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SULILIALTY

S r— . 3

The degradatative reactions of Poly(nethyl nethocrriate)
are well knom. So by introducing =nother monomer such as maleic
anhydride, nethyl vinyl ketone or methyl isopropenyl ketone, alterztions

in the mode of degradation of HIA can be readily identified.

In particular, in thermal, photothermal and photodegradstion
of copolymers of methyl methacrylate and maleic anhydride, the effect
of maleic anhydride appears to be one of inhibiting the normal
unzipping mechanism of Fil.A while acceleratigg the degreadation by
chain scission., Because of the much increased rate of degradation due
to small emounts of maleic anhydride, cere in the interpretation of
the results had tc be excercised particularly during photothemal
degradation, since in some cases the products of degradation are not

detected.

In studying the copolymers of methyl methacrylats Zith
methyl vinyl ketone and mellhyl isopropenyl ketone, it wes found thai,
again, unzipping of methyl methacrylate is suppressed tut theh <he
normal ring formatlon found in the degradation of poly(nethyl vinyl
ketone) and poly(methyl isopropenyl ketone) is inhibited, A
degradation rate maxinum is found av 20~3C/ ketone content in plwc to-
degradation in solution.

Although the effect of solvents on the de;radciicn ol tie
naleic anlh dride copclymers is nnt thoucht to seriously sirech

basic node and rate of degradetion, chloroforw: assists the rloto-



degradation in solution of the methyl isoproperyl ccrolymers,
The reactivity ratios for ezch polymer systen are
determirned by a variety of methods including several novel uses of

PRy )

speciroscopic techniouvess The results for the maleic anhydride srstan
conpare well with published data but the reactivity ratios for the
methyl isoprovenyl ketone end nethyl vinyl ketone systers are

determined for the first time,



CHAPTFR Cila

1e The useful life of a polymeric material will wltimately
depend upon the envirormment in which it is utilized and, in partio-
ﬁlar, vpon the degradation reactions which that enviromment can induce
in the polymer. For this reason, it has been importent to obtain a
fundamental understanding of the chemical effects of a wide variety of
degradation agencies, including high energy radiation, moisture, ozone,
atnospheric pollutants such as the oxides éi‘nitrogen and sulpbhur and
even intermittent mechanical stresse [The three basic agencies, to
which all polymers are subjected either during fabrication or during
their subsequent useful life, are heat, light and oxygen. At the
present tine, a great deal is known about the themmal, photolytic and
oxidalive reactions in homopolymers, but in recent years copclymers
have found increasing commercial application so that it has becone

important to extend degradation studies to this class of materisal.

In this thesis are described some studies of the thermal
degradation and photolysis of copolymers of melhyl methacrylate in the

absence of oxygen.

Thermal degradetion simply involves the heating of a polynrer
sanple, normally as a film, powder or pressed disc uatil the thermal
ehergy induces physical and chemical changes jn the sanple. In

poly (nethyl methacrylate) and the copolymers exanined, the physical

-1 -



chenges are relatively wuinportant. The polymer merely becomes less
Viscous as the increasing temperature takes the sample through its
glass transition temperature and melting point, Although tha polymsr
chaing are mobile zbove the melting point and cooling caa cwise a
change in crystallinity and therefore an alteration in physical prop-
erties, the more drastic chemical changes at elevated temperatures have
provided fuel for investigations of polymer degraiation for nany years,
For example, at 250o poly(nethyl methacrylate) undergoes “reverse
polymerisation” aad monomer is evolved, while witk poly(methyl vinyl
ketone), no monomer is evolved, the main chemical process being sinul--
taneous elimination of water and ring formations

Photodegradation, on the other hand, is very much more conpli~
cated and many of its basic features are still not well understocd.
The energy is received in the form of photong which raises the molecule
from a singlet ground state to an excited singlet state, The moleacule
may revert to the ground state by emission of a photon (fluorescence)
or by radiationless transitions and the generation of heate In some
instances, intersystem crossing can take place and the molecvle will
find itself in an excited triplet level of lower energy. Again the
reversion to the ground state may be accompanied by photon enission
(phosphorescence) or heat, If the molecule has sufficient energy in
the exceited state, either singlet or triplet, dissociation or rearrange-
ment may take place. Reversion to the ground state way be accomplished
by transfer of cnergy between the excited molecule and a second molecile.

These processes are illustrated in FIGURE L L

-2 -



FIGURE 1,1
EXCITED STATES AND PHCTOPHYSICAL TRANSITIONS
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Photolytic procesczes can be separated into “Hwo grougs -~
primary and secondarye A primary process involves the immedizte
effect of the light on the absorbing molecule: deactivation throush
fluorescence, heat amissicn, cnergy transfer etc., or destrucbion b
transformation of the startinginaterial into new compounds, Jacondary
processes are the reactions of the mclecules, atons or radicals pr
duced by the primary process. One of several things may happen in a
gsecondary processs a) energy transfer, which initiates a chemiccal
reaction may occur through collisions between excited molecules and
other molecules, b) atoms or radicels produced in the primary process
mey react to give stable products, or ¢) the excited molecules may re-

act directly with other molecules in the system to form products,

If the cnergy of the excitation is grealer than, or equal to,
the bond dissociation energy of the Weakest link in & meclecule, then
Qleavage reactions may occur. It is important to rcmanber that, hecause
the absorbed energy may be transferred, the‘site et vidch ultra~violet
light'is absorbed is not necessarily the seme as that at which bond
rupture may take places Bond dissociation in polymers may lead t0 &
main chain break, ie. scission, This is one of the two principal re-
actions involving the polymer backbone which may take place when
polymers are exposed, to ultra~violet radiation, the other being cross-

linking,

The reaclbions occuring in a polymeric systeu wndergoing
photolysis may be classified as direcct or indirect. Uireclt reactions
come sbout from the absorption of a photon by the polyner followecd by

bond homolysis and the ZTomalion of degradation preducts, For exanple,



if a C-C bond is broken:-—

*

Pn+m + hv —) Pn+m

% . .

e —3 Pn + Pm —) proiucts,

In the indirect reactions, "foreign®™ molecules, volymeric
or small molecule impurities, or even other functionsl gzroups in the
same polymer become involved, They sinmilarly cen be.ezcited and under -
go reactions to form free radicals. 'These Qxcited molecules or
Vfragmeﬁts nay eventually interact with the polymer to give products
similar to those arising from the direct reaction. The reverse raaclione
may also occur:— excited polymer or polymer radicals may inveract with
the “foreign"™ molecules., These "indirect" processes cen lead to de-

gradation and they may involve energy transfer or free radical procezsess.

* &
P + S —) S + P
n+4m — nin
3 _—-\ . L 3
an + S S + Pn+m

These considerations leed to a dicscussion of the more imporitont
kinds of degradation processes.

1) Chain Scission
¢) Initistion. There are two possible mechenisise ‘e first is
randon initistion in wiich chain scission occurs at renlom peints clong
thé chain leaving radicals which tend to be luarge corpered to s monciier

o) s
. ' 27 . , -~ P L o < -
unit. The photodegradation of poly(methvl methacrylate) at 25°C is on

-5 -




exaiple of thise In the second mechanigs, encd-initlation, the bonds

Jeiming the end urnitvs to the rest of 4he chain zre particularly

vuinerable and are thus exclusively broken. fThe resuld is the foiua~
ion of 2 long chain polymer radical and on end-grovp radical, The
thernel degradeiion of poly(methyl methacrylate) (F27i) at 200°C is a
classic example,

b) Depropagation., This is the reverse of the propagation step in
radical polymerisestion, Polymer radicals pcel off monomer molecules
and again, the thermal degradation of PMMA illustrotes this,

2) Crosslinking, Under some circumstances wltra-violet
radiation can cause crosslinking, the fomation of intermolecular
covalent links which Jeads to a three-dimension:zl network, The polyucer
ultimately becomes insoluble. Crosslinking is usually associsgted vith
the reactions of polymer radicals formed by cleevage of side groups
from the main chain, The crosslinking may be by radical combination

~or by addition {fo an umsaturctcd site in another chairn, “hether or not
crosslinking takes place ig dependent to a lérge extent upen the
structure of the polymer, For example the labile tertiary hydrogen on
poly(methyl vinyl ketone) (Fi:VK) is readily abstracted and croselinking
may subsequently occur. In poly(methyl isopropenyl ketone) (LIIK) and
LA there is no tertiary hydrogen and so crosslinking does not

readily take place.

Yhen crosslinking does occur, it has a comsiderable cfiect on
photodegradation studies, It makes wolecular weight determinatiocrns
itpossible although sedimentation pattern and gel studies cin be nade.
Crosslinking aluo interferes with the determination of the raote of

evolution of volziiles. Thus the rigid structure hos e much higocer

- 6 -



bulle viscoaity wiich slowe down the raté of diffusion of volutlile
preducte from the desrading polymer and cince these croducts resain
longer ir the degreding polymer, complicating side reactions beesrc
more prcbable,

- 3) YVecomposition of side groups, This type of reacticn
involves e chemical change in o side group vhich results in the forme~
tion of volatile products and a non volatile regidue, In PA, the
ester side group can bresk up to form methane, wmethanol, carbon
nonoxide ete,

4) Rearrangeuent, A typical rearrangement is the cyclisation
of PMIK, in which the polymer is seen o cﬁange colour as double bond

conjugation develops.

Before exwmaining the degradaticon of FPlJiA and its copolyners,
it is necessary 1o review, briefly, the work already in ibe literaturec,
llore extengive reviews of degradaticn and photochamistry are

2 | g
available ? 21 514s e

2. The Polymerisgation of ilaleic Anhydride,

Maleic anhyaride is capable of cocpolymerising quite resdily
with many other moncmers including methyl nethacrylale bat it doesz not
easily polymerise, The principdb reoeson for this reluctance to
rolymerise was supposed to be the steric hindrance iunoged by <he 1,2
disubstitution of the couble bond of the moncneric speciec. The res-
cnance and polar characicristics of maleic cniyirive vere also meationed

as contributing o the sterically inhcrent non-hemo=polymerluolle

character.,



However, several workers6’7 obtained evidence that, i
occasions, adjacent units of maleic anhydride are found in copolymers,
Investigation of the styrene ~ itaconic anhydride system dsmonstrated
that the itaconié anhydride was capable of homopolymerisation8’9 and
this lead Lang and comorkers © +o attempt polymerisation using several
initiating systems, Although free radical initiation using
azobisisobutyronitrile at 1% concentration in molten mononmer produced
very small amounts of polymer, greater than 30% conversion was
achieved using benzoyl peroxide, High conversion waé clained when
using 0060 initiated polymerisation in several different solvents and
such a polymer had a molecular weight of 23,000 determined by light

scattering techniques,

Braun11, after polymerising itaconic acid, also polymerised
maleic anhydride usihg azobisisobutyronitrile and other radical

initiators but noted simultaneous loss of carbon dioxide.

From €.s.T. studies of copolymers of methyl methacrylate and
maleic a;nhydride12’13 the existence of adjacent anhydride groups in the
polymer chain for copolymers containing as little as Tw maleic anhydride

was deduced,

Polymerisation of maleic anhydride has also been achieved by

. 14,1
reection with pyridine to form oligomeric and polymeric products 4, 5.
Photoinduced homopolyn1erisa.tion16 in dioxane at 35°C vithout initintor

gave an oligomer of four maleic anhydride units and one dioxene nolecule

per molecule and a small quantity of cyclic dimer.




3. The Thermel Iegradation of Pely(metbyl methacivlztz)

P.iiA has possibly received mcre atvtenticn than any other
polyner in an effort to elucidate the mechanism of its devradatlon17'i7'
Ty - . . 28929 1 L .

Gracsie and lielville showed that almost pare nonozer is evolved
on heating FilA under vacwm and postulated an “"unzipping® mechanis: of
radical depolymerisation in which monomer units peel off from unsohurated

chain endg?>22

at temreratures up to 27OOC. For systeas in wnich the

molecular chain length is less than the kinetic chaan length, low

molecular weight molecules are cntirely lcst to the system as moncuer.

If {the molecular chain length exceeds the kinetic cheain length, meolecules

of reduced molecular weight are left in the system, These two cases

are illustrated by lines A and B in FIGURE 1,2, DBecause it ig inpo-
gsible for more than half the chains fto be terminated by unsaturaied

units, due to distoportionation.termination in polymerisation,

< - ' PNy
monomer weight loss canmct exceed 50% at temperatures up to 270°C,

However, quantitative yields of methyl methacrylcte have been
- 023 35 R h) 3 e
obtained at 300°C°°?77 and this has been explained as due to randon
scission followed by depolymerisation, Line C shows a typical

degradation profile at this tenperature.

In the present study, the molecular chain length gonerally
excoeds the kinetic chain length and therefore we should obacrve o
distinct modes of degradation - tie first, in which ronoser is peecled
off from unsaturated chain ends and the second ir wiY.ch nononer is
evolved after rendon nmain chain scissioll These reactionc wre well

: 15 A
j1lustrated vy the tecimique of Thermad Volatiliecaticon Jmalys s wiied

..9..
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FIGURE I.2§

Theoretical molecular weight versus volatilisation
diagram for degradation reactions
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is discussed in suhsequent chepnters.

4, The Thermmel Degradation of ethyl ilethecrylate/i"eleic exthririce

Copolymers

Uging tbe dynamic molecular still mc—;d‘.hod,29’34 Gragssie and

35

VcLaren’” degraded & 19/1 copolymer of nethyl nethacrylate and maleic
anhydride between 200°C and 24000. The emount of methyl methacrylate
evolved even at 24000 for four hours did not exceed & of the starting

weight, as detemined by vapour phase chromatography, indicating an

inhibition of the depolymerisation mechanism of PI{As

The molecular weight of the degraded polymer was measured by
viscomebry and by osmometry., In any particular degradation, the mumber

of bonds brcken was defined as

Molecular weight of undergraded nolymer - 1
Molecuiar weighl of degraded polymer

Bonds broken =

Plots of bonds broken versus tinme for any temperature are a measure of
the rate of degradation, which was found Yo increase with tenpecrature
and yield an energy of activation of 45.6 k cal./mole from viscosity

measurements and 48.8 ¥ cal./mole from osaometry data.

The infra-red spectra of the degraded =nd non~degraded
polymer indicated that the anhydride group is unchanged but the bond

next to it is broken in main chain scission.

With this copolyrer, Grass:‘.e-36 commented that volatilisation

- 11 -




% Volatilisation
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20 40 60 g0
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FIGURE I,3

Relationship between bonds broken and volatilisation

in a copolymer of methyl methacrylate (95 nole %)
and maleic anhydride (5 mole 7) heated tc 220°,




is not linear with the nuwiber of bonds breken, but exhibits suto-
catalytic behaviour (FIGURE 1.3). However, this is due %o the increased
number of new chain endes being formed as a result of increcsed chadin

scissiou.
YacCellum®! has proposed that Fifh suffers from “weak links®
in the main chain, Thus the initial rate of chain scission of PIlA

aﬁtBZOOC ig apparently greater than the rate of subsequent dsgradations

5. The Photodegradation of Poly(liethvl liethacrylate)

&) Thin film degradation. Small amounts of gases are evolved58-41

which arise from the splitting out of the ester side groups. These
are methyl formate, methanol, methyl formate, methane, hydrogen,
carbon monoxide and carbon dioxide, However, chain scission is the
. : . . - .
nain manifestation of degradation with no crosslinking ~« Quantum
. . . . e gves -2
yields for chain scission lie within the range 2339 X10 = scissions

43,44 in vacuun and 1,2-1.7 x10"2 scissions per

454 39

absorbed photon in air or nitrogen

per absorbed photon

The energy of ultra~violet radiation is of the samne ordcr of
magnitude as the energy of chemical bonds, This means that the eflfects
can vary with wavelength. 253%.7Tur has been the most common wavelength
used though 301mm has also been useds In addition, the intensity of

- . - [R) [y 4)0
irradiation decreases with penetration of the film Surface effects

have also becen investigated46'

A ncw chromophore is observed nsar 285m in the zbsorotion

- 13 -




39540, 43,45, 4

A . H 3 A o -
spectrum after irradietion, 7 which has been ascribed to

the formation of C = C double becnis,
39 ! , . : :
cx”’” observed that guantun yields were esgentially inlepcieut
of the incident invensity of the radiation and appzared to be a2 funetion
only of the total energy absorbeds In the photolysis of gases, this
is generally in'ter;ﬁ-reted‘“bo mean that the temination step is first
order witn respect to the radicals involved, In a polymer sample, snall
reactive radicels might interact rapidly, bul the somewhat immobile
polyner radical.s resulting from homolysis of a chain are unlikely to
contine readilye. Therefore, it was concluded that some sort of dispro-
portionation reaction is involved, The authors suggested the foliowing

mechanism involving fqa.ln chzin carbon-carbon bonds:-

Cl, CH..
%&{3 - { 3 B kv \ j , 1 D
| 00, CH, 00, CT
002(‘3:13 (302013 ot 5 ]3

- This would be followed by disproportination:-

S . . ]
~CH, - O - Cli — Q= C = O+ 00,0
002 1‘_,)

The ester radical ca.n now react to form a nuabar of productss-
vOO(,n,-)OOa-C'IB ‘CH

4
H o 1 2 or; HOUO" = WO,y + 3 -E; !

—d

b5
v (IH3O + HOO® O+ IT .—a.hp

oL,0° 2y on,0m

CH 0° + 1COO* =y (i (‘102&T + d 0.
5 At the same tine ,) photolysis o; the ester side~groups could

ocour in either or both of Pwo waysi~




} ) v . { D .
v 01*2 hind % A -—% L d LI—H,) bt C'\' I C-E%O :T
“ [}
'OOZGEJ . OO
CH
hv o b > L , _y
. -2 - . L d i (x32 C;% S

Allison4o considered I a necessary precursor o main chain
scissions—
CH CH. 00, Cil cH
|3 13 1 25 r 2
ACH - C~ — ~CH- (Ca ¢or ~C = CH. - (-~
2 ] . | S | 2 '
pO Cr0 CH2 o
ICH CH Cii
RN ~C£Hz - Cn~ — ~CH,2 - Ca — AGHO—C}IB+ (lme
hHO +° CHO or U <

LThe band at 285mm was assigned ftc the aldehyds growp formed
on the polymer, The evolution‘of onz carbon monoxide nolecule per
nain chain breck suggests that ohotoinduced aldehyde groups are
precursors to main chain scissione

42,18, 49 have observed

b) Solution Photodegraiation. Several workers
the effects of different solvents on the photolysis of PiiA, Al‘though
the main mode of degradation is thet of chein scissicen, the exient

depends on the solvent but not on the concentration of polymey.42’45’49

'

After allowing for the effect of opticel Tiltering by the cclvent, To:n

obtained a quaintuan yield of 0. 14 scissions par quuabua,

; . .. BC . )
In contrast, Jellinek aad ang”  showed that the concentration
y >

of polyuer in 2-chlerocthznol under mitrogen olfects the rate of

'Q
T



51

photolysis, It has also been suggested” +that, in benzene solution,

golvent radicals are formed which react with the polymer,

Photodegradation in solution has the advantage of eliminating
many of the problems associated with bulk irradiation such as solid

phase transitions, gaseous diffusion and creosslinking,

en
Previous work’” has shown that even sunall amounts of maleic
anhydride in PMITA accelcerate the rate of photodegradation in solution,

Thig ig discussed more fully in Chapter 5.

¢) Photodegradation st Elevated Temperatures, Cowley and Melville53
studied the evolution of monomer during the irradisiion of thin filns
between 1300C - ZOOOC, temperatures at vhich vhe thermal degradation of
PItA is negiligible., In common with others,45’54 they concluded that
the primary process was photo-initiation at the chain ends. Uowever,
it ig now believed that random initiation is followed by monomer
evolu‘éion.so’55 Quantum yields vary with tcmperature56 bul are very

much higher than at room temperature,

6{ The Thermal Degradatvion of Poly(nethyl isopropenyl ketone) cnd

Polyv{methyl vinyl ketone).

