxylie

gnggplt?f!t4~tatx&hyd§¢~1~methy1~&aphanyiiminaw
naphthelenc=-2: 2=dioarboxylie.

Tven if ihese relationchips are not entirvely general
it would be difficult to undersiand vhy methserylie
anbydride on polymerisation, undergoes a reversal of the
relative intensitien i cyelisation is not the ceuse.

The enly other chengee on polyaerisstion are that the
product 1e éaturat@ﬁ and ie » soiid. Saturation cannot
be the cause since ilge~butyric snhydride haz the normal
open-chain relationship, while we found that the relatione
ship was unaeltered by ohangen in state when methacrylie
anhydride was exavined in the pure licuid or in soluticn,
end glutarie snhydride in the selid and in solution,

It is conecluded therefore thet the predominang
strueture in anhydropolymethacrylic acid is the glutarie
anhydride type.

Tor the internction of solvents with polymers to be

guf Tl eiﬁntly eomplete that & true solution is produced
geveral conditions smust be met,

1. Polarity. Polymethrerylie acid will only
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diseelve in highly nolar aalvents sueh ne water and
methanol and is inmoluble in a1l cthers, Poly~terti,~
ttyl methuerylate is inmoluble in liocuide st the ends of
the polari%y scale® such an wataf, metheanel and metreleum
ether Wut is soluble in most ovmanic liouide,

2, Jobility of Stwetuve, Polymers with highly
reoular or ' OFfyeinliine” struetures sueh as iaet@aﬁie
gﬁ?vatyr@ne are di??iaulﬁ to dissclve, so also are polymers
in which rigidity of the ehain is nresent dna to aﬁme
additional chemien! bonding, e in the ﬁnaalubla
hivﬁly ealauraa denrnded ﬁ@l?methﬂavvlbﬂitrileig thare
is o oﬁnjugatwd wfi=He ohaiﬁ in adﬁit%an to the narmai
«O-fl= baokbone:

Cy H, CHy iy CHg Wp CHy HQ

é/ \{L/(’\é/@\é/

l I | I
¥ /ﬁ\g/ ";\g = '\1@%

The linear polymer

moleoules produced from vinyl monomers sre, subject %o the
above recuirements, generaliy scluble, but three
dimensional networks produced when chains are linked
together sre insoluble, In meny ecases it b&é been shown
thet only s few cross-links are necessary to alter the

solubility completelys
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The inaclubility of anhydropolymethaorylie seld in
& wide range of pomelble solvents, incluvding ucetic
anhydride, indieater that the Insolubility ie not due to
failure to meet condition 1. A rigidity of structure
might be expeeted to arise from the linked six-membered
glutarie anhydride Tings,. The presence af.a gmall
nunber of iso-butyric anhydrids type links could not be
ruled ocut either. It hos been poseible to decide
between theme two vopmible causes of inselubility in the
following vway,.

Although aorvliie snhydride ia an effective cross-
linking agent when copolymerised with cther monomers, it
has recently been ﬁhuwulgﬁ thet when polymerieed alone
1t undergoes a form of "internnl copolymerismation® with
the production ef o linear melecule containing linked
glutarie anhydride type rings:

i A

SOOI I L

|
’L ’L\ lfl‘. f‘?\
d >0 % ¢ >N 0

?
W

Thia eommound 18 soluble in pelar solvents such as dimethyl
formamide, showine that sny rigldity is not sufficient

to praﬁmnt solution, | atheerylie anhydride woe
pelymeriged in ulk snd the preduct pelymethacrylic
anhvdride examined. Although identieal in 1nfrg»ra&
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apectrum with snhydrepolymethacrylie neid it iz soludble
in dimethyl formsmide and ean be precipitated substantislly
unchanged by pouring the solution inte gther,

This demonstrates that although anhydropolymethscrylie
aeid has substantinlly the eame linked glutaric anhydride
type atrueture as polymethaaerylie snhydride it must also
pog-ens & Tovw croras=linke of some descripntion. It meems
likely that these must be Lgo-butyrie anhydride structures.
T™hies is the type of oromge-link whieh ig produced when
mathacrylic anhydride is used ze o araaawlinkiég egent
for the preparation of cross~linted pelymere from several
monomers, It has heen reperted thet se 1ittle as 0.5

methaorylie anhydride in methyl metheerylate can render

rr

3
e

the polymer insolmblel?
It I certainly posslble to demonstrate that the

crors=iink ig alkell sensitive. The only reagents

whieh have sny ofTect on anhydepelynethacrylie aeid are

concentrated solutions of modiun, wétaaaium or smmonium

hydroxides, in vhiech it “dissolven” readily, By pouring

the vimeous ammoniacal solution into aecetone it is

pos=ible to igolate a polymer whose spectrum (Appendix

of Spectra S.7.) mhows it teo be mainly a pelymethmerylie

seid with gertain additional groups, probably smide or

eanonium salt.
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RATUS OF MRACTION

The formation of anhydrevolymethaerylie seld wze
folloved by henting samples of polymethamerylie seid dispersed
in ¥C1 (Chapter IT for details of teelmique). There are
no suitable penks in the infrae-ved spectrum of the seld
which ean be ueed asz a messure of concentration, Tmt two
of the peaks (1795 and 1099 em“l) of the product are
reanonably wvell separsted frowm interference and were used
for this purpese,

It war found that at P09°C the remction was too
rapid to be followed by this method. Tigure 37.shoes
the results obtained nt 199,5%, the highest tempersture
a8t whieh the renction was studied, The ordinate,

*the extent of reanction® im given by the ratie

x 100

In practice the infinity reading was taken as the result
of 12 hours pyrolysis at 700%C, The results show
quite clearly that both abeorbtion peaks give approxime
ately the seme messure of the extent of remction, eand
that the reaction iz a rapid one {(ty~12 minutes),
“easurements were slsc made at 1581, 169, and 153°C,

Figure 38.shows that different batchee of polymer/ECl
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FIGURE 37 PYROLYSIS OF POLYMETHACRYLIC ACID AT 192.5°C.

INFRA~RED CHANGES



—16lp—

EXTENT OF REACTION

100
N
8o}
60 -
40 |-
/X
20+ Lo 2.
O 179sem! O
X 1022¢cM ! +
' 1 1 | I. : 1 N
o 20 40 60 80 100 120

TiME  (MINUTES)

FIGURE 38, PYROLYSIS OF POLYMETHACRYLIC ACID AT 181°C.

DIFFERENT Kd POLYMER DISPERSIONS
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digpersion give results which are 1néiatiﬁsuinhable

from one another within the admittedly appreciable
aﬁparimaﬁtal”arvur. Pigure 29, shows the effect of temp-
arﬁture on the rate of the resction of the same bateh of

dispersion mixture.

In order to caleulate the setivation energy of the
reaction it 1s necessary te determine some form of rate
sonatant for the remction at each temperature. From
the nature of the reaction it wee reasonable te expect that
it night show second order kinetice. The usual expression
for the rate constant of a remotion of the mecond order
in |

X — '%-{?%—r -+
. opP 1 _1_

&8~ x

Provided that there is & normal Beer's law relationship
between pesk heights and concentrstions then 1t is possible
to equate x with the extent of remction as measured sbove,
while the initial concentration of aeid g will be 1007,
Plots of LETR - 1/a sgeinst § are shown in figures
40+ and 41,

Bearing in mind the exverimental teelmiocue and the above
assumption the results shov sutisfactory agreemente with

second order Ykineties, and rate constants have heen
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FIGURE 39.° PYROLYSIS OF POLYMETHACRYLIC ACID AT DIFFERENT

TEMPERATURES




—164—

192.5
0.0300

0.0200

0.0100

o 10 20 30 40 50 60

TIME  (MINUTES)

FIGURE 40. ' SecoND ORDER PLOT.
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calculated from the slopes of the lines, They ere given
in Table 13. together with the spproximate times at whioh
half the soid hae rescted.

Tedle 13,  Kinmetie

Tem. (%) % ( 1/7.sec.) t (rours)
195,55 - 14,3 x 1070 0.2

11 8.9x20°° 0,8

P Y- 1.8 %1070 1.8
285 o x10TC 6.5

An Arrhenius plot (Figure 42.) gives a value of the
"activation emergy" of the resction as 37:3 Keal./mole.

Attempta were mede to memsure the rate of the resetien
by messuring the vates of volatile production in the
dynanic moleeular otill, Yith the veaction ocourring
g0 repidly at 192,5°0 (Tigure 37,) 1t might have been
expected that o considerable part of the reaction would
heve taken place during the finlte time necesgary to raiss
the tempersature of the desradation systen and that still
lower tenperatures would have to be useds The opposite
m‘éved to .15@ the ocnoe. At 192,8%7 there ism an spprox-
imetely conetant slow evelution of volatiles over about
two hours, before the rate begins to fall off, TIn order

to obtain » elearer view of the Pirani curve during
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FIGURE 42. PYROLYSIS OF POLYMETHACRYLIC AG{D' ARRHENIUS PLOT.
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degradetion it wae necessary to use higher tewperabures,
Figure 43 shows the Pirvani ourves of two samples degrading
at o0’ |

The lower curve (B) shows that there 1s & period of
‘sbout 40 mimutes during which the volatiles are produced
8t on a@@faximataly eonstent rate, followed by & slow
deerease In rate, Curve A was given by the sample
‘eontaining trapped ether, It appeared iikely'frcm this
eurve that ether wme not remeved rapidly during the heating
period, Tt wan noseible to confiym this, end at the same
time to wmake o divect eorperison of the rates of resetion
" under the differven® conditions by intervupting the degrade
ation before elinination of volatiles was complete,
The spectrun of +he residue after 45 minmutes degradation
"t 192,5% 15 shown in the Appendix of Spectra (85.8) A
Laiﬁilar aneetruz ann be obtained neing the F01 dispersion
" method by heating the polymer for only 10 mimutes, After
48 ninutes the ranction wauié be 90,7 complete using the
dispersion nethod i | |
| Pxaminntion of the velatile products of the first
stage of the interrunted degradation showed that.oﬁhar~waa
present,  Vowever whem the resldue was heated again t111
811 veletile material had been evolved, & further trace of
ether was detected awong the producte, showing that it wes

