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INTRODUCTION 

Polymer ·· Science ___ Past and Future 

A po 1 ymer is a subst ance 0 f high mo 1 ecu 1 ar we i g h t 

which may occur in nature or be chemically synthesiz e d 

and is characterized by the re~ular or irregular repiti-

tion of one or more types of chemical units. Natural 

polymers such as, wood, cott<Dn, silk, wool, rubber and 

many other types of gums have been used for centuries 

in al~ kinds of practical a~plications, but their ~hemical 

composition and structures were unknown and they were 

believed to be made up of colloidal a gg; regates of small 

molecules. The first statement that these naturally 

occurrins substances were lJolymeric in natur e, was made 

in 1871 by Hasiwetz and Habermann 1 . 

May po 1 ymer ic subst ances were discovered by ear 1 y 

o r 5a n icc hem i s t sin a nat t em p t top rep are new 0 r ga n i c 

compounds, in high yields but they were discarded as 

oils, fat . or undesirable residue. At that time no appro-

priate met hods were available for the determination of 

molecular weight of high molecular weight substances. 

Cryoscopic and vapour density methods were less occurate 

in the high molecular weight range. 

The inability of the investigators to account 

for the end groups was another barrier in determinin g 

the polymer structure. In 1905 the chain structure was 
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rejected in favour of a cyclic dimer (I) since ozonlysis 

of natural rubber produced levulini c acid2 a nd in 1914 

the dim er s tructur e was changed in favour of l arger rings 3 . 

yH3 
CH - CH :: C CH

2 I 2 I 
CH - CH C CH

2 2 I 
CH

3 

(I) 

In 19 2 0 staudinger 4 proposed chain formula for polystyren e 

(II) and polyoxymethylene (III). 

-CH - O -CH - 0 -2 2 

(II) (II 1) 

In 1929 W.H. Carothers prepared polymeric molecules throug h 

known organic reactions and the properties of th e products 

5 were then correlated with polymer structure . 

Thus intensive fundam e ntal studies by the workers 

like Stauin ger, Carothers, Mark and Flory le ad to mu ch 

clear understanding of the process of polymeri z ~tion 

and their nature and properties . 
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After 1940 successful extension amplification 

and refineme nt occurred in all dire ct ion s specially, 

many new monome rs, new catalytic systems and new polymeri-

zation techniques were developed. New techniques in 

polym e rization are providing useful 

which had been prepared previously 

forms of 

but were 

polym e rs 

only lo w 

molecular weight forms with undesirable physical properties 

and were therefore cast aside. Polyformaldehyde is an 

excellent example of rediscovered polymer. Today it 

is possible to produce high polymers "Tailor made " for 

speci f ic purposes or to suite special ~ eds. 

Th e impact of polymers on our present li fe is 

almost incalculable, products ma d e fro m polymers ------- clo -

thing made from synthetic fibers, polystyrene cups, fiber-

glass boats and water tanks, Nylon bearings, plastic 

shopping bags, polymer based paints, epoxy glue, polyure­

th a ne foams and cushions, silicon heart valves, teflon 

coated cook wares -- ·---and this list is almost endless. 

Add to this artificial heart, heart valves, heart pumps, 

t issue adhesives, artificial skin, bones, joints, teath, 

contact lenses, artificial kidney and diffusion controllin g 

membranes are all made from synthetic polymers. Rapid 

progress in the field of polymers, thus, rev e als that 

coming age will be actually the " Pol ymer age " . 

, J , 
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Classification 

g roups. 

(a) 

(b) 

( a ) 

In 1929 Carthers
6 

divided polymers into two main 

Condensation polymers: Polymers in which th e 

molecular formula of the repeat unit lacks c er tain 

atoms present in the monomer from which it was 

formed for example formation of polyester. 

X HO - R - OH + 'J: HOOCRCOOH > 
HOiRCOORCOOi,;- H + (2X-1)H

2
0. 

Addition polymers: Polymers in which th e repeat 

units have same composition as that of monomer. 

== CH 
\ 
X 

-----7 - CH
2 

- CH - CH
2 

- CH , \ 
::c. .x 

7 Flory classifi e d the polymers on the b as is of 

the mechanism of polymerization as, 

Step po l ymerization: Mech a nism of polymerization 

in which polymers are formed by the stepwise int e r-

molecular condensation of reactive groups, with 

or without elimin~tion of small molecules. Monomer 

disappears early and mol ecular weight rises n ear 

th e completion of the reaction bifunctional mo nomers 

gives rise. to linear chains. The monomers with 

functionality g reater than two yie ld branched 

or cross linked polymers. 



(b) 

( i ) 

(ii) 

(a) 

(b) 

5 

Chain polymerization: In chai n polymerization 

po lymers ordinarily result from chain reaction invo l-

ving some sort of active centre, which .is hi g hl y un -

stable usually transient and propagation occurs 

rapidly relative to initiation, Active centre 

may be free radical, anion, or cation, chain poly-

merization is further classified into, 

Free radical polymerization, 

Ionic polymerization, 

Free radical polymerization has three distinct 

steps, 

Initiation: It involves the decomposition of th e 

initiator to yield a pair of the free radicals 

and then add ition of this initiator mol e cul ar 

to the monomer , 

I ----) 2R' 

R' + M ----) 

Propagation: 

M' 
1 

Successive addition of monom e rs 

to the radical formed is called propaga tion, 

M' 
1 + M ) M' 

2 

M' 
2 

+ M ) M' 
3 

M' + M ) Mn + 1 n 



6 

(c) Termination: It can occur by any of the t h ree 

ways . 

( i) Bimolecular coupling: Two growing · chains can 

cuple as 

M· + M · 
x Y 

----) M 
xy 

(ii) Disproportionation: Transfer of a free radic a l 

from one chain to the other is called dispropor-

tionation. 

M· + M· 
x y 

-----) M + M 
x Y 

(iii) Chain transfer: Through transfer o f a hydrogen 

free radical or other atom of the solvent to the 

growing chain . 

M· + RSH 
x 

----) M H + RS· 
x 

When active centres initiating the chain reactions 

are ions, then mechanism is called ionic polymerization 

depending upon the charges, polymerization may be anionic 

o r c i '. t ion i c . Th e charge carriers in cationic and anionic 

po 1 yme r iza t ions are carbon i um ions and carban ions r es pec -

tively. 

Stanford and 8 Stepto have, recently, revised the 

classification of polymers into random and sequential 
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polymerization. The basis of their classification was 

st a tistical in nature. In the random type, polymeri zation 

proce eds through random in t ermo I ecul ar re act ion of pai rs 

of groups whereas, in sequential polymerization a polymer 

is formed by sequential addition of monomers to a growing 

polymer chain. The former type of polymerization resembles 

Flory's Step growth polymerization where like g rouP9 

have equal reactivity. 

th e 

as 

The length of a polymer chain is specified b y 

numb e r of repeat units in the chain. This is known 

degree of polymerization (DP)9. The mol ecul ar weight 

of the po l ymer is the product of the mo l ecular weight 

of the repeat unit and the d egree of polymerization. 

Copolymerization: 

Although polymerization of organic compounds ha s 

be e n known more than a century ago. But copolymerization 

(Simulataneous polymerization of two or more monomers) 

was not investigated until about 1911. when copo I yme rs 

of olifines and diolifines were found to have rubbry pro­

perties. 

In 1930 ' s it was found that monomers diff ered 

ma r kedly in their tendencies to enter into copolymers. 

In 1939 staudinger fractionated a vinylchloride vinyl 

acetate copolymer made from a mi xture of equimolar quanti-
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ties of each monomer, but the ratios of the two monomers 

in the copolymer were not equal instead th ey were 9: 3 , 

7 : 3, 5: 3 , a nd 5: 7. It was found that found · that oxylic 

esters enter to copolymers fas ter than did th e vinyl 

chloride. 

Latter on it was found that monomers lik e Maleic 

anhydride and other monomers which homopolymerize with 

g reat difficulty we~ found to copolym e ri ze r ed ily with 

styrene and vinyl chloride. 

Copolymers, thus can be c l assifed occording to 

the arran g ement of th e monomer units along the chain . 

According to this, there are four types of copolymers. 

a) Random Copolymers . 

b) Alternating Copolymers. 

c) Block Copolymers. 

d) Graft copolymers. 

Importance of Copo lymerization: 

Copolym e rs have been found to be mor e u seful than 

h omopolymers. Copolymers hav e more desirable properties 

both me chanical and chemical. Copolymers of MMA, for 

examp l e , with acrylonitrile 1, 3- butadiene 

a ll have valuable significaQce over PMMA. 

and styrene 

MMA-steyrene 

copolymer is more heat resisting and transparent than 

PMMA. 
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Copolymerization lowers the orystallinity, s o 

valuable in the use of polymers lik e glass. 

butene (1 -3% ) is used in blown bottles due to its low er 

crystallinity. 

Copolymerization enhanced the properties of th e 

homopolymer without loss of other desirable properties. 