The themal degradation of FeJK and LIVK has besen studied

-~ s ) . 26 51 1 ] 3 .

recently by lcieill and Feil 21+ The authors corrchorated earlier
. o 58' 65 ad . NS ,_.Vt J l.‘. S I .L d -

reporits that, on heating the polymers, woter is elininated by

aldol condensation, to give ihe cyclohexenone ring sysicuis—

1
o~
)




SO ]
‘ cH H,0 o CH, !
~C, - C— "2~ - CH,~ o ~CH, = C~ 2N ¢
2 2 — A
A PN A G
\
0 ‘co, 0" a, o ‘o F s

R = CHB for PUIK snd R = B for PIVK

The cyclisations follow a random sequence limiting the loss
of oxygen as water to a maxinum of 85% in FUVVK and 63 in P.1K,
The thermal degradation is described in detail in Chapter 6
in comparison with the copolymers with nethyl methacrylate.

7. The Photodegradation of Poly(methyl isopropenyl ketone) and

Poly(methyl vinyl ketone).

Studies of degradation in solution were carried out by Guillet
and Norrish66

on PHVK in dioxantusing light of wavelength 313, Crm. In

cormon with aliphatic ketones, two reactions are possible:~

Norrish Type I,

. ny | |
~ Q- Gl - G- G~ =y ~CH - CHy = -
o o o
l
Ctl CII T : R4 -~
0r~|:ﬁ{ - CH2 - ‘CH"'CH’_""
G0 ¢0
' . .
CH3 + .C'tij

Ferrish Tvie II, leading 1o chain scission,
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During the initial stages of the reaction, chain scisgsion was
found to very linearly with tinme, However, the rcaction slows down
in later stages indicating an opposing reaction which may be duo to a
repolymerisation process:-

~ G = CH
0=0 + B ab -

(
CH G=0

5 b,

2
2~ R

where R is any other radicale The quantum yield for chain scission wag
estinated as 2,5 x 10-2. Carbon monoxi.de, methane and acetaldchyde
" are formed as a result of the Type I recaction, Similar behaviour with

67

PiVIl was detected by VWissbrun ' in thin films, with a similar cvendm
yield., The Type II reaction again appears to be independent of

temperature,

At elevated temperatures, FiIK {encs to relcuse pure mouomer
in a similar manner to JELA, Vhile indicating that the mechauiaa of
photodegradation of PLIK is very complex, the rapid drop in nolecular

weight ig accocuntcd for by a random initiation step:--

~ 18 =




Ck
i3 o
~CHZ- C = CH2+ °('3‘~
C=0

Snell amounts of (0O and CH4 were detected,

Schultz68 observed a quantum yield of 0,22 for random scission
of FUIK films at 23°C in air which is an order of magnitude ereater

66,67

‘than that reported for PLVK and is explained as being due to the

higher- energy radiation (253,7rm) and weaker main chain bonds of ILIK,
. o 60
In a series of papers on the photochenistry of ketone polymers™-
1 Guillet has exemined many of the properties of PVVK and B.II, In

11

pa.rticulér-, a copolymer of methyl methacrylate with 30 methyl vinyl
ketone was irradiated in benzene solulion, thus each LVE unit had
adjacent liA units, 313.0nn radiation was used wvhich was only absorbed
by the ketone group. The quantun yield for chain scission was found to
be epproximately 0.2 which was unexpectedly high, almost ten Uines the
value for FLIVK, 66,6T,71 }:;.arliext v:ork69 with ethylene « carbon 1onoxide
copolymers indicated that a six menbered ring {ronsition state vith a
H is a necessary precurscr for the lorrish Type II process 1o occur,

The 11.4/1 VK copolymer does not have ay X and the authors, therefore,

suggest a seven -- menbered tronsition state:-
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PD
f\-GHz ? G0
L} ) ~ ) OC
G=O' cxo \ /CH3 )bH3
s “HSO© C + =0
Ch5 n )
’5 /C\ /C\
OH 4 CH,, ~
CH5 C32 2
~ CH
2\ /(ﬂ3
cd
\
=0

o
The quantum yield for cheain brecking at 86°C vhich is above the glass
transition temperature (7500) wes Q. 12, A% 2500, the quantum yield
is 0,0065. Jith the quentun yield equal to 0,21 in solution, it appears
that molecular mobiiity is required in corder to form the transition

state,

The high value for the quantum yield is compared with that in
PIIVK in wvhich the absorption of light by a ketone chromophore vwill
result in the formation of an excited carbonyl group. This carbonyl
will be in close proximity to a series of other ketone groups having
similar energy levels and located at regular intervals along the back-
bone of the chain. On the other hand, an excited carbonyl in the
Iﬂi&ﬁIVK copolymer will be surrounded by lIIA groups vhich have nuch
higher energy levels, and so energy transfer will not be so efficient
as in PMVEK, This ™frezpping™ of the enersy at the ketone rour will
lead to cheoin scisscion whereas in F.VK, the ener;y is "diluted™ ociong
adjacent groups.
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This mechanis=i haeg been criticised by Kato axd Yoneslﬁ_ge78
vho irrzdiazted a phenyl vinyl ketone/ methyl styrene alternating
copolymer in benzene scluvion., This ccpolymer wiich lacks aYH,
degrades at a much slower ratec than slyrene/phenyl vinyl ketone and
s0 does not secem to edopt the seven - membered ring transition state
postulated by Guillet71. Nerrish Jype II degradation is inhibited and

the polymer is said o degrade by Type I followed by phetooxidations

Instead, the aulthors suggest that the U'IAAIVK ecopolymer shows
higher hydrogen abstracting reactiviy voward the photozxcited ketoans
carbonyl than the siyrene copolymers Subsequent phetooxidation accounts

for the increased rate of degradation. Quantum yields were not quoteds

David et 8.179 have described the photolysis of VK end other

poclyketones and examined energy transfer in them,

8. Aim of thig Vork

Copclymers cf methyl methacrylate and maleic anhydride ere
subjected to various degradation egencies in zn atienpt to dencimine
the mechanisims of degradation and also to quantify the degradetions
Similarly, copolymers of methyl methacrylate with methyl vinyl ketone
and methyl isopropenyl ketone are examined and rcactivity ratios

determineds



CHAPTIER TJO

EZPERINERNTAL

1o I'reparation of Polymers

2

a) lionomerss Before polymerisatiorn, methyl methacrylate {Hopkins and
Williems), was distilled under reduced pressure to remove the
hydroquinone inhibitor, The infra~red spectrum of a sample of the
purified gaseous monomer was identical with that of published spectra.so
The inkibitor in methyl vinyl ketone (IFluka - supplied by
Fluorochem Lid) was removed by washing the monomer three +imes with
dilute alkali solution followed by four washings with distilled water.

It was dried over anhydrous megnesium sulphate,

Similarly, methyl isopropenyl ketone (Texaco Ltd.) was washed
with alkali but drying over anhydrous magnesium sulphate apparently
failed o0 remove all water, since, after freezing and thawing in liquid
nitrogen, another phase appeared., This phase persisted even after
distilling the monomer three times umder reduced pressure, Neither did
drying over calcium hydride completely dry the monomer wbich discoloured
after several days. Althcugh, it was not confirmred that this impurity
was water, (it ﬁay have been stabilizer, inhibitor or dimer ete), its
presence may have contributed to the unexpectedly low moleculear weight
obf&ined in polymerisations with methyl isopropenyl ketone (ilIL).
Castzllano and Waugh81 found that the water content in meth-l wvingl

ketone (VK) was reduced to below 2% only after distilling the monomer



at 756mmHg, pressure, drying over anhydrous magnesium sulphate and
another distillation. This could be reduced to below 1% by further
drying over anhydrous magnesium sulphate and distillation under
reduced pressure., In the purification of XIK in the present study, it
was estimated that the second ﬁhase constituted less than 1% of tio
reaction volume in polymerisation.

Published reference spectra of MVKSO and MIKSZ were identical
to those obtained for gaseous LIK and LVK, KMVK is also named as 3=buten
~Z-one and HIK as 3-nethyl-3-buten-)-one in the literature,

Haleic anhydride (B D.IL L%d) was used as supplied since it
was greater than 99.5% pure and the infra-red spectrum of the powder
in a KBr disc was identical ‘o published spectrago. Acid groups wiere

not present.

The initiator used was 2,2' azobisisobutyrenitrile (Feulmare
Kodak).(also named 2,2' azobis(2 methyl prop ionitrile)). It iias
purified by twice recrystallising from ethanol, filtered and dried
under vacuum, The initiator and monomers were stored in the dark «tb

-15°¢,

b) Polymerisation. A weighed amount of initiator crystals was poured

into a pyrex gfaduated dilatometer which was evacuated {to a pregsuve
of 10-6torr. The dilatometer had a volume of 165mls, and a Sml ctem
(see FIGURY 2,1) although smaller vessels were used on occasions, In
naleic anhydride polymerisations a knowm weight of powdered roncucr

was added with the imitiator,.
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TABLE 2,71

%Volume expansion op heating frop 20°¢ to 60°C

MMA MVK MIK MalA
4,5% 3.6% 3.47

- s e e

TABLE 2 o2
%Volume contraction on I007 conversion

ATIE R TTS o T14 Mald
219 259, 24,9

- - e a

N\ oo

P iy et S

W l

~ Constriction

Sml, graduated stem

FIGURE 2.1

Polymerisation dilatometer



The ligwid mononers ;ii4, VK and L.IK were degassed by three
or four freezing aad thawing cyclzs under vacuum using sraduated
regervoirs and distilled three times before the final distillation into
the dilatometer. The firstyand last 5.5 in each distillation were diz-
carded, I IK proved difficult to thass because of its tendancy.to crack
the reservoirs and produce bright blue elecirical discharges 2c it aiad
éo; This was overcome by thawing slowly over a period of one hour or

Mmore,

The dilatometer was sealed off and placed in a themoatab at
60°C £ 0,5°C after ensuring that the initiator had dissolved in the
liguid phase, Allowance had to be made for the expaasion of the
monomers from room temperature to 60°C and so bringing the level of the
reaction mixture to ‘the 5ml graduated stem on the dilabometer,
‘Therefore, the volume expansion wag measured using a graduated measuring
cylinder and the percentage expansion for each monomer is shovm in TATLE
2.1 The solubility of maleic anhydride in IIA limited the range of
covolymers that could be made by bulk polymerisation. The more
stringent solubility requirements of the copolyners in toluene for
molecular weight determination by osaometry restricted the range even

further,

Polymerisation was teminated by imnersing the dilatometer
in liquid nitrogen. The conversion of monomer to polymeor was fcollowsa
by measuring the volume contraction that takes place during poly-
merisation, The percentage contraction for 100% conversion to polyier
{or each monomer is shown in TABLE 2,2, Conversion wzs ncver allowed

to0 exceed 10%.
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c) Recovery of Polymer. After brezking open the. dilatomedber, the

contents were added dropwise o 3le of methanol, The precipitzte was
Adried and, in the case of Fil'a and copvclymers with naleic anh:dride,
redissolved in chloroform and reprecipitated in methanol, The
copolymers with VK and L'IK were redissolved in acetone, The purifica-
tion was repeated three times with the polymer solution being passed
through a sintered filter of porosity 1 before Tinal precipitation,

The polymers were easily ground to a fine powder with the exception of
thoce containing 1Vl which became progressively more rubbery with
increasing LiVK contente The polymers were dried at 60°C under vacuuam

overnight. Analar reagents were used taroughout, The composition of

these polymers is discussed in the fcllowing chapter.

2. Degradation Apparatus

a) The Ultra Viclet Source. Low pressure mercury Hanovia Chroinatoliite

Leanps were used as the cource of 253, Tnn raidiafion in this worl. They
were connected to a LT H. Transistorised IKVA Voltage Regulator ‘o
ensure that the lanps received a consistent voltage and ware not

affected by variations in mains output.

The mercury arc produces a btypical mercury spectrua of which
the 253.7nm wavelength has the strongest intensity. The output of this

lemp is showm in FIGURE 2,2,

Under the experimental conditions cmployed, the U, V, light hod
to pass through air, fused silica, and, in the case of tnin fiim
degradation, a vacuum, beTore reaching the szple. Thesc madie, except

vacuun since it should have no efrect on radiation, will nmodify the



radiation from the lamp. In air, only oxzygen will absord any of the
wavelengths emerging from the lamp, other common gases being trans—
parent. The oxygen absorption spectrun consists of two sets of bands.
One converges at 240.0nmbut the more importent Schumann - Range system
83,84

has 2 threshold wavelength at 200rm converging towards 176, Tmm

These two absorptions correspond to two photo-disscciaticns of oxygen

molecules:
0 3% '
5 + hvy — 0 (“P) + 2(D
and O2 + ny —3 20 (“P) respectively

-

Ozone gag, which was noticeable by its smell whenever the lamps were

in use, is produced concurrently as follows:

' :
o( D) + O, + I — Op + M

+ M

0(3}?) + 0 M — 0

2 ¥ 3
where M is the necessary third bodye.

The wavelength 253%.7mm is not of sufficient energy to exceed
the threshold of dissociation of oxygen. ‘But the 184, 9mm wavelongth,
the second strongest emitted line from the lamp, cen and does lissociate
oxygen, However, in doing so, it is completely abscrbed in iem of air85
and does not reach the polymer sample, Water vepour also ebsorbs this

wavelength but is transparent to the main wavelength, 253%.Ti:. Fused

silica transnits 96% of 253.Tmm wavelength as can be seen fron TIGU=
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In view of the complete absorpticn of the 184,9m iine zni
the slight attenuation of the 253%.7Tnn liue, 2nd, accoriing to Hancvie
4literature§§ 00% of the lamp's output is 253, Tmm, it was concluded
that the source’was virtually monochromatic, The lamps were allowed

15 minutes to wam up before sample irradiation commenced,

b) Actinometry. To check that the intensity of radietion emitted by

the lamps 4id not vary with time, the nunber of quanta emitted by each
source was determined by actinometry periodically. The method employed
in this investigation involved the use of the potassium ferrioxalate
solution phase chemnicel actincmeter developed by Hatchard and Parker87
which is simple to use but very sensitive over & wide range of wave-
lengths, It is based on the fact that when golutiong of K)PC(CZOA)B
in sulphuric acid are irradiated with light of wavelength 250-57T7mnm,
the iron is reduced to the ferrous state and the oxalate is oxidiscd,
After irradiation, the ferrous ion can be converted into thc red
coloured 1, 10 phenanthroline - ?e2+ complex, which is highly aboording

end easily analysed spectrophotometrically. The experimental proccdure

was as follows:-

Solid green crystals of K3Pe(0204)3 were prepared as described
by Hatchard and Parker87 and Calvert and Pitts,es the latter giving a
fully detailed summary of the pK?cedure. The preparation wid haniling
of the ferrioxalate solutions were carried out in a dark rooms A
standard calibration graph for the analysis of the F62+ conplex was
prepared, as shown in FIGUXL Z.d4, using a Hitachi Perkin Elmer 1)UV~

Visible Spectirophotoncter,
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The intensity of light in any éhstolysis cell was cetermined
by irradiating 15ml of ferrioxalate solution (V1) for a period of 30
or 60 seconds, After mixing the solution, 1Omls(V2) wes pipetied
inte a ?5nls voluretric flask (VS)’ 2nls of the phenanthroline
solution and Smls of buffer solution added, and the volume nmade up to
25m1s with waters An identical blank solution was similarly prepared
using unirradiated ferrioxzelate solution, The irananission of the
complex solution wag measured at 510m in a 1o cell vsing the blank

golution as a reference,

24 s
The number of Pe”  icns formed during the photolysis (nPe2+)

was calculated using the formula

nI“e2+ = 6,023 x 1020 \AF log (Xo/I)
B )
Vz 1B
where V1 = volune of actinometer solution irrediated (mls)
V2 = volume of aliquot taken for analysis (mls)
v = Pinal volume to which the aliquot V, is diluted
3 2 .
(mls)
log (IO/I) = Measured optical dencity of the solution at 510m
L = Path length of the spectrophotometer cell used (c2)
E = Experirental value of,the molar extinction

Coefficient of the Fe * complex as devermined
from the slope of the calibration plot (sigu.dd
2.4)

The light intensity at the sample, Iol, was calculated

from the equation88.

IOi nFe2+ 10
T(T-
I pedt ‘

~E(A)L) quanta/cec
)
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© _ 2 o
vinere Fe“t = quantum yield of the product Fe“™ (equal to
1,25 for the radiation of wavelength 253, Tn.)
t = ‘time of eiposure
(1 .‘I/~ ) _ (1 - 10"E(A)L ) . f"‘ o o . « a3
/oy = = fraction of incident lignt

absorbed,

It was found that there was no reduction in the lemps efficiencr
during the photodegradative experiments. .

’

c) Photodegradation in Solution. Fhotochenmical reactions must be

garried out in a vessel transparent %o the'wavelength of light used,
Accordingly, photolysis cells were made of silica, A Hanovia
Chromatolite lamp which has been described was inverted to irradiate
the samples from below as showm in FPIGURE 2,5. A typical irradiation
cell is shown in FIGURE 2,6, Fech cell was scparated by o cardboard
screen which effectively enables four distinct degradations 4o be
carried out at the same time, ie. by removing a cell every half hour,
irradiations of 7,1, 1t and 2 hours could be performed in 2 hours.
There was no evidence of either the position of any cne cell or the

character of any one cell being different from any other position or

cell,

About 500mg of polymer were dissolved in 20mls of dry sclvent
which was in general methyl acetate although other solvents were used
on occasions, A graduated syringe was used to transier dmls of the

to each cells The solubion was degassed four times on the

solution
vacuum line by ircczing and thawing cycles in liquid nitrogens This
technique renoved all the dissolved gases in particular oxygen, vhich

night inhibit or accelerate the protodegraiaticn, Ihie e2lls werce
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Si{lica irradiation cell



sealed off at a pressure of 10-6torr.

On completion of degradation, each cell was broken oven ot
the pecition marked x in FIGURE 2,6 and the contents transferrcd to =
10ml sarple bottle, washing out the cell with solvent to transfer as
much of the polymer solution as possible. A boiling stone was aided
and the bottie placed in an oven at 80°C to boil off most of the
solvent, The bottle was then transferred to the vacvim line as chown
in FIGURE 2,7 and the remainder of the solvent remo&ei, This technique
prevents the formation of a glass or film as the solvent is removed,
and leaves the polymer in a flakey, powdery -forn, Finally, the bottle

was left at 60°C overnight in a vacuum oven.,

The samples were prepared for osmometry, by adding approzdmately,
the correct volume of solvent (toluene or methyl ethyl ketone) to give
a 15 w/v solution, The exact concentrations were determined My
evaporating, at 80°C overnight, 1ml portions taken from the solution

by piﬁette to a constant weight in a pre-weighed bottle.

d) Thermal and Photothemal Degradation. The apparatus is shovm in

FIGUTL 2,8, The furnace was a Precision Oven capable of reaching
temperatures over 4OOOC. Although the oven had a temperature control
dial, the actual temperature in the cell was measured using a chromel-
elurel thermocouple inserted through the top of the cell with the tip
touching the silica disce The cell was evacuated and TABLE 2,3 ond
FiGURE 2,92 show the oven setting versus cell teaanperature r-lationcliyp.

The hoaling rate of the oven is showm in IIGURE 2, 10.
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.. TABLE 2.3

Oven setting versus cell temperature relatioaship

~-Oven fgttiﬂg Cell temperature

50 47

100 % )
120 113

140 134

160 153

180 173

200 193

220 213

240 234

260 255

280 276

300 297
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Cell temperature

FIGURE 2,9

Oven setting versus cell temperature relationship
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In thermal degradations, the sample, eithaer in film or disec
form, wes weighed cn a silica disc of known weight and placcd et the
bottom of the cell. The cell was evacreted to a pressure of 1Ow6torr,
tap T4 closed and liquid nitrogen placed eround the traps, 'fhe

starting tine was taken as the tine at which the oven was switched on,

In photothermal degradations, the sample was exposed 4o ultre-
violet radiation after it had reached the required temperature, Since
this temperature was always lower than the threshold of thermel
degradation, it wag assumed that no degradation had taken place prior

to exposure to U, V. light,

After completion of degradation, the geses in the trape were
transferred under vacuun to an infra~red cell either by distillation
or by tdpler pump and the spectrum recorded. On occasiong, the
volatiles were distilled into a "cold finger" and weighed, o
residuc was reweighed and then dissolved in the appropriate solvent

for molecular weight analysis.