- Pemoved only slowly Trom the degrading polyner,
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1 \ ¢ 1 e It has alresdy been mentioned
thet the rate of diffusion of products frem polymers wmay
be o slow proecess. 7@ believe that this is an important
factor in polymethaerylie acid degradation. It has been
shovn that polymethacrylie scid readily absorbs both ether
and water, and further that ether is net removed reedily
during the degradation. It seems probvable therefore,
thet water, produced within the polymer pavtiecles, will
not escape very readily, If this is the oane then it
would be expected that partial hydrolysis of the anhydride
might enzily oceur, The aysten ir similay to the one
dtsoussed by Davideon and Yewmann with respeet to simple
molecules, The “rate of reaction® would be dependent
on the ease with which water molecules oan escape from the
pelynmer, ond might show a zerc order phase if this depends
on the surface area of the polynmer. The resction can
be represented times

aeld — [anhyﬁri de + water J-~—> anhydride + water T
(trapped (free)
The existence of such a diffusion control of the reaction
~ may explsin the previous failure to detect anhydride
formation, The polymer used by Crawford was initislly
in the form of o block 2 x 1 X 0.3 om>s  Diffusion of

water from such & system would be very slow,
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ECl. There are g number of pessible
reasons why the resction should be aporeeiably higher in
the dispersion method, |

1. It may vrovide n more p@tar medium, Sinece the
palymer is still i{n the form of fine pariicles which meke
eontact with FUL only at the surface this is not very
1ikely. |

2. 1t may remove the water rapidly ss it is formed.
Although KC1 does not form o reocognised hydrate it i
very diffioult to remove trasces of water from it.

3« DBy grinding with X¥01 s fine particle size ig
produced, in additien the ¥Cl will pr@vaﬂt the particles
fron coalescing as they do in the other method.

Diffusion contrel would be less 1£ke1y in this case.
Thie is probably the simplest explanation,

It therefore appears that diffusion effects tend to
retard reaction to a relatively greater extent under
molecular still oonditions while dispersion in EC1 sppears

t0 be nmore favournble for reasotion.

@maiiiﬁﬁfizﬁ"@ o 'w REAOPTON
Zeneral. |

" There is mo evidence to sugzest that snhydride
formation 1is a radienl reaction, nor is it likely that
the resction proceeds with the internediste formation

of keteones as was sugcented at one time, The
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guzrestion of Devideaon and ”»;-?.m;:mmgo thnt the mechenion

"ie 11k31$r to be anslogous to the esterifieation of a
earbexylie seid by an alcohol® certainly seems the most
reasonable one,

It is Decoming incressingly clear that many
Punimolecular® nyrolytie resotions show m:.egiea with
heterolytic remnctions in polar soclutiona and may be
gonpideéered formaliy at least ag proceeding through the
‘pane ionie intermedinten, There are s number of
esterificntion mechonisome known, tut it seems likely
thet snhydride formation may be considered analogous
'lte on aeid eatalysed esterifisationt

ol '1"' L "‘t

24
“geid* ¥mlechol® TJ{
N S S
A0 T— m‘?m“q

1,0 | TR

‘The gomplete Yenction may be represented as passing
through o transition state with ﬂw struetures

g~



w17 Be

There have been no direct kinetio measurements on
rates of formation of anhydrides; but it dees seen thet
the presence of the polymer backbone has a faveursble
influence on anhydride formetion, since anhydropelynethe
aoryiie aeld {g forned readily ot towneratures well below
ﬁhﬁﬁ at wﬁiah glutarie anhydride is normelly Tormed (5$0°€)%04
Although the influcnce of poasible back reactions ecsmnnot
be sntirely meplestsd 1t is probable that thig ig due to
a favourable steric or probability factor, as hes been
auﬁgawted to mcocount for the lower tomperstures required
for anhydeide Tormation fyom “wenehed chain glutorie acids,

Polymers fron 16l disubstituted monomers generally
poezness a strained chnin struclture, “ethaerylates are
no exception to this rule  Ixomination of a model of
8 cection of the volymethaeryiic aeid molecule shows that
& conformation in vhich the acid groups are fairly close
together is at lenst no more strained than any other, and
might well be the preferred conformation over congiderable
gegments of the ehnin, The very favourndle geometry
present in 138 -naphthalene dicarboxylic acid in whioh the
acid groups are held i{n o similar positien probdably
sooounte for the ease with whish an snhydride is formed

(140 = mo"cﬁ‘gs
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In the remcitions studied by “Brvel et al;g econolusions
were drawn about the polymer structure from oonsiderations
of the statistical probability of the isolation of some
groups when the pyrolysis renction consistod solely of the
interaction of twe sdjaoent graugag Thue, for a purely
head-to-tall arrangenent of monomer uniis, it has been
aknwnlﬂﬁ that approximately 1% of the units should be
isolated after “Yoomplete® renction of pairs of adjscent
units.

Superficislly, the suhydride formstion resotion of
polymethacerylic nold might have been expected to shov this.
behaviour. There is, however, no infra~red evidence to
sugzest that isolated carboxylic arid groups are left
after prolonged degvadation, This observation ia
coneigtmt with the conclusions drawm from the study of
the product and the measurenent of the rates of reaction,
regarding the grenter complexity of the anhydride
forantion reaction,

free 1. Oyoopg-1ink Pormation is a resction between

» oy mitﬂ.

9;- Diffusion sontrol, subsecuent hydrolysis and
re-Tormation of snhydride would also prevent the isolation

of units,
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TEEADATIONS 0F COPOLYMIRS RONTATITIS ETHACRYLIO ACID
Tt has been sliown that there arc iikely to be two
- different anhydride sivuctures in snhydropolymethacrylie
asid, internsl snd cvosselink,  The insolubility has
been attrituted to the latter, Tt would be expected that
in the early stages of degradstien, formation of such a
erose~1ink would be detectable by a molesular weight

inerease before the produet bescmes insoluble.

IS VN 2.

1. Tefore degrzdntion

2 Inéreaéﬁd moletulay waighﬁ

Be Tnsecludble

finece the only =zolvents for wethaerylie acid ave those
whiech would brealk down sn anhydride link provided they
can penetrats the nolymer, it 1z not graﬁtical tc attempt
such an Investization with polymethnerylie acid,

Tt wans thought that the produstion of a crose~link

might be eonfirmed In another Tashion, If copolymers
hed 8 puvely randem structurs then ia o copolymer

oontaining less than 5% methaerviic aoid wnits, the chances
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of methsorylie 2c0id units ooccurving in peired secuences
would be less thon that inm whieh the unites are seperated
by inert “gpaeer” unite, In Tact, cepolyméeve do not have
& rondom etructure, but 1t has Leen found almest inveriably
thet in the growing polymey chain, radicele ending in

one type of unit =4l om the co-monorier vather then the

sane monomers i.e. ooy deviation frow rendommess is towards

Jn degrading such o copolyner one would expect that
if only ¢ few meid units rescted to form anbydvides,

leaving many wnrescted acid unites on “eomplete® reuction,

it would be due siaply to the internzl reaction of the few
paired unite whioh night be preseunt. In thie case the

degraded 20polywner would be soluble. Alternatively, if
suhyoiride formetion went to ecompletions the majority of the
bonds would be crosms-links sud the degraded copolymer
would be insolublp.

Copeolymers ¢f methaerylic aeid with beth methyl
methaerylate and styrene were prepaved and degraded.

figgults were in eowplete esontrzet to those expected,

{Composition ©.5 ester s 1 acid )
The formation of an anhydride has already been
mentioned (page 177%,) and the effect on depolymerisation
discussed. Exavination of the spectrum of the fully
degraded product ¥eiled to reveal sny residual acid groups
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yet the polymer Is zcluble anéd thorefore not eross-linked,
There would supear 10 be three possible explonations.
1s Diveet formation of anhydride Prom an aeid and en
estor unit,  Sinse the major volztile product is water,
not wethandl, this is not likely.
Ze Gontrary to cxpectations sonsidorsble tunching of
aeid unity has oceuvred during copolymerisation,
3« Ve think thot the wmost likely explenation ig that at
the degradation temperaiure acid and ester groups are not
£ixod in position bui may undergo exehange resctions.
Thig could eentinne $ill two acid units ave adjecent when
snhydride formoticn would ceour, The exigtence of such
venctions hias already been diseussed {pege 17.) snd further
evidence of their existence will be diseussed in Chapter
w.

(Compositions Z.6 s 1 and 4,3 3 1
styrene @ aold )

These copolvaevs $nitially soluble in dioxan, on
degradation at 200°C become insoiuble in dioxan until a
trece of alkeli is eddeds  These would appear to be the
expected oress~linked products

However, exanination of the speetrs of degraded
copolyners shows that while some anhydride formation is

detectable, there s been very little change in the acid
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wnit asonsentrobion, and that further anh:}ﬁr’iﬁ@ Tornation
camot be brought about on further hoating,

Lven more curious iy the waﬁuatim of a trace of
some velatile orpenic meteriasl during degeadation, Tt
io aermin}.y not ctyrene, ‘:but while not ﬂpmitivéisr
1dentiPied 1% could be benszaldelyde, since there is &
smﬁ”‘il of almonds ond the solution spectrun shews both
carbonyl and phenyl Zroups.

% féa vospible that the why&yi de decomposes aflter it
hac been formed; with the reproduction of acid unite by
intorsotion with the terbisry ¥ stons of the ﬁtﬁ@m units.
&lternatively, one hiss to consider the popeibility that
éaﬁring copolymerination styrons adde to the methacrylic
acid in the save wny as Goss igo~tutene (page 00.), inm
which cese the sonclysrisstion product is not a true
gopoiyder of styrene and methaecyryiic acide |

n view of these poseibilities 1% would not be ssfe
to drew suy conclusiosns from these experiments without a
more ecuplete investigetion of the eystem,
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It hes been shown thot polymethaoryiie soid will
form an aphydride vnder the same conditions as does
poly=tarf.«utyl methnorylate, |

‘Tt has been established that the pyrolysis product
£ro1 both polymers is the soae; and 2 more detalled
consideration hae heen given to 1ts strneture, mainly by
meeng of infra-red onelysis,. The hpad-towtall structure
for the polymers hwro been coufirmed, while the degraded
produnt has a etructure conpooed mweinly of linked eixe
membered anhydrids rings with occasional evess-links,

When polymetiorylic aeld is degraded in Wik the
rate of dagredution besomes &iffusion sontrolled and
liable to vary with different polyier sauples, which
prohabvly accounts Tor the leregulorities noted with pesk
4 {puge 118,.)