A nu m b e r 0 f cop 0 1 y mer s 0 f sty r e new i t ham i nor am 0 u n t 

of comonomers have enhanced heat and impact resi s t a nce 

without loosing other properties of the polystyrene. 

Copolymers thus have more mechanical strength 

and elasticity than their r espective homopolymers. But a-

diene homopo l ymer has poo r properties as length abrasion , 

resistance and solvent resistance but Butadiene-styrene 

copolymer (SBR), these properti es are to a g reater degree. 

Applications of Copolymers of Glycidyl Methacrylate: 

Copolymers containing glycidy l methacrylate (GMA) 

as one of the monomers belong to the class of potential 

functional polymers. The high reactivity of the e po xy 

gro up to large varieties of the reagents provide nov e l 

routs to prepare numerous multifunctional polymers throu g h 

chemical modifications of the se 10 11 polymers ' . Thus 

the copolymers based on GMA have found extensive appli-

cation as polymeric reagents, carriers for immobilizatic;ll1 

of enzymes and supports for affinity chromatograp hy as 
12 - 16 

well as in microelectronics research 
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A polythiophenyle n e - C
2

H
4 

a nd Gl yc i dy l met h acry l ate 

copolymer hav e e~ ongation 25 % and izod impact str e ngth 

4 Kg/cm as compared to 0 and 2 respectively .forpolythi o -

phenylene. Copolymers of methylmethacrylate, meth a crylic 

aic and Glycidyl methacrylate has g ood adhesion and foldin g 

and blocking resistance. Copolymers of monomers with 

epoxy group and vinylchloride have good mel t properti e s 

and film forming properties so has applications in p l astics 

and plastic film forming industries. Ethylene a nd Glycidyl 

methacrylate copolymers has applications in blown bottles. 

Degr ~dation of Pol y mers : 

The term "Deg radat i on" usu a lly r e f e rs t o th e b rea­

king of bonds in the backbone of polymer chain, thus 

changing the molecular weight and causing the deterioration 

of those properties 17 of polymers which make then useful 

commercially as rubber, plastics, and fibers. 

Degradation usually takes place, due to the effect 

of high temperature, high energy radiations, bioactive 

materials and mech a nical influences and accordingly it 

can be classified as. 

1. Biodegradation. 

2. Chemical degrftdation. 

3. Physical degradation. 
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1 . Biodegradation: 

A series of natural processes resul ting from the 

activities of microorganisim s by whi c h organic materials 

are converted to simpler compounds and finally to inor ga ni c 

substances, 

which are utilizable as nutrients by green plants is 

called biodegradation. 

In n at ure two groups of organisms are responsibl e 

for biodegradation i.e. the heterotrophic bacteria a nd 

th e fungi. Apart from the biode g radability of a compound 

many factors effects the rate of biodegradation in a 

given envi ronment. The rate of bio-de~radation d epends 

initially on the interaction between the componds and 

the organism. The concentration of the degrading popula-

tion. The compound concentration and the physicochemical 

parameters of the environment (temperature, pH, oxidation 

potential, salinity, nutrient. content, pres e nce of 

toxic materiasls etc.). 

Only polyethylene undergo biodegradation amon g 

the comm e rical packagin g plastics but for the r easo n a bl e 

degree of biodegradation require the mole c ul a r wei g ht 

of the sample should be low. 
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2. Chemical Degradation: 

Chemical degradation is caused by the action 

of various chemical age nt s s uch as water, acids , amiens, 

alco hols, or oxygen etc. de g radation b y atmospheric oxygen 

and other oxidents is called oxidative d eg ra da tion. When 

de g radation is broug ht about by he a t in the presence 

of oxygen that i s Thermo -ox idativ e d eg r ada tion. 

The resistance of a polymer to oxidizing agents 

depends upon its structure and primarily on t h e prese n ce 

of readily oxidizable groups and bonds in macromo l ecules. 

Physical Degradation: 

as: 

(a) 

( b) 

Physical degradation can fu rther be classified 

Mechanica l Degradation: Structura l changes of 

a polymer due to various kinds of mechanical 

processes is termed as mechanical de gradat ion. 

Mechanical de g radation may be brou gh t about by , 

milling, shear, t e nsile s tr ess , compression etc . 

Photo Degradation: Photod eg radati on occ ur s under 

the action of radiation during outdoor weathering 

an d the r es i s t a nce of a polymer to this type 

of de gradation radiation of the wave l ength of 

li g ht, the condition of experime nt and the n ature 

of polymer. 
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(c) Tllerma l Degradat i o n : Th erma l d e6 r ada t io n occu rs 

a t high t e mperature, when heat treatment of th e 

polymer causes rupture of the chemical bond s , elimi-

nation of substituted elements, atoms or side chains 

depending uvon the structure of the polymer and 

various types of defects in the polymer chain. 

Various factors which determine the b · I . 1 8 sta l lty 

of the polymer are; physical state of polymer, 

nature and intensity of ' energy, presence of impuri-

ties structure of the polymer and reactivi ty of 

t he me dium . 

Th e rmal de g radation has be e n bro a dly div i d e d int o
1 9

, 

(a) Ch a in scission reactions or depolymeriz a tion 

(b) Non chain scission or substituent r~actions. 

De polymerizati9n process is characteriz e d by breakin g 

of the main polymer chain bacl<bone, so that the ultimat e 

products are monomer or closely related to it. In sub s ti-

tuent reactions. Substituents on the backbone of the polymer 

chain are eleiminated or modified in such a way that the 

ch e mical nature of the repeating units is changed. A lar ge 

variety of addition polymers depol y merize thermally, and 

detailed studies have shown quite di s tinct behaviour. Po l y 

( e thylen e ) and pol y (methylmethacrylate) are the two e x trem e s. 
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Montrall and S · h 20 lm a assum ed that since there i s 

a regular repeated pattern of bond strength throug hout 

the polym e r chain, Random chain scission is like l y to occur. 

21 Th e ea rl y stud i es of thermal degradation of poly(ethylene) 

s how ed that the degradation products are a continuous spec-

trum of hydrocarbon fragments as predicted by th e above 

theory. But . 1 k 22 . . In ater wor some dlscrepancles were found. 

According to the theory, the rate of bond scission s h ou l d 

remain constant throughout the de gradation, but Oak and 

Ri 
22 

chards found that it is d ec r eased with tim e . Thi s 

was explained by the presence of some weak link ages pres e nt 

in th e cha in due to trac es of copolymerized o xyge n. 

The rm a l Degra d ation o f Pol ym e t~ylmethacrylat e: 

Vo t inov and co-workers
23 

were the fir s t investigato r s 

to st udy the thermal de g radation of po l y (met h y l methacr y l ate) 

ill nitrogen atmosphere at 350
0

, 400
0

, and 450
0

C. Th ey 

explai n ed their results in t erms of a random scission process 

of carbon-ca rbon bonds but s u c h a process would have g i Vql 

a broa d spectrum of molecular fra g ment s . In th e temperature 

o r an g e 1 50--50 0 C, the major product is monom er only. So 

thi s initial proposal was not considered applicab l e to 

poly(methyl methacrylate). 

Change in the molecular wei g ht of t h e residue formed 

during the thermal degradation of PMMA und e r vacuum at 

8 nd was determined by Grassie and 
24 

Me lvill e . 
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Th e rate of mo nom e r production was determin e d and the mole-

cular weight of the residues were determined. Monom e r 

obtained was in quantitative yi.elds. Thus a free radical 

chain eno. mechanism was proposed for the initial ct.langes 

of such de g radation. Grassie and Melville
25 

interpret ed 

the mechanism of thermal degradation of PMMA, as the forma-

tion of fr ee radicals Via a random chain scission process, 

follo\\'ed by un z ippin g to monomer. Grassie and 
26 

Vanc e 

showed that unstable chain ends are those with a double 

bond. The termination in the free radical polymerization 

has been shown by disproportion, so that half of th e polymer 

chain has a double bond at one end. 
. 27 28 Ma dorsky and Hart 

meas ured the rate of volatilization of poly(methylm e tha-

crylate) of defferent mol ecular weights at temperatures 

o in the range of 240-270 C. Activation energy (33 Kcaljmole) 

obtained agreed well with that obtained by Grassie and 

Melville 24 ,25. 

It has now been established that thermal decomposi-

tion of poly(methylmethacrylate) involves linkage of h ea d 

to head type, but the majority of th e proposals are based 

upon the re pea t units derived from the head to tail polymeri-

zation of acrylic monomers. Followin g scheme shows the 

monom e r production by the thermal decomposition of PMMA. 
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Th erma l Degradati on of Copolymers of Met hyl Methacrylate. 