¢) Sumple Preparation. Pressed discs of polymer were male by com—

pressing typically 80-100ug of sample under vacuwn at a pressure of
20tons/square inche The diameter of each disc was 20mm and ils

thickness about 259p° Because iliese discs worc opikue, they were not

used in photodegradation.

Filus were prepared by alding, in %vo stazas, Mly of polyner

. ) / fl Q , q even vt od
golution of concantration about 50rgnlse  The solvent was evaporats

. .. o [ R ke . ~a Yo
in air overnight ed then un.er vacwti at 120 C for 7 hcurs, LLe
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probleng of sclvent removal are discussed in Chapter 5, Tne film
thickness calculated frem a knowledge of the diameter of the filn
Z ilna,

its mass and its density, and by measurcment with a2 nicrometer scrovw.

gauge, was about SQM.

£f) Thotodegralation of Thin FMlma at Roon Temveratvre. Films vere

cast placed in ‘the irradiation cell end the gysiem evacuated as in
the previous section and as illustrated in Figure 248, After warning
up the lamp, the sample was exposed to U.V. rudiation witiwout the oven
being switched on, gases being trapped in liquid nitroccn, The

products of degradation were treated as previously described.

g) Thermogravimetry. Thermogravinetry (TG) was carried out using o

Du Pont 950 Thermogravimetric Analyser which employs a null type
balance in which any weight chenge in the sauple is oppoccd by an cqual
regtoring force applied to the baam. This restoring vorce is then o
measure of the chenge in the weight of the sample. Tne balance cui be
operatéd up to 120000, either isothermally or by programming at a
heating rate of O.SOC to 50°C per ninutes The nain disadvantage of this
particular instrument is that it canmot be used under high vacuun

conditions, Thus, exact comparison of result from ™A caanot be malc,

o o
In this study, a heating rate of 10" C per ninute wag used 1o

degrale 5 or 10mg samples in an al iosphere of nitrogem.

h) Themal Volatilisation inalvsis. The technicue of Thewal

.. R 455 S
Volatilisation Analysis (7)) was first descriovcl by Delill 7 cand

S JUIE IR | Lo 2 eY cvolved
neasures the thermal conductivity of the volntile nmatc icl cvelved



from a heated polymer semple waich is-continuously veins mumped.

In the basic TVA system, a Pirani gauge is attached to 2
vacuum system &t a convenient point between the heated sample ond +he
cold +trap (—19600). The produéts wiich leave the hot zone pas: thines
the system and preduce a3 response on the Pirans. o If en aldiiionecl
trap, at some temperature bvetween ambient and thet of the main trop,
is placed before the Pirani geuge, as shown in FIGURE 2,11, then iho
gauge will now respond only to substances sufificiently volatile to pass
through the trap. By verying the first trap Semperature in =z seriez of

experiments a considerable amount of informstion about the nature of the

producls mey be obtained.

The differential condensation TVA apparatus (DCIVA), showm in

X ’

e 0290

FIGURE 2,12 was later developed by licheill and allows the above
infomration to be obtained in a single experiment, This system employvs
o series of five traps maintained at different temperaturcs, each
followed by a Pirani gauge. The responscs from the Pirani gauges ore
fed into a nulti~voint recorder so that they are recorded simultoneously,
These traces of the responses are a measure of the rate of volatilisation
against time. The traces give an indication of the aounts of the
various products which are volatile at the various trap temperetures,
A separate temperaturc versus time trace is also recorded zo that vhen

a linear temperature programme is used, as in normal practice, any

deviations of the reating rate from linearity may be checked,

licHeill hos extended WA even further by inceryorating a

theriobalance similar to thot in ¢ o give an additionazl trace

1
O
!
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recording the weight loss of the sanple as it degrades,

It has been found that polymers give very characteristic
themograms and nuch information about stabili‘bj, reaction nechanisng
and he nature of the volatile products can be deduced, TFurther
infemation can be obtained by analysis of the volabile materials whiech
have condensed in the various traps, the short cheain fraguents which
condense on the walls of the reaction tube outside the furnace and the

residue.

3¢ Technigues of Analysics e

a) liolecuiar Weight Measurcment. The number average molecular welght

wag determined by a liechrolab 501 High Speed Osamometer using Cellophosc
300 nembrenes. Both toluene and methyl ethyl ketone were used as

solvents.

The basic equaticn relating omuotic pressure to number average
moleculor weight..fin y is the expression of Van't Hoff= Ay . p.\;;:
where R is the gas constant; T is the temperature, T is "u?le
osnotic pressure and c¢ is the concentration of polymer in g/100g of

solvent.

The molecular weight is obtained by measuring the osnotic
pressure of the solution at different concentratlions and by plotting
i\“/'c versus Ce This should give a straight line plot fram which I"V/CO
nay be obtained by extrapolation to infinite dilations A conversion

factor depenliing on the solvent used, gives ‘the number average

molecular weight from"‘j’co. A typical plot is shewn in T1GU.G 2,135,
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A typical molecular weight plot
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b) Spectroscopic Techniques. Infra-red spectra were

Perkin Elmer 2 Grating Speclrophotometer using, for
3

of path length 10m and for solids, KBr disc

0
O
o)
e
&
W

3mg of samplea

recorded on a
gases, a cell

300mg contaiving

Ultra~violet. spectra were recorded on a Unicm SPSO0 spzctro-

rhotometer using 10mm quartz cells.

Nuclear Kagnetic Resonance spectira were recorded on a Varian

100 Ml spectrometer using standard solutions in C.DC1.3.
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CHAPISR MRS

COPOLYI:TRISATION AND REACTIVITY RATIOS

1o Introduction

In the copolymerisation of two monomersg, there are four

Possible propagation steps9 !

Reacvion Rate
My o+ M X, © Ky Q) Giy)
1" + 4 1 ( ‘
My +Hy — My K00y Q)
Myt o+ My~ M K, () (i)
M2 o+ MZ — m?_ Kzg(m2 ) (1.12)

Development. of this scheme” =22 leads to the copolymor

composition equation:-

= M . -
0 oh oAk O
2 2 1 272
in wvhich ry = %’1,‘ and r, = _1522 and are knowm as the reaclivily
12 K21

ratios, 1;11 and ]»52 are the molear amounts of monomer which icad to a
copolymer containing the monomers in the ratio g 1
di
2

If P and (1-7) are the mole fractions of monomers 1 and ¢ in
the copolyuer and ¥ and (i-f) are the mole fractions of nouosers 1 and
2 in the wonomer feed, then the copolymer composition ecuniion can be

writtens—~
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fg-]._?pz == rz + T (F—-1 1"'1 - (2)
(=57 (1-f)2 F

By preventing the pclymerisatiicn reaction from exceeding 10%
conversion o polymer, the monomer feed composition is assumed to ve
constant, If the composition of the monomer mixture and the resulting
-copolymer can be determined, then the reactivity ratios may be

- calcul ated,

Using C14 labelled 1514, Blackley and Helville% obtained
the values LA T %¢5H and rﬁa’l 4= 0.03 for the reactivity ratios of
methyl methacrylate (111A) and maleic anhydride (Ilald) system polymerised
at 60°¢ Since, under the polyﬁxerisa‘bion conditions employed, maleic
anhydride does not homopolymerise Lo should be zero. However, it
was found that a copolymer containing more than 504 MalA could bo
prepareds This was ascribed to the effect of the penullinetc group
in the methyl metharylate radical affecting the reactivity of maleic
anhydride, De Wilde and Sne'bs97 obtained the values LA = G 10.2
= 0,02 at 7500, Copolymer composition analysis was dono

and Iyoqa

electrotitrimetrically,. a method also used by Loucheux and ISand.erct98’y9

in addition to analysis for nitrogen after reaction with p-toluidine.

Reactivity ratios for I'IK/ LA and 1VK/IIA have not yet been

evaluatzds

2. Prevaratvion of the polymers

The polymers were prepareld eroloying the tochuwiques deserited

in Chepter 2 and the conditions in TAULE 5.1, The density oi ncthyl

g
a
N

!



TABLE 3. 1
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Polymer Codename  Volume of Amount of Mole fraction % of
methyl comoner of comoner initiator
methacrylate ‘ w/v
(mls,)
PMMA PMMA 165 e 0.0509
PMMA new PMMA 164 . 0.0396
PMMA Aug PMMA 165 0.0235
PMMA 73 PMMA 165 . 0.0247
PMMA/Mals  100/I 160 5,1410g 0.0339 0.0077
PMMA/MalA 50/1 156 12,0363g 0.,0776 0,0139
PMMA/MalA 20/1 145 24 ,3572¢ 0.1382 0,0514
PMMA/MalA  19/1 145 24 ,6909g 0.1399 0.0301
PMMA/MalA 18/1 144 26,2754g 0,1485 0.0318
PMMA/MalA 12,5/1 135 37.55708 0,2100 0.,0495
PMMA/MIK 1/2 110 54mls 0.344 0,0308
PMMA/MIK 1/1 82 82mls 0,517 0.0297
‘PMMA/MIK 2/1 50 1I4mls 0,710 0,0322
PMIK PMIK 0 I62mls 1.000 0.0350
PMMA/MVK 27MVK 47 0.8mls 0.020 0.100
PMMA/MVK 77MVK 45 3mls 0.086 0,100
PMMA /MV¥ 90/10 103 I0mls 0,115 0.0278
PMMA/MVK I57MVK 41 7mls 0.184 0.100
PMMA/MVK 70/30C 48 I16mls 0,308 0,040
FPMMA/MVK 70/30 (AD) 80 40uwls 0.400 0,097
FMMA/MVK 50/50 35 28mls 0.500 0.04%
PMMA/MVK 50/50 {(AD; 57 I102mls 0.705 0.0306
PMMA/MVK 30/70 18 34mls 0,716 0.07
PMMA/MVK 10/90 7 52mls 0,908 0.08
PMVK PMVK 0 S4mls 1,000 0,07



nethacrylate was taken as 0,936g/c. Co 'OO, for nethyl vinyl ketonec ag
101 .
0.864g/c. ¢ 0 y methyl isopropenyl ketone es 0,841g/c. c101 and maleic
. 101
anhydride as 1.48g/c.c =, recorded at 20°C with a water reference st

o} .
4"C. The respective molecular weight: were 101, 11, 70,09, 84.172 and
98, 06,

e liethods of Analysis

The following techniques were used to detemine the composition

of the copolymers:—

a) Microanalysis
b) Infra~red spectroscopy
¢) Ultra~violet spectroscopy

d) Iuclear magnetic resonance spectroscopy

a) liicroanalysis. Powdered samples of polymer were sutmitted for

elemental analysis for carbon and hydrogen. The results are shown in

TARLE 3. 2

For the methyl methacrylate/maleic anhydride copolymers, the
theoretical carbon content will range from 605 for BIIA 1o 59, . for
& 12.5/1 copolymer, This differcnce is obviously tos stall 1o nake
quantitative analysis worthwhile, While it con be scen from TABLY 3,2
that the c:peeted trend of carbon content is maintained, {he deta is
clearly of insufficient accuracy to warrant the dete:minotion of
copolymer conposition by this method, DIven using a maleic enhydride

nole fraction of 0,229 to 0,897 in the moncrer feed, Wacklhy and
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TABLE 3,2

Microanaiysis results

Polymer 7C 7H Polymer  %C H
PMMA 60.48 8,19 29MVK 59,94 7.86
Aug YMMA 59,71 8,05 77MVK 60.13 8.44
73 PMMA 59,80 7,86 90/10 61,38 8,39
100/1 61.58 8,30 I5IMVK 58,77 8,52
50/1 60.40 8.14 70/30 « 61,60 8,33
20/1 59,46 7,91 70/30 (AD)61.60 7,98
19/1 58,37 7.58 50/50 62.70 8,32
18/1 58,50 7.5I 50/50 (AD) 64 .64 8,27
' 12.5/1 58,81 7,62 30/70 64,21 8.32
1/2 63.70 8,74 10/90 65,88 8,43
I/1 65.00 8,90 PMVK 68,32 5,84
2/1 67.41 9,08 PMIK 71.18 9,59



I:elville96 found that microanalysis gave a considerable spread of
results and noted that an error of 17% in carbon content would give
rise to an error of 10% in the methyl methacrylate content of a

copolymer,

The position is not so bad for the KIKAZIA and the }iA/MVK
copolymers. The carbon content for HIIK and Fi..VK is theoretiecally,
T1e43% and 68,57% respectively. Thus, by constructing standard curves
(PIGURE 3,1) it is possible to determine the amount. of HIK or LiVk in
any copolymer with MMA, Rather than take the theoreticszl values for
the carbon content of FIiA, PMVK and PUIIK, the experimentally detormined
values for these polymers were used in order to keep any conslant
inherent error in the microanalytical detemination to o minimum, The

results were in good agreement with theory,

The hydrogen content of these polymers is freated in a
gimilar way (FIGUSE 3,2). The mole fraction of the ketone groups in

the copolymers as determined by this method is shown in TABLE 3¢ 3.

Using equation (2) in which F is the mole fraction of the
ketone in the copolymer and f is the mole fraction of the ketone in

n
the monomer feed, and plotting £(1-2F) against £ (F-1),
(1-£)F (1£)°F

then the intercept, To will be the reactivity ratio of I1'A and
gradient, o will be the reactivity ratio of the kctone, This is
known as a Ineman - ross plot102. The results for the copolymers of

VK as determmined by hyirogen analysis vicre not plotted sinc2 3% is

obvious fran TABLT 3.3 that the scatter of points would bo wide, It



Figure 3.1

Standard curve of 7%C from microanalysis versus

mole fraction of ketone

7%C

0.2 0.4 0.6 0.8 1,00
A 5 i\ o |

‘ole fraction of ketone



Figure 3.2

Standard curve of 7H from microanalysis versus
y

mole fraction of ketone

7%H

0.2 0.4 0.6 0.8 1.00

¥ 1 A A -

Mole fraction of ketone
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Table

3.3

Polymer Mole fraction of ketone group Mole fraction of ketone
from carbon analysis group from hydrogen anziv.is

73 PMMA 0 C

1/2 0.342 0.508

1/1 0.457 0,601

2/1 0,669 0,705

PMIK 1.000 1,000

27MVK 0.017 0.000

77MVK 0.039 v + 0.592

90/10 0,185 0.541

157MVK 0 0.674

70/30 0,211 0.480

70/30 (AD) 0,211 0.122

50/50 0,340 0.469

50/50 (AD) 0.568 0.4i8

30/70 0,517 0.469

10/90 0.714 0.581

PMVK ~ 1.000 1,000
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can be scen frem FIGURE 3,2 that an error 0,3 in hydrogen content
¥
the best which can be expected trem microanalysis, will lezd to =m

error of 30¢ in the content of ketone in any IIIAAVK copolyner,

" The Pineman - Ress plot for the MIK/AIA copolymers is shorm
in FIGURE 3,3 using the carbon snd hydrogen microanalysis figures,
The reason for the difference in the 4wo lines is due to the relatively
inaccurate determination of the hydrogen content in the copolymeras,
FIGURE 3.2 indicates that an error of 0. %% in hydrogen corntent can
lead to an error of 20% in the ketone content of any 1.IK/ 0. A copolymer.
However, using the carbon analysis data the “ervor will be about 3%
and therefore it is this line which will lead to the more accurate
values for the reactivity ratios of the I'IK/1iA copolymers, They are

shomn in Table 3,12,

Similarly, the Fineman-Ross plot for the !JAAIVK copolymors
is shovm in T'IGURE 3.4, The reactivity ratios are presented in Table
3,12, YFrom FIGURZ 3.1 the error of 0.3 in carbon content will lead
to an error of 4% in ketone content. A further scurce of error in
microanalysis results from the rubbery texture of copolymers with high
KVK content which makes microanalytical measurements more difficult
and explains the rclatively wider scatter of points in FIGURE 3.4 as
compared with FIGURE 3.3, It is obvious from these results thetb the
method of carbon end hydrogenanalysis is not sufficiently sensitive
{for the accurate determination of reactivity ratios in these systcus.

-

1 . . .
b) Infra~red Spectroscopy. Previous work 05 on the delr-:mination cf

the reactivity ratios of 1IIA/17alA copolyniers by quentitative infro~ved

= 5T -
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FIGURE 3.3

Fineman Ross plot for the MiX/MMA copolymers
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3 FIGURE 3.4
Fineman Ross plot for MMA/MVK from C analysis
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gpectroscopy geve values in good agreeuent wilh those of Blackley onid

e v 96
ilelville,

The technigue depends on the abnomally high extinciion
coefficient of the anhydride carbonyl stretching mode =t ‘i790c:r.1"'i
(5.61) vhich is readily observed even in a copolymer containing as
little as 1% of maleic :mhyd.ridé‘, The ratio of methyl necthacrylata %o
naleic anhydride in eny copolymer is found by comparing the intensity
of the anhydride absorption to an absorption due to the methyl
methacrylate groups, The peak at 75()(211"1 (13.5/») is unique to MY A
Hovwever, the extinction coefficients of these absorpticns are not equal,
In order ‘to make quantitative comparisons vith thege peaks, mixtvres of
PiMA and succinic anhydride were prepared in knowm compositions,
Succinic anhydride was chosen since it possesses a similar structure

to the anhydride group in the copolymer., It was assumed that tho
extinction coefficient of the succinic anhydride and the copolymer

anhydride were the same.

The spectra of the mixtures, as KBr discs, were rccorded on
a Perkin - Elmer 257 Grating Infra~red Spectrophotometer, The rnhyiride
carbonyl absorption appears at 1785cm"4l (5 6/0). The absorbance or
optical density of the anhydridec carbonyl peak was measured by drawing
¢, base line for each peak and reading off the tranmittance at the
peak height and base. These two values are converied to absorbarce
end thus the absorbance due to the carbonyl pedak is calculeted, The

absorbance of the PLIA peak was similarly obtaincd.

Defining X by:-

X = absorbance of succinic _enhydiide

absorbance of liiiA

»
O\
o

'



and plotting ageinst the knom P%RA‘coﬁbosition of the mi:tures,
FIGURE 3.5 cen be drawn. By measuring X for the copolymers, the
composition of tihe cepolysers can be read directly from FICURE * 5.
From the results, a Fineman ~ Ross curve was dravm giving values of

r, = 3. 36 and r, = 0.04 (FIGURE 3,6, line b)) vhich were in close
agreement with those of Blackley and llelville, ry = 3.5 and ry = 0,05
(sece FIGURE 3.6 line a)). Since the resolution of the anbydride peak
from the ester peak can be poor on occasions when the saiple is not
sufficiently well ground to avoid broadening of these peaks, the infre~
red spectra were recorded in chloroform solution on a Perxin ~ DLlmer
225 Grating Infra~red Spectrophotometer, Oneec again, mixitures of
succinic anhydride and PiMA were prepared and the solubion gpectra
recorded, However, this time, the anhydride peak was comparcd with

the ester absorbance, TABLE 3.4 shows the results oovtained by compering

the  2bsorbances of the anhydride and ester peaks, and FIGURE 5,7 the

standard curve from plotting Y, where Y = absorbance of anlydride,
| ebsorbance of ester

against the mole fraction of anhydride. Because of the relative
insolubility of succinic anhydride in chloroform, nixbtures contuining
higher percentages of anhydride could not be prepared and so the line

was extrapolated to cover the range necessary for comparison with &ll

the copolymers.