Under eonditions where diffusien eontrol is less
likely the reaction was messuved over the range 16% - 192.5%
Activetion energy wes 57 Eoal/gm. moles
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CYAPTER VI

PYROLYSIS OF POLY«TERT,«FUTYL ’W&!AMYLA’?ES

II, THS MECFANISY OF RSTER IRCOMPOSITION,

Although vadiesl mechaniems for ester decomposition
have been suggested as oocurring at temperstures above
800°C the decomposition of the ester group in the polymer
ie apparently not prmocirnted with a radical mechaniem
since 1t im not nffected, for exmwple, by the usucl
radieal inttlators and inhibitors, The mechanism of the
recction vhich will be postulated here is simply &
modificntion, due to the presence of the polymer chain,

of the mechanigm by whieh simnle {model) esters decompose,

Ba™ MGIE’%T"“ 7T TMITET, COTROINDR

Tt is now generally sccepted that the decomposition
of esters having A% atoms proceeds through a unimolecular
trangition gtate. ™ie has been confivmed by experiments
in which it was shown that the wolecule does not discociate

into remctive Pragmente suoh as meparated ions or rudiaaxa}gv

Two poseible structures of the transitien state aver:
H

SN |
| N
R C\O/C\ t

I 1T



The six-ring structure I is generslly preferred on steric
grounds although there is ne direet evidence to allow &
choice between them, This structure is assoeiated with
the nenes Tard and Hlunklgﬁ who postulated that the
oomperitive instability of esters with a BN atom ves due
to their sbility +6 form sush an‘intermediate’, It was
in fact one of a mumber of possible intermediates considered

earlier by Bilger and ﬁibhsrtlgg.

THE “CHATN® REACTION

| Tt in epparent that a simple vandem decomposition of
15@1atad ester units in the pelymer ohain would lead to a
nernal "exﬁbﬁential“ dee?&aéé in rate with extent of degrade
ation, Sinee this does not éﬂaﬁ? with pely-tert.~butyl
methéarylate’the deconponition canmot be entirely a random
one, Tt scems therafére thet the p@i&m&y ehain plays &
aipnificant part in the resotion mechanisa,

The kineticn of the eliminotion of eeetic ncid from
polyvinyl acetate hwmve been mtudieé;?. The rate of
elimination of voletile nreduets shovs a steady ineresse
with time, cualitntively sinilar to the imgebutene
elinmination phase of the degradation under consideration.
Thin oversll kinetic resenblance sugresnts thet the
mechanigm of decomposition of ester groupings in the two
pelymers may be basicnlly sinmdlar,.

“he kinetios of polyvinyl seetate decompesition have
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been satisfectorily aiyléinéd aﬁ the basis of the

occurrence of two banie}rnaétian atép&. Th§ overall
decompoeition may be dsaeribéé es a (nen-radicsl) chein
~reantion, in the zemse that the kinetie scheme can be
derived on the bacin of a diffieult first step (“initiatien”)
Tellowed by tha e aﬁtitlmn of a relativaly eaaier step
1(”pre@agatianﬁ}.

- The initiati@ﬁ raactian ia the normel éeaempeaiﬁian
uf a saturated ester wifh the production of an "active
eentre” in the chain, In pmlyvinyi aeatate thﬁ acid
pradugt is volatile and is rem@véd, while the uneaturated
group is left in the chain, The double bond is the
active centres,  Tn poly-itertebutyl methacrylaté the
unsaturated centre is removed and the acid unit left in
‘the ohain.  The kinetle features of the pyrolysis of
'palybjgg&.vbutyl mathaérylaﬁa would be explieable if it
were possible to shew that acid groups ave active centres

for further dacumpéaitien-'

THE MJT{' Y&L IFGRADATION OF DOPOLY TS CONTATIING TINT .-
| W!'WT "““"‘”&("’YT,AM
The hypothesis that the ester decompeaition of polye
jgk&.—hutyi methaorylate proceeds by a chain mech&nism in
which the reproduced active centre is an aeld group, was
tested by the study of a meries of copolymers. These

were ecompoped of larze proporiions of Lert.-~butyl methacr
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 ylate together with traces of the meeond monomer which was
either methaorylic aold, styrene or methyl methaerylate,

(Compoaitione 7,10 ¢ 1 and £.656 ¢ 1
| sater ¢ acid )

If the netive eentres are Indsed seld unita then the
:lﬁtwduetion of additional methoerylic seid units would be
expected to deorcace the stability of the eopolymer relative
té the polymer, “he Pirani curves cbtained during the
degg:mdatian of sovolymers with methsorylie aeid are shown
in figure 44,  “he relstive instability of the copolymers
13 shown both by the sorller nttaimment of the maximum rate,
and elso by the hizher mextrmn vate et all temperatures,
(Teble 14, vege 155)

ey with ctyrene.

{Composition %.4 ¢ 1  ester t1 styrene )
The small proportien of styrene may be assumed to be
distributed in a rendom manner slong the ohsin,. in all
but the very loweet molymews there will be many styrene
unite in one cheain. These break up the meouences of
Sert.outyl methserylate unite. Thus the sopolymer of
M@'&mtyﬁ methacrylate and styrene may be represented ang

End, ~ oot Endig
' St. stSt st os.



. _
SIAUND  INVYI SYINAIOIOD 40 D 002 LV SISAIOWA V¥ 3dN9l4

(saLnni) anIL
ooz os| OOl of o
¥ L] L)
Ho9 0
oz o
v
_
4
@©
~ >
.00e Hoso
INTYALS:¥ALST [ : b€ P
ALVIAUDVHLIN TALNG-T83L-A10d ‘€ € ¢
alv:u3aLs3 [:01L 2 1
Qv :W3Ls3  |:§52 I
‘ (sL10n)

SONIAQVIYE INVYIiA




w185«

Iable 14. Maximm vate of productiom of iso-butene

181% 192.5°¢ 200°¢
o IRV 1. 2 .2,
2,55 sster 1 1 meld 184, 37.67 70, 88,07 32, 1697
|  m, 87,07

7,10 gpber s 1 gedd = - B3, 68,77 &5, 1294
poly-iartetutyl 367, 22.97 136, 51,37 69, 997

methanrylate %65, 23,67 152, 51,07
| 133, 5077

3s4 enter ¢ 1 styrume - 229, P0.27 119, 53.59

3.5 jert.-butyl - 117, 47 61, 1187
8 1 mathyl

1.  Time (in minutes) between sttaimment of pyrolysis

a mmtwu and maximm D of dgg-tutene production rate.

- B Tho maxtimun igo-butene production rate as a
sentage of the btotal Lgg-dutene content per hour.
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If‘thé-"eaay” propagation etep consists of the
‘weprodustion of acid units along the ehain it 18 likely that
the intreduction of unresotive foreign units would blosk
tha prapugatlen aten, and 11mit 1t ta the awauenne in
vwhiﬁh 1% was initisted,

~ Two p@saihilﬁﬁi@@ arises if t&a reaa%iaﬁ'aén only be
initinted at ‘a'iimiteﬁ number of 5:3"{%335~.fi€? p@in‘hs. auch} 88
~ the éhaiﬁ ende, then the resction vill etep once the Pirst
‘_blﬁaking grouy is “@“aheﬁ, iﬂ muich the sarle mammer as the
anhydride grougs sonenr to ston the depolymerisation
greaﬁaa. 2n the other hand if the *niéigﬁion progess
| eam oceur at random ele?ﬂ the cheln, the overall reaction
wi?l be alawaw but =511 mo to @9@91@%19&.
| Results show thet the remetion ie eppreeiebly siower
t!mn nar*aal. but in tine, ncm&l vields of iggwm%:en&
reoult, - Infre~ved snalysis of the polymerie residue
fron the Aegwadatian ah@wm'that it conteins the original
styrena»unitm. together with the usual anhgﬁrideg Yo
lusianal uaraaeted ester groups ean be deteeted in thie
~tts$duan, »

This shows quite clearly that the dhu;n propegation

mechanism stops at styreme units tut that initiation
pecurs in eaoh seouence; i.e, initiatien 1# & random

procens,



{f”‘tﬁpaai tlom 3,5 : 1 terto-butyl : methyl )

rn uantvaat to gtyrene unita, methyl methacrylate
units have no appreciable efvect on the ester degradation
reaction, It h&ﬂ élr@aﬁy been eugzented that methyl
ester groupe and aonld éreupa}emm undergo aome forw of
exchange process (Chapter V), TF this is the cese then
methyl methaerylate units would not be expected ﬁa sheek
the reproduction of aeid units siong the ehain, There
is no aviaenag from the néture of theVVﬂlazile producty of
éesamyawitinn of maﬁhyﬁ ester groupsy; and infra-red
cmaminatiam of the vesidus shows tzat ester groups are
'prﬁaanﬁ after prolonged d@gr&d&ti@n, in contrast with the

produet from the pure polyner.