It is a well known fact that stability of a polymer 

may be profoundly effected by the presence of quite small 

propo rti ons of comonomers. Sometimes the po l y me r is stab-

li zed, but in other cases, and perhaps more frequently 

d e stabl izution resul ts. In either event. I t ha s '1 R 11 a I I Y 

b ee n possible to explain the phenomenon obse rved in terms 

of the way in whi c h th e comonomers int er force with the 

known d eg radation mechanism. No significant quantiti es 

of vo l atile products a re formed fr om poly (methylm e thacry l ate) 

But i n a copolymer of methy l met h acry l ate 

and 2-chloroacrylonitrile
41

, however, volatile products 

me th y l methacrylate, hydro ge n chloride a nd traces of 2-

o 
chloroacrylonitrile appears even at 1 40 C. In this copolymer 

chain sciss ion a nd t he react ion products may be accounted 
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for as fol l ows , untill th e best step when the radicals 

are appare ntly capable of dipolymeri s ing to mo nom e r. 

CH
3 

CI CH
3 I I I fH 3 ~H3 • 

-~~ CH -C-CH -C-CH -C""Vv- --> 
2 I 2 I 2 I 

COOCH
3

CN COOCH
3 

-.r- CH -C-CH -C-CH - C + C I 
2/ 2 \ 2/ 

COOCH
3 

C N COOCH
3 

fH3 ? - CH 2 -

CN 

C -"-"- + HCI 
I 
COOCH

3 

~CH -
2 

Monomer 

A number of comonom e rs whose hompol ymers do not depolymeri ze 

to monomer are capable of blocking monomer-producin g depoly-

merization. For examp l e a small amount of copolym e ri ze d 

et hyl acrylate have been used industri a ll y to stabili ze 

po l y( methyl methacylate) towards depolymerisation. De pol y -

mer ization proc ee ds througn methylm ethacrylate units from 

the point of initiation but acrylate units cannot be lib e r ated 

so th a t the t erminal acrylate radi ca l s are in stead d eacti-

42 
va te d . 
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In po l y (m et h y lmet hacrylat e ) t e rm i n a tion o cc u rs 

by disproportionation so that about half of the polym e r 

chains contain unsaturated chain ends. But .when styren e 

is copolymerised with MMA. The termination occurs between 

unlike radicals. 

..-...rv' CH -
2 

• 
CH -
I 
C/J 

Thus due to th is "cross t ermina t ion " number of unsa t ur at ed 

chain ends decrease; considerably, through \vhich initiation 

r ea d i l y s t ar t s . So the initial r at e o f d epol yme r ization 

of the 1/4 styrene/MMA copolymer de g rad e d at 300 0 C is r o ug hl y 

o half to that of pure PMMA degraded at 2.60 C. 

S. Zulfiqar, M. Zulfiqar, Tasneem Kausar and I.C. 

Mcneil in a recent paper 43 studied the thermal de g radation 

of copolymers of methyl methacrylate and phenyl methacrylate 

and observed an increase in the stabili ty of methyl metha-

crylate homopolymer. This increased stability has been 

atribut ed to th e formation of anhydride rings during thermal 

d eg radation, as shown below. 
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CH 3 CH 

\ CH2 I 3 

. / '" C C - CH """"-
i I 2 

CH
3 

CH r 

\ /CH\1 ::s 

---> 0 J -CH2~ 
C C 

~ " ;J '\.. o 0 0 Of OCH 
3 

C C 

cp 0/ ""0 0'" "0 CH 3 

Thus a comonomer may make a homopolym er stable or unst a bl e~ 

A, comonomer may have an unstable structure which can induce 
< 

a n ew kind of d egradation reaction a s in the effect of 

2 - c h lor 0 a cry Ion i t r il e and pol y (m e thy I me t hac r y I a t e ). S tab iii t y 

of a homopolymer may be due to the formation of anhydride 

rings as in PMAjMMA copolymer. 

Non-Scission or Substituent Reactions: 

Th e essen tial main chain scission features of a 

polymer r ema ins a s such, substituents, h owever can modify 

these reactions. These reactions occurs at rel ative l y 

low e r t e mperature than those reactions at which main c h ai n 

bO il ,J , are broken. Substituent r eact ion s which may occur 
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along with the main c hain scission processes are of three 

types. 

(a) Elimination reactions. 

(b) Cyclization reactions. 

(c) Ester d ecomposition. 

Poly (vinyl chloride) is an example of 

reaction. Irt PVC a co njugated polym e r chain 

by the elimination of hydro ge n chloride. 

elimination 
\ 

i s produced 

- CH
2 

- CH - CH - CH- -----) - CH 
I 2 1 

CH - CH CH - + HCI 

CI CI 

Si milar reactions are known for other substitue nts as, 

. OH , Br, -O-CO- CH3 . Different theories have been put for-

warded th at the 
. 30 

mol ecular , or 

e limination 

Ra dic a l 31 . 

of HCI is resp e ctively 
. . 29 
lonlC 

It is no w clear that degra d ation 

of PVC may be accounted for, qualitativ e ly in t e rm s of 

the radic a l mechanism, a lthou g h th ere is no genera l mechani sm 

for its int erpretat ion. 

In type (B) the side groups under g o reaction s t o 

give a cyclic polymer structure. Heat induces a rearrange-

ment in th e chemical structure of certain polymers, witho ut 

simultaneous evolution of vo l ati l e ma t e rial s . Poly ac r ylo-

nitril e 32 ,33 is a n example o f such a cyclization reaction, 



2 0 

- CH - CH- CH - CH- CH - CH-
2 I 2 I 2 I 

C= N C= N CN 

Cyclization may also occur with the e l imination of small 

molecules, as in poly (methacrylic aCid)34 and in po l y(N-

. 5 
meth~crylamide) 3 . 

CH
3 I . 

CH
3 I 

CH
3 

CH
3 I CH I 

- CH 
2 

-C - CH 
I 2 

- C ) -CH -
2 

C/ 2"---..C ~CH - -
I I 2 I 

C = 0 C 0 C C 
+ H

2
O 

I I ~ ~O/~ 
OH OH 

o 0 

Ester decomposition may also occur by tl1:1 1 h eat effect. 

Thus ester decomposition into acid and oli f in is k nown 

to proceed by a molecular mechanism, which is faci li tated 

by a six-membered ring, as shown. 

R-

,0 ., H 
/1-/ >-- / 

C LC 
"'~ 1"/ '\ ' 0 ...LC 

I 

---) R - C - OH +)C 

" o 

Number of ~-Hydrogen atoms and the inductive effect of 

the substituents on the alkyl 
36 37 group' exp l ain the ease 

with which this reaction will occur. 
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whatever the reaction may be, the substituent 

re a c tion s lead to the formation o f p roducts wh ic h are 

structurally different to the ori g in a l pol y mer struct u re . 

The final product in such reactions, at temperature above 

500 0 C is usually a carbonaceous r es idu e , oft e n aki n to 

h ' t 38 S h grap 1 e uc reactions, since f o rm conjuga t e d un st u -

rated structures, so often lead to t h e co l o u ration of 

the residue . Substituent reactions oft e n tak e pl a c e a t 

lower temperatures than those at whi c h d epo l ymerizat i on 

commence. Such reactions if allow e d t o pr o ceed will, 

thus, inhibit any potential depol y me ri zat i o n process. 

Formation of such structure which do not permit depropaga-

t i on , thus i nh i b i t d epol y merization reactions. 



CHAPTER - II 

E X PER I MEN TAL T E C H N I QUE S 
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EXPERIMENTAL TECHNIQUES 

Characterization and thermal degradation 

of the polymers and copolymers have been studied usin g 

different techniques e.g. IR, NMR, GPC, OTA, TG, TVA, 

and SATVA. Thermal volatilization analysis (TVA) and 

sub-ambient thermal volatilization analysis (SATVA) is 

now a well established techniques in the field of thermal 

analysis A brief description of all these techniques 

is given below. 

(a) Infra-red Spectrophotometry: Infrared spectrophoto-

metry is a standard method for analysis of compounds and 

particularly of groups of atoms in organic compounds. 

It involves irrediating the sample under test with infra-

red radiations programmed through the range (5000-650 

-1 
cm ) . The response of the sample is monitored against 

a reference beam and the difference signal at the detector 

is plotted as the 'infrared spectrum'. 

Each polymer has its own characteristic infra 

red spectrum and this provides a very accurate means of 

analysis. Infra red spectroscopy may be carried out quanti-

tativly in which case any significant change on reaction 

may be 0 bserved. This, of course, is especially . useful 

in this work, where a different spectrum would be expected 

for the prepolymer and the cyclized polymer. 
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(b) Dilution Viscometry: This technique of molecula r 

weight determination can be used to determine the viscosity 

average molecular weight (Mv) which is between the number 

and the average values and can be correlated exactly with 

either, although it always tends to be near the wei g ht 

average value. 

It can however be used to determine absolute 

Mv val ue when two constants K and Q{ in the Mark Houwink 

equation are known . 

I It I 

I "It I 
c = 0 

c = 0 

_ 0( 

= k IMv) 
= Instrinsic viscosity at infinite 

dilution . 

k,~ = constants determined by other methods . 

For this series of polymers and copolymers k and values 

could not be easily determined due to solubility restric -

tions and the polymers could be compared in terms of their 

respective I ~ I values . 
c = 0 

Value of instrinsic viscosity at zero concentration 

was determined using a computer programme during molecular 

weight calculations in GPC . 

