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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,

My thanks are due to the Oas Couneil for s Scholarship
during the tenure of which the present work was carried
out, end to Imperisl Chemical Industries ILtd., and to
Pritish Nydrocarbon Chemiecals ILtd. for the giftm of samples
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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”.



o P

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®,

E _C__H
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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
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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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FIGURE 2 VACUUM SYSTEM FOR FILLING
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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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
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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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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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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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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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