POSSIELE TATURT OT TIT RIMODLIATTONN TDACTION

In view of the evidence obialned from copolymers of
Lert.-butyl methacrylate with methaerylic aeld and styrene
there can be 1ittle doudbt that some form of “chain® raéotien
pacurs in the pyrolysis of voly-iert.-tutyl methaorylate.
The mctive seniren are acid units. The initistion step
18 likely to be by » normal @mﬁer deocompositions
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The next ocuomtion to be eonmidered is why the
decomposition of neighbouring grouns is an essier process,
The most likely exvlanation seenn to lie in some form of
rea@ti§m iu~m%Aah the initial aeid greup plays a direot
part, e did %&w&varg cenaider &naﬁher yomaibility
w%ich.wiil be discussed first,

The pravence of both mathyl and ester groupings on

Aoy

every alternate corbon atom in the polymer chein results
in aahaidzr&ﬁle gtraln in %hé poly-netheerylate atruetare%tg
I§ therefore moemed possible thet the attsinment of &
eonformation suitable for o six-menbered tranmition state
tc be produced micht be & difficult proeess, Cinece &
éarbexylia secid group will occeupy less spece than an ester
group, partiecularly a teri.-buiyl ester, production of &
gix~membered trancition state sdjacent to sn seid unit
would be en essier wrocese than when it ies sdjacent to an
intact terf.-butyl group. In this way one nmight account
for the occurrence of two esber decomposition reactions
with different rate constants,

This hypeothenis has been tested { ¥.V,Veir T.%c.
Thesis 1959), “faoh of the styain in the polymer atrugturé
oan be aveided by replacing the methyl Proups with hydrogen.
Thus it would be predicted that poly-tert.-butyl serylate

would be pble to form the necessary treneition stﬁte more
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rendily, tut the deorease in strein on repleeing onter
by aold greoups would be nuch less, Iso~butene production
from this polymer would be expected te be more rapid
iniﬁiﬁlly but wonld net be expeeted to inorsase to the
parie extent during degradation. |

In faet it won Pound thet the ester decompesition
"ﬁh&%e of p@iyuﬁggﬁ;mbuﬁyl aaryl&té degradation shows an
secolerstion at lenst éﬁ grent zg thet éf the methacrylates

One maet conelude therefere that tho propegeaticn resetion

i not emsier then the initiation by virtue of & sterie
effoet,

It is @aaaiﬁ&@ ‘e Poyulate 2 repetion mechanism for
olefin eliminatien frem the interaction of a pair of
néighhauring aeld nnd ester groung, Two poesille
tronsition stetee TTT snd TV shown %@law; displey » close
sinilarity to the two nesaible trensition etates of the
"unimoleeular® renetion, T and 77 rempectively (paze 180},
partionlarly in hoving /BE Tinternotion®, n cases
T pnd III the ¥ interactien im with an acyl (earbonyl)
| oxyzen, in I1 and TV with en alkyvl {ether) axygen. The
group interanstion cmses IIT and IV have, additienally,
oxysen interaction with an seidie ¥, Tt would also be
possible to Tormilete eight-membered transition states with

mized scyl and alky) oxygen interaction but dhis would only



«190w

unnecensarily complicate the discussion.

e

Q;K;;}) A | - dzﬁrb

m
By T
3 cw“
i L ]
¥ J\g u-9

In order to ahﬁw7why deeorposition

by this process is an easier reaction than “"monceunit®
decomposition 1% is necessary to eonsider possible snelogies
which the pyrolyain r%tgtian shows fo0 renetions in polar
solutiona, |
Conmideration of either “monc~unii® tranaition state
I or IT ghows thnt cme ean distinguish at least twe
procennen, these sre the making of the O=1 bond and the
breaking of the C-2 bond. L pwvaary has been fgﬁ.mul
' of evidence ghoving that it is the forming =7 bond vhich
pri=arily detersines the rate, snd not the breaking alkyle
oxyzen bond, in the normal vapour phase pyrolysis of esters.

Elinination. Regarding the pyrelysis prineipally
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from the standpoint of an olaefin producing reaction,
Hpoecoll considers it as the snalogue of an elininatien
(E) reaction, in partieulsr the bimolecular %2 reaction,
since the alternative ¥l mechanism depends on the bresking
of a CoX bond ne the rate determining etev. In the 22
mechanism proton removal ie brousht abont only on the
approach of s mucleophilie resgent, It ie powsible
therefore to regard the pyrolysis ne due to the nueleo-
philie sttaeck of the acyl oxygen atom on the P’!! atom
The mono-unit process on this basis may be represented
& st |
A L4
e G4:€g<
Clearly the resctivity of the emter will be a funetion of
the eleotron displacements affecting the fraetional chavrge
on the attacked ¥ atom
In the "propugetion® step in polyvinyl acetate
deconposition, double bends act as aective centres by
virtue of their electron withdrawing power,
cﬂg/ﬂ é{

Q’L’“

W H gf}t T

Bimilarly in the "bi-unit® propegation reaction in
poly~tert.»butyl methaerylate decompositien the cyelic
process will be started by the atteck of the seyl (ecarbonyl)
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exygen atem on the asid hydregen atom. Peing attached

to an electron withdraving oxyzen atom instead of to a
earbon atom the fractional pomitive charge on the sitacked
hydrogen atom will be greater and eonmecuently the "bieunit®
process much ensier than the "mono-unit® process,

In using the 2liminntion anslosy only interaction
between carbonyl owyeen and scid hydrosen hes been mentioned
{structures T and T7T) since “mceoll only makes use of the
six-ring strueture 7, However an identiecal argument ocan
e rade out fer interaction between sther oxygen and acid
hydrogen uging st»uctures IT and ¥V,

“hile the elimination analegy in the

most useful vhen eomsidering the olefin Tormed it is almo
poacible to econsider eater pyrolynes ss similar to the
decomosition recntionn of estevs in g@lutiansf in
agueous anéd alenheliic sclutions smuch deecommesitions are
"hydrolysis® and "nleoholysi®® respoctively,

In@ald;ig hae diseumved ne fewer thon eight distinet
mechaniene for ester hydrolysis, 0 theze, fTour have
seyl/oxyzen seirzion, snd might prove to be useful analogies
with seyl selssion pyrolytie resctions, about which
eomparatively little is known, Of the four alkyl/oxygen
peisnion repetions, three involve the expulsion of the
alkyl group ay . cerbonium ion, The production of

gleohol mey be regarded as a purely secondary phoecess,
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ocourring only in the presence of water, Tn the absence

of water 1t waum be expected that the earbonium ion would
| dwm@u ‘ba an alaﬁu and » wotm.

€ o .

é GQQ' —> \\9==ﬁ< + 1®
In fact olefin by-products have been detected in at least
one of the two mechanisms established experimentally
It 15 in the production of the carbonium ien that the
three mechanisms differ.  Tn the two mechanisms established
| Lupwimmtany ( 'f%w;i and AMI ) @lky!./men ae!mim io
tha saln f&ater in the rate ﬁetarmining steps

,, slow @
Rw OOORY —> | + aefm' BAI.”
!fa @
R w QCOR? —> K « OOORT
fast ¥ .
: ALl
- slow ® - AL
R - O00RY —>» R+ T0OCRY

B

Tn the presence of an seld, mechaniem Ayl 18 the
preferred route, but it is voseible to imegine the effect
of uping & ceries of scides of deorensing mtrength. In
eonditionsg favourable te the formetion of ions, mechanienm
Barl would be expected to take over, ae it doer in all the
rencriod caces in {103..?,1‘5}1‘5;&'1:' Tewever in clrounstances

less favourable for ion formation,; the proton uptske would
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become involved in the rate determining step, Meh
would be the hynethetical A,,2 mechaniem,

Q*e’ﬂ' . QQG/R’
- I — N | ® AR
ﬁ-ﬁ“’-?fﬂ X H-0. R -

It is te such & mechanism that the pyrelysis of esters
ie most closely allied, and one wﬁui& pvediaﬁ as from the
elimination amalogy that thelr reactivity would be &

funetion af’the aeidity gf the hydrogen atom.
| Froa aﬁah‘naﬁsiﬁéraﬁiena, the pyrﬁiyais of poly=terte~
hmtylvmathaarylat@ may be deaerih@ﬂ;trﬁly an a reaction

sutecatalysed by peid.

INTRALTRD STUDTHR M7 I RETER TRMADATION,

One fenture of the proposed mechenism is that it
should be poesihle to bring about izg-butene preduction
by the ﬁs& of externnl mcide; while the presence of a
polymer backbone 3s favourable for the formation of the
"bi-unit® transition state 4t is not vitel, T+ would also
be expected that the eatalytic effeot of different ascids
would be in the spame order awm their asid strengths,

One way in which these idess might be tested would be
by gtudying}the.effeat of aclds on the nolymer in non=-polar
solutions, Yowevar it war felt that the tests should

be node under conditions as oclose an posrible to thoae
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present in the polymer during the actual thernel degradation,
b PY - vﬁr@ually solid state conditions.

For use in high veaocuum cenditions such ss encountered
in the dynamie molecular still, the neids would have to be
involatile and therefore of relotively high malaeulax
weights Ewen if stable comounds of this deseription
had been available one would etill have expected the sane
diffieulties over diffusien as had been encountered with
the imhibitien exveriments, '

The method whieh was found $o Ve reasonasbly satige
factory was to use low wolecular weight ascids in o sepled
sycten, aud to follow the reactien by infre-red spectroscopy.

It was firei neceesary to confirm the general features
of the degradation vesction em pure polyner, following the
reaction by this Infra-red spectroscopic methad,' i%
the mame time it proved possible to eonfirm eertain
oboervations made previcusly in remctions in the deme8ey
namelys

the presence of acid units during degradation,

accelerstion by additional methaeryiic neid units and
retardation by edditionsl styrene unita,.

The spectra of polymethacryliec seid and the chonges

on snhydride formetion have aiready been discussed (page
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143). Similar spectral echanges oecur during the degrade
ation of polywtart.«tutyl methueryicte, additional changes
being explieadle in terms of jgo-butene production from

. the é'star gz?w;;, or loes of materisl by dmimerisatim.
3600 = 2000, =V stretohing vibrations have two distinet
- mexima at 2065 end 7925 ezza’;’, probably the assyrmetriesl
and symmetrioal el stretehings of the methyl groups
respectively, m degradotion the Ce¥ intenmitics are
‘rodused,

Using the 01 dise method there is nlso 0«7 gheorbtion,
~ tut since the mujel wwl) methed doer not show this
abporbtion 1t can be atiributed to water in the 701, not
to neid groups in the polymere  n degradantion however
~the moaxiwmen ahifte to lower Frecucncien; as would be expeoted
Por seld formation,

A move satisfredtory Iindicstion of an geidie inter=

mediate ia the rise and Pl of wenk brozad absorbtion about

The ester has = ghapn 0=0 stretehing pesk
at o frequemcy of 1715 an™l, Aoid formation is shown
by o broadening teo the lew frogueney side before the
anhydride pesks develop on the high frecuency aide,

1509 « 1350, 1473 and 1458 on”™l the essymetrical C=T'
bending of the nethyl groups and the methylene moissoring
vibration frequencies respectively, are not well separateds
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on degradation the intensity is reduced and the peske
conlenoe as found for the acid.