Briefly the relations are as: 

Relative viscosity 

(- 109' .. ) at 
C = l~cl 

Time solv. 
1j, soln 
II solv . 

C = Concentration . 
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1 og ~ l­This is determined from a plot of --~C~~ vs. C, also\sp=~r - 1 

and I '\ s~ at c = 0 l'lto I . This can be determineu from 

vtsp a plot of C vs . C and the resul ts should be identical 

in theory. 

(c) Gel Permeation Chrom~tography (GPC): GPC has now 

become a we 11 est abl ished technique for the determination 

of the molecular weight of macromolecules, and for molecular 

weight distribution. The techniques involves the elution 

of the very dilute solution of the polymer g 

-3 cm ) through the col umn usually of polystyrene. The mole-

cular weight of the polymer chains is computed using a 

detector, and then feeding the data to a computer. Most 

commonly columns with pore sizes 10 2
, 10 3

, 10 4
, 10 5 A

O 

are used. 

(d) 

Instrument was run under the following conditions. 

Flow rate 

Injection volume 

Sample concentration 

Solvent 

Calibration 

3 .-1 
1 em mIn 

20 pl. 

5 x 

THF 

-3 cm 

with polystyrene 

Differential Thermal Analysis (DTA): Differential 

the rma 1 ana 1 ys is (DTA) is a t echn iques in wh ich temperature 

differences between a sample mate rial and an inert reference 
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material (glass beeds or alumina) are recorded with respect 

to temperature or time as the material is heated at a 

uniform rate. Thus any heat changes, exothermic (evolution 

of heat with respect to reference material) or endothermic 

(absroption of heat) associated) 'with a chemical reaction 

(evaluation of water of crystallization) or a change of 

nature of state of sample (glass transition) are recorded. 

In such studies it is necessary to record the foll­

owing variables, rate of heating, atmosphere, and changes 

in temperature and temperature I:?cale. Quantitative esti -

mation of heats of reaction are obtainable in th e ory f r om 

ideal experiments using known sample weight and controlled 

p rocedural va r iables , but a r e however difficul t to obtain 

in practice . 

(e) Thermogravimetric Analysis (T . G. ): Two thermogravi ­

metric techniques have been developed to characterize 

polymer degradation reactions involving weight loss. 

(i) I sotherma 1 we igh t loss: Where t he change in we ight 

of a sample is recorded as a function of time at 

a particul~r temperature. 

(ii) Dynamic weight loss: In which the weight change 

is recorded as a function of both time and tempera­

ture whilst the sample is heated at a constant 

rate. 
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Fundament ally t he ana I ys is may b e c on d u c t e d un de r 

a ran g e 0 f experiment a I cond i t ions to 0 bt ain information 

on pol y mer degradation and residue production in variou s 

atmospheres and the different rates of heating . Dudley 

has reviewed the kinetic data from thermogravimetric analysis 

studies on polymer materials. It is possible to obtain 

a value for activation energy (E) from the kinetic data, 

and this value of E may be used as a measure of the thermal : 

stability of polymers . 

(f) Thermal volatilization Analysis (TVA) : In TVA 39 

degradation is carrie d out under hi g h va cuum c ond i tion s 

and the pressure exerted by the volatile products is mea -

sured continuou s l y b y a Pir an i g auge . Th e v ol a t i l e products 

pass to a cold trap and the response of the pirani gaug e 

is measured and plotted as a function of the oven tempera -

ture . The pirani response is a measure of the rate of 

volatilization of the sample. 

Basic TVA layout is shown in the figure.2 .LA glass 

tube usually 20 cm. long and 4.5 cm. diameter with flat 

bottom over which the sample is placed, is heated in the 

oven . Top of the tub e i s cooled by a water j a cket (usually 

referred as cold Ring, (CR) Heating is carried out with 

a 1 inear temperature programmer Sample c a n be heated upto 

o 0 -1 500 C at the rates from 1 to 40 C min . Oven temperature 

i s reco r d e d usin g a chromelalumel the r mocouple . 
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Schematic layout of basic TVA apparatus . 
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Fig . 2 . 2 

oven arrangement for TVA 
A Degradation tube 
B Chromel- alumel thermocouple 
C Cooling jacket 
D Removable socket joint 
E Oven fan 
F Temperature programmer 

to va cuum syste m 

F 
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Collection of products of TVA. 

are of two ty p e s . 

In TVA degradation yroducts 

( a ) Th e Residue (remainin g at the base of the tub e 

after he a tin g ) . 

(b) Volatile products . These can be of three types. 

( i) 

(ii) 

Cold Ring Fraction CRF: Products which ar e not 

volatile at room temperature but volatile at the 

temp erature of d eg radation . 

Condensibel products : P r oducts which ar e not vola -

tile at the c o ld tr aps te mperature but at the tempera­

ture of degradation. 

(ii i ) No n Condensible products : Products volatile ev e n 

a t liquid nitrogen temperature ( - 196 o C). 

All the products can be identified usin g IR spectro -

s copy. Re s idue can be subj ected to I R spe ct roscopy for 

the nature of the functional g roups present. 

CRF can be removed, using a suitable solvent, usually 

chloroform or dichloromethan and solution spectra can 

be r e cord e d . 

Non - cond e n s ibl e p r o duct s e.g. me th a n e , c a r bonmo n o x ide , 

can be identified by usin g a closed system which consist s 
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of are IR g as cell and cold tr aps t o c onde n se l ess vo l ati l e 

substances . Such a system has been described and explain e d 

by McNeill 

(g) Sub- Ambient Thermal Volatilization Analysis (SATVA): 

The mixture of the volatile products obtained by 

TVA can be separated by SATVA . 

SATVA is non-destructuive so that, unless the products 

interact. Repeat experiments are possible from the same 

starting material. Separation of the products dep e nd s 

on, ho w much, the pr oduc t s di f f er in vol a tili ty. St ron g 

Hydrogen bonding effect may a l so hinder separation. 

Briefly, the total condensible degradation products 

obtained in TVA are collected in a tube surrounded by 

an outer tube containing glass beeds, instead of p-xylene 

as t d . I 40 repor e prevIous y , frozen to - 196 0 c. The fro ze n 

glass beeds are allowed to warm up using laboratory condi-

tions, whilst the inner product tube is contineously evacu-

ted. The pressure of the gasses evo I ved is measured by 

a pirani gauge and contineously recorded. Different peaks 

are obtained, each peak referrin g to evolved degradation 

products, which can be collected for subsequent identifi-

cation and analysis . 
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Experimental: 

Materials and Methods: Selected monomers MMA and GMA 

for synthesis of homopolyme rs and copolymers are avai labl e 

commercially. Monomers used for the purpose were Glycidyl 

methacrylate (GMA) and Methyl methacrylate (MMA). pracipi -

tation and purification was carried out with solvents 

as methanol, chloroform acetone and diethylether. 

Purification of Solvents: Solvents were purified and 

dried by treatment with calcium chloride for 24 hours. 

In order to remove small traces of water all the solvents 

were treated with ground calcium hydride for 12 hours, 

and then distilled. 

Distillation of Monomers: Monomers GMA and MMA both were 

dried by calcium hydride for 12 hrs. They were then purified 

by vacuum distillation. The procedure is as: 

Monomers were taken separately into two necked, 

50 ml, round bottom flasks, one of the neck was fitted 

with thermometer and other with a distillation head, a 

condenser and a multiple receiver. One arm of the receiver 

was attached to vacuum pump and the other was fitted into 

a receivin6 flask. 

Distillation was carried out under reduced pressure, 

first few ml were discarded and pure monomers were seperately 

collected. Under the conditions of the distillatioh, 
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GMA was distilled at 80-85 0 C and MMA was distilled at 

I~itiator for Polymerization: Synthesis was carried out 

by free radical polymerization. Initiator was 0(, o<- - Azoiso-

butyronitril (AIBN). The concentration of initiator in 

each case of polymerization was 0 . 5% w/ v. Initiator was 

introduced into the dilatometer before the introduction 

of monomers . 

Purification of Initiator: Initiator was purified by 

recrysta llization from et hylalcohol . AIBN was allow e d 

to dissolve in ethylalcohol at a slightly higher temperature, 

and the n all owed to cool slowly. Pure crystals of AIBN 

were separate d by filtration and then dri e d. 

Introduction of Monomers into Dillatometer: GMA was intro-

duced directly into the dilatometer because its boiling 

point was very high. MMA was introduced from reservoir 

,into the dilatometer by vacuum distillation on vacuum 

line. In case of copolymers, calculated amounts of th e 

monomers were introduced into the dilatometer containin g 

0.5 % w/ v AIBN. 

Composition of Copoolymers: Selected monomers for copoly-

merization were GMA and MMA . Different compositions of 

t he two monomers in copolymers were : 
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Copolymer No GMA % MMA % 

1 100 0 

2 9 0 10 

3 5 0 50 

4 10 90 

5 0 100 

St r uctur e of the Monomers : 

( i) Met hyl Methacrylate (MMA) . 