L)

Although,EmHAfdocs not contain anhydride groups, there is &
gnall absorption at-1780cn"1 “ue to the shoulder of the ester peas et
1730cm—1. Iy including this absorption in TIGUKT 3,7, tids contsibus.on
is removec ffom the calculaiion of the mnydride absorbances & {ypicsl

g

- ; . 2 - . Wy m T f"} n
spectrun, thot of the 20/1 covolyner, is showm in FIGURT J.ds 2



FIGURE 3.5

Calibration curve of X versus 7 methyl methacrylate
4.0

3 5 X fast scan
" O medium scan
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FIGURE 3.6
Fineman Ross plot for MMA/Mala copolymers
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FIGUWRE.3,7
Calibration plot of Y versus mole fraction

of succinic anhydride
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Table 3.4

Mixture Mole fraction of Absorbance Y
anhydride Anhydride Ester
A 0.6G2060 0.045 0.400 1124
B 0.01745 0.038 0.368 ,1031
C 0,01437 0,034 0.354  ,0960
D 0.00905 0.019 0.354 0537
PMMA 0.00000 0,005 0.370 0135
Table 3.5
Polymer Absorbance Y Mole fraction
Anhydride Ecter of MalA
12,5/1 .258 1.028 0.251 .0490
18/1 212 1.066 0.199 .0386
19/1, .179 1.035 0.173 .0332
20/1 211 1.094 0.193 0374
50/1 .088 1,025 0,0858 0151
100/1 046 0,905 0.0508 0078
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1736em’
FIGURE 3.8

Carbonyl region of infra-red spectrum of |

20/1 copolymer in chloroform solution
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results of the comparison with the standard curve are shown in TABLE
3¢50 The reactivity ratios in TABLE 3,12 were obtained from the

Fineman - Ross plot in FIGURE 3,9,

A modification of this techmique can be used for the NIKAMA
copolymers, The molar absorbance for the carbonyl stretching frequency
for each homopolymer is measured. It is assured that the amount of,
say, the kelone in a copolymer will be directly proportional to the
molar absorbance of the ketone peak in the infra~red spectrum,’ ¥For
example, in the 1/1 copolymer, the molar absorbance of the ester and
of the ketone absorptions at 1735@11-1 and 17000:1{'1 will be half that
for the corresponding homopolymers. The gppropriate region in the

infra~red spectrun of the 1/1 copolymer is shown in FIGURE 3, 10.

The mole fraction of ketone in any copolymer is found as

follows:~
Let x = mole fraction of ketone in copolymer
Let y = absorbance of ketone at, ‘I'?OOczn"‘l as rccordod
Iet ¥ = molar absorbance of ketone
Let % = concentration of ketone in mg/ml.

Let M, .= molecular weight of an average unii

* M = absorbance X mole fraction
: no. of moles
= YoMo W x . - (1) eassuning the linecar
yA

relationship between M and x previously desciibeds

Obviously when x = 1, we will get, tiie molar absorbaice of
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FIGURE 3.9

Fineman Ross plot of MMA/MalA copolymers
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FIGURE 3,10 Carbonyl region of the infra-red spectrum

of the I/I copolymer in chloroform sclution
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the homopolyketone which con be calculated, and when x = O there will

be no absorbance since there ig no chromophore present,

e = T (1-X) 4 LT
I‘IOW, 1‘4 \70 bl i MUA (1 ) - ¥ ke’tone
ie. when z=1, for PLIK, . W = 100 {1-1) + 84 x 1 = 84
and when x=0, M., = 100 (1-0) + 84 x C = 100
substituting in (1),
= fo Ve 1~ A p -

1 ngi[h.wkm (1-x) + MW, . x] (2)

Por PIK, 1 = 84y, thusli can be calculated, This value is substituted

Z
in equation (2) and x can be determined, A similar calculation with

PMHMA will give x based in the ester absorptign. The results are

shown in TABLE 3,6, In theory, the mole fraction for 4he ketone should
be the same for both methods of measurement, Eowever, because the
peskg are close together and are to some extent overlapping, tho
precise absorbance of each peax cannot be measured absolutely. Bul

the average value of x for the two methods described above will give
the mogﬁ.accuréte value for this technique since, for any contribution
to say, the ketone absorbance from the ester, the sane coantribution will

be lost from the ester absorbance and therefore by taking the average,

any contribution from one absorption to the otherwill be eliminated.

The corresponding Finemsn -~ Ross plot is shown in FIGULT 5, 11

and the reactivity ratios in TAZLE 2. 12,
Unfortunately, the carbonyl obsorptions of the ester and the

ketone were not resolveld in the 1:7A/ZVK copolymers, However, it is

possible to make semi-quantitative ncasurements of the ketone content

- TO -



TABLE 3.6

Poiymer Concentration Absorbance
(mg/m1) of ketone of ester
73 PMMA 2,11 0,000 0.370
1/2 2,31 0,137 0.263
1/1 2,10 0.194 0.218
2/1 2,27 0,239 0.150
PMIK 2,17 0.350 0,000

L4

Polymer mole fraction Moie fraction Average
of ketone from of ketone from X
ketone absorbance ester absorbance

X X
73 PMMA 0.000 0,000 0.000
1/2 0.407 0.390 0,399
1/1 0,612 0.450 0.531
2/1 0.690 0,658 0.674
PMIK 1,000 1,000 1,000
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FIGURE 3.1I
Fineman Ross plot for MIXK/MMA copolymers analysed

by infra-red spectroscopy
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from examination of the infre~red spectrum in the region 1300—1400-::11: |

Infrae~-red spectra of the copolymers were recorded by casting 2 fiin
from chloroform solution on to a KBr dise., The rubtery texture of
the 13IA/.0VK copolymers make grinding very difficult. The spectra of
two polymers showing the appropriate £requency range are illué’bra,ted
in FIGUKES %.12 and 3.12a. The peaks et 1585@1-1 and 1555cn“1 are
due to C - H deformations in FilA and BiVK, The relotive extincticn
coefficient of the 13550 | peak compared to the 1385a” | peak 3o
found by measuring the absorbance of each peak in the spectra of the
homcpolymers and comparing it with the absorbance of the carbonyl
stretching mode at 1735(;11-1 in PII1A and 1705cm—1 in MVK, Since the
extinction coefficients of the carbonyl absorptions are similar (cece
TABLE 3%,6) the ratio of the 1355cm"1 peak 1o the 1385@1"1 pesl is
found o be 2, 77.. The absorbances of the 1555011_1 and 1385(11)“1 are
measured in the copolymers and, after allowing for the difforcnce in
extinction coefficients, the amount of ketone in the copolymcrs can be
found, The results are shbvm in TABLE 3,7 but the reactivity ratios
have nb‘b been calculated because of the relative inaccuracy of these
measurenents, Polymers with large amounts of ketone produce specira
in which the '1355611"1 peak obscures the 1385(111"1 peak, The 1355(:11—1

peak in the 20 liVK copolymer was ‘oo small to be measured.

¢) Ultra~Violet Spectroscovy. The same methods which were uapplied

to infra~red spectroscopy can be applied to ulira~vicletl spectroscopy
to determine the ketone content in copolymers with !I{A. The ~ - v
transition of the ketone group appears at a wavelength of 280-2)0n

(FIGURE 3 15). HIA is transparent at this wavelength ani so the sane
considerations apply here as in the previous cections The absorbancos

of the homorolymers are showvn in TATLE 6 8.
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FIGURE 3,12 Infra-red of 70/30 copclymer
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FIGURE 3,I2a Infra-red of 50/50 copolymer
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TABLE 3,7

Polymer Mole fraction
of ketone
77MVK 0,154«
157MVK 0.214
70/30 0,312
50/50 0.431
30/70 0.530
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Absorbance

300 350
) )

Wavelength ()

FIGURE 3.I3
Ultra-violet spectrum of PMIK
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TABLE‘3.8

Polymer Concentration bsorbance Mole fraction
Z (mg/ml) Y X |
fMMA I1.75 0.0C0 0,000
27MVK I.91 0.000 0,000
77TMVK 2,06 - 0.040 0,046
90/10 2,23 0,073 0,077
I57MVK 2,25 0.137 0.I41
70/30 (AD) 2,11 0,328 C.337
50/50 2,10 0.468 0.463
50/50 (AD) 1.97 0.637 0,033
30/70 2,27 0.751 0,645
10/90 1,98 1,040 0,917
PMVK 1.39 0,822 7,000
1/2 2,03 0,318 0,352
1/1 2,08 0.525 0,545
2/1 1.88 0,680 0.756
PMIK 0.96 0.482 1,000
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For HIK, M = 0,482 x 84
0. 9%

= 425 2

« equation (2) now reads,

42,2 x = (100~16x) y

N

¢ o X = 1OOX
4
42.2 + 16y
yA
The results are showm 1n TABLE 3.8

For FMVK M= 414

= X = 1001 o
-
41.4 + 2(_)1
Z

Again, the results are shown in TABLE 3,8 FIGURES 3, 14 and j. 15 show
the Fineman - Ross plots for the MIKADA and EMA/MVK copolymers oo
pectively. The reactivity ratios obtained from these plots were

calculated and are shown in TABLE 3,12,

Once again it has been assumed that the extinction cooificient
of the ketone absorption is not affected by the neighbouring units.
However, two points arise from the U, Vo specira:-

i iIK is 239m M and for FUVK i5 206Gam, thua

1))\maxforPIu is 239m, d >ma.x 5 256mm,

illustrating the effect of substitution in the o« position to the

carbonyl group in the ketone unit,

ii) for the LIKAZA series /\max varies from C07nm for the
1/2 copolyaer to 209,..» for BIIK and in the ITUAAVI sericys fron 20CHm

for the 7% VK copolyner 1o 286'nlm for FL.VK, Thus /\mm is siufled to
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FIGURE 3,1%
Fineman Ross plot for MIK/MMA copolymers

by ultra-violet spectroscopy
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FIGURE 3,15
Fineman Ross plot for MIA/MVK copeclymers
by ultra~violet spectroscopy
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lower wavelengths with the increasing incidence of adjacent MIA units,

The molar absorbances of FIK and PUVE were very close in
spite of the effect of aile substitulion in FLiIK, therefore the
extinction coefficient has not been sigaificantly altered, It is

essumed tthat the same holds for tie effect of even wore remoto groups,

d) MNuclear llasmetic Resonance Spectroscopye Nem.r, has already

104-1 :
been showm 04-107 to be a valuable method for determining the re-
activity ratios of pairs of moncmers in which the elemental conpositions

are similar, «

1) MIK/AA copolymers. FIGURE 3,16 shows a typical spectrum.
Two separate regions of the trace were used to determine the amount

of each monomer in the polymer,

&) Using 250Hz expansions from ¥ 6 - 8,5 and from 7 7.5 - 10,0,
the peak at~ 9, which is due to«lfe protons, is taken to be equivalent
to three protons, The methylene peak at 8,27 is always due o 2
protons, Therefore, by subiraction, the area due to the ketone protons
can be calculated. Oomparison‘of this area with the area under the
MMA ester peak at 6.5+ will give the proportion of !IIIK in the copolymer,
The areas under the peaks were measured by avereging the five integrals
on the spectra, by measuring directly the areas by planizcter and by
tracdng the spectra and weighing the traces, The results are shown
in TARLZ 3.9, and Fineman Ross plots in FIGURE 3,17, The reaciivity

ratio calculated are shovm in TARLL 3, 12,
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FIGURE 3,16

N.M.R. spectrum of I/I copolymer
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TABLE G
POLYMER ‘ Mole fraction of ketone fram

integrals planimeter trace

1/2 ’ 0.265 0,320 0.245
1/1 0.475 0.422 0,445
2/1 ¢ 0,690 0,649 0.638
‘ TABLE I0
POLYMER Mole fraction of ketone from

integrals  weight

1/2 0,331 0,221
1/1 0,516 0.429
2/1 0,710 0,660
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FIGURE 3,17
Fineman Ross plot for MIK/MMA copolymers from N,M,R, data
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FIGURE 3,18
Firieman Ross plot for MIK/MMA copolymers from N,M,R, data




b) By using the 250Kz expsnsion frou 6,07 - 8.5Tonly,
the error involved in comparing two spectra is removed, The sun of
the arcas under the peak at 6,57 and the peaks at 8.0 and .24V must te
due to five protons — the two. methylene protons and contributicns frem
the pendent ester and ketone methyl groups which will represent three
protons in the average unit. By subiracting the area due to the two
methylene protons from the total area of the peaks at 8,0 Tand 8,27,
the area duve to the ketone protons remains and this is comprred with
the area due to the ester methyl protors at 6,57, The relutive
proporitions of ketone to ester were found from the integrals as before
and by photocopying the spectra and weighing-the arees under the pesks,

The results are shown in TABLE 3,10, FIGURE 3,18 and TABLE 3,12,
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ii) IVKALA,  PICGURZ 3,19 shows the n.mer. spectrum of the
50/50 copolymer. Unfortunately, the methine proton Hb on the ketone
it lies 6lose to the protons of 2.-;1.5.:-1(}1&) and separation is poor,
The keltone methyl protomnsare again surer imposed on the methylene
protons and the general quality of the spectra deteriorates vith
increasing ketone content. Thevke'bone content of {the copolymers is
found indirectly by measuring the arca under the peck ot 6,54 which i
‘due to the ester methyl protons and comparing this with the lotwl ares
of &ll the other pesks, If x and y are the mole fractions of . A
and mvi. respectively, then the ester protons will have area 3x and
the other protons will have area 5x and 6y. - The arcas under the peaks
were neasured by taking the average of five integrals. The results

are siova in TADIE 3,11 and the Fineman - Ross plot in FIGUITY ), 20,

iii) 13iA/iialA, The spectrum of the 12,5/1 copolymer iu shown
in FIGURE 3,21, The broad peak at T.271 duc to the unlydride vrotons
is typical of protons attached to the main polymer choin end acourate

"

measurenent of the area under this peak is impossible.

4, The Tacticity of PMMA

The three distinct peaks at 8,87, 8,957 and 9. 17 4in the n.n.r.
gpectiun of Pillh, as illustrated in PIGURL 3,22, have been ascribed to
the isotactic, heterotactic end syndiotactic configurations of MI.i.
Isotactic il .\ arises when the neighbouring groups to any 127A unit
gdopt the seme steric configuration, ie. ddd or 111, Jwens sirained
will be that configuration viere an i1 A unit has neishbouring wiits

alepting o different configuration ie. ¢11, ¢21, 11d or lJdd., Ghe

- G -
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FIGURE 3,719

N.M.R, spectrum of 50/50 MMA/IMVK copolymer
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TABLE 3,11

Polymer Area due to  Arca due to Mole fraction
ester protons other protons of MVK

73 PMMA 78 131 0,000
27MVK 04 177 0,049
77MVK 63 178 0.074
90/10 58 175 0,150

. I57MVK 62 188 . 0,180
76/30 53 126 0.329
70/30 (AD) 53 203 0.365
50/50 46 190 0.458
50/50 (AD) - 23 154 0,665
30/70 33 199 0.627
10/90 16 196 0.830
PMIK 0 ~ 1,000
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FIGURE 3,20
Fineman Ross plot for MMA/MVK copolymers from N.M.R. data
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FIGURE 3.21
N.M,R, spectrum of I2,5/1 MMA/MalA copolymer

Tb ?H3a Tc rc
[
~C.— c —. - C e C ~
| | | |
H CO_CH /’C C
b 2 3d L \ / \\\
(@) / <&

- 51 -



=
Lo

FIGURE 3,22 N.M.R, of PMMA

(g
Lond b



least strained configuration and hence the mos% abundant w311l occur
vien both neighbouring groups adopt the cpoosite configuration to ‘tue
central group ie. IdL or dld, By measuring the areas under these
peaks by intergration in ‘the- 250Hz exprision, the relative mounts of
each configuration are found to te 6.3% isotactic, 34.2, heterotactic
and 59.5% syndiotactic, This ig in agfeement with previous determina~
tions of the tacticity of free radically initiated Bl ol sinilar
108

temperatures. These coniigurations are identifiable in copolymers

of I1IA/AVK up to 15% L'VK content.

The equivalent configurations in HHK are not observed
presumably because the temperature of polymerisation (600) is hign
enough above the melting point of PEIK.(40~60°) to enable {tho MIK units

to agsume their ﬁost stable configuration, probably syndiotactice

5 Chemical liethodg

It is possible to react the anhydride groups in the MNSAMalA
copolymers with p - toluidine and then determine the amount of niirogen
by microanalysis.98 However, even ccmplete reaclion with p ~ toluidine
and the 12,5/1 copolymer will give elemental nitrogen micmoonclysis of
less than one per cenl and so this method will not be suflicicntly

accurate,

High moleculer weight polymer molecules tend to coil up thus
rendering penetration of chemical reagents difficults if not inposcitle
even in dilute solution., Large molecules such cs p - toluidine

nentioned above 1oy not react completely because of the protecticon of
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the immer reaction sites by the twisted polynmer surrounding,
Quantitative reaction of iodoform with the ketone polymiers may prove
to be a good method to cetermine the ketone content of the copolymers

if 1004 reaction can be guaranteeds

6. Discussion

It can be seen from TABLE 3,12 that the velues obtained for
the reactivity ratios can vary substantielly, The feactivity rasios
are particularly sensitive to small errors_in the accuracy of detemina~
tion of the composition of the copclymers. For exanple, the mole
fraction of LIK in the copolymers as determined by UV spectroscopy
(TABLE 3.8) and by n.m.r. integration (TABLE 3.10) varies by less than
6% yet the values of Ly determined by these methods varies by approx~

inately 40,

The errors involved in microanalysis have already heen
discussed, U.V, and infra~red spectroscopic methods suffer in their
indireciness, standard calibration, assumptions concerning e:tinction
coefficients and insensitivity to mmall emounts of a constitucent in o
copolymer, Nem.r, is one of the most direct methods but rcouires that
the peaks are well seperated, a criterion not well satisfied in IVK
polymerg particularly at high I.VK content. }easuring peak arcas by
planineter, trace or weighing photocopied spectlra generally give low
values for L.IK content because of the problem of overlapnping peaks.
Fof thig reason, areas measured by integration give simply and no:ro
directly the polymer composition and is therefore, the most accurate

method although the péak overlap and broad banu »roblans connot be
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Method

Carbon analysis
Hydrogen analysis

Infra-red analysis

N.M.R, a) integrals
N.M.R, planimeter
N.M,R, trace

N.M.R, b) integrals
N.M.R, weight_

TABLE 12
MMA/MalA

0.0

Ultra-violet analysis _

r

MIK/MMA MMA/MVK

Ty T 1 2

0.725 0.990 0,330 i.530
0.620 0.075

0.640 0.550 _
I.44 1,17 0.677 1,37
G.7C0 },70 0.631 0,891
0.675 1,17

0,587 I.64

I1.07 1,12

1.16 2,34

Y r



wholly overcome,

Because each method hes a certain degrze of error associated
with it, Pineman -~ Koss plots conbaining gll experimentally determinzd
points were constructed and are shova in FIGURE 3.23 for the NI/ 2:A
system and FIGUE 3. 24 for the 12(A/LVK systems A straight line deter-
nined by the method of least squares was drawn through 211 the points
in FIGURE 3,23 with the exception of those determincd by H analyuis,
the point due to the n.mer. expansion by weight of +he 1/2 copolymer
and the U, V. determination of the 2/1 copolymer, The reactivity ratios

werce found to be r = 0,977 and n,

1204 i = 05692

Similarly, in FIGURE 3, 24, the microanalytical figuros of
the U, V. detemination of the 27 and 7% copolymers were climinated and

the reactivity ratios calculated to be r,.., = 0,028 and r, . = 0,526,

IaiA IAVIL

On the basis of these figures, the copolymer caupositions were
recalculated and are shown in TABLE 13, In subscquent discussions it

will be these compositions which will be quoteds UThe reactivity rutios

96

determined by Blackley and lielville” ™ are used for the maleio onhydride

copolymers and the compositions are shown in TABLE 14,

In the determination of the reactivity ratios, no account has
becn rade for the effect of units other than the terminal unit in a
growing polyrer radical., Statistical treatment of the scouence distri~
bution of units in polyners has led to expansion of the copolymerisction
169~ 111 ‘

12 . . cq s
equation. It hoas been observed that an anhydride unit in

copolyners of naleic anbydride and styrene csg far romovel as fcur unils

e 96 o~
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FIGURE 3.23

Composite Fineman Ross plot
for the MMA/MIK copolymers

+@CURepu@

carbon analysis
hydrogen analysis
infra-red analysis
ultra-violet analysis
N.M.,R, a) integrals
N.M,R., planimeter
N.M,R, trace

N.M.R, b) integrals
N,M.R. weight




FIGURE 3,24
Composite Fineman Ross plot for the MMA/MVK copolymers
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TABLE 13

Polymer Mole fraction Polymer Mole fraction
of ketone of ketone
1/2 0.323 I57MVK 0,228
I/1 0.477 70/30 0.339
2/1 0,658 70/30 (AD) 0.410
27MVK 0.031 50/50 0.484
T7MVK 0.120 50/50 (AD) 0.641
90/10 0.155 30/70 ~ 0,649
10/90 0.853
TABLE I4
Polymer Mole fraction Polymer Mole fraction

of anhydride

of anhydride

'100/71. 0,0099 19/1
50/1 0,0230 18/1
20/1 0.0422 12,5/1

”

0.0427
0.0455
0.0664



from the end of a growirg polymer radicé.l hag an effect on the reactivity
of the radical, This effect may be in operation in the copolymers
pregently under study and may explain the unexpected result of greater
than 50% incorporation of maleic anhydride into “L"J.iA/LIaJA copolymers by
Blackley and kKelville. 96



CHAPTER. FOUR

THE DEGRADATION OF POLY(MRETHYL METHACRYLATE) AND I7S COPOLYI'ERS

WITH LALEIC AIHYDRIDE

In this chapter, the thermal degradation, photodegradation
and photothermal degradation of methyl methacrylate/maleic anhydride
copolymers are compared with that of poly(methyl methacrylate). Thus,
it is possible to examine the effects of the aﬂ1ydride groups and to
propose mechaniams through which these effects operate,

L

1o Pressed Disc Themal Degradation

Pressed discs of polﬁer, prepared as described in Chapter
2, were placed on ﬁeighed gilica discs of diamefer 30mm and thickness
1mn, The silica and sample discs were weighed together and both
placed in the degradé.tion apparatus., The system was evacuated to
10"6 tﬁrr and oven temperature settings of 20000, 220°C and 24000
were chosen since it is over this range that monomer evolution from
P/HA is most conveniently measured, The actual oven teuperatures as
measured in Chapter 2 are not significantly different from the oven

“emperature settings and only the latter are therefore quoted in this

chépter.'