Symetrical Tl bending of the methyl groups of the
¢hain eontridutes to the 1702 amfl peak and this contrib-
ution remaine on degradation. Similar vibrations in the
fert.~butyl grouv are known te mive two pesks. One of
these also contributes to the 1797 em™t and is lost on
degradation, The other is the 1367 cn™L peak, This
digaypears eompletely oun degradation.

Below 1300, The jert.-butyl skeleton is known to give
two peaks at sbout 1280 and 1200 em'i. end will eontribute
to the abmorbtion in these regions. The 1140 en™t pesk
is 2t & normal C<d.f vibration frenuency for an ester,

It is likely however that basie vibretions of the methaer=
yicte chain ealsc occur in these regionsg the picture is
also complex in the seid and the anhydride (page 151).

Veak absorbtion peaks at 1042, 967 snd 878 emfl
earmot be definitely assigned to any particular vibretion,

The fairly strong penk at 848 e ! arises from the

o..é-c ekelotoni’> i,e. the fert.-butyl ester group. It
disnppears sompletely during degradation and was used as 8
measure of the ester conecentration in seni-guantitative
measurenents,

Yethylene vocking is probably the enuse of the 754 om
absorbtion.

1



Tegredations were carried out in the same system as
ured for polyuethnerylic aeid (rages 56, S% and 160.),
uring pure poly-iert.-butyl nethacryiate, s methaorylie
seid / $ert.-butyl methaerylate copolymer and o atyrene /
Lert.~Dutyl methanryiete copoliymer,

Figure 45 chowa the chenges in intensiiy which ocour

in regionas of euter, zeid ond snbydride absorbtion curing

the degradation of the pure polymer at 192,5%, The
presence of acié rrouvs iz ecleurly denonstrated, The

decrsase in ester intemsity is rconeistent with an initial
depolmeriestion followed by an suto-catalytic ester
decompoeition, |

Accelovation Yy pdditional acid units end reterdstion
by styrene unite ere demomsirated in figure 48, which
ghows the relative Jdeeresse in ester intensity for both

eonolynere snd pure polyners

Slight modificetions were made to the experinental
tmckni@u& in order to denomsitrate external acid catalysis.
The goid and polyuer were firat ground together belore
 adding the X01, and the degralations were carried out in
aveocuatod, seanled awpoulen of about I ml. eapacily
imnersed in an oil bath. Ceatrel experimenta showed that

the ceter decomposition phase of the reaction was not
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FIGURE 45. PYROLYSIS OF POLY-TERT-BUTYL METHACRYLATE AT 192.5°C

ABSORBTION OF ESTER (EI 848 CM-'), acio (A 2580 em-! xvo))

AND ANHYDRIDE PEAKS (O 1795 cM~! AND X 1022 CM-').
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% ORIGINAL ABSORBTION
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FIGURE 46. PYROLYSIS OF COPOLYMERS AT 192.5°C.

O 3.4:1 ESTER:STYRENE
O POLY-TERT-BUTYL METHACRYLATE

X 255:1 ESTER : ACID
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pignificantly modified by the senled systenm,

Although it is possible to demonstwate that both
acid and polymer are uniformly distributed within the XCI,
© 4% is unlikely thei the meid is uniformly distributed in
- the polymers  “ont of it will be in inactive sites snd
 the true concemiration of meid in ths polyaer wiil be very
mich less than thot given by the ratio of weight of seid
$o weight of polymer.

“igure 47 shows the resulte of uping the same weight
ratio {1:8) of different acids. Tt would be diffieult
te diétimimh from experimental evver the deviation from
norusl behaviour esused Ly both benzoie and naphthoie
aeids, %o such doubt exists about the effect of the
‘much girenger acid, 235 dinitrebenmeiec asid,

Tigure 48 demenstrates thet smaller woght watios of
this woid are sulficient te produce detectable deviations

from normality.

COPARISON PETVEINT THE PYROLYSES UF POLYVINYL ACETATE
AND POTLY-TERT.-BUTYL VRTHACRYIATE,
“hile the pyrolymes of the twe ester polymers,
polyvinyl noatote end poly-jert.~-butyl methaerylate, show
#some general similorities a more detailed esonsideration

ghows that there ave some differences, "hase would
have to be tokon ints ascount in sny atternt to exomine

the kinetics of vpoly-tert.-butyl methnorylate degradation
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- FIGURE 47 PYROLYSIS OF POLY-TERT-BUTYL METHACRYLATE AT i192.5°% O

IN  PRESENCE OF BENZOIC X, NAPHTHOIC A AND

3:5 DINITROBENZOIC [0 ACIDS.
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FIGURE 48. PYROLYSIS OF POLY-TERT-BUTYL METHACRYLATE AT 192.5°C. O
| IN PRESENCE OF 35 DINITROBENZOIC ACID
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‘{ X 1o
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in greater detail,

The most obvisus difference is, of course, the
eaaurtaaea-af»a @ayelymeriaatign reaction, wm;ch raigses
experimental ﬁiffi&ul%ieavig_tﬁa determination of the
initial lao-Puteme production vate,  Apart frem this
difference there sve distinetions within the eater
deconposgition rezotion iteelf,

| The chain egter decompositien in polyviayl scetate is
initiatsd only in the region of the chain ends.  The
guentity of volatile product fron ithie desomposzltien of a
secondery sster grour 1 rezsrded zs nezligeadble coupared
with the guantity produced by the propagaition step.
With poly-fteri.-butyl sethaerylete initietion ie apparently
a randon procees and being the deeovposition of & teriiary
ester it way not b2 quantitatively negligeable ap an
dgo~-tutene preducing ztep.

Although the propagatien step in poly-igrhe.-tulyl
methaerylnte pyroliysis iz predominetely a reaction along
the obain, the ability ¢f externsl neids to catalyse the
renction showe hat secld groups on one ahein asy cavse
decompogition on & neizhbouriay chaine fush inter-elwin
prepagation does not ocour in nelyvinyl acetate.

Tntereotion and fermination of growing reaction chains
in polyvinyl aseiate nyrolysis are unoowion, ith poly=

Lsrhe-tutyl methacrylate, retoval of acid setive sentres
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eccurs on avhydride formations Tt is probably the
neutralisstion of acid groups by this process which prevents
the intereshain propagation from mmnmgsimmt. It
will confine the propagation to intra-chain resotions in
vhich ench aoid group takes part in the "bieunit® process
only onee, |

Two other renctions which may ocour in poly-fert.-
Butyl methmerylate pyrolysis ut heve no varallel in the
enrz of polyvinyl acetate are “tranafer” and sleohol

produation (“ternination®)

1t mey be possible for secld centres
0 pass ﬂm'wg‘*z Zerke=butyl emter groups without decomposing
then, much ae they do with methyl esher groups, (page 187).
A1though the diveot

formation of aloohol Prom on acid snd an ester groun is
not quantitatively detectable (pages 114 snd 108e) it might
be important from n kinetie aspect since it would represent
a Ybreaking of the intraechain promosation resetion.

ESTER IDHGRATATION U POLYIR TV WITATION 70 TOTER
TR RONTTION TN QUHIR TNIDIA.
It hmo been chown that {the polymaer s;%wa*&u:'e fovours
an “seid entalysed pyrolysis reaction®, The snalogy
with eeriatn types of eater decompoeitien resctions in

nolzr solvents har bean pointed out,. %t is intercsting
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te consider to vhot extent similar resctionsz oceur in
less polar medin,

The exigtence of an autoe~catolytic remction in the
liguld phese pyrolyeis of jeri.-emyl acetate is very slearly
demongtrated in the resulte of one of the earliest invest-
igations into pyrolyeis ?@&&tiﬁﬁﬁ%ﬁ The reproduced
figure 48 shovs & cuite rouarkable reosenblance to the
resulte obbtained in the static system (peges 51 and 112)
and presumably sre due to zuto~catulysis by scotic acid,

The acld vetalyped reversal of the liguld phase
pyrolyeis hae beon dupacnstreted by the altermative
gynthetic rovte o fort.-butyl esters by the resction
betveen methacryliic acid and jgg-butene (paze £8).

Une would not expect éiluvie vopour phase pyrclyeis
te show acid cntalyeed effcots particularly when flow
systenc are used, owever, such conditions may be
veparded an id@ai.@na in yractice nany pyrelyses which are
ppporently %verour phase” de in foot taks pluce on surfaces,
vhere the conditions ave likely to be similar to those in
tke liguid phese or in {the polymer chain, iméer these
gonditiong catalytic effects of seid have been postulated
on several eaeaaiéns; Thus Youbnan, van Jtesnis ané
Eée?tjaslﬁ reported that primary esters €1d not decompese
at 500°% unless & carbon deposit was present, and alse

that trzees of zeids wers assoclated with the deposit in
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FIGURE 49, PYROLYSIS OF TERT-AMYL ACETATE AT I55°C
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CHAPTER » Vi

PIRCLYSIS OF AWEYIROPOLYMETHACRYLIC ACID,

Actording to Schildimecht's "Vinyl and Related Polymers’
polymethaorylic seid breaks down at 3509C t# " €O, and
volatile hydroonrbons *, It would be mimple to explain
this result as the decompositien of polymethacrylic acid
bty deearboxylation te CO, and a polypropylene ohain whieh
at this temperature is lmewn to break down to hydroearbon
fragmenta:

Dk CEg B ong By czza

dom égbn 60‘&{

CE, H, CHy H, OH, Hy
o - T éﬁg’\ f}g‘\g;ig"ww
‘L B

However, ns has been shown, pelymethacrylie acid
would almost certainly lose water with formation of
anhydrepolymethacrylic seid at much lower temperatures,
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and 1t is not irmediately obvious how sueh products as
those above might arise from the snhydride. Accordingly
$t was thought that 1t might be interesting to investigate
the breakdown of an suthentie sample of anhydropolymethaer-
¥iie aoid,

The high tenwperasture breskdown of anhydropolymethaerylic
avid is aleso of interest in conneetion with the depolymer-
{sation of polynethmerylic derivatives, . Although
trooee of methasorylie acid arise from the depolymerisation
in the pyrolysis at 200°C of both polymethacrylie acid and
fits Lert.~butyl ester, monemeric methacrylie anhydride
wne never detected, It would therefore be useful to
find out if, vhen the residue does break down, chain
seission enly ccours after Yside chain® anhydride
decomposition, or if chain scission can ccsur with production
of nethacrylic anhyiride or fragrents containing intact
six-memdbered anhydride rings.