CH
3 0 

I II 
CH 2 = C - C - 0 - CH

3 

IR Spectra gives the f o ll owing characteristic 

p eaks . 

3004 Cm - 1 C - H. Str. Vib . 
2956 

172 8 Cm - 1 C 0 Est e r, St r. Vib. = 

1644 Cm - 1 C C Str. Vib. = 

1161 Cm - 1 C 0 C Str . Vib. - -

NMR 
0.9(q) 

lo8(d) 
CH

3 0 3.6( s ) I \I 
CH

2 = C - C - OCH
3 
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(ii) Glycidyl Met h acrylate (GMA). 

NMR. 

CH
3 

0 

I I 
= C - C - 0 - CH

2
- CH -- CH

2 ,,/ 
o 

IR Spectra shows the following peaks. 

3 004 Cm - 1 C - H Str. Vib. 
2962 

1725 Cm - 1 
C 0 Str. Vib. 

1641 Cm - 1 
C C Str. Vib. 

909, 843 Cm -1 
Peaks characteristic of 
epoxide ring. 

2.0(s) (3.2)(d,d) 

(d) 5.6 CH 0 H H H 
I 3 II \I I / 
C - C - O- C- C C 

Ll "" / ........... H 0 ""H 

2.67(d,d) 

(d) 6.1 
(4 .4 )(d) 

Polymerization: 

The two monomers were copolymerized in the dilat o-

meter which were sealed under vacuum, after the introduction 

of the initiator and the monomers. Polymerization was 

carried out in a thermostat at 60 0 C + OoC . It was necessary 

to encase the dilatometer in a shield as a precaution 

a~ai nst explosion. Polymerization was indicated by the 
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increase in viscosity of the contents in dilatometer . 

The process was quenched by pouring the contents 

in a beaker containing methanol. Pracipitation was done 

by constant stirring. Polymers were pracipitated as white 

hard solid masses. 

Process of copolymerization can be represented 

as. 

CH
3 

I 

CH
3 

CH
3 I I 

C - -) 

I 
- CH - -C - CH - C -

2 I 2 I 
C o = C 0 = C 
I I I 
OR OCH 3 OR 

Where R -CH -CH - -CH 
2 "'" / 2 o 

Purification of Homopolymers and Copolymers: 

After pracipitation homopolymers and copolymers 

were purified. The products were dissolved in acetone 

to remove impurities. Repracipitation was performed in 

methanol . Purified homopolymers and copolymers were white 

in colour. Purification was performed again. Products 

were dried in vacuum at ambient temperature for 24 hours 

to remove all traces of solvents. Dried products were 

gro und into fine powder. 
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Table -

Polymerization DATA 

Volume of dilatometer = 40 ml 

Temperature of polymerization = 60.0 + oOe 

Initiator concentration = 

Sample No. MMA % GMA % 

1 0 100 

2 10 90 

3 50 50 

4 90 10 

5 100 0 

M1 = Mole freaction of MMA. 

M2 = Mole fraction of GMA. 

M1 

0 . 5520 

0.9177 

0.5 % w/v 

M2 Time (minutes) 

25 

35 

0 .4 479 50 

0.0822 70 

90 
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Experimental Notes: 

(1) GMA used for polymerization and copolymerization 

was from E. Merck. All the other solvents used 

were also from the same company. 

(2) I R Spect ra 0 f po lymers and copo I yme rs were reco rded 

on a Hitachi 270-50 Data processor, spectrophotometer. 

Polymers and copolymers were examined as KBr disks. 

(3) DTA and TG were recorded on a Simulataneous Thermal 

Analyser STA 429 using Alumina as reference in 

air atmosphere. 

(4) GPC was carried out using THF as solvent with a 

flow rate of 1 
3 . - 1 cm mln Calibration was done 

with polystyrene. 

(5) ' GPC program avplies the following formulae, 

a) MN ::= 

b) MW ::= 

c) MZ ::= 

d) MV 

e) I.Visc 

Where 

ZHi 
~(Hi / Mi)x QF 

r (Hi x Mi) 
'£.. Hi 

L (Hi x Mi 2 
) 

r(IU x Mi) 

L HiMi,.( 1 

'[Hi 
1;( 

::= K x 
0< 

(Mv) 

x QF 

x QF. 

x QF. 
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Hi = He ig;ht 

,Mi Molecular weight or Molecular chain length 

QF "Q-Factor", Molecular weight per Molecular 
chain length. 

ct. ,K Constants of the Mark-Houwink Viscosity formula 
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CHARACTERIZATION AND THERMAL ,ANALYSIS 

Homopolymers and copolymers were characterized 

by different available ~echniques, IR, GPC, and dilution 

viscometery. 

Spectroscopic Studies IR. : Ir SlJ ectra of the monomer s 

MMA and GMA showed characteristic carbonyl absorption 

peaks at 1730 
- 1 

cm GMA shows two absorpt ion pe aks a t 

843 and 909 
- 1 

cm which are characteristic of epoxy g roup. 

A peak character istic of C=C is present at 1630 
-1 

em 

The homopol y mer PGMA shows a ll the characistic bands except 

1630 wh ich is of C=C, the absence of this peaks confirms 

that polymerization has occurred, two bands at 909 and 

843 cm- 1 confirms the presence of epoxy group in homo~olymer. 

PMMA shows all char acteristic bands except for double 

bond at 1640 cm- 1 , a~ain confirming the polymerization. 

IR spectra of the copolymers (90 %, 50 %, 10 % GMA) 

are shown in the figs 4.1 Two absorption peaks at 9 09 

and 843 cm- 1 confirms the presence of ep oxy b roup, showing 

that GMA has been incol" orated in the polymer chain.. All 

the copolymers shows stron g bands at 
-1 

1730- 1740 crn 

for carbonyl a bsorption and strong bands at 1400-1150 

- 1 
cm due to C- O strechin g vibrations. 

Molecular Weight: Molecular weight averag es are defin ed 

according to the equation. 
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Wher~: 

Ni = Number of the molecules. 

Mi Molecular weight of molecules. 

In this eyuation when, 

k 1, equation gives number average molecular 
weight Mn. 

k 2, equation gives weight average molecular 
weight Mw . 

These equations can thus be represented as Mn 

iNiMi and Mw iWiMi resjJectively where Ni and Wi 

are the number and weight average fractions of molecules 

of molecular weight Mi. Other molecular weight averages 

can also be defined but special significance of Mn and 

Mw are that they can be determined by the commonly used 

absolute molecular weight methods. 

Mo I ecu I ar we ights 0 f homopo 1 ymers and copo I ymers 

were determined by GPC using a computer programme. Molecular 

weights are given in the table.4.1.In case of hompolymer 

PGMA · the mo 1 ecu 1 ar we ight is 78627 as compared to PMMA 

with molecular weight 251675. Low molecular weight of 

PGMA shows t hat epoxy group in GMA prevents the formation 

of the longer chains and termination occurs. Epoxy group 



GMA 

100 % 

90 % 

50 % 

10 % 

o % 
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Tab l e - 4 . 1 

Molecular Weights of Homopolymers and Copolymers 

MMA 

o % 

10 % 

50 % 

90 % 

100 % 

Mn 

78627 

264930 

269555 

365999 

251675 

Mw 

494610 

635119 

416476 

588821 

448837 

Mz 

940804 

977787 

577309 

774023 

699446 

Mv 

494610 

635119 

416476 

588821 

448837 



44 

thus causes some stability to the free radical . PGMA thus 

cont ains mor e uns a t u ra ted chain ends groups but PMMA wit h 

hi g h er molecular weight indicates les s unsaturat ed c h ain 

e nds. 

Molecular Wei g ht Distribution: The polymers are char6c-

terized best by the molar mass distribution. 

contain a broad distribution of molecular 

as a result of either the random nature 

Most polymers 

weight species 

of initiation, 

termination and transfer processes in chain-growth polymeri­

zation reaction of the random int erac tion of the species 

of all sizes which often occur in step growth polymerization. 

The index of heterogeneity of the molecular weight 

di str ibution of a polymer is usually give n by the ratio. 

Mw/Mn. The molecular weight distribution in a step gro-

wth polymerization reaction in which all functional g rouIJs 

have equal probability of reacting, h as been termed th e 

most probable distribution. In the present case th! homo­

polymers as well as the copolymers have Mw / Mn = 2 (approxi-

mately) . This type of distribution also occurs in a numb e r 

of other processes, such as in the random scission of 

an infinite molecular weight polymer c hain . 

Viscometry:: The values of instrinsic viscosity at zero 

concentration was determined using 

i n GPC. The Mark - Houwink equation; 

a computer program 
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Table - 4.2 

Molecular Weight Distribution 

GMA MMA Mw/Mn 

100 % o % 2.29 

90 % 10 % 2.39 

50 % 50 % 1. 54 

10 % 90 % 1. 60 

o % 100 % 1. 78 
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I~I c= o k (Mv f' 

where 1\1 _ is the instrinsic 
c-o dilution . 

viscosity at infinite 

K, ~ are constants which can be determined by other methods. 