The degradations were carried out in a closed evacuated
system with two nitrogen traps to collect volatile pro ducts, After

degradations, the silica and sample discs were reweighed ani the
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polynmer residve sutmitted for molecular weight detemination., The

results are shown in TABLT 4. 1.

The graphs of percentege weight® loss versus %ine in FIGURZS
4.7, 4.2 and 4.3, illustrate the blocking of the normal unzipoing mode
of degradation of PMMA by the presence of anhydride groups., The
greater the anhydride content in the polymer, then the greater the

inbibition of the depolymerisation,

In the PMMA plots, the rate of monamer production falls off
quickly and tends o reach a plateau at abowt 17% degradation, Thig
effect could be caused by the following factors or a combination of

them s~

a) The most labile sites for initiation of depolymerisation are
unsaturated chain énds, caused by disproportionation termination in
polymerisation, In high molecular weight material, there are
relatively few of these end groups and, as they are used up, the more

stable saturated end groups remain and so the rate of monomer evolution

decreases,

b) It has been suggested that weak links exist in PMNA25 and it may
be their rupture and subsequent unzipping of monomer which leads to

the initially high rate of monomer production.

c’ Since the molten polymer is still highly viscous even above 200°C,
the initial evolution of monomer may come only from which it cai escape

most freely. Once the reaction from molccules near the surface is
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. TABLE 4.1

Polymer Degradation Degradation Jweight loss Molecular weight Number of scissions

time (hr.) temperature (OC) per monomer unit xI0 3
PMMA 0 0 0 815,000 0
PMYA 1 200 | 2.4 - 617.000 3.54
PIMA 2.5 200 4.8 550,000 5.04
PMMA 4 200 5.6 538,000 5.26
PMMA 12 200 12.9 409,000 9.03
PMMA 17 | 200 16.1 443,000 6.68
50/1 0 0 0 1,150,000 0
50/1 1 200 0.8 973,000 Y.49
50/1 3 200 1.1 287,000 .25.8
50/1 6 200 1.3 239,000 , 32.6
so/1 12 200 1.7 308, 600 23.2
50/1 17 200 1.3 228,000 34.6
20/1 0 0 1,150,000 ' 0
26/1 1 200 . 0.2 575,000 8.66
20/1 2 200 0.8 548,000 9.40
20/1 6 200 9.9 429,000 14.4
20/1 12 200 0.8 389,000 16.8

20/1 17 200 1.0 288,000 25.7



TABLE 4.1 (continued)

Polymer Cegradation Degradation v%weight 1oss Molecular weight  Number of sciszions
time (hr.) temperature(oc) per monomer unit %0 >

PIMA 1 220 6.8 562,000 4.30

PMMA 2 220 10.5 575,000 3.21

PMMA 4 220 13.3 . 526,000 4.18

PMMA 6 220 15.6 436,000 7.09

PMMA 12 220 16.6 452,000 6,18

PMMA 17 220 17.0 477,000 5.1I5

50/1 1 220 1.2 \ 301,000 24,2

50/1 2 220 1.4 169,000 49.6

50/1 3 220 3.0 141,000 ‘ 60.0

50/1 6 220 2.9 84,000 107

50/1 12 220 2.9 68,500 133

50/1 17 220 3.5 48, 600 | 190

20/1 2 220 1,3 389,000 16,7

20/1 6 220 1.5 169,000 - 49,5

20/1 12 220 1.5 113,000 ° 78.3

20/1 17 220 1.6 70,000 131



TABLE 4,I(continued)

Polymer Degradation Degradation Jweight loss Molecular weight Number of scissions
time Chr.) temperature (OC) per monomer unit xIOLS

PMMA 2 249 14,2 ' 396,000 9.42

PMMA 3 249 15.7 422,000 7.70

PMMA 6 240 16.8 367,000 9.46

PMMA I11.5 | 2490 18.1 . 272,000 18.3

PMMA 17 240 20.2 275,000 17.5

50/1 I1.25 240 2.6 L

50/1 2 240 3.1 41,000 227

50/1 4 240 5.0 36,300 253

50/1 A 6 240 6.5 24,200 378

50/1 12 240 8.0 21,400 425 .

50/1 17 240 16.4 15,100 544

20/1 2 240 1.4 98, 500 ' 91.5

20/1 4 N 240 2.5 39,600 237

20/1 5 240 2.8 L

20/1 6 240 5.1 21,100 441

20/1 12 240 5.9 15,100 612

20/1 17 240 8.4 12,700 711



~ 16

Twelght

loss

(%)
(9} ]

P
~

7 9 II 13 I5

1 1

Time (hrs.)

FIGURE 4.1

-2 - - - 0
rwelight loss versus time for =hermal degradation at 200 C



Tweight

loss

I an SR
./
O maa
« 50/1
& 20/1
L 3
. X
N
x. )
9 II T3 15 17
'y 3 'y 3 ¢ B |

Time (hrs.)
FIGURE 4.4

Jweight loss versus time for thermal <Jegradation at 220°%



Twelght

loss

;/I 3 5 | 7 9 11 13 15 1
[\ 1 1 1 i |

k|  J

Lo

Time (hrs.)

FIGURE 4.3

. - X o
Yweight loss versus time for thermal degradation at 240°C



caeplete, the rate cf evolution of nonomer from the sanple nay be
controlled by the rate of diffusion of monomer from the body of the

sample,
These possibilities will te discussed leter in wore det<il,

The copolymers also show- an initially fast rate of weight
loss but this is relatively short lived and is probably due 4o the
early evolution of solvent trapped during precipitation of the polymer
after polymerisation. Chloroform, the solvent used tc redissolve the
precipitate in the purification of the polymer, can be detected by
infra~red analysis of the volatile products of degradation, It is
present in trace amounts in the degradstbion products of PLMA and
rather greater concentrations in the products from copolymer degradation,

although in both cases, methyl methacrylate is by far the major component.

A plot. of molecular weight versus percentage weighl lous was
discussed in Chapter 1 and should be a straigh® line in vhich the
percentage decrease in molecular weight is equal to the percontage )
volatilisation when a polymer uncergoes only depolymerisation, In
PIGURE 4.4, line A represents this theoretical plot end line B the
observed plot for FiiA, It is apparent that some chain gcicsion is
ocourring at 200 - 240°C but that it is independent of tanperature in
this ranges By contrast, the nolecular weight chunges vhich occur in
the copolymers and which are illustreted in PIGU. W 445, demonstrate
that considersble chain scission is occurrings A rapid decrease in
molecular weight is observed with little volatilication, The efiect

of +teaperature does not. appear to be significant.
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The rate of chain scission can be Tound by considering the
effect of n chain scissions on a polymer of chain lenzth P monomer
o
units, Since n+? molecules are formed, the resulting average chxin .

length P % is given oy Po
n+1

Rearranging, n = Po - 1

lav)

t,
Since each polymer mey have a different initial molecular
weight, the number of bresks per monomer unit g, is a more useful and

meaningful quantity. Thus:~

S=§
P
(o]
e 8 =1 -1 - (1)
Pt Po

When volatilisation occurs in addition to chain sciscﬁ.on,

n+1 VO[uJu\u; Ui~
o o . S = 1—X - l o (2)
P P
t o

FIGURES 4.6, 4.7 and 4.8 show how chain scission varies with
.. PR« BRI o o . s » U
tine at 2007C, 220°C and 240°Cs It is immediatcly obvicus that th
copolymers undergo chain scission at a substantislly high-r rate than
Y. A, However, apvroxinate values for initial rates have beem
stimated from the initial slopes of the curves in FIGULES 4,6, 4,7 and

4,8 anld are showm in TasLl 2,

Additional infommation ctout the thermel behaviour of JilfA

- 112 -



Scission

per

monomeyxy

unit

xI0 3

» S50

L 40

R42]

& ma
% 50/1

@ 20/1

e ' X 50/1

-~

0
U
~d

‘ 9 II I2 I5 17
2 1

Time (hrs.)

FICURE 4.6

- -+ I o
Seissions per monomer unit versus time for the thermal degradaticn of the polymers at 200 ¢



O PA
50/1

Scissions
per

monomer 20/1
unit

xIOQS

ZX
e

\j}-

- 17

U M

e
(0 o
[
(V3]
=~
W

$
) IX
Time (hrs.)

FIGURE 4.7

Scirs{ions per monomer unit versus time for the thermal degradation of the polymers at 220°c



50/1

_x 20/1

Scissions
pe~
monomer
unit

x10 3

[ o b - Y’h A - = G r — Q PMMA
i 3 5 7 9 11 I3 I5 17
Time (hrs.)

_ ] . . o
Ficedé w €  Scissicns per monomer unit versus time Zor tie thermail degradation of the polymers at 240 °C



TABLE 4,2
Polymer  Temperature of 1Initial rate of chain

degradation (OC) scission (sc./m.u./hr.xIO'S)

PMMA 200 3.5
50/1 200 8.5
20/1 200 8.5
PMMA 220 4.3
50/1 220 26
20/1 220 17
PMMA 240 10
50/1 240 230
20/1 240 90

TABLE 4.3
Polymer Tmax(oc)

Peak I Peak 2 Peak 3
PMMA 289 374 L
100/1 . 334 409
50/1 ‘ . 238 409
20/1 L 345 414
19/1 L 338 425
12.5/1 345 409
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and the copolymers can be obtained from thermograviretry and themal

volatilisation analysis (Tva).

24 Thermogravimetry

FIGURE 4.9 shows the thermogravimeiric %races of T3 PLIA,
100/1 and 12,5/1 polymers. Ten mg powdered sanples were heated at a
rate of 10%/min in an atmosphere of nitrogen. The copolymers sppear
nore stable then the homopolymer, at least as far aé weight loss is
concerneds In addition, two distinct stages of degralation can be

»

identified.

Se Thermal Volatilisation Analysis

TVA themograms are shova in FIGURES 4,10, 4.11 and 4,12 end

indicate - the rate of evolution of volatiles with increasing twmperatura

The thermogram in FIGUZ:Z 4,10 is typical of high molccular
weight ([ = 815,000) Pilil The 0°C and -45°C lines are coineident
and record the smount of volatiles passing through the traps which in
this case is methyl methacrylate., The —750C trace shows a limiting
rate effect due to the fact that although methyl methacrylate condenses
in the ~75°C trap, it is sufficiently volatile to distil slowly into
the main {rap (-196°C). ‘Me nonczer is virtually totzlly coniensed

in both the -100°C and -196°C traps.

There are two rate madma in the Fil'A theuviogran. The 1irst,

et 280°C, is 1tue o legradation by initiction ond subsequent uncipping

- 17 =



FIGURE 4.9

Thermogravimetric traces
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of monomer units frcm unsaturated chain ends, In high molecular weight
PildiA this first peak is small coupared to the second, parily because
there are relatively féwer unsaturated ckain terminal stmuictures and’
partly because the kinetic chain length of unzipping is considerably
less than the molecular chain length. FEIIA of low molccular weisglh
(eg. Fn = 20,000) has two peaks of almost equel size since there are

nore unsaturated chain ends from which unzipping nay begin snd the

chain length for unzipping is greater than the molecular chain length.

The effect of introducing one per cent of naleic anhydride
into the BMA chain is illustrated in FIGURE 4,11, Here, the peak
due to end -~ initiated depolymerisation has disappeared and the first
peak observed corresponds to the second peak in the PLIA themogram.
That: is, 1% is due to the evolution of monomer aiter chain fragaocntations
Ir Tma.x represents the temperatt;ré at which the rato of volatilisation
reaches a maximum, then TABLE 4, 5 show Tmax Tor the various peaks on
the recorded ‘thermograms of several maleic anhydrie /12:A cepolyners,
It app.oars that Tma.x for peak 2 is reduced by 50-—4000 when erhydride
groups are built into the chain, Feak 3 which 1is associ.ated only with

the copolymers, appears at a temperature zbove that of the second peek

in BIA,

T is influenced by several factors inclu’ing molecular
max

weight, While this is sufficient to account for the rclatively aaall

variations of Tmmc yithin the copolymer range, scparate mechorimas

: - 3 ; e he
nust be involved to explain the large drop of Tmmc in pealZ, the

di.sappearance of pcck 1 and the appearance of pedi. e
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It has already been explainzd that, in AIA, peak 1 is due
to vnzipping initiated at unsaturates chain ends and that peak 2 ig
Gue to chain fragmentation and subsequent unzipping. If it is accepied
that the enhydiide gmoup blocks the urzipping mechanism in INUA, yed
acts as a weak link in the FllA chain, thet is, it becomes a ﬁore
active site for chain scission than a methyl methacrylate unit then
the absence of pezk 1 in the themograns of the copolymer is explained,
fiowever, should chain scission ocenr between a ld:A and an anhydride
unit, then two chains would be formed, one with a fterminal enhydride
group and the cther with a LA group which could imnmediately unzip as
far as the next anhydride unit in the chain, Because thic chain
scission reaction occurs 50—4000 below the corresponding reaction in
P14, it would apoear that the anhydride 4ends to oncourage chain
scission. The uﬁzipping of MuA from this chain break gives rise to
peak 2. The anhydrice teminated chain, however, carrics on its
blocking function and it is not witil above 40000 that the thenaal
energy is sufficient to overcome this with correspon.ing losy of 1T°A

resulting in peak .

A higher rate of chain scission and thercfore a larger peak 2
is to be expected as the anhydride content is increased on progregsing

from 100/1 to 12.5/1 copolymers. This is seen to be the ozse.

de Solution Photoderradation

In solution at room temperature, it is possible to investicave
pure chain scission without the complicalions of croaslinking, diffugion

ete, which cen occur in bulk,



Using methyl acetate as solvent, Ll'A and the anhydride
copolyrers were degraded photolyticelly as described in Chapter 2,
The concentration of sample was normally about 25mg/ml. Conceniration
effects have been shovm to be =mall over a large range of concentrniinns,
Lolecular weight data are shown in 24BLE 4.4, and the mmber bf scissions
per monorer unit calculated vsing equation (1) are shown in TABLT 4, 5.
By plotting the number of chain scissions against time (FIGURE 4.13),
the initial rate of chain scission can be obtaineds These rates arc
gshown in TABLE 4.6. The linear relationship between the rates and the
mole fraction of anhydride in each polymer ig illustrated in FIGURE 4, 14,
It can be seen that the effect of the anhydride group in enhanoing
chain scission in photodegradation is lesa than its effect on chain

scission at elevated temperatures in the absence of uwltra=violet lighty

Infra-red analysis of the polymer after degradction ouggeustbs
that chain scission occurs at the bond linking an anhydride group with
an 13iA group, the essential anhydride structure being proesorved, nincé
the infensity of the anhydride absorption band in the carbonyl rogion

is waltered,

e Thin Film Photodegradation

It is not appropriate to degraie photolytically precoeld ddse
gamples. of P34 becausc of the high degree of roflection of 1o 1ie¢ht
by the opaque disce For this ;eason, the polymer swiples vore propared
in the form of thin films, generally cast from chloroform sclutiona

and degraded as described in Chapter 2
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TABLE 4.4

Molecular weights after ultra-violet irradiation in solution

Polymer Degradation time (hrs.f
0 0.5 I.0 1.5 2.0
Aug PMMA 1,100,000 72,000 — 25,800 20,400
new PMMA 649,000 32,500 .23,900 18, 800
10G/1 1,630,000 65,700 49,500 22,300 16,800
50/1 1,150,000 60,500 28,200 21,800 17,900
20/1 1,150,060 45,400 26,160 19,300 17,300
TABLE 4.5
Number of chain scissions per monomer unit
Polymer Degradation time (hrs,)
-~ 0 0.5 1.0 I.5 2,0
Aug PMMA 0 130 . 378 480
new PMMA 0 L 292 403 516
100/1 0 146 196 443 590
.50/1 0 157 346 450 550
20/1 0 212 375 510 572
TABLE 4,6
Polymer Rate of chain scission
(sc./m,u,/hr x10 5)
‘Aug PMMA 247
new PMMA 265
100/1 260
50/1 340
20/1 413
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FICURE 4,13 Rates of photodegradation in solution

- 926 ~



Rate of chain scission (scissions/monomer unit/hour xIOJS)
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FIGURE 4 .14

Rate of chain scission versus mole fraction of malcic anhydride
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As in solution degraiaticn, because volatile products are not
formed, molecular weight changes should be described by equetion (1).
‘TABLE 4.7 details the results of photodegradation on three rolymers
and FIGURE 4,15 shows the rate at which each polymer degrades. Again,
the relationship between the rate of chain scission and anhvdﬁde
content is shown in FIGURE 4,16 from the rates calculated from FIGURR

4,15 and shown in TABLE 4.8,

The data appear to indicate thal the polymers degrade less
readily in the solid state than in solution., However, this may be
partly due to the fachk that a less powerful <U, V, leanp was empldyed
which was placed further from the sample than in the solubtion photo-
degradations although radicals formed in the thin films also tend to
recombine more réadily than in solution., The effect of solvont on the

reaction will be discussed in the following chapter,

Although weight losses were negligible, traces of L}A were
observed emoung the volatile products together with the solvent chloro-
forme As in the case with photodegradation in solution the anhydride

function appears unaltered in infra-red after degradation.