TECTADATIONS I TID DYUATTRC "MILEOTIAN 87ILL.
' For the first degredation of anhydropolymethaorylic
acid; & 50 mg. semple wes prepared from polymethserylie
seid by prolonged heating at 200°% by the usual method
in the dynamiec molecular atill,

The temperature was them raimed to %30%¢, at which
teersture volatile naterials ave evolved slowviy. The

rote of production of volatiles deercases slowly from the
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start of the resetion but in still detsetable afier 14
hours heating,  The simplieity of the wvaristion of ,
volatilisation mta. with tine, contrasting markedly with
both aedd and fept.-butyl ester degradations, iv offmet
howaver, by the complexity ef the reaction produets,
Clened aysbem *Pleani Tepts® carvied during the degradation
ghowed that the products inelude mﬁmmﬁé'@a {’5?*1833 which
do not eondense in lleuid oxygens At the other extreme
of volatility there are produets (Vi) which, although
volatile st the degradnition tewpersture, condense to form
8 yellow layer on the mides of the glasw envelops and on
its contents, inciuding oven the conler parts of the
eopner powder covering the degradotion traye . At the
ond of the 14 hour perisd of Zeating inveatigstion showed
that produets (7,4 and Vgp) of intermediate volatility
were presant. “heir enalysis 1o disoussed below,
The residue of non-wolatile material and that part of the
yellew fraction otill on the eopper smounted to 327 of
the erigim anhydropelynethacrylic aeids

In va.n effort to bring about more complete resction in
s ressonable time, the degvadation was contimied at 380°C
$111 production of volatiles wos negligeabls (5 hours).
The moet noticeable feature of the degradation during this
Qta@;& was that the yellew asurface layer on the hot copper
steadily davkens €111 it is black, Tven after this
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prolonged degradation thert is still e residue of 21 of
the originel anhydrides It was found that thie is &
Bleck 'mmgm present throughout the copper powder and
not simply as & layer on the bottom of the t¥ay,  This
mfzgemta that meh of the rmetiam takes place not on the
uniforn zma‘zemimm surTaoe, %m'és wi thin the aevariﬁg |
eormer ywder; and conpists of the emwﬁm’y broakdown of

the yalz.w partially ve:i atile “zmcwai, Tyen if the

wm@z‘ ia nei. exerting o chenical “eu ﬁmmicz“ u‘ai’lzzexwe,
the rmaﬁim is Lrdeing p’&a&a in non-uniforn temperature
mnﬁitimm | | N

‘Purther’ degwémims at 5300 of ‘!;he produet from
both polymethseryiic acid and poiy-fgrhe-butyl methacrylate
eonfiymed that o wide renge of velatiie products oeours
snd 'bhat‘ there is clvays o residue amounting to 20 -« 85
of the aﬁhyé?sgpalweﬁﬁaawiie soid, no matter the length
nf the degradation. These experinents also comfirmed
that the a.m. e 2t lonot dn i%o present Torm, is not
mitaé m for gual itative inventigation of thig degradation.

In view eﬁ the aamx;lmw of the proviem further
inwut&gaﬁmw were limited to a preliminery qusntwkive
examination of the products by infm-»raﬁ analyc:ls mxe-
nented 'by gfm eahrm%:&ma}ahy.
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HEGRATATIONS I¥ THE SECONDARY SYSTI AND THE PROIICTS
OF THE REACTION

All the results discussed below were obtained frem
" anhydropolymethncrylic acid prepared fron polymethacrylic
" melds  Tnless otherwise sspaeii‘wé the anhydropolyneth-
aeryiie acid wee heated in the clesed secondery system for
mea hours at s&0° 2, no copper wes present.

With t!m Tefube };ﬁm get tren ivsersed in mzﬁiﬁ oxygen

| a measurabdle precssure develops in the syatern, duviag
desradation, That the renctien is a rapid one at 380%
‘ean be Weé Fxpe the oboervasics thot wmore than half the
$otal wmmm deveiops within the Pirst ten minutes.

& 209% 4his "holf 1life® of the reactien is spproximately
24 hours. -

After three heurs st X90% these preducte were sllowed
to expand mw the evacusted lufrper mi gos coll. Although
the prespure of the uproduets was snly 50 mm. snd amﬁaa@uﬂmw
the epeetrun wealk, the vmwmr of zases volatile at ~18% %
is 1imited, so thot ww* ifisaticy of the products was
fairly sinple. | y WA iﬁenﬁifiéﬁ Ty the
twin pbteorbidien w'” s ab ‘”M’L ond “1&*» o 1. hrdrooarb
{CulT absorbtion at 5080, 000, and 2099 em ) wiag identified

- by the ahzep absorbiion pealk at 130% Q?E%"l'c

- In order to cenfirm the ldentification of these produets
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8 saiple, unavoidedly miwed with alr, war withdrawn from
the oell m injootad mfw & powdered n}mwal goa ehswma-
togmm’h&e eolum, The patiem of @m%:im paakm shown
in ﬂgg‘w@ ﬁgp bmm B striﬁdng resoablance to the pattem
_g:lvm vy e eml»fmafwir mizture, “he maxvz,emz,

pesks w@re mm*%;};?ﬁ ed by ing Miv’w zxm&% of wir anﬁ
single ccmpmem‘:f sir mixtures onto the colum. Yotk
miy &es this result awﬁm the presence of m’i&m
m»wxama aml nethone but ﬁ; ama indi exs.teas t:?m: hyd

ie o aegmda*&wn nroduct.

Voro SErefiotn volatile st -78°C in wepewu
| ‘ﬁw elution peak ﬁa‘&%em vesb'm;ineé from a sanple of
these _ztm&mt'a on & é%fiii.e;eéae 501 / Celite colum is shown
in figure §.  The larmest of the three meparated
eomponents has 2 sinilar rotention time to e:itker 3 92
Iiyﬁmmm or carbon dioxide. The lenst wlatﬂ,e
pubstance hee o similar retention time to €, hydrocarbons
such as tutene-l or M&-‘ﬁmteﬁ@. Sinee thls rertioulay
colum packing is imown to exert no mmﬂia abgorbtien
effect and compounids ave usually cluted from it in the order
of their ‘mnmg points the small second pm is likely %o
be dus to o t"a hydrocarbols

“he producte were identified by mﬁmﬁw of the
infrasved wwtmn of the &;;aww at &8 wm, Y presourd.
waa rew@gnised by the strong single peak
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Voig3 + AIR COAL GAS + AIR . Ha
2.0
; 2
‘3. CO
QA_CHg'
2.
4 CHARCOAL 50°%C
| 51/he N,
FIGURE 50 | INLET ATMOSPHERIC
1
3. I. C02
2. H,C=CHCH,

3. HyC=ClcH,),

SILICONE 30l / CELITE 20%.

FIGURE 5lI.
l‘./‘\f. N2

INLET ATMOSPHERIC

PYROLYSIS OF ANHYDROPOLYMETHACRYLIC ACiD) GAS CHROMATOGRAMS.
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at 350 om™ ", with veaker peeks st 3640, 5540, 720 and
869 um‘"’l The preamu of an unsaturated hydrecarbon
is indioa.taa by C—1 mmmsng vivrations at 3070 and
2050 em"%, C=C stretohing at 1660 em"L (vesk) and CeB
 bending about 1448 om © (wesk),  Tdentiffostion was
pmviﬁad ‘by ‘tﬁm Iﬁ-eamee of 8 gharp peck at 88Y m }'

which 193 aharac%eriatie cf olefing of t}w etmstm'e

: \a

The ma};y enmmtmd wﬂsistmt wim the ga.a e}xrmtagmpw
mm}_ts mé amtaimng tkia greupi;m 13 tha simplest,

Ot
‘e:e’\' 15%
N

The smellest component hes beem identified, with o falr

ige-butene

éagme'ﬁf mﬂamw, R:% ] mm by the presonce of & smell
but diptinet peak st 912 em b,  Abeorbtien in thls

region im sharscteristic of olefins with the structure

% R
N
y: A -5

and it is the strongest pesk in the spectrum of gonmpounds
such as propene and butene-l.

In sddition to being produced in the degradation at
380°C in the slosed system, similar produets were detected
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trom runs et 530% and 500% in the aama gyshen and from
runs in the d.mes. at 380°C and 230

By measuring the xammmr% developed in the sane
volume by v w183 &8nd Yy the volume ratio V.ign / Vg
was shovn to be approximately /2. Since V.. consists
meinly of carbon dioxi dey the latter is undoubtedly the
largeat single “siwple® degredation proeduct of anhydropolye
nethacrylie acide Rough estizniions based on the
pressure at -78 e in & newn wvoelume indicabed that it

aﬂcunm te about 70 of the eriginal m}xyciriem.