Viscosity of the polymer depends upon its molecular weight 

but also on the nat;ure of the monomer. High molecular 

weight polymer have high viscosities. Results obtain e d 

are given in the table.4.3.Interesting point to note is 

that PMMA (M
N 

= 251675) has 1. Vis. of 448 but PGMA (M . 
N 

78627) has I. Vis. of 494 which shows that nature of 

the monomer effects the viscosity of a polymer. 

It is interesting to note that 90% GMA (M N 

264930) and 50% GMA (M
N 

269555) have I. Viscosity of 

635 and 416 respectively. This showing that A copolymer 

with higher content of GMA has high viscosity although 

both have almost same Mv values. 

Thermogravimetry: A single stage degradation is evident 

from the curve for PMMA leaving very small amount of residue 

about 3.3% of the original weight at 
o 450 C, as a resul t 

of complete depolymerization of the polymer to monomer. 

For fGMA two stages of breakdown are apparent from the 

TG curve, initial 7.0% weight loss may be due to solvent 

and moisture absorbed . Subsequent weight loss 73.4% is 

due to depolymerization . This weight loss is unzippin g 
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Table - 4.3 

MMA GMA I. Viscosity 

o % 100 % 494 

10 % 90 % 635 

50 % 50 % 416 

90 % 10 % 588 

100 % o % 448 



::r: 
o 
3 
o 
'C 
o 

~:, 

- , 
III 
;J 

"U 
I!l 
"J 
n 
<' C 
"J 
OJ 

0' 
" L~ 

* 
0 

loJ 

, 
I 
'/ 

48 

I I , 
ul r\ ) t.l 

o r-" r, I f '" f ''-' '1''-' rl' I I r r r " '" r"r '" r r 

''-I 

OJ 

ell 

I" 

r" 

I" 

I: 
I" 

I 
rJ! 

, 
" J 

r , 
'" 

.. _--- -

Tl~i . B nC 

r " 
I , I 

" 'd rd 

r,J 
'" I r r r ,- r r r I r I 

<.l /\ )' 

, J 
" , 
:'1_ 

- , 
tl 

;-J 
In 

<" 

'J 



w 

::r: 
o 
3 
o 
'0 
o 
I-' 

'<: 
3 
(1) 

~ 
. -< 
\ III 

3 
/ "U 
. lD 
~ ci 
I <i­
' e ., 

In 

0' 
o 
~ 

1 
W 

o 

Ol 

m 

~ N, 
W UI 

1 
1 
V 

- I 
Cl 

325. 

1 
1'0 

49 

1 
~ C) 

<--- (!xothenno 1 

/ 
/ 

I 
~ 

287. 1 oC 

J 
/ 
I 

I 

484. 7 oC 

578. 3 oC 

l\.l .. 
o . 

- \ 
Cl 

3' 
--, ---r----r--"--r-- -- r ---"-r- - -.----- T -" ·- -T ·· - -r ---r -----, <-e., 

1 

"" 
1 

W 
1 

1'0 
1 
~. o ~ 

o . 



MMA 

o % 

10 % 

50 % 

90 % 

100 % 

50 

Table - 4.4 

TG DATA of Homopolymers and Copolymers 

GMA 

100 % 

90 % 

50 % 

10 % 

o % 

Weight Loss 

94.8 % 

93.9 % 

97.2 % 

93.5 % 

96.7 % 

Residue at 450 0 C 

5.2 % 

6.1 % 

2.8 % 

6.5 % 

3.3 % 
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of the po l ymer from the unsaturated chain en ds, and the 

final weight los s about 18.4% is due to random de g radation 

of the polymer le avi ng ul timately 5.5 % residue at 450 0 C . 

Low mol ecu lar weight of PGMA (78 627), reveals that the 

extent of weight loss in the first region of degradation 

is consistent with the presence of large number of unsatu -

rated chain ends. 

TG Curves for various copolymers are shown in 

the fig 4.4--.6. TG curves of PMMA and PGMA s how s that depolymeri-

zatio n is completed at about 400 0 C. So the TG curves 

and weight loss of copolymers can be compared with the 

PMMA and PGMA at 400 0 C. o Residue l eft at 400 C for copolymers 

is 6.1%, 2.8%, and 6.5 % for 90 %, 50 % a nd 10 % GMA respec-

tively . 

Differential Thermal Analysis (DTA) : DTA Curves for 

homo po l y mers PMMA and PGMA are shown in the fig.4.2-4.6 

The DTA of PMMA shows a broad endotherm at 350°C makin g 

the first endotherm at 312 0 C. It indicates an initial 

depolymerization and random chain scission. DTA Curv e 

for PGMA is quite different from PMMA. It shows the first 

endotherm at 287 0 C and a broad endotherm at 484
0

C. Broad 

endotherm at 484 0 C indicates the increase in temp e rature 

of depolymerization. 
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Table -4.5 

DTA Endotherms for Polymers 

MMA GMA First Endotherm Second . Endothrm 

o % 100 % 287°C 484°C 

10 % 90 % 290°C 418°C 

50 % 5 0 % 293°C 

90 % 10 % 342°C 467°C 

100 % o % 312°C 350°C 
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DTA curves for the copolymers are shown in the 

fig. 4.2-2.6 . Copolymer having 

at 34 2 0 C while havin g 10 % 

10% GMA show major endot h erm 

MMA shows endotherm at 29 0 0 C , 

thus both copolymers showing some stability as compared 

to hompolymer. The copolyme r having 50% GMA however s hos 

a broad endotherm at 293 0 C 

Endothermic react ions 

evident in both homopolymers correspond to an initial 

depolymerization . For PGMA the first endotherm at 287 0 C 

may represent the monomer formq.tion from ch.ain ends with 

a second broad endotherm at 484 0 C, which is most probably 

due to random chain scission. 

PMMA However shows a broad endotherm at 350
0

C 

along with a small endotherm around 312 0 C . This may be 

due to lesser number of unsaturated chain ends. 

wei g ht 251675 as compared to 78627 for PGMA) . 

(Molecular 
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Mass Spectral Analysis: Homopolymer PGMA and the copolymers 

were degraded thermally in a glass tube and mass spectra 

of the evolved products were recorded. A 100 mg sample 

was taken in a glass tube fitted with a stopcock. The 

solvent free sample was degraded by heating it upto 500 0 e 

under vacuum in a closed system. The evolved products 

were fed to a Mass Spectrum Analyser, attached with a 

computer. The results obtained are shown in the tables 

along with the SATVA results. 

Thermal Volatilization Aanalysis (TVA): Fig.4.7-8 and illu-

strate the TVA curves for 60 to 65 mg powder samples o f 

PMMA and PGMA. The homopolymer samples were heated to 

500
0

e at the rate of 10o e/min under the normal conditions 

of TVA. The curve shown in fig.4.8 is typical of PMMA 

sample, moderately high molecular weight as reported pre-

. 46 47 vlously , 

The TVA trace of PMMA indicates the two different 

modes of degradation. Volatilization began around 200
0

e 

and limiting rate of the first peak volatiled product 

upto 0.6 mv is observed at - 75 0 e trace. The region upto 

340 0 e is characteristic of MMA in TVA system. The rate 

of volatilization increases upto 250
0

e and then falls 

to a minimum. At this temperature the rate of volatilization 

again begins to increase and reaches its maximum rate 

o T(max) at 360 e. 
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The plateau in o - 75 C curve is again typical b e ha -

viour of the MMA monomer in TVA system and has been ref er red 

to limit ing effect. It results from the low distillation 

o 
of MMA from -75 C trap to liquid nitrogen trap. It seems 

that monomer is the only product of this polymer. The 

response at - lOOoC and - 196o C suggests that there mi g ht 

be trace amount of low volatile products like COr, CO , 
.::, 

and CH 4 · Fig. 4.8 also shows that -l OOoC trace lea ·s the 

base line at the temperature of degradation at - lOOoC 

and returns to base line at 210 o C . This may be due to 

evolution of solvent and pracipi t ant (CHC1
3

, 

and CH
3
0H)which were identified in the products from this 

region . 
1,1 

The TVA trace for PGMA reproduced in fig. shows 

that breakdown occurs in two main steps consist ant with 

TG evidence. These steps produce similar amount of material. 

Volatilization began around 200 o C, reaches to maximum 

at 3130 C where the rate falls and again increases to yield 

second peak with T(max) 380
o C. The mo.st notable feature 

of TVA trace is the complexity of the products shown by 

the separation of various responses for different trap 

temperature. The - 196o C trace shows the same general 

characteristics as the other above 250 o C, indicating that 

high vo I at iIi ty products are formed throughout both main 

stages of decomposition . It is interesting that TVA trace 



of PGMA yields two 

maxi ma at 313 0 C and 

the results rep o rted 
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for 

of comparable 

This seems 

PMMA 46 ,47, in 

size with 

consist ant 

which the 

rate 

with 

size 

of the first peak was found to increase with decr ease 

in molecular weight of the polymer . Two peaks of similar 

size were observed when the mol. wt . < zip length. Assumin g 

termination of polymerization by disproportionation, th e r e 

are two modes of initiation of unzipping to monomer; namely, 

at unsaturated chain ends, present in 50% of the macro -

molecules, and by random chain scission, respectively. 