These results on thin film photodegradation do not show
particularly clearly the effect of the arhydride groups on ths photo-
stability of Pl2iA, The photodeéraiation in solution achicves this
rather more accurately although the trend of increasing ingtability to
wltra~violet light with increasing anhydride content is evident in the
thin film degradations, However, they are useful for couparison with

the effects of light at room temperature and at clevated tenporalures
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TABLE 4.7

Polymer Degradation Molecular Chain scissions per

time (hrs,) weight x10°7 monomer 'u:xit xI0 >
Aug FMMA 0 1,100 0
Aug PMMA 6 193 42,7
Aug PMMA 8 188 44,1
Aug PMMA 10 141 61 .9
100/1 0 1,690 0
100/1 1.75 617 10,3
100/1 , 4 244 35.0
100/1 6.05 202 « 43,5
100/1 8 143 64,0
100/1 9.55 132 69.8
19/1 0 6835 0
19/1 v 2 396 10,7
19/1 4 234 28,2
19/1 6 177 01,7
19/1 8 135 . 59.5
19/1 10,25 90 96,5
TABLE 4.8

Polymer Rate of chain scission
(Sco/mou./hr. x10 5)

Aug PMMA 6.2
100/1 7.5
19/1 7.9
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FIGURE 4,15
Thin film photodegradaticn
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which is described in the following section,

6, Photothermal Degradation

Experiments descrited above have shovm that the mechania of
thermal and photodegradation of PEIA and copolymers of iifA with mcleic
anhydride are markedly different. It is, therefore, of intcrest to
exennine the photothermal degradation in which the efiecets of heal and

light are combined,

Two temperatures were chosen: Initially, 15000 was used
since thermal degradation is negligible at this {emperature aliloush
the polymer is near its melting point and the molecules should thus
be relatively mobile. Results are shown in TABLY 4.9, 'The graph of
% weight loss versus time (FIGUEE 4, 17) confirms whot might be cipected,
ﬁamely that the rate of weight loss of XA from Wi A ia greater than
frem the copolymers., The rate of degradation of MIA 1s ulso much
faster under ultra~violet light at 150°C thon it is even at 240°C
without light as has previously been showm by other workers. ¥
However, the weight loss shown by the copolymers is now approciable.
Vhat is even more significant is that the rate of chain scigsion
(FIGURE 4,18) of PI/A is even greater them that of the copolyncrs. In
considering the possible reasons why the rate of chain scission under
photothermal conditions is greater in FilA than in the cocpolinicra
vhile under pure thermal and pure photo conditionsg the rocverse is
true, the following focticrs ney rlay a part:--
The effect of temperature and the physicnl coniliion of

a)

the polyners.
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Polymer Degradation Degradation

TAELE 4,9

Zweight Molecular Scissions/

time (hrs,) temperatuie (OC) ioss weight menomer unic
. xI0"
Aug PMMA 0 0 0 1,100,000 0 -
Aug PMMA I 150 6,6 42,260 212
Aug PMMA 2.5 150 14,0 20, 560 402
Aug PMMA 5 150 30,6 10,5G0 651
100/1 0 0 0 1,690,000 0
100/1 1 150 5.9 6G, 800 149
100/1 2 150 I1.5 34,400 252
100/1 4 150 17.5 20, 600 395
100/1 6 150 23,2 19,300 391
19/1 0 0 0 685,000 0
19/1 0.5 150 1.6 252,000 24 4
19/1 I 150 4,3 99,00 82,0
19/1 2 150 7.9 53, 800 156
19/1 4 150 13.7 34,200 238
(Minutes)

73 PMMA 0 0 0 2,810,000 0
73 PMMA 15 170 8.3 316,000 25,5
73 PMMA 30 170 15.4 160,000 49 .4
73 PMMA 35 170 16.1 110,000 72.8
73 PMMA 60 170 27.2 72,900 96,5
73 PMMA 60 170 32,7 50,000 131.0
73 PMMA 65 170 26,9 62,000 114.0
73 PMMA 90 170 26,2 49,000 146,0
73 PMMA 120 170 54,1 N o

!

ol




TABLE 4,9 (continued)

Polymer Degradation Degradation 7weight Molecular Scissions/
time (mins,)temperature (OC) loss  weipht mbnomer unit
xI0
100/1 0 0 0 1,699,000 0
100/1 15 170 5.8 436,000 15.7
106/1 30 170 7.9 209,000 38.2
100/1 60 170 O I7.4 110,000 69.4
100/1 90 170 27.0 79,066 86.5
100/1 127 170 30,2 31,000 80.3
50/1 -0 0 0 1,150,000 0
50/1 15 170 3.3 408,000 15,0
50/1 30 170 7.0 226,000 32,4
50/1 60 170 I1,1 121,000 64,6
50/1 90 170 17.5 90,000 83.0
50/1 120 170 18.8 95,100 76.7
" 18/1 0 0 0 2,530,000 0
18/1 15 170 2,7 347,000 24,0
18/1 35 170 5,3 198,000 3.9
18/1 60 170 8,7 131,000 65,6
18/1 90 170 11,2 101,000 84,0
18/1 120 170 13.5 89,000 93,3
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b) The offect of solvent trezoped in tha rwolmer o4
¢) Cross-linking in the zubyirice polymers which coodd
lead tc apperently lower rates of cheir scission,

d) Some othsr explanasbion,

a) The melting voint of PLI.A is approxinately 16500. The dntecduction
of anhydride unite masy lower this melting point weeil it is below the
tenperature of degradation and so may affect the mcde and rate of
degradation, Accordingly, <the experinents were rcpeatel at 1700(1,

The results asre shown in T\BLE 4.9 and in FIGURS 4,19, The effect
appears 1o be one of greater degradatbtion a.nd rate of weight loss.
However, FIGURE 4.20 confuses the picture bty indicating thot the rete

¢ than at 150°C for all polymers,

of chain scission ic less at 170
This is contrary $o mosh theories of the kinetics of degradation,

The answer is obviously not simply one of degradation teuverature.

b) Residual solven® in the polymer filmg may affect the degradation.
The solvent, an inmpurity, mey lower the nelting point of the scuple
and, at the temperatures used in this enalysis, alier o rate of
degradation, It is known that chloroform nay enhance the rohe of
photodegradation since it can foma radicals fairly casily. Shonld
the homopolymer retain chloroform more readily than {the copeliers,
i+ tha

-k '
Ao eCr

then this may explain why P7/A wndergoes chain scission
the copolymers, It may elso explain wiy the rate of chain soilrsion
at 170°C is less than at 15000 since lesgs soiven®t will be trapped in
the film at 170°C vhich is above the nelting point.

s ~ . R S PR Y an
The question of solventu effcava oni She rieval of aonlvert
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are discussed more fully in the followi:ng chapter,

¢) Bach anhydride unit in the pol;rmei‘ chain contained two tertiary
hydrogen atoms, These are susceptible %o remove.xl by Wlira-violet
radiation with radical fomatior*;. A% roon temperature, since 21l he
molecules are iwmobile, recombination or double bond formation can
take place, dowever, above the melting, the molecules nay possess
sufficient mobility tc combine with other polymer radicals and so grow
in gize, Should the melting point for the copolymers be depressed by
the existence of the anhydride groups such that. at 150°C the polymer

| chains are sufficiently mobile, cross linking could explain why the
copolymers appear o undergo chain scission slower than FMLIA, This
will ulso apply &t 170°C but this theory cannot explain why PMIA under-

goes chain scisazion %0 a lesser degree al 1'(O°C than at 150°C.

d) The major contributing reason for this ancmalous behavicur fome

the discussion section of this chapter which follows,

Te Piscussion

The in-broduc{‘.:lon of maleic anhydride as a comonomer into
BIA appears to have two effects on the thermal degradation:-

8) The mechenisn by which BMA degrales by unsaturated
chain end initiation followed by unzipping, is inhibited by anhydriie
groups, Tuis is secen in the reduction of monomer produced from
anhydride ccnteining polymers at 200 -~ 24000, the increased wc:igl‘nt
stobility in thermogravimetry and the loss of the firgt peak in TVA

thervnograns.

1) 'The presence of anhydride groups enhances the rute of
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chain cecission, Kolecular weight deterninaiions reveal o zhars drov

- —~

in the molecular weight of the ccpolymers comnared to Fli. The

_d A\

e

position of the second peek in the PIA TVA {heirmograms, due 4o nain

chain scission follcowed by vnzi

23
tol
H
3
;Q
pede
193]
g
Q 7]

ueced by 50-40 C in tuc

copolymer thermograus,

The nechanism of degradalion will new be discusced,

-

a) FlA, It is generally agreed that FilA waderzoes reverse

w .

polymerisation initiated at vnsaturated chain ends at temperatuvres

below 270 Ce Two types of unsaturated termimal structures nay exisy:--

l I | I
~(C~ (= C and ~C- CiI -~ C
n | 1 <
H I
()OZCri3 002(3{5 COZC 3 002 3
I IT

If the polymerising radical has the same structure as the

polymerising radical, (IH}
. '
R~(Cll, - C-

2 b )
JZCH3
then, to obtain this radical by scission of & bond 5 to

a ¢c= ¢ group, the structure of the polymer nolecule end nuast te IiJ,

However, according to McCallum, some

CH could be Tormed wiich could depropugiic.
R - ? - o
CH,
: P Y aYe L o o Ao -*J-",-«' < P -~ 07
The depropesetion may be terninzied vy nutacl destrucilcn ol pur T

radieais, ead the probs.‘o;lﬂty that tominaiion will ccoour norove

[ad 14.1 .



coaplete vazipring of a polymer chain must increase with the riolecular

weight of the polymer.

The ungaturated eandis arise from disproportionation reastions
teminating +the growing chains in the polymerisation of Fi‘A, In this
way one uwasaturated chain end and one saturated chain end are formed,
Unzasurated terminal structures are not formed if teminaticn occurcs
by combination of radicals during polymerisation. Therefore it is
impossible to achieve more than 50% conversiou to moﬁomer with a
mechsnign involving unsaturated chain end initiation in the absecnce
of chain scission, and for high molecwlar weight pelymer thic figure
should be even less, In the polymers under discussion, it has been
noted that the rate of monomer evolution fells away sharply atb ahout

17¢<) conversion,

However, FIGURE 4,6 had demonstrated that some chwin ceisszion
is cccourring even at 200°C, If the mumber of chain scissions is
caleulated from equation (2) and plotted against tiume (FIGUXE ie0), i%
can be seen that there appears to be initial chain scission which is
quickly stabilised with very 1ittle subsequent scission parviculerly
&t 200°C end 2206C (FiGURES 4,6 and 4.7)s These “weak Iinks™ have been
37

observed previously.

T 2 AV g 44 e 1.
In spite of this rendom cleavage of the main chain, it chouln
e possible to account for the amount of monomer svolved ond esliaois
the meea kinetie chsin lengthe

If it is acsumed that the evolution of monorcr is uod innibited
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by its diffusion through the sample dise, and this would appear to De
the case since the evolution of 1HA from SIiA al 20070 i
rate (FIGURE 4,1), then the weight loss of the sw. ple is due %o loss
of monomer from wnsaturated chain cnic and froam unzivping efter nmoin

chain scission,

1f y represents the number of monomer wnits lost and x
represents the zip length of FiiTA; then y w %(_ vhere 504 of +he chain
endg are unsaturated, In cases wWoere the mean wolecular chain length
is less than the mean kinetic chain length, y will equal 50: of the
aveilable units and thercfore x will ecual the chain length of the

poiymer,

In ca.ses"where the kinetic chain length is leos than the
nolecular chain length, a fraction less than 507 of the availsable units
will be evolveds Temination of unzipping is assumed to be o digpro-
pordionaticn reaction leaving a saturated end group on the polymer wiich

will not unzip.

If chain scission occurs and both the radicals unzip to the

-

mean zip length, then this will increase the mmber of 1Ji4A wnits

evolved, This will be equal 1o xz where zis the mmber of scissions,

Therefore the total number of units evolved will bes-

Y = 22X 4+ X
A

rearreacing x = ¥y } (3)
22+ 05



PIGUER 4,21, in which 2ip length, x, is plotie

st &

2gezinst .

weight locs, shows how efter reaching 14-15% weight loss, fhe zip

iength reweine constant at sbout 700 units. This figure is 2 minipum

value and will increase as the fraction of unsaturated end groups terds
CIL5 B

to zero and when the rajical . (ﬁlz—&n- formed after chain sciusiom

to, o

does not wnzip fully, which m&y occur s1éce 5. 18 relatively unstable,

FIGURRS 4,6 and 4.7 suggest that the weak lirks in P4 result
in about 5 x 10"5 'scissions per monomer unit occurring at 200 -~ 220°¢,
If the radicals formed from each chain scission unzip to the meen zip
lengths of 700 waits, 1400 wnite vill bLe evolvcd which represents only
about 8% of the observed losses in FIGUR®S 4,1 and 4.2, Therefore it
would eppesr that the reason for the levelling out of these plots is
because the number of unsaturated chain ends available for unzipping
have been used up, Further incresses in weight less are due to nonomer
evolved from chain scission which starts to begome inportant at 240(’0
(FIGURE 4.8),

>

b) Anhydride containing polymers., Several differcnces are apparent in

the mode of degradation of these polymers compered to A
i) In thermal degradation unzipping is dlocked, Thevelore

either or both of the Tollowing mechaniams is assuzed ‘to cperate.
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Support for this mechanish comes from she ovservetion thad

anbydride frequencies in the infra-red region are not diminished in
-

intensity, However, because of e relatively few terminal oniydride
groups formed by chain scission and becouse of the genecrally broad
peaks associagted with anhydride absorbances it was not possible to
identify any infra~red absorbances asscciated wilhh unsaturated cyclic
anhydrides vhich would appear at slightly longer wevclengths in the
infra-red.

ii) In photodegradation o slight ircrease in chaju @eissicn
i8 observed with increasing anhydride content, This is more appurent
in thermal degraduation where the ivcrease in chain ccission is several

times grester than that in P24 at 200-240°G

This would suggest that chain scission is occurring in the

neighbourhood of the anhydride unit,

The nost plansible mechenisn would be:
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H B CH3H H H H "¢
\ \ 17| I B p o
~C-C=-C- gv cr A~C= C~ C- C~
t \ ] H { { ( {
¢ C  0O,CH, AL ¢ H 00,
O/I\C’/\\O 2 3 007 ‘o 2 3
\V4
H CH H E H I ¢H
) 13 ] 1 \ ! l3
~(= C + C - C~ or ~C~ C + «C—- Cn~
E 00, G T b, .G E (0, CH
c _C C0,CH, <Gy i ), CH.
0'5\0/\0 2 ) O‘CO ‘O 2 j

This mechanism would apply hoth to ':bhermal and photodegradation
in general +terms although the initial tond cleavage may be different
eg. in photodegradation, abstraction of one of the anhydride protons,
but in thermaldegradation, scission of the bond between onhydride and

MEA units.

In the degradation of the anliydride copolymers, unzipping
does not continue through the anhydride groups., Therefore cqualion

(3) now reads

FIGURE 4. é2 shows how the zip length vavies with & weishi
loss Tor the copolymers. The zip length, in fect, 15 chomm to be
lecs in general, than the averace number of Il wnite betwe:n
anhydride units, A possible explanation moy be found Ly ro-oxoniniig

{the nechanisams
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COZC 2 /,C\O/ & 2CH3 I

Scission at B can result ini—

.C = C + H-C - (~
{ ( i Il{
Ogc\or C«O 002(153
i ;
3
or ~ C - 9 - H + CH2= cC - g"‘- II
1 {
. ,C oo, 0, X
of S0 ¢ 273

it it is assumed that structure I cainnot unzip becense
it is anhydride terminated, it is only structure II, the w:saturated

chain end, which is capable of unzipping,

Scission at A can result in:~

CIL, H
y D ¢
~C - Cd, 1 c = Cn
$ J t !
0 C
CLZC{H3 O" « 0~ 8
N
= 1 H - C = (C~
or :\.{';' (}2 + ‘ (‘3
0, CH., ,C
25 0~ Yo7 §O
I1XY v



The first altcrnative seems possible but w.zirping wovld not
occur, but the fomaticn of structures IIT axd IV would involve a
CH3 shift or, at best, loss of CH4. It would appeer, therefore,
that several possibilities exis{ in which scission next to an anhdride
group may occur involving no loss of 11ld, These reactions would
reduce the average zip length and may ezplain the rather low volues
for zip length found in the anhydride ccpolymers. Only an extrauely

accurate analysis of the products of chain scission would help confim

the above tentative mechenian,

Further insight into {the mechexieam,. of degracation can be

obtained as follovws:
NG

~

Taking e model of HIA ten units in length and assuning that
one chain scission occurs with no unzipping, & polymer of average

length 5 units is lef.

Applying equation (2):—

S= 1-x -1 ut x=o0, P,p, =3 and P = 10
':'P"""' —f [ 0
t o
: 5=1 -1
5 10
"OQ1

So there sre O.?1 scissions per monomer vt

For the case wherc chain scission iu napligible cnd 'nzinping

from cnain ends ic the predoninant node of dogratetion, W Coun



describes this on the model where a zclyicr of %en waits unzing cne

by one until five, say, are left.

S.—;_:l:__;_c_ - l X = 05 P, =5zzd P =10
Py P v
(o}
¢ S :..-:2" - ___1‘ = O
¢ 5 10

Obviously sgince no chain scission is involved, S = 0O,

The analogy for the thermel degradation of anhydride polyner

and FilA would be when after, say, one chain scission, one of the

fragments unzips partially, eg. P1O - }I-‘5 + 1_’5
- P.

3 + 2 unzipped units
S =-=1:~:-{- - 1 wvhere X = G2, Y, =4 P =10
P t )
t o
=02 -~ 1
- 4 10
= 0,1

'ere ig sgain O.1 scicsicngs per monomer wiit.

ta

Fowever in the instances where complete unzipping of

Lfragmnent occurs €8s

P1O -) P5 + P5
—) 5 unzipped vuits

1-x - 1

S = T 5

}t Po

0,5 - 1

= T 7o
= 0

Tore, S5 o O 2lthough a chain scigeion has tohirn nlace,
on Tor FITIA that $he zip lengih

fhuz, where 3t hes ben showm
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ig ebout 700, melccular frogments of noleculer veizit 70,000 or less
are in danger of completely wnzipping and being lost as mononer., In
purely ithemeal degradation, where mclecular weights are all above
250,000 this effect is not 1likely to te serious, But in photothermal
deg radations of Filia, molecuvlar weights below 70,000 occur wifhin one
hour of sharting degradation, This, then, explai;fls wvhy PLIIA epparently
undergoes chain gcigsion FTaster at ‘iEOOC than at 17000, because at
170°C, altnough it is probable that many more chain scissions are
taking place, these scissions are not being recorded because of the
complete unzipping of the wmaller fregmented molecules,

-~

This does not explain, however, why in FIGUTS 4,19 the 100,/1
copolymer oppsrently degrades faster than the 18/1 copolymer at 15000
nor again why both appear to degrade faster =zt ’!SOOC than at 1'{000..

The reason for this is probably becausz of the size of the mclecule
vhica can diffuse across the membrane of the osmometer., Although tne
moiecwlar weight able to diffuse across the membrane depends on the
polyme."r.',~ ‘the tenperature, the membrane ete., molecules of I'liA of
rolecular weight 10,000 are able to pass through, Presumably, copclymerc
of maleic anhydride will also be able to do so, This means tnat

snaller moleculcs may not be measured =zs fracments, with the sane

result as in the case of unzipping fragments ie. an apparcntly lower

rate of chain scission than is actually occurring,

I a polyner of lengtih L'o wiits undergoes one choin scissicrn,
two chains of average length IT1 wits will rancine  If both fregaonts
1’0

renzin in the system then l4will te measurcd a3 5 Put if polyneor

polecules of lengih iCO uwnits o less are lost vo the system by

)
£



therefore not neasured, then

~

diffusior through the membrans cnd
we must take account of scissicns ome hundired units or less from

either end of the original polymer chain, The chances of seission

occurring in this region is 200 in I.ZO«

Ty Eq will have two contributions:-

a) Vhere chein scission occurs near the en? of the molecule

and a smeall fragment is lost, The molecuiar weight of the smaller

fragmens will be, on zverage, 50 unilse The contribution will be

200 ( ¥, - 50 )

14
¢ w
b) VWhere chain scission occurs such that both framents
remain in the system. The chances of this are 1 - 200 in i&o and
i

o)

so the contribution will be ¥/ 1= 200
: 2\ i)
o

.. I 200 M = 50 Y (1 - 20
L ( 0"’ >+ 1"2" R )
(o] C

-
it

10,0
1 - ——t £
100 T + ]
0 23 .