Unlike the products previcusly d:*ismwm& %ﬁare ig no
c:!.eaxweut separation of Vip from less volatile products,
and it generally contoing some of the y'eilw material
eharacterigtic of Vipe which a2 will be showm, is clesely
related to the degrading polymers snd the nonewvolatile
2‘&351&1&1@;

Only 'bw products could be positively identified,

Iven fron degradations in the secondary systen the
preductes inelude ymier, recognised by its insolubility
in organic #alwmﬁmg teate showed it te be meoidie,

Ex&mivmﬁim of the mpeotrum of a dried solution in
esrbon tetrmehloride confirmed the presence of an acid

{ non-bonded ‘}u‘fi stretehing at ©B5B2 m‘lg Cw? and bonded

OuT gtretching %970 = 2800 en”r, (=0 stretehing of

monomer at 17355 em™1 and of bonded dimer at 1700 cm’l)
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The low carbenyl freeuency snd the presence of & -{ﬁgg
stretohing peak at mm o™t eugzested that the meid was
wnoaturated. Dy a2 cvude reetional distillation it
woe possible to obtain & sample free from wabter, snd so
obtain the semvlete svestwum,  "iis conteins 51l the

pecks scusietent with it being methser

Ve (enéd Ty} somples slwveys poseess o éﬁtinet,
although unvecognised smell, quite different from that of
methasrylic meid or suhydride.  "hie appears to be
serociated with the yellew celourstion end certain infrae
rved ebsorbtion peslks sdditional to those of methacrylie
acid, Thene nre extra CeH gitretehing and bending
vitrotions together with a pesk wt 1760 on™r, A1though
thie ilntter nbeorbiion dissppesrs cn treniment of the
eerben tetrachlicoride soluticn vwith cither water or ¥alH
solution, the fneh that it meems fo be s single pesk
argues against it being an anhydride carbonyl. ™nig
rensoning and stability considerations wwle a pervcride
cerbonyl oven lems likely, The most recsomeble
apnignmemt would meem to be elther sn gsber or lorge rd

u‘mﬁwnﬂ,

oz v 1 de ,
Thig substanne in deposited as & yellow layer mm the
sides of the reactisn tube used in the mecondary degradation

systen, Phyniecal examination shows elearly that it is
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not » single aimplé substanse but s range of preodusts,
fron & brown solid glose eclosent to the degradantion
surface to g light-yellow visoous licuid at the top of
the tube,

The seolid state infro.red spectra of different sammles
showe too that it has a variable composition. Some mpectra
are besieslly similor te those of asnhydropolymethaerylie
seld with edditional O«¥ gnd C=0 sbserbiion consistent
with the presence of gei Other mamples in
which there ip very little reridual anhydride absorbtion

Q% 1795 gnd 1096 vt ghow, in sddition to the aeid groups,
gtill more comolex mpectra im the U=0 stretehing region
with pesks at 1760 and 1775 em"l,

It seems reasonable to eonelude that this fraoction
eonsists largely of omall fragments of the polymer chain
and that under most degradation conditions it ie undergoing
further decomposition,

This material is black, A typieal EOCY diee spectrunm
is showm in the Appendix of Spectra, 3 9.

Frobably the most significent feature of the spectrun
is the presence of & broad abaorhtieg peak at 1600 GM~1¢
& region asgoeiated with extensive ~ﬁ=x; econjugated
ehaing, Other samples show this peak as low as 1555 em™ L,

Together with the black eoclour, thie sugrests that the
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backbone of the polymerie residue censists of a highly
unaatu:atﬁd eonjugated chein |
S N T Y T B
Al =0 (= C— 0= — (S~
W&um of the presence of many uneaturated groups
1t would not be safe to drew any nenelnéi‘aw from the
frequensy (about 1700 an™l) of the carbonyl pesk. Even
the presense of O-¥ abaorbtien does not neceesarily prove
that seid units ere present sinee the obmerved separation
of O«H and Cu.11 mmteh;mg frequencies iz not usually
obtained with solid atate speetrs of aeids, The O=-H
absorbtion evuld be due té moisture in the KM,

With se uvh of the degmd&ian preduet velatile the
use of the EC1 disvorsion degradation methed wem not very
satiefactery., It was however poseible to show that
prolonged heating (24 hours) in veeuum at ©50°C nad ne
effect on the spectra of anhydropolymethacrylie acid
pamples. Towever, 15 hours heating in vacuuwm at 270°C
resulted in apprecinble lose in intensity due %o
volatilisation, and the development of 1700 and 1600 om
peake in the residue,

1

Similar experiments showed that anhydropolymethacrylie
acid was stable in atr at 200°¢ tut changes in the epecira
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similer to those nbove, occurred on heating sa
24 hours in air at ©80°c,

mples for

DECGRADATION OF AVTYDROPOLYMETHACRYLIC ACID BY ULTRA-VIOLLT
IRRADIATION, |

-ﬁaﬁﬁ& dige coutaining enhydropolymethaerylic aeid
was expoeed 1n air to the unfiltered vadiation of the
‘ultre~violet lamp.,  Tven ot room temperature, infra-red
- gpectrel changes talte place, vhich are comsistent with the
ocourrente ef receolions sginilar %o thesme whose products
" have been disecussed nbove.

The anhydride carbouyl peeks ctendily deeresse on
ivrediation, “he PTiret detectsble produets sre seid
1 garbonyl
and bwroad {“bonded") D=1l abmorbiion in the regicon 7000 -
3300 um'm. and curbon dioxide trapped within the dise,

1‘ Tater, when most of

unitsy shown by the produetion of e 1700 ow”

shovm by @ penk nt D7ED om
the snhydride hes been renoved, peﬁga at 1760 and 1735 am“l
een be distinmguished, but as before cermot be assizned
to o definite gtructure, Lfter vrolonged exposure
{10 deye) only the 1760 on™t pesk is left.

The inetebility of the anhydride to ultra~violat
irradintion ie not due to the polyner strueture. It
woe shown using the same techmicue thet both suecinie and
glutoric snhiydrides é@@empum@ on irvadiation,. in theese

eeoes only seid and earhon dioxlde were detected.
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FIGURE 52. PHOTOLYSIS OF ANHYDROPOLYMETHACRYLIC  ACID.

SPECTRAL CHANGES [N THE CARBONYL REGION.
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Isgebutyric enhydride in & silice tube alse decomposes
on irradiatien, with the development of o deep golden-browm
wzmum. enly =»n acid product was detmta&.

INSTABILITY OF ®A'TYIROACRYLIC ACID®, B

During the investigetion of the desradntion st 2£00%C
of polysigrt.-tutyl Mrymm‘“’ 1%t was never possible te
L obtein e spectrun of the residue whickh would show 8s
complete anhydride formation as ebtainable with the
methaorylate. Tevartheless the water production was
- gonsiptent with enhydride formation, and the weight loss
| vas, in some cozon, even in excess of that thesretically
reculred, Tt wan suggesied thet a further slow
éecomposition of Ymnhiydreacyylic ceid® was ocourring,

The problem haos sinee been re-camnined gnd the latter
ecnclusion oonfirmeds thus 1% has been shown that on
pro}.angml degradntion at 206”5. ayprecisble quantities of
garbon dioxide ave pmétmédg particularly in the later
‘stagauj. | The residue m been shown to contain very
| 1ittle endydride tut mmy gatd wnits ,
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POSSIRLE ROUTRS TO TMTINR 3TUDY,

Anyy future invostigetions of the pyrelysis of
snhydropolymethaerylie acids or polymethacrylic anhydride,
mast sumly?tmt with a detailed mumztimtiw‘amyais
of the products,
| Tor o conventionsl snelysis of the gnseous products
it would be neecessory Lo worl on & somowhnt larger scale,
consegquently inerensing diffliculiiecs of non-uniforn
temperature and elow dif‘fuaﬂ.fxm, Towevey it should
prove posaible by the &’tﬁﬂ.};‘é:gﬁﬂ and calibrotion of gas
chromatographic avparatus to anslysce the gaseous products
by this means, ilternatively or additionally, the
analysis of all the gaseous producte except hydrogen
¢ould be feiriy ai-nly done hy an Infrae-red techmigue.

It mey be possible to identify the Ylactone® by the
preparetion of & larger cuantity end studying ite chenieal
propertiog, For the guantitative anslveis of the
liguid products the yresence of woter and geid raices
difficulties to the ume of wupeour vhase chromatographys
The orgenic eommponeonte could vrobably be anelysed more
readily by guantitative infru-red methods.

With regard to ??3‘5” its solubility in benzene should
allow moleculer weight measurenents by eryoscopy to be
made, te determine if it ig in fect 2 low polymer,

One teclmique which has proved ugeful in the
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investigation of pyrolytie reactions of polymerm which
break down to o range of prﬁ&ué%k,_ia,mass,sgéetramaixwflg:
T™his ﬂpﬁid‘b@ uaeful beth-f@r a>qua1£tativé andvquantiﬁative
gnmlypiag and might even be umed for 2utﬁﬂmeaa&reman§$

in sanociation with a dynamie mclesular still along the
lines sugzested by~zamany%lg

POSCIBLE TREAKDOVT HOUTES,
’ vithout a detailed quentiitstive mnelysis of ihe
yproducts end rete nessurenents, auy meehanisns for the
pyrolysis of anhydropolymetiserylic scld whieh san be
proposed met be largely speculative, Heverthelons
the following sugrestlous sey serve 5 & besis for farther
investigation. |

The presence of quentities of o meterial wolatile
enly at the ¢egruintion %émp@f&%u?e‘guggaats that chain
scission resetions sre ccourriugs but the sbuence of
methaerviie anhydride showes that depropsgetion ie
unirportent, unless methnerylic anbhydride is belng rapidly
and completely decormosed. 7% ceems likely that the
initial resction is snotuslly the deocomposition of the
anhydride groupins.

'Wot & great denl of work has beem weported on the
decouposition of simple anlydrides,  One study on the
decomposition @f‘aaeﬁiﬁ'anhyﬁri&elzv suggested that at
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£00% 1t decompomes by two mechaniems, one radical and
one intrameleculars The latter, with the preductien of
scetic soid and keten, is annlogous te both the p¥ alkyl/

oxygen and ¥ aeyl/oxygen sciseion reastions of esters:

"'{)‘\e Paai ' ,o ;rz,
t . n

z . =

9 « HipC=C=0

Vhile anhydropolymethasrylic acid does not poswess the
necessary o(P)I atom, salydropelyscryiie acid does,
end 1%s greater instsbility may be due %o the ceourrence
of thig rmtien; followed by further dmmosiﬁim '
from the ksetam EYOUDEs

o LR SR P:

¢ G-
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In anhydropolymethacyylic seid enly the radical
mmﬂm is 1ikelys

OFy Tp CHy CHy Ty CHy

[ Org Hp Cliy on ¢
(2l | | Set ] ,l% e

8o G T <o e >
d 07 0 0

It is elear from the V ,gs / V_ yg Tatio that
decarboxylation and decarbonylation cannet be the only
recctions undeorgone by the twe radicals, The presence

of produets retaining ecarbonyl groups suggests that other
reactions eecour. Hydvogen pbatraction would result
in goid (detected) emd wQ (mﬁa‘bwteé) groupings
reopeotively,

Anhydrides vith rings larger than sixemembered
decompose to ketones with elimination of csrbon dioxide.