The former reactio n occurs in a lower temperature region. 

TVA trace for three GMA-MMA copolymers are shown 

in fig. 4.9-11 . The char act er ist ic of th e t race is chang ing 

as GMA content of th e copolymer increases. In a ll cases 

there are two regions of interest (1) The larg e peak (2) 

a small peak, from 200 0 C to the threshold of large peak. 

The copolymer with 50% GMA content, however, shows an 

additional small peak with T(max) " at 245 0 C, starting from 

the base line . T(max) values for the large and small 

peaks are compared in the table for all the samples including 

the two homopolymers. It is obvious that the threshold 

temperature of PGMA i:::: ISOoC and as MMA content in the 

copolymer changes, the threshold temperature also chan ges. 

Let us first examine the principle peak which 

is largest in all the copolymer systems. MMA monomer 
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production as illustrated by the limiting rate effect 

o 
at - 75 C trace and beyond the principle TVA peak, is apparent 

in homopolymer and copolymers having higher content of 

MMA monome r. The amount of MMA produced from copo l ymer 

2( 10 % MMA ) must therefore be considerably less than the 

copolymer 4 which contains 90% MMA, only if depolymeri -

zation was occurred as in PMMA homopolymer . 

TVA Trace for 50% GMA copolymer shows a different 

pattern than the other two copolymers (10 %, 90% GMA) volati-

lization starts o around 200 C and three peaks are distinct, 

first smaller peak with rate maxima at 245 0 C. However 

the trace at -196 o C does not shows this peak . 

this trace ( - 196o C), shows the same genera l behaviour 

as all other traces (0, - 45, - 75, -l OOoC). Two peaks 

of comparable size are evident with rate ma xima at 345°C 

The most notable feature of TVA trace is the 

complexity of the products shown by the separation of 

the various responses for different trap temperatures . 

The - 196°C trace shows the same characteristic as the 

others above 300 0 C indicating that hi g h volatility products 

are formed throughout decomposition . 

Sub - ambient Thermal Volatilization Analysis (SATVA): The 

condensable volatile products of degradation to 500
0

C 

under TVA conditions were separated by SATVA and charac-

terized by IR spectroscopy. Typical traces obtained from 
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PMMA and PGMA as illustrated in the figs. will be discussed 

separa tel y~ Po I y (methy lmethacry I ate) SATVA curve for degra -

dation products of PMMA (Fi g. 4.13) shows three peaks. The 

first small peak with a rate maximum at about 10 minutes 

is CO and the second large peak with rate ma ximum at 

35 minutes is of monomer MMA . A small shoulder on large 

peak is due to water . The third peak was not identified 

as the amount of this high boiling liquid, probably short 

chain fragments, is too small. Methyl methac rylate was 

the only product reported by other 48 workers . Results 

are summerized in the table 4.6. Poly(glycidyl methacrylate). 

SATVA curve for PGMA (fig . 4 . 12 ) shows four peaks . Ist 

peak with rate maximum at 10 minutes is, carbondioxide 

dimethylketene, propene and isobutene. 2nd peak (rate 

maximum 18.5 min.) is purely acrolein 3rd peak with rate 

max imum at 30 minutes is allylalcohol. Fourth peak starts 

increasing from 33 minutes and goes on increasing upto 

45 minutes is due to very high boiling monomer GMA (B.P. 

189 0 C) and Glycidol . 

Copolymers: The SATVA curves for the volatile products 

of copolymers of GMA and MMA are illustrated in figs. 

All spectra contain five peaks, although second peak 

appears as a small shoulder on the first peak. Results 

are summerised in the tabl es 4.2 - 10 Size of the peaks 

changes as the copolymer composition changes. Lets discuss 

these peaks separately. Second peak which is not separable 
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fr om the first peak actually appears as a sho u lder of 

t he first peak . So these two peaks will be discussed 

together . First and second peak contain a mi x ture of 

products, carbondioxide, propene, isobutene, and dimethyl 

ketene (dimethyl keten constitutes the second peak). Third 

peak with a rate maximum of about 20 minutes is of acrolein. 

Fourth peak (rate maximum at about 30 minutes) is due 

to monomer MMA and alkyl alcohol. Fifth peak, which is 

very broad, starts from 35 minutes is monomer GMA and 

Glycidol, that is high boiling materials. Hesults of SATVA 

along with relative mass peaks are summerized in the tables. 
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Peak 
No. 

1 

2 

Peak 
Ti me 

10 

4 0 

77 

Table -4.6 

SATVA Peak Analysis (PMMA) 

2 300, 6 7 0 

3200, 3400 

1030, 1020 

2945, 1720, 1644 

1164, 981 

Mass 
Peak Products 

Ca r bondio x ide 

Wate r 

Methanol 

Methyl Methacrylate 



Peak 
No. 

1 

2 

3 

4 

Peak 
Time 

10 

18.5 

30 

33+ 

78 

Table - 4.7 

SATVA Peak Analysis (PGMA) 

23 00 , 670 

2170, 2140 

3130-2940, 1670 

990, 910 

3090- 2950, 

1660, 890 

3050-2 750, 17107 

1410, 1150, 1980, 

920 

3620, 3320, 

30410 , 2920 , 1640 , 

1420, 1020, 990 . 

3680, 3600, 

3500, 2940, 

1100, 950 

2950, 2320, 

1722, 1671, 

945, 909 

Mass 
Peak 

44 

70 

42 

56 

56 

58 

74 

14 tJ 

Products 

Carbondioxide 

Dimethyl Ketene 

Propene 

Isobutene 

Acrolene 

Allyl alcohol 

Celycidol 

Glycidyl Methacrylate 
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Table _4. 8 

SATVA Peak Analysis (901 GMA/IO$ MUA ) 

Peak Peak Time 
No . (Mi n. ) 

1 12 .5 2310, 670 

& 
2170, 2140 

2 
3080, 2950, 

1640, 890 

3 20 2950, 2855 

1710, 1410, 

1160, 960, 

4 26 . 5 

2920, 2859, 

1730, 1640, 

1455, 1257, 

1197, 1167 

5 34+ 2950, 1722, 

16'71, 1257, 

945, 909 . 

3680- 3500, 

2940, 1100, 

950 

920 

Mass 
Peak 

44 

70 

42 

56 

56 

58 

100 

142, 

74 

Products 

Carbondioxide 

Dimethyl Ketene 

Propene 

Isobutene 

Acrolin 

Allyl Alcohol 

MMA 

GMA 

Glycidol 



Peak 
No . 

1 
& 
2 

3 

4 

5 

Peak 
Time 

11 

19 

3 0 

40+ 

80 

Table - 4 . 9 

SATVA Peak Analysis (501 GUA/501 MUA) 

2300, 670 

2170, 2140, 

3080, 2950, 

1640, 890 

3000- 2700, 

1710, 1410, 

1160, 990, 920 

1030 - 1012 

2980, 360O, 

3300, 1640, 

1410, 1020 

2929,2850,1730, 

1640,1455;1257, 

1167. 

3680.3500,2940 

1100,950 

2950,1722,1671 

1455,1167,945,909 

Mass 
Peak 

44 

70 

42 

56 

56 

3 2 

58 

100 

74 

142, 

Product s 

Carbondio x ide 

Dimethyl Ketene 

Propene 

Isobutene 

Acrolein 

Methanol 

Allyl Alcohol 

MMA 

Glycidol 

GMA 
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Table - 4.10 

SATVA Peak Analysis (lOS GMA/90S MUA) 

Peak Peak Time 
No . (Min . ) 

1 13 
& 2300, 670 2 

3 21 2920, 2860, 

1710, 1460, 

1160, 960 

3600-3000, 

2920, 2860 

4 32.5 1640, 1460, 

1150, 1030, 

2962, 1740 , 

1644, 1443, 

1164 

5 41+ 3620-3500, 

2940, 1100, 

2950, 1722, 

1671, 1257, 

1167, 945, 

960 

950 

909 

Mass 
Peak 

28 

44 

42 
56 

56 

58 

100 

74 

142 

Products 

Carbon monoxide 

Carbon dioxide 

Propene 

Isobutene 

Acrolein 

Allylalcohol 

Methylmethacrylat~ 

Glycidol 

GMA 
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Cold Ring Fraction (CRF) : 

The CRF which resul ted from the degradation of PGMA 

and copolymer (50:50) by heating upto 500 0 C under TVA condi-

t ions wer e examined by ir spectroscopy. The ir spectrum 

of the Cold Ring Fraction was comilared with that of the 

undegraded homopolymer (Fig. 4.21). In most respects these 

spectrum are similar, indicating that CRF consists essentially 

of short chain fragments of the polymer. CRF shows additional 

peaks, however, at 1640 cm- 1 which is typical of C=C, intro-

duced into the polymer chain during the formation of short 

chain fragments . 