Similarly for the next chain scission 1‘32 will be related to

M1 in the wane way,
: 10,000 .
. ;o - e ¢ » S
.. Mn = 100 Hn —q * L‘n _ 1 where n i
2

the number of times each molecule suffers one chein scission,

If this trectnent is applied to the 20,1 copolymer Gl =
11,500 waits) and impose the coniition that cash niclecule vill undergo

3 7 i AT 45
chain scission si~ulianeously, we vill have the following dogoa.ition

schuences-

-

Lt
Ul
!



unit length chain scissions

11, 500 0
5:750 | 1
2,875 >
144357 T

etc, assuming no diffusion takes place,

However, ii diffusion occurs; then the above equetion will
apply. UTABIR 4,10 compares the rate of scission calculated by each
method,: TFIGURR 4. 23 shows how the rate of chain scission as calculated
from equation (3) quickly diverges from the ideal shate when aliowancc

allowance has been made for diffusions

8¢ Conclusions

It has been shown that the measured molecular weights of
polymers less fhan.100,000 mey be inaccurate because of the tendycy
of small molecules to unzip completely and because of the error in
calculation of molecular weights due to diffusion of mell frognents
through the omoueter membrane. though the mode of dcgradation
is apparent and mechonisns consistent with the degradation have bcen
proposed, it is difficult to be precise about rates even in tho ecarly
stages of reaction, Lelecular weight analysis by osmonetry is not
sufficiently accurate <o investigate the initial stages of degradation
yhere HTfuszion and conplete depolymerisation arc relatively

wainvortante.
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TATLE 4,10
Number of  Molecular weight Molecular weight Fumber of

scisesions assuming no loss assuming diffusion sciscions/

by diffusion (monomer units monomer unit
(monomer units) with diffusion
xJ0 *
0 11,500 11,500 0
I 5,750 « 5,850 - 0,87
3 2,875 3,027 2,42
7 1,438 1,606 5.35
15 719 898 10.3
31 360 575 16.5

63 . 180 371 26,1
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CHAPTR FIVE

EFFECIS OF SOLVINTS O THE DROTADATION OF I A AID OOLOLNERS WIo

LHALEIC AITHYDRIDS

1o Introduction

The presence of small a:nounto of snall molecules in polymiery
is almost unavoidable particularly in those prepared by bulk
polymerisation in waich nonomer way get trappad in a polymcer natrix,
Purification vy reprecipitation seldom achigves a 100% pure polyner
gince moat soclvents are difficulv to remove quantitatively. The
presence of solvent may be particularly trovblesome when sanples are
being prepared in the form of transparent films for the study of
photodegradative processce. In many cases, such as the present study,
filns cannot be prepared simply by melting the sample and allowing i+t
to cool in such a manner as to form a “bransp(;;vcnt filme The sanple
nust be cast from a solution ani the removal of the solvent nmay be
difficult because of the nature of the solvent ~ polymer interaction

and even the fragile physical nature of the saaples

Several vorkers have taken the view that simple eveporation
44,19

of acetone/FilA colutions is sufricient while i+ has veen shovm

that 24 hour evaporstion, vacuwn punping at 70 C for 16 hours followd
by 2 hcurs at room temperature prior to wWlitro~violet degradation ol

f)9

) e . .
PiIA filrg cast froa I pCt still shows “sa2ll resiaual eolvend®.

Grassie11 hwag showm that, in generoel, it i3 necessary to



raise the sample above the softening point of +the polymer to remove
most of the solvent, Other techniques, such as freeze drying,4o have

also been employed.

The purpose of this chapter is to examine briefly the removal
from and the effects of solvents on the photodegradation of the HiA/

‘Haleic Anhydride copolymer systems

2+' Results

Residual solvent can effect the anelysis of degradation
reactions in two wayse One is {0 upset mass calculations, for example,
‘the apparent weight loss in thermal degradation may be due bto residual
solvent being IOSf and not to loss of volatiles due to chemical reaction
within the sample, The other is the chemical intcraction of the
solvent directly or indirectly with the degrading sample.

The effect on the weight of the sample can be seen in TABLE
5.1 in which samples cast from the solution on to discs as described

in previous chapters are evaporated and then allowed to undergo

various treatments.

These results show how difficult it is to ramove chlorofom
without simultanecously degrading the polymer film. In general, it can
be said that prolonged beating end high temperaiures ore nccessaryg.

To examine these conditions seperately, two experinents were perfor-ed,
In the first, the sample was trcated for a long period at a2 t¥-mperature

below the degradation temperature but above Tg while in the second,
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TABLE 5.1

Mass of film 37,.8mg,
Mass of film after &4 hrs. in vacuum oven at 140°C 36,%mg.,
Mass of film after I7 hrs. in vacuum oven at 140°G 3¢,0mg,
Mass of film 41 ,7mg,
Mass of film after &hrs, in vacuum oven at 140°C 40.,7ng.
Mass of film after I7hrs. in vacuum oven at I40°C 39.8mg.
+ additional 4hrs, in vacuum oven at 140°C 39,6mg,
Mass of film 76,5mg,
Mass of film after Shrs. in vacuum oven at 15¢°C 75.,4mg,
+ 2 days at room temperature . 75 .41eg ,
Mass of film 89.7mg.
Mass of film after I7hrs. in vacuum oven at 64°C 62 ,.4mp,
+ additional I7hrs, in vacuum oven at 100°¢ 56,8ung,

Mass of film

121.5mg,

4 additional

~ 159 -

Mass of film after I7hrs. in vacuum oven at 64°¢ 33.5mg,
+ additional I7hrs. in vacuum oven at 100°¢ 76, 8wy,
Mass of film + supporting disc 2298 .0mg.,
4+ I7hrs. in vacuum oven at ISOOC 2283.0ng,
+ additional 17hrs. in vacuum oven at 150°% 2281 ,4ug,
+ additional 34hrs, in vacuum oven at 150°C 2280 .5mg,
Mass of film after 2 hrs, in vacuum at I6OOC 43 ,0ng,
+ additional 2hrs, in vacuum oven at 160°C 42 ,3ng,
+ additional 2hrs, in vacuum oven at 240°C 30, 7ng.
Infra-red analysis showed chloroform in the
volatiles after the final heat treatment
Mass of film 120 ,4m;,
Mass of film after Zhrs, in vacuvum oven at I6OOC 92 .7mg,
+ additional Zhrs, In vacuum oven at 160°C e0,2my,
+ additional Zhrs, in vacuvum cven at 160°C 88.Cuy,
T%hvs, in vacuum oven at 160°¢ £8,21.2,



TABLE 5.1 (continued)

~ 150 -~

Mass of film 94 . Img.
Mass of film after Ihr, in vacuum oven at 120°C 86 .0mg.,
+ additional I%hrs, in vacuum owven at 120°% 83.2ng.
+ additional Ihr. in vacuum oven at 120°C 82.2mg.
Mass of film 92.4ug,
Mass of film after Ihr. in vacuum oven at 120°C 87 .4mg,
+ additional Ihr: in vacuum oven at IZOOC 85.0mg,
+ " " " " wonoon 84 ,6mg.
+ " " " " weoonron 83.8mg.
+ n " " " weoowou 83.0mg.
+ " " " " no no160°% 72 ,9ng,
Macss of film 93.4mg.
Mass of film after Ihr, in vacuum oven at IGOOC 80,8mg.
+ additional Ihr. in vacuum oven at 160°C 78.6mg.
+ " " " " wownon 77,3mg,
+ " Y " " wenon 76,3mg.,
+ " " " " ween " 75 ,6mg,
+ " " " " weno o u 75,Img,
o+ " " " " monooon 74, 6mg,
+ " " o " A " 74 . Lmg,
K " 2%krs " " wowon 73.4nmg,
+ W Jhps, M momowow 72 .6mg.
+ " 12hrs, " " oo 69,6mg.
Mass of film 93.1ng.
Mass of film arter Ihr, in vacuum oven at 150°¢C 8i.2mg,
+ additional Ikr, in vacuum oven at 150°% 79.2mg.
+ " 2hrs," " e o 77.0mg.,
+ " Tihrs, " nowo 76 .4mg,
+ " " " " nonoon 76 ,3mg,
+ " Thr, " " e v 75.7wy,
+ " ikars," " v 75 L,
+ 2hrs." " neno 75.1mg,
A " " " " "o " 74 5w,
; " T " " woowooow 74, 2mg,



TABLE 5.1 (continued)

Mazs of film 45 ,6mg,
Mases of film after I7hrs, in vacuwr oven at IZOOC 28.9mg,
4+ additional Ihr, in vacuum oven at IZOOC 38.%mg,

Infra-red analysis showed chloroferm in the volatiies
+ additional 2hrs, at 200°C under vacuum 33.8mg.

Infra~red analiysis chowed MMA and chloroform in the volatiles

With acetone as solvent:

Mass of film ' 93.%mg,
Mass of film after Ihr, in vacuum cven at 120°¢ 88,.%m¢,
+ additional 2hrs.,in vacuum oven at 120°% 87,7nmg,
+ " Thr, " " "oonm e 87.3ug.,
+ " Thr, " " ronoou 87 .1ng,
- " "o " weonrn 86.%mg,
TABLE 5,2
a) Mass of film 167.3ng,
Mass of film after %hr, at 200°C in vacuum 128,06y,
Infra-red analysis showed MMA and chloroform in the volatiles
b) Mass of film 164 ,4me,
* Mass of film after I7hrs, in vacuum cven at 120°% 140 ,/mg,

A sample was removed for analysis
Mass of remaining sample 121,77,

y
L

oS

Mass of film after thr, at 200°C in vacuum 1i0.%2m
A further sample was removed

Mass of remaining sample 90,0ng.
Mass of film after %hr, at 200°¢ in vacuum 38,8mg,

Infr-red analysis showed MMA and chloroferm in the volatiles
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the sample was waintained ati a temoerabure above the melting point of
PII'A but also above the degraiztion threshold for a short period of

{time. The results are shown in TABLK 5.2

Semples heated directly, afver evaporation, +o 200°C tended
o blister and so becaue unsuitable for degraiation studies. Howsver,
(] o . - a . ~ .t
saiaples heated to 1207C stili had substantial amounts cf 021115 lef's

* o
and, indeed, also even alfter treatment at 2007CG

TG elso shows solvent retention rather more graphically.
PIGURE 5.1 compares PI1iA powder with the samples removed in the last

experimente

Because :m is also evolved at 200°C it is not easy to calcu=-
late how much of the evolved gases comprise CHQ%. Therefore, & 19/1
copolymer of 17iA/maleic anhydride was used gince it has been shown
that evolution of I2IA is inhibi“&ed by the anhyarice wits. Thuse the

volatiles will be richer in CHC]i.'

. . o )
Rach film, after evaporation, was heated tc 1207 C under
vacuun for 17 hours to remove most of the solvent end prevent blisterirc.
Although the 19/1 copolymer is rather more sensitive to chain scissien

than PLMA it is still stable at 120°C for this length of time,

Films were then subjected 1o a period of one hour a¥ vorious
temperatures under the degradation conditions described in {the pleviocus
chapters, Aftervards the films were analysecd for % C by nicroonalysis.

[

The mclecwlar weight wes neasured ang infro~red anzlysis of e goues



1007%

Weight

PMMA powder o
oo DPMMA CHC1, film after Xhr, a} 200 C0
K xy PMMA CHm; £ilm after I7hrs,\zt 120°C

100 %QO .-_m_ﬁeg_ 490 509

0
Temperature ( C)

PIGURD 5.1 Thermoeravimetric traces of PGiA



s,

recoréed, The results are showvm in TABLE 5,3, CHQ% as seen in cil

infra~red tracegs of the volatiles.

Since elementel chlorine analysis was'hoi available at thdin
time, chlorine determination was calculated by observing the deprossion
of the 4C in the sanple by the exdistence of CHJB since CHHB contains
considerably less carbon by weight than the polymer. FIGURE 5,2

shows the calibration chaxrt employeds

For comparison, Pi2IA was similerly treated at 120°C and 200°¢
and analysis.for chlorine by the zbove method employeds These points
are included in FIGURE 5.3 which shows how CHQ% is reamoved with
increasing temperature.

The experiment was repcated using methyl acetate as solvent.
However, although ¢ weight losses were less than for GMlz, this docs
not necessarily mean that there is less solveni there o be ramoved,
Iﬁ:ma&_suggest,that it is more difficult to ramove. Unfortunctely,
it was imposegible to measure the amount of solvent remaining by
chemj.cal analysis because of the chemical similarity, of methyl
acetate to 1he degradation products of BIlA, MNolecular weights were
not measured because of the dfficulty of removing the film fron the

-

silica discse
Since nost of ithe photodegraiation work was carried out in

ransparent films, several solvents were examilicd in degradations

under the following consitiong:-

.,
Laud !(‘M“L e



TABLE 5.3

Temperature of Moiecular Jweight loss YCHCL, left Total %CECL

3 3

final rhr. heating weight (rg.)
120°€C 526,000 0 7.0 7.0
150°¢C 469,000 2.3 7.2 9.5
160°C 452,000 2.7 3.0 5.7
170°%C 575,000 3.7 2.9 6.6
180°C 538,000 5.0 I.I 6.1
'190°C 460,000 6.0 0.6 6.6
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%“Chloroform

FIGUEE 5.2  Calibration graph for Jcarbon

versus chloroform
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FICURE 5.3 Chloroform content of PMMA and 19/1

polymers et various temperatures



The solvent from Tour films cas¥ from each solvent (50mz/ii)
wes allowed to evaporate overmignt., They were heated wnder vacuwm
at 120 for 17 hours and then =zt 200°C for % hour. One senmple was
used for TGfanalysis and one for molecular weight analysis, The final
two were degraded for 6 hours and 12 hours respectively under ulira-

violet light at room temperature. The molecular weights are shown in

in TABLE 5.4,

It can be seen that:-

a) Jn the TG traces, all samples ;howed the presence of
residual solvént Seen as a éradual falling of the trace from the 1004
line, The emount by which each trace has dropped was taken as a rough
measure of the amount of solvent left, The reading at 25000 wos Laken
since it is at this point that PRIA starts to lose weight noticeably
in TG, The results are shown in TABLE 5.5

b) The rate of degradation shown in PIGUIE 5.4 and %.5 suggesti:-

i) the copolymer degrades faster than Pi’A as shown in the
previous chapter,

ii) that the thermal degradation is unaffected by solvent
within the limits of experimental error,

iii) the rate of photodegradation is not appreciavly different

for each solvent within the limits of experimental error.

The effects of these colvents can be summerised:-

Chloroforn — In the degradation of FL1iA and the 18/1 copolymer the rate

o~

}
)

of chain scission was marginally greater with this solvent. Although
it is thought that chlorofom is capable oI increasing the rate of

degradation, it is not significant in this case egpecially congidering
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TABLE 5.4
PMMA
Timec of Solvent Molecular Number of chain scissions
irradiation welght per monomer unit xIO‘(+
(hrs.)
2,810,000 0
methylene
chloride 1,265,000 0,434
6 " 421,000 2,02
12 " 236,000 3.88
0 Chloroform 1,210,000 0.474
6 . 305,000 2,92
12 " 211,000 4,38
Acetoene 903,000 0.752
6 " 562,000 1.42
12 " 281,000 3.20
0 Methyl acetate 815,000 0.874
" 342,600 2,57
12 ‘" 274,000 4,32
Toluene 790,000 0,902
6 " 389,000 2,21
12 " 312,000 2,85
18/1.
0 2,530,000 C
Chloroform 607,000 1.25
" 160,000 5.85
12 " 137,000 7.25
0 Methylene
chloride 396,000 2,13
6 " 144,000 6.53
12 " 114,000 8.26
0 Acetone 377,000 ©9.26
6 " 183,000 5.06
12 " 115,000 8,30
0 Toluene 516,000 1,54
" 226,000 4,02
12 " 142,000 6.63
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TABLE 5.5

IMMA %solvent remaining 18/7 %solvent remaining
Chloroform 4 Chloroform 3
Methylene chloride 2 Methylene chloride 3

Toluene 2 Toluene )

Methyl acetate I Methyl acetate .2

Acetone 0 Acetone films peeled off discs

- 170 -



Chloroform

G Methyl

acetate
.4.0
Methylenc
chloride
~3.5
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FIGURE 5.4 Late of photodegradation of PRIiA filns

cast from dilivrent sclvenus
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thaé nore chlcroform wag retained in the semple than other solvents,

iethylene chloride - Less in its effect than cnlorefora, hovever, it

b

8 wnsvivacle in the preparation of thin films bLecanse of its tendancy
%o form bubbles in the film ae The scivent evaporates,

Hethyl acetate -~ Difficulty was found in redissolving films cast from
this soivent in tcluene for molecular veight anzlysis,

Toluene - This solvent teunds to absorb ultra-violet light end is not
generally suitable for use in photodegradation.

Acetone -~ Filns cast fram this solvent tended to peél off the silica

gupport disc.

3« Conclusions

In this chapter the problem - of solventis in the degradation of
thin filns has been only briefly studied, While considerably more work
could be done in this field, it is thought that the results do rot
prcjudice the studies described in Chapter 4, The small anounts of
solverd remaining were not considered high enough to affect the weight
loss measurements seriously and the affect on photodegradation appecars
minimeal.

However, work on solution photodegradation, 49,45,20 in vhich

the problem is much more extrcme, has shown that degradation of HEIA

is sensitive to scme sgolvents,

ldeally, a solvent should be able to dissolve a prclymer sarvle
to give an acceptably high concentration but also should be rondilrs

revoved unicr gentle vacuwn or heating condditiorns, The solvend shoula



also be photolytically inecrd, but this‘problem, according to Foxg

is unlikely to e compleiely solved.
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GHAP'TT 5TX

THE DECUOOATION OF QOPCLIERS O IWEIVL I DTHACRYLAT? TITS I7UYL

VINYL 7:TONR AND 3ETHEYL ISOPROPEINL KiTOIl

1« Initroduction

In this chapter, the effect of hieat and uitra-violet
radiation on MIKA2A and M¥A/IiVK copolymer systens is eramined, Each
systen is treated separately with the disgcussion incorporating all

the results.

x

2. LLA/IIVK

a2) Thermal Degradation

i) VA, Mcl*kzill57 has already studied this »olymer
using the TVA technique. He showed that monomer is not evolved and

that cyclisation occurs (see Chapter 1)

H q H . H
‘ . é: cH C’Cﬂz\‘c~ v H.C
ACHy, - C - O - ~ CH, = ¢ é )
G=0 G0 C N
&{3 (|3H3 M (i,
PLVK



67

Tn comnon with Hzy, ° he found water to be the only rrccuct
. PN . . 1 .
evolved at 250°C, A typical IV. thernmogram of PLVK is skowm in
FIGURE 6,1, For comparison, that for BI.A is showm in FIGUL 6,2,

The main peak in the FIA themogra: iz a% 374°

C but, in P'VK, at
313°C, FIGUKEES 6. 3, 6ed, 6.5 and 6,4 zhow the WWVA traczs of soversl
copolymers, In general, the trend is for the main peak to nove to
lower temperatures as the content of 1'VK increases, allowing For the
effects of molecular weigh®, 1In addition, the intensity of the -75°C
trace decreases indicating that less 134 is being produced. Ls the
KVK content of ‘the polymer is increased, gains are seen in the ~100°¢
and even -19600 traces but these decrease adeain as the oomposition
noves towards pure PiiVK, The main features of these traces, and of
traces of the other copolymers are shown in TABLE 6.1, Exceptionally
high molecular v.'e.ights tend to increase the stability of the polymer,
perticularly the high 1MA convaining copolyumers in which few unsaturated

chain ends available to initiate depolymerisation, Thus a higher peak

temperature is recordeds

.