Foraally at leagt this can be regarded as griging Tren
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the union of the two parts of a di-radical after decarbe
exylations  Vith vings of smaller size ketene
foruation bas never been reported, tut in the ease of
suceinie anhydride “’9 there is some fermation ef
di-lactone by the addition of a thresentom fragment to
$he earbomyl group of sn suhydride moleeule

Hﬂc/g ;@@—«f e £

+ —_—n E@ﬁ\ /
52&._ ‘ch—-e’ Hac\/e\n
. . e“q‘a

Hs

An mlwama veaction might sccount fer the formation of
additionsl m‘benm poaks in the dmﬂm m‘owets.

mth m vatie U / ¢ of most of the wlat:l.za
products fatrly high, 4t is net surpristng that the
non-velatile residue is highly unsaturated.  Flimination
of methyl groups as methone mey pley seme part in the
development of the dark colour, ’
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SUDMARY

It has been ehown that anhydropolymetheoryiie mclid
decompoues at temperstures sbove 270°C,  There im a
wider range of produets thaon cen Ve covered by the term
"earbon dioxide and volatile hydroearbons®, but mensmerie
nethagrylic snhydride is not detestable.  The Pesetion
mechanisn &8 probably s complisnted one, initiated by
the radieal decompomition of the anhydride.




CPAPTER VITY

. OENERAL DYSCUSSION

Although sumnaries have been made at the ends of each
ehepter giving the main conclusicns drawn from the results
eontained therein, it is pasﬁapa appropriate to consider
riefly a more genecral outline of the work completed and
at the same tine to suggest pessible lines of further
investigation.

It has boon esinblished that the sster decomposition
reaction is quantitatively the rmost importent reaction
leading %o production of volatiles during the thermal
degradation of poly-tert.-tutyl methzerylate. The
previocus report that the resction displays aute~catalytie
features has been subsiantiated both by measurensnis of
retes of m;'wterz@ production in high vacuum, and also by
infra~red studies of the residusl non-velatile fraetion
uring degradution. Frincipally from siudies, by beth
these methods, on the degradation of cepolymers of Lart.-
Mityl methaerylate with other monomers, it has been
- possible to show that the emter deecomposition reaetien
eousists of twe processes related to each cother in a

manner resenbling the initiation and propagation processes
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of a ahaih réaaﬁem. . %we have rénpéetwelir a

’ ’*mnenuuit" and & “bieunit® transition state ami ghow
almm Mﬁgiu both with olo:t:m elimination and aster

"wmmaa waaeﬁmm such ag oecur in w}.aw aelvmta. |

’?Iw ”aazm*mmw* x;a.wra of the pwnga%ien step has
'&wm i‘m.*fahsr denonntrated “uy *&ne action ai’ externsl aecids

- on the wter dezomonition.

With rezard to further work on the ester decompesition
it would be interesting o see whether there is any
correlation betweon the efficisncy of the wxterusl aeid
es o ootalyst for the pyrolytic ester decomposition end
ite wveld strength oy weasured by its resetion with water
(p& value), me has been indicatea (figure 47, psge 202).
While it would obvieusly be desirable te measure the
individual wete counstants of the two or more ester
decomposition procenmpes; the cecurrence of depolynmerisation
and anhydride Tormation resections raises difficulties in
the aoocurate nemsurement of the rate of produetion of
dso-tuteney particulsriy in the important early stages of
the reaction. Une wey in vhich this diffieulty might
be overcome would be by a refinenent of the present
tecimique by eombining the tewperature otability and
repid removal of volatile preducts of the molecular still,
with the ease of separstion and sptimmiion of small
gquantities of waterial made possible by ges chromatography.
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If thie was possible then direet measureseut of jgo-butene
‘production eould be achieved,
| ft hag heén olesrly eatéhiiahaﬁ thet polymethaerylic
aold is nnﬁkﬁearly as gtable to heat as had previously
‘been é&ﬁpusa&s 1t has been showm thot the main reaction
écﬁurring with polyacthoorylic ceid at temeratures well
bel@w'ﬁﬂﬁoﬁ‘a@ anhydrdde Pormntion by the interaction of
peirs of adjacent neid units. Ttudier on this resctien
in paytieular and %o v leoseor extent on the eother pyrolytic
reaatiéﬂa demonstrnte the usefulnens of inTrowved technigues
in following ranctions of DOiyaerse I% s been ghouwn
that the rate of degradation in bulk is controlled by the
vate of dlffusion of the wsier produced in the rezetion,
This faot together with the non-availability or non-gpple
ication of infra-red exmaiunntion probably acocounts for
the failurs by nrovious workers to detect this faiely
siple thermal desradation reschien, Fith regard to
further work, we fecl that the infra-red teclmigues
employed in astudying this rveaction way prove useful in
the study of other reactions in which struetursl changes
take place with the formation of both velatile and none
volaotile producte,

Both the ester decomposition and the unhydride
Porwmtion reaction zvre examples of pyrolyses ocourring by

nen=-radical mechanianme, Aithough it is possible to
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formlate iniramolecular troneition states for the
mechanigns of these reactions such that chergen are never
separated, it doer seem elear ihat thay pomscss & close
relationship to certnin resctions whioh are heterolytic

in pelsr solutionn,  Similar conclusions have been arrived
~at in recent yeoars by soveral worlers siudying the pyrelytie
recctions of model nompoundse

The remeining nyrelytic reactions ammibec% iy this

thenls are of the usual radionl fyvpes — They include the

-depelymeripations of poly-fart.-Tulyl methaorylate and
polymethacrylic acid and the finsl breslkdown of anliydroe
yolymethacrylis acid at an elewmted tenperatures — The
depolymerisations of Dboth poly=-feri.-butyl methzerylate
and polymethacrylis~ ncld bad net previously beem dotected,

pide a:iémin estar rwﬂwcm%za and m@ﬂrid@ femﬁien
rm{mam; thu would seem m oPfer the mast scope for
further iﬁveaﬁigati@m

All the evallsble evidence obicined In the present
worls 1s consiptent wiih the depolyierisation in chedns of
purs poly-~fopt,-butyl ‘?‘ﬂé‘%ﬁﬁﬁﬁ‘ﬁ?’;ﬁﬁaﬁ@ untlte being sinilar to
the well %tﬁ:‘h}.iim“‘d depolyaerisation of polymethyl
m@ﬁh&&ylme, The mopt intorenting featuve of the
depolynerisation is hovever, the ofTact of the nroduetion

of ceid and gnhydride unite in these chaing. They bring

about inhibition of the depropagation or monemer producing
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reaction,

The Behevicur of copolymers in general tevards
demlmmimﬁm ig Vsry 1wgaly en uﬁmlareé field
worthy c:!.'_ Puture mmat%gw&.em» However, the partioulsr
cuse of degrading polyefert.-mtyl metimerylete is iteelf
_am@ulmly ungulted ne a starting point for this study,
sinee not only are there three units to eonsider (tert.~
butyl ester, acid and anhydride) tut alme the cocurrence
| of the fs‘i-ép @Emin reactlon resulie in 2 coutinuslly
varying compouition of the tev-ccvelyer. This latter
objeotion has becn svercome, while atill stoyving within
the m*&mw‘ﬂme gories of pelymevs, by the situdy of a co-
polyner of nethyl ""w'%mmmmw ms:z methneryiic acid,
he expected this =oterial is more resistant to depolynerw
isation than ic pure polysetlyl methoeorylate, Becsause
this substance does form an anbiydride it was not possible
to deolde divectly from this exverinent whether the seid
or the sahydride unit ig responsivie fer the inhibition,
Fowever the producticn of traces of metlmeorylic soid
from the degradation at 2009 of copclymers of methaerylie
eold with beth fept.~butyl and nethyl methacrylates, from
pely=tapte=tndyl asethacrylate ond from polyaotheorylie
acid, together with the absense of wonoveric anhydride
frem these degradeiions and from degradations carried out

at tewperatures as high as 380°C @11 combine to suggest
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that 1t is the snhydride unit which is resistent to
~ depropuagation, |

Logioally the mext step in this investigation should
be the exemination of copolymers of metlyl methacrylate
eontaining pre-fored onhydride tndte. “né pousible
co~npnoner iz methaoryiic anhydride, | This im likelsy
to result im both eross-link and internsl simenecbered
ring units, = The close nimilarity of struecture hotween
eatargy aeld mnd eoongelink cnbyviride load one to suspoct

thet the vinz unlt iz thet reovomsible for inhibision of

cdenropagation, “h is obviously desirable therefere
to exemine copolyners in which only ring unite are presmi,

The lmsmam sopolyrers 6f methyl methaorylate and mnleie
pnhydride offor ths vosaidbility of atudying the effect of
& Tive-membercd anhydeide ving wnit,  In ovder o
obtain the more atrietly eompaveble six-nembered snhydride
ring unit 1t would be nesesvary to sttempt to copolymerige
methyl methaerylate with an af unsaturated glutarie
snhydrides

H
"
s @
o ks

The study of the high tewpersture btreakdown of
anhydropolymethaorylie acid is still in its prelininary



steges and en inddeption of possitle appresches to further
ptudy hea been givens In addition %o 1ts bearing om the
gtebiliping influence of snhydride unifss the pyrelytie
and photolytic breakdown of this substence would have %o
be sxwriined before eny progress could be made in the
etudy of the pyrolvsss of poly~-cilyl nmethmerylstes
poesessing }{B’F zz;&m;z;.mﬂ& therefore suacendible 4o ester
decompogition cnd subsequent snhydride formation.

The béhaviour in polyasrisciion of seoryviie adwdride
is somevhat abnormel, wé heve sugpested thet this is aleo
the cose with nmethrerylic anhydride. The work demeribed
in thig thesls storted with an investization of the noly- |
merisation of Lorb.~mutyl methacryiste from the resulis
of whioh it vee ooncluded timt pelvmethyl and poly=ierie~
butyl methacryliaten ghould be similar in proparties,

Thie has been borne cut by the existenos of & depolymerw
iention resction, T4 is perhapr sporopriate to cenclude
this thepls with o sugrestion thmt o sinllar eomplete
investigatdon inte the pslynerisation of melhaeryiie
snhydride weuld be helpful in elucidating the weason for
the stebility of enbydropolymethncrylic neid towards

~ depolymerisation,
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APPENDIX . OF SPECTRA
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