In Fig . 4 . 22, the ir spectrum from the 50 % GMA copolymer 

is compared with that of the undegraded copolymer. Spectra, 

are similar in most respects indicating that CRF again 

consists essentially of short chain fragments of copolymer. 

-1 
CRF shows additional peaks, however at 1020, and 1805 cm , 

which are typical of six membered anhydride ring structure, 

previously reported in anhydro poly (methacrylic acid) 

by Grant and Grassie 49 and found also in glutaric anhydride 50 . 

The amount of CRF is greatest for 50% GMA copolymer. 

Analysis of the Residue: 

The dBrk brown to black intractable residue which 

remains after heating to 500 o C, for homopolymers and copoly -
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mers, % by weight of the original polymer samples is shown 

in the Table 

Mechanism of Degradation: 

Resul ts obtained by TVA, SATVA, TG, and OTA, shows 

that the principal degradation product of PMMA is monomer 

only . PGMA however shows a dif feren ttype of degradation. 

Many volatile products are obtained as, carbondioxide, 

dimethyl ketene, propene, isobutene, acrolein, allyl alcohol, 

and Glycidol other than the Glycidyl methacrylate monomer. 

Similarly copolymers shows both t he monomers, GMA, MMA 

and other volatile products . The IR spectra of eRF of 

copolymer (50% GMA) shows that anhydride rings are also 

formed during thermal degradation of copolymer. A genera 1 

mechan ism which describes the d epolyme rizati on to monomers 

and evolution of all the volatiles is concluded here for 

PGMA and copolymers . TG and TVA data of PGMA shows that 

copolymer degrades in two stages, i.e . from unsaturated 

chain ends and by random chain scission. 

(i) Monomer formation from unsaturated chain ends. 
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CH
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1 

CH 3 
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CH
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I 
- CH -2 C - CH C C - CH 2 + .C - CH = 

1 1 I I 
COOR COOR COOR COOR 

CH
3 

I • 
CH

3 
1 

- CH 2 - C - CH 2 + 
1 

C = CH 
i 2 

COOR COOR 

Monomer . 

OR Monomer formation may be represented as: 

CH
3 

CH
2 

1 II 

CH 3 
I. 

- CH - C--CH - C 
2 ~ 2 I 

--~) - CH-- C 
2 I 

COOR COOR COOR 

• + CH -2 

CH
2 

II 
C 

1 

COOR 

CH
3 

1 

C 

1 

COOR 

R - CH 2--CH -- CH 2 , CH 3 , 
~O/ 

One half of the polymer chains in PMMA contain unsaturated 

end groups, because it has been establ ished that PMMA is 

terminated entirely by disproportionation, as shown . 
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CH
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CH
3 I L 

CH 3 CH 
1 1 3 

- CH - C - CH -- C 
2 1 21 

COOCH
3 

COOCH
3 

---) - CH - . C - CH - CH 
2 1 2 1 

COOCH 3 COOH3 

+ 
CH 3 CH

3 
I 1 

- CH - e-CH=C 
2 I 2 I 

COOCH 3 COOCH
3 

OR 
CH

3 I 
CH

2 II 
- CH - C -CH-

2 I 2 
C 
I 

COOCH
3 

. COOCH. 

These allylic C-C, C- H, bonds have relatively less bond 

dissociation energy and homolytic cleavage can occur in such 

polymers. From the kinetic data activation energy has been 

calculated to be 48 Kcal/mole for initiation step of thermal 

decomposition . For allylic C- C bonds this is a reasonable 

amount of energy for dissociation . 

The type of end initiation has also been shown by PGMA 

as revea led by TVA and TG Data . Molecular weight of PMMA 

is relatively high as compared to PGMA. This low molecular 

weight will cause an appreciable amount of degradation by 

end initiation. 
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(ii) Random Chain Scission: 

Both TVA and TG data shows that degradation in 

the range of 3000 C to 4 00 0 C is associated with initiation 

by random chain scission . The radicals thus · produced, then 

depropagate, which is an exact reverse of propagation reaction 

in polymerization. This may be shown as 

(iii) 

and GMA 

CH 3 CH3 CH 3 
1 1 1 

- CH - C - CH - C - CH - C-
2 1 2 1 2 1 

--CH -
2 

COOR COOR COOR 

CH
3 l. 

C . + 
1 
COOR 

CH
3 

1 
- CH - C- CH -

2 1 2 

CH = 
2 

COOR 

CH
3 

1 
C 

1 
COOR 

Monomer 

Ester Decomposition: 

CH
3 

I. 
CH

3 
1 

C + C-
1 1 
COOR COOR 

The degradation products of copolymers are MMA 

which results by depolymerization reaction. SATVA 



en 
00 

CH 3 
I 

---.cH2-C~ 

~ ~ ~ "-o O-CH2-CH-CH2 "- / . o 
CH 3 I CH 

---CH2-C~ CO I 3 

}. /~ ---.cH2-<;-CH2~ 
o + .O- CH

2
- CH- CH +o=c-O- CH

2
-CH- CH 

o CH - 0 

I 
,\/2 ,\/2 

CH 3 
I 

·CH 2- C 
II 
C 
II 
o 

1 
CH 3 
I 

CH 3- C=C= O 

. ! 1 3 1 CH 3-C=CH2 

+CH 2 CH-CH 
CO2 + ·CH 2- CH-CH 2 

HO- CH 2- CH- CH2 
"- / o 

3 

Scheme 1 

"- / o 

I 
CH 2= CH- CHO 

+ CH 2= CH- CH20 H 



90 

of PGMA and all the copolymers shows that except the major 

reaction which is depolyme rization, the ester decomposition 

is a Iso a c co u n ted w hi chi s the c au s e 0 f v 0 I at il e pro d u c t s , 

e.g. acrolein, allyl alcohol, carbondioxide, carbonmono xide 

dimethyl ketene, isobutene, propene, and glycidol. Ester 

decomposition of PGMA is shown in the schemel. 

Anhydride ring formation: 

the presence of methanol has been confirmed by FTIR 

of the degradation products of 50:50 copolymer, mass spectra 

also shows the presence of methanol . CRF of 50% GMA copolymer 

also shows peaks at 1020 , 1805 cmy_1 which are typical of 

anhydride rings . The production of CH30H via anhydride can 

be explained according to the mechanism as shown on next 

page. 

An alternative route, which explains the formation 

of six - membered anhydride rings, is through a concerted 

four - centre type transition state as shown below. 
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Glycidyl methyl ether would be eliminated in this reaction, 

but has not been detected in th~ degradation products. Con­

sidering the volatility and ir spectrum of this material 

however, it is clear that it would be undetected in small 

concentration, since it has no characteristic ir absorptions. 

Further investigation by glc of the least volatile SATVA 

fraction in the copolymer degradation products is required 

to verify this. 
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DISCUSSIONS 

Polymerization data of the present study indicates 

that molecular weight of polymethyl methacrylate is higher 

than the poly (glycidyl methacrylate) . This difference 

may be attributed to the more unsaturation in the latter. 

Intrinsic viscosity data shows that viscosity depends 

not only on the molecular weight but also on the t;roups · 

present in the monomer . Epoxy compounds usually more 

viscous (Epoxy used as adhesives due to more viscosity). 

Thus PGMA although has lower molecular weight but has 

hi~her viscosity than PMMA . TVA and TG Data of homopolymers 

shows that PMMA depolymerizes essentially to monomer. 

PGMA however shows that two reactions occurs, first, Depoly­

merisation to monomer and second decomposition of ester 

~roup which leads to the volatile products shown before. 

Copolymers also shows degradation by above two reactions, 

comparine:; PGMA and copolymers with the behaviour of Pwi ivl A , 

I t may be conc 1 uded t ha t monome r formation occurs by two 

methods. In the lower range of temperature (uilto 25 0
0

C) 

monomer formation is due to initiation at unsaturated 

chain ends. In the higher range of temperature (300
o

C 

to 400 0 C)degradation of homopolymers and copolymers occurs 

by random chain scission. This is attributed to the low 

activation energy for allylic C-C bonds for initiation 

(48 Kcal/mole). At high temperature decomposition of 

repeat units involving side group scissions produce other 
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minor products, observed during decomposition. Anhydride 

r in gs have been detected in the CRF of 5 0% GMA copolymer. 

The production of anhydride rings in a polymer chain ini -

tially containing MMA units has been shown in vari ou s 

previous studies to interfere with unzippin g to monomer, 

which is 
. 51 55 

unable to proceed beyond the rIng structure ' 

The effect is that the end initiated depolymerization 

is suppressed and monomer production becomes de~endent 

on many more ini tians by backbone scission, which require 

hi ~ her temperature . Stabl ization of the polymer towards 

monomer production is therefore observed; even low conc e n -

tration of anhydride rings have a marked effect because 

the zip length in the depolymerization of pure PMMA is 

very la rge. 
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