Cold ring fractions, which were not analysed, were obsecrved
for samples containing large proportions of I'VK. Tuese fractions
. . . \ . Y |
probably contained cyclised chain fragmented as described by Teneill

in his analysis of P.VK degradation.

ii) TG. The traces for KA, KIVK and several copolymers

are shoswat in FICURD 6.7

. e a a e
The trend here is for a dramatic incrcase in the raie of

weigh® loss in the range 200°¢ - ")5000 for copolymers coataining s2ell
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TABLE 6.1

Polymer Main peak temperzture (OC) Yciecular weight x163
PMMA 374 800
27MVK 397 .
7IMVK 385 492
I5724VK : 391 1,480
70/30 (AD) 352 697
50/50 (AD) 361 6,300
30/70 352 545
10/90 325 585

X 313 119

TABLE 6.2 '
Polymer Temperature of Time of degradation  %weight loss
degradation (°c) (hrs,)

PMMA - 220 1 1,64
PMMA 220 2 2,59
PMMA 220 6.5 5.02
90/10 220 I 1,37
90/10 220 1 1.38
90/10 220 2.5 1.90
90/10 220 3.25 2,06
PMMA 240 1 2,46
PMMA 240 4.3 6.78
PMMA 240 6 7.85
90/10 240 I 1.00
90/10 240 3 1.21
90/10 240 6 3.16

- 183 =



100%

~. 90/10

- g, -

4444 IS7MVK
50/50 (AD)

- gum & o

AR XN PMUK

500
g

290

c
Temperature ( C)

FIGURE 6.7 Thermozravimetric traces



amovnts of NVF, As the I'VK content increases the rate of weight 1ges
decreases, The 29 LVK and % 1IVE covols 5 o o

Se % LVK (% corolymers also chow a two stoge
weight loss profile. All samples are more stable than PIoIA at higher
Yemperziures probably due to-ring forrztion and less combusztible

regiduess

iii) Thermal degraidation in thin films, FlliA and the 90,10
copolymer were compared. The samples were cast from chlorofom snd

degraded as described in Thapter 2, The results are tabulated in

TABLE 6. 2.

The results plotited in FIGULE 6.7a show that PtA loses more
weight than the éopolymer. The only product detected was MMA in each
case, 'Unfor‘tlma"bély, the residual copolymer would not disgsolve in
toluene for melecular weight examination.

b) Photodegradation of thin films

Again, only one copolymer was compared with HIA, namely the
70/30 copolymer, Conditions for degradation were those described in
Chapter 2, The degradation temperature was ‘lSOOC and the samples were
cast from chloroform. The results, shom in TABLE 6, > include molecular
weight deteminations on the degraded copolymer which, surprisingly,
dissolved in toluene. Results from the degradation of HI'A were taken

from TABLY 4e9e

These results which ere iliustrated in ZIGUILIS 6.8 and 0.9
show that P..A degrades sliziily faster {han tie copolymer.

¢) Photocdarradation in soluticn




- 8 -~ O A at 240%

= 6

/ PMMA at 220°%C

weight

loss

X
90/10 at 240°C

s __ ¢ r p__ 7

Time (hrs,)

FIGURE 6,7a %weight loss versus time for
thin film therinal degralction



TABLE 6.3

Polymer Time of Zweight loss Molecular Number of chain

degradation’ weight scissions per
(hrs,) monomer unit xIOgs

PMMA I, 6.6 42,200 212

PMMA 2,5 14,0 20,500 402

70/30 0 0 520,000 0

70/30 0.5 2,3 70,500 107

70/30 I 4.4 41,500 191

70/30 1.5 7.1 33, 800 230

70/30 2 8,7 29,200 265

TABLE 6.4

Polymer Time of Molecular Number of chain

irradiation weight scissions per
(brs.) x163 monomer unit xIO0 >

PMMA 0 685 0

PMMA 0.5 121 68

PMMA 1 67.6 134

PMMA I.5 '59.3 154

PMMA 2 39,2 242

90/10 0 520 0

99/10 0.5 32.9 254

90/10 1 18.1 493

90/10 1.5 14 .4 627

90/10 2 I1.8 769

70/30 0 500 0

70/30 0.5 41,0 199

70/30 I 20,0 428

70/30 1.5 .16.5 522

70/39 2 14,7 ces



fweight

ioss

b 1

1.0 I.5 2.0

L | J

FIGURE 6.8

Time (hrs.)

Phot othermal degradation of thin films
of FMMA and 79/30 copolyner at 150°¢C

- 88 -



scissiond

per

monomer

'unit
xI0

5

o 400

. 350

- 300

N

1.0 1.5 2.0 {h

1 b\ 1

Time (hrs.)
FIGURE 6.5 Photothermal degradation of tuln filns
0
of ‘PMMA and 70/30 copolymer at 150 C

- 189 -



FIA and tro copolymers were degraded in.methyl ecetete
solution azd meclecular weighis neasured in *oluene solu¥ion, Tne
results are showm in TABLE 6,4, However, since high LUK conseining
copolymers do not dissolve readily in toluene, fhe experinents were
repecated uging butanone as solvent in molecular weight analysis, These

results are shown in TABLE 6.5

In these two experiments, two different lemps were erployed,
Results cannot, therefore, be compared except relative to the
degradation of PillA, Two samples hai molecular weights too high to te
recorded while, on the other hand, most degrcdations taken beyond one

hour gave molecular weights too low to be measured in butonone,

The data in TAPLES 6.4 and 6.5 are illustrated in "IGURES
6,10 and 5.11 respectively. The slopes of these lines reprcasent the
rates of degradation (TABLLES 6,6 and 6.7) ana the rate dependence on

MVK content is shown in FPIGURES 6. 12 and 6. 13,

a) Thermal Degralation

r L] . Ld A -
licNeill” 7 hae shown that cyclisation similar to that whi.ch

occurs in FLVK, also occurs in PLIK although to a lesser exiont. In

o g , . H n oo
contrast swith FiVK, however, monomer is also produced. = ‘e iw

A 0

Ve <. [}

3 c 3 in FIGUTLS
thermograns for PLIK and three copolyners are shown in FIGUL
. R - - ~t s I3 r—;;j,r-"‘ /)
6e15, €416 oni 6,17, The peak tomperatures are drtailed in TAMLE 7.6
The TV, A therosrang are sinilar in shape bocause each

-y
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TABLE 6.5

Polymer Time of Molecular Number of chain
irradiation weight scissions per
(hrs.) x10° monomer unit xI0° >

PMMA 0 800 0
PMMA 0.5 483 8.2
PMMA 1.0 158 50,7
PMMA I.5 93 95
PMMA 2.0 78 116
27MVK 0 L L
27MVK 0.5 .89 L
27MVK 1.0 65 o
77MVK 0 492 0
77MVK 0.5 48 185
77MVK 1.0 27.3 333
90/10 0 L .
93/10 0.5 76.3 L
90/10 1.0 45.5 .
I57MVK 0 1,480 0
15%MVK 0.5 46 191
70/30 (AD) c 697 0
70/30 (AD) 0.67 62.5 113
70/30 (AD) I 39,2 187
50/50 (AD) 0 6,300 0
50/50 (AD) 0.5 52,5 152
50/50 (AD) I 33.1 243
30/70 0 545 ¢
30/70 0.5 67 105
30/70 I 38 197
10/90 0 585 0
10/90 0.5 86 €5
10/90 I 55.5 122
PMVK 0 119.5 0
PMVK 0.5 48 87.2
PMVK 1 54,5 69.9
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TABLE 6,€
- Polymer Rate of cegradation

(scissions/monomer unit/hour xJ0 5)

- -

PMMA iz1
90/10 438 .
70730 365

TABLE 6.7

Polymer Rate of degradation

(scissions/monomer unit/hour x10 5)

PMMA 54
T7MV L 346
157MVK 382
70/30 (AD) 176
50/50 (AD) 264
30/70 204
70/90 116
PMVK 102

NG
F—h
1
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TABIE 6,8

Polymer Main peak Molecular
- temperature weight x153
(°c)
PMMA 374 800
1/2 414 178
1/1 395 81.2
2/1 395 94,7
PMTK 360 40,3
TABLE 6,9 p
Pelymer Time of Molecular Scissions per
' irradiation weight monomer unit
(hrs.) x10° x10 °
PMMA 815 0
PMMA 0.5 216 34,4
PMMA 132 63.4
PMMA 1.5 90 99.0
1/2 178 0
1/2 ’ 0.5 60,3 104
1/2 49,0 140
1/1 81.2 0
1/1 0.5 46.5 85.5
1/1 48,0 79.4
2/1 9,7 0
2/1 0.5 40,8 125
2/1 49.0 88.0
PMIK 53.0 Y
PMIK 0.5 40.3 50.0
PMIK 43.0 36.8



copolynmer cvolves tro different'monomefs, MA 203 YTIK which kehave
similarly in the —750 trace. Vater is also evolved ir ring crelisation
end this further confuses anslysis. The copolymers do, however, aypear
“0 be more stable than the homopolymers, This is.fuéther bornz oul by
the TG thermograns in FIGURE 6, 18.

b) Thin film thernal degrzdation and photodesradation

The preparation of satisfactory thia films of MIKAMA
copolymers proved impossible, Acetone was found to be the only
suitable solvent vhich would give films which did nol turn opeque and,
even then, only occasionally. On heating, the {ilms peeled off the
discs. Accordingly, degradation experiments could not be performed,

c) Photodegradation in solution

The polymers were degraded in three scliventss-
Methyl acetate, butancne and chiloroforme All molccular woightu were

performed in butanone solution.

i) Methyl acelates The results are showa in TAVLYM 5,9 and
plotted in FIGURE 6,19 From this graph, the ~ates of degradaticn

can be found and are shown in TABLZ 6. 10 with the ratv: of degradation

versus % LVK content shown in FIGURE 6,20,

ji) BPutanone., The results are shown in TABLE €. 11 and

treatec in a similar mearcr as ebove in PIGURT 6,21, TAoLl 6, 12 and

FIGURE 6, 2C,

iii) Chloroform, While the solution of M 7TL in chloraforn
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TABLE 6,10
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Polymer Scissions/monomer
unit/hour »10"”
PMMA 64
1/2 164
1/1 108
2/1 136
PMIK 54
TABLE 6,11
Polymer Time of Molecular Scissions per
irradiation weight monomer unit
(hrs.) Xx10° 10>
1/2 178 0
1/2 0.5 125 22.6
1/2 I 65 92.5
1/1 81.2 0
I/1 0.5 103 0
1/1 I 65 28,5
2/1 0 94,7 0
- 2/1 0.5 66.0 41,1
2/1 63.0 47.4
PMIK 53.0 0
PMIK 0.5 46,7 21.4
PMIK 43.8 33.3
TABLE 6,12
Polymer Scissions/monomer
unit/nour xI0
1/2 74
1/1 28.5
2/1 58
PMIK 38
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was baing degasset in silica cells prior 4o irradiation, it was
2
noticed that the solution in one cell had becone green in colour
> } o * ) Lo N
and in the other, blus, After irradiabion, both solutions were Very

dark red in colour. The polymer remained red after the solvent i~

been renovedes

After irradiation in chloroform solution, the 2/1 MIKAA
copolymer was green in colour. The other copolymers and even 13XMA

appeared sligntly yellow after irradiation in chlorcforn.

To follow these colour changes, samples were removed from the
cell at certain times during irragdiation and diluted with chlorofom
to 10% of its original concen'braf;ion. The ultra~violet and visibla
spectra were then recorded on a Unicam SP80O0 gpecirophotometer, The

spectra are reproduced in FIGURR 6,23, 6.24 and 6,25,

In the two polymers examined, BMIK and 2/1 iIIKAMA tho intencity
of ketone absorption at about 290mm. increases, and zlzo shifts
slightly to higher wavelengths. In the 2/1 copolymer, this peak
broadens and ‘the tail moves into the visible region towards wavelcnsths
of 450m. In PLIX as the time of irradiation increases & second
absorption peak appears and progressively shifts to higher wavelengthos
(TABLE 6, 13).

R
The 29Cim. absorption arises from the ferbidden no-d Y

. 1 ) \ : 0 ) rtincticn
transition of tke carbonyl chromorhore, thus it hag a : 1all extin iy
- 3 * 3 3 3y A ~e 43, )
coefficient, As tne length of irradiation time iuncreases, Wi

. . . N . 3 o 2 - <asota :". ¢
extinction coeficient increases cue Lo inerecased conjugovion In th
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TABLE 6,13

Polymer Time cf Wavelength Absorbance Wavelength Absorbance
irradiation (nm,) of a solution (nm.)  of a solu-ion
(Minutes) of concentration of concentratics
25 mg./Io ml, 25 mz./10 nl.
2/1 0 288 0.96 L
2/1 15 290 0.98 L .
2/1 30 291 1.03 . .
2/1 45 291 . 1.09 L L
2/1 60 291 1,16 L _
2/1 90 292 1.66 L L
2/1 180 293 1:84 . L
2/1 249 295 > 2 . L
PMIK 0 290 1.26 L e
PMIK 15 290,5 1.02 ~ 350 0.04
PMIK 30 291.,5 1,06 ~ 350 0,20
PMIK 45 - 293 1.56 ~ 350 0.64
PMIK | 60 292 1,62 ~ 350 0,74
PMIK 90 295 5.6 390 5.6
PMIK 120 296 . 399 1.85
PMIK 150 297 5.35 414 6.68
PMIK 180 297 2.56 400 3,48
PMIK 200 298 4,02 416 5.84
PMIK ~ I,000 298 ____ 450 L
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molecule, If water is eliminn Vi I
. liminated from HiIX, '@ cyclohexene sysien ig

fomed:-
(}‘H s 5
NCF ' 5 - (lC:HB - % . FHBCE U /CH_j 73
2 77 2'";'—’2-?“' -850 "V-L“('f e’ ¢ “C~
/C c C 2 C C (‘)
0? 0‘5\ 04 \ O,’\ P A
Ct CH - 9

Py repeating this rcaction along a chain, as previously

digscussed, the following structure can be formed:-

C G .
~ CH g ey o7 YN 2N 0 - CHo~
2 ) v \ ( 2
,C /C\ C /c
0% N
I T

which has an absorption maxinum at 340rmm, Further extension of
conjugation could take the absorption maximum o 450m after several

hours of irradiation (FIGURE 6.24).

This reaction can only take place to a more limited extoni
in the 2/1 copolynler; because the MIK units will be separated by 1274
units, which will prevent the formation of a long conjugated systam,
Accordingly, peaks at higher wavelengths are not observed in nebhyl

ecetate.

Since no coloration was observed in methyl acevoie ¢l
butenone solution, this phenomenon nust be sssociated with the presence

of chloroforn, presutably by an energy transfer processs
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Regrettably, the samples degraded in chloroforn were
unguiiable for molecular weight determinaticon,

d) Discussion

As may be expected, the I'IKAZA and MIAAIVK systems shere
gaveral degradation charzcteristics in common, particularly when
treated by ultra-violet light, In thermal degradations, howecver,
there is a slight difference since LIIK units cen unzip from chains
while LVK cannot, Poth MIK and VK units appear to be potential week
sites for thermal degradation, for example, in PHVK:

a) the main peak temperature drops as the L.VK content
increases in TVA, and
b) small LVK content leada %o rapid unzipping of 11iA from

the copolymers as can be seen in TG and TVA,

However, where there ere several adjecent ketone groups,
they may cyclise and block unzipping and this can be scen in the TG's
end TVA's of both the NIK and VK copolymers. The increese in the
~100°¢C 2nd - 1:96°C traces are probably due to snall fragrents associated

with cyclisation, for example,

" H " B

: ‘ CH (“ CH {‘"'\.

A~y - ¢ - Oy = O B = U M7
0

0’/q %O |& Oéqﬁ

OCH; Cil e iy
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e
o}

ks H
CH, v - ) i
- i w— - { -
¢ - G- 0=, 0~
C
\

o?\ - S ,~ o“c\ =

+ (1{3011 + CHZO + UQO
Because of increased cyclisetion, thore will he greater

weight stability as vnzipping is hindered and this is borns out in the
IG's of both systems as the ketone content incresses, even in +the
MIK/HLA copolymers where some unzipping of ketore cen take places The
point at which the amount of ketone present in the syctem becomes
sufficient to halt weight loss by unzipping is difficult to estlimate in
the MIK/QIA copolymers since the position will be confused by the
wunzipping of MIK ii:z‘addi'{f:ion to llA, However, the M'AZLVK goystem vill
probably vehave in a =zimilar way ‘o the methyl acrylate/itiA system in
whici: Grassie showed that the unzipping of 11iA can procecd through
single methyl acrylate units but not two adjacent methyl acrylate unite,
This would be further complicated by the ring formation of the LVK units,
T4 could be predicted that when the mole fraction of LVK exceeds 0.5,
there are bound itc be many adjacent MVK units through which unzipping
MIA units cannot pass and we will have a copolymer in wiich the unzipping
MLA is stabilized by ketone but the presence of LiiA units which are
nore resistant to chain scission than the MVK units, strengthen the
polymer chain to chain scission, Since cyclisation of the keten
groups does not appear to occur until later in the degradation and et

higher temperatures in TG, the mode of degradation ~ppears sinilar to

the nethyl acrylate/ll.A aystem,
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In the NIKAIA T8, we see that the 1/1 and 2/4 corolyners
both stebilise at later stages, but not initizlly, due to KIK
esoisting 134 to wnzip. Regrettably the 1/2 copolymer was not recorded
on TG but the trace may fall below the PLIK liné since the amount of

1iJK, nay not have been enough to forr rings to oppose the unzipping

of 1A &t higher temperaturca,

The experiment on thin film isothermal degradation of 90/10
KHA/MVE copolymer appears o contradict the evidence presented by IG.
| The following argument, however, may explain it.

-

The copolymer would not dissolve in toluene after degradation
and since the undegraded polymer rezdily dissolved, it wany be assumed
that cyclisation had taken place and this therefore, wuld inhibit
- MUA unzipping. The reason why this does not happen in TG where hecating
rates are fast, is probably one of relative rates of reaction, If
cyclication is 2 slow reaction, which it probably is, since toere will
be few adjacent L'VK units, and ever then, they will require specific
preoricntation before reaction, then in TG, unzipping will %alic ploce
more quickly than cyclisation and so a dramatic weignt lose is
observed, Bub, in thin film, cast from a solvent which may help
cyclisation by inducing preorientation, isothermal degradation et low
temperatures over long periods of time may give the L.VK vnits time 1o
cyclise and tlock unzippinge

Increasing the tenperature to 240°¢C nay only help tue rote
of cyclisaticorn over unzipping and produce even lover veight losses,

= : : S oA e I « ac +
Fore work in this area is certainly indicated by this unusual rasuld,
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In photothermal degradation ofALE.ZAﬁ..EVK, the ocovolrer ha:
sinmiler rate of weight loss %o HMMA even though the IVK content is 5. .,
This must be due to a greater rate of chain scission in photothemial
than thermal degradation, although compared to PI}Z'&A tie rate of chain
gscissicn is similar when it would be expected 4o be higher, as in
solution photodegradation, This is probably becance cyclisation is
taking place o sach an extent as to reduce the rate of chain seission,

the cyclised regions being resistant to chain scission, vhich is to be

expecied,

Further work is also needed in this. area and it may be
necessary to invoke a mechanisn by which a single LVK unit can react

with an adjacent }MA unit to form a ring systemy for exanple:-

CHL .
CHB 1 t Sy °
oL - C ol é CH™ s
- - (I - '~ - 0
~H2 T 27 1 -~ CT ,
40 &= o C\
° ‘OCH3 E:H3 | ¢ \CHZ/ K + Cf"301{

In solution, both the MMAAVK and the LIK/ITA systems show
s common feature in photodegradation, the maximum rate of desradotion ic
ochicved at around 20~305 ketone content, Initially, the presenc: of
ketone writs reduces the resistence of the copeclymers to ultra-violet
degradation, the ketone group absorbing tre ultra-violet light more
readily than the ester group. But as the ketone conten® increases, the

excited ketone group will tend to cyclise with nei:shbouring ;roups o4

not give rise to chain scission. Therafore, the rate of chain sclasion

will decrease with increasing ketone content.

Althoush Cud llet71 also observed an incroecse in he

« . L oae EYY 'h > YOO 14\
photodegradation of a copolymer contrining Jp M4 ove: the rute of
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Pi.VK as discussed in Chapter 1, neither his nor Ka'to's78 nechaniam

covld accornt for th2 maximunw ohserved in this wviork,
The limitetions of time prevented a more deteziled analysis
of thece copolyner systeums, However, further work may resolve the

likely mechaniam cf degradation.
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