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SUMMARY

T he p rep a ra tio n  of polym ers o f im proved stability  requires an 

understanding o f the relationship betw een structure and m echanism  of 

decom position. In this project, this relationship is explored for several 

classes of polymer.

The m ain degradation techniques which have been used, described in 

Chapter 2, are thermogravimetry (TG), thermal volatilisation analysis (TVA) 

and differential therm al analysis (DTA). Degradation products have been 

separated and analysed using subam bient TV A, and GC-M S, IR and MS 

spectroscopy.

The p rep a ra tio n  and spectroscop ic  analysis  o f p o ly (a lk y len e  

te rep h th a la tes), p o ly (e ther-este rs), po lyary la tes and a ,co -b ifu n c tio n a l 

poly (methyl methacrylate) described in Chapter 3.

In Chapters 4 and 5,studies o f the thermal degradation of poly(alkylene 

terephthalates) and po ly(ether-esters) m ade by m elt polym erisation of 

terephthaloyl chloride with aliphatic diols and poly(ethylene glycols) (Mw 

200, 1000) are reported. In order to achieve a detailed analysis of the 

degradation  products, both tem perature  program m ed and isotherm al 

experim ents were perform ed on these polymers. From the results obtained, 

the general mechanism of decomposition has been established.

In Chapter 6, a sim ilar investigation of nine different polyarylates, 

including fire retardant polyarylates, made by interfacial polycondensation 

from  arom atic diols and terephthaloyl chloride is reported and the effects of 

fire retardant incorporated to the backbone of polym er are discussed. It is 

clear there are many close similarities in mechanism, especially in the sense 

that sim ilar radicals are usually involved.



In C hapter 7, the results o f a com prehensive study o f the therm al 

degradation of four different a ,  co-bifunctional poly (m ethyl m ethacrylates) 

m ade by the anionic route are analysed and the general m echanism  of 

decom position has been proposed. The effect of the functional end groups 

on the therm al stability and mechanistic behaviour are discussed.



INTRODUCTION

1.1 PO LYESTERS

Polyesters are heterochain macromolecules, which take their name from 

the ester group in the repeating units of the polym er chain, m ade by the 

condensation or self esterification of (0—hydroxy carboxylic acids, ring 

opening polym erisation of (0—lactones or the reactions of dicarboxylic acids 

or their derivatives with diols . Their structures can be represented in the 

following general formulae :

o  , O O ,
II II II

- O - R - C - and i 0 1 » 1 0 1 0 1 » I 0 1

k 4 n k 4

The polyesters in this study have the latter type of structure.

Polyesters are used in many industrial applications as fibres and resins, 

because of their wide range of mechanical, electrical and optical properties, 

which may be controlled by incorporation of flexible chain sections such as 

—(CH2)m — »—(C H 2C H 20)m ~ or rigid groupings such as aromatic rings .

One of the materials now known as polyesters was first made as early as 

1833 when G ay-Lussac and Pelouze m ade a polyester from lactic acid. 

However, the first commercially significant product was made from glycerol
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and phthalic acid and led later to the development of alkyd resin. In the late

1920s, an extensive study undertaken by Carothers, in which he prepared

low m olecular weight aliphatic polyesters, laid the foundations of step-

polym erisation chem istry and established relationships between m olecular

structure, m olecular weight and polym er properties These polymers did

not attract great comm ercial interest, however, because of their low melting

points. The discovery o f poly (ethylene terephthalate) and poly (butylene
2 3terephthalate), by W hinfield and Dickson in the 1940s ’ led to a rapid

grow th in applications as fibres and film s because o f their high heat 

d istortion  tem perature, high rigidity  and toughness, good m echanical 

properties, excellent surface appearance, low m oisture absorption, good 

electrical insulation properties, solvent resistance and dimension stability

On the other hand, polyesters based on aromatic dicarboxylic acids (or 

their derivatives) with diphenols (polyarylates), are considered as a class of 

new engineering polymers. This type of polym er was first prepared in the 

late 1950s but com m ercial developm ent was only introduced in 1970, 

using a polyarylate derived from p-hydroxy benzoic acid. This has a highly 

crystalline structure which remains unchanged up to 330 °C and exhibits a 

higher thermal stability than PET and PBT.

T hrough the varia tion  in the backbone m olecu lar structure and 

m odification by copolym erisation, linear polyesters can be produced with a 

wide range of properties and uses.

1.2 T E L E C H E L IC  PO L Y M E R S

Telechelic polym ers are those with reactive groups at the chain ends. 

For the preparation of these telechelic polym ers, various polym erisation 

routes can be employed (e.g: ring opening, radical, anionic, group transfer,
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7cationic, step growth) and polym er chain scission may also be used . The
8concept of prepolymers was already established in 1947 by Byer . Thirteen

9
years later Bam ford et.al. synthesised the first telechelic polym er from 

styrene and demonstrated the functionality by coupling reactions to produce a 

new m aterial w ith different properties. Since then, such polym ers have 

becom e increasingly im portant for practical use, e.g, as a prepolym er for 

block copolym er formation or as crosslinking agents.

Telechelic polym ers have great industrial interest, since they are the 

basis of liquid polym er technology, whereby the polym er can be cast and 

injection molded. The liquid telechelic polymer can be linked into a desired 

netw ork by a m ultifunctional agents, which offers processing advantages 

and excellent properties. Also they were relevant to the developm ent of

th e rm o p la s tic  e la s to m e rs  c o n s is tin g  o f tr ib lo c k  or m u ltib lo ck
7 10copolym ers 9

The telechelic polymers studied in this investigation are based on methyl 

m ethacrylate m onom er and were prepared by the anionic route. The desired 

telechelic  po lym er (a ,co-bifunctional PM M A) can be form ed via the 

term ination of living propagating species in the anionic polymerisation of the 

monomer.

1.3 G E N E R A L  A SPE C T S O F PO L Y M E R  D E G R A D A T IO N

Changes in polym eric m aterials due to degradation have been known

from  the beginning o f h istory . The ro tting  o f w ood and cloth , the

deterio ration  o f m eat and the burning o f w ood are all exam ples of

irreversible changes which have been caused by chem ical bond scission

reactions in the backbone of the macromolecules, within the environment to
11 13which they have been exposed during their life cycle .
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In various types of degradation environm ent (e.g : thermal, mechanical, 

photochemical, radiation chemical, biological and chem ical ), the properties 

o f every polym er are affected by those chem ical reactions involved in the 

degradation mechanism.

1.4 T H E R M A L  D E G R A D A T IO N  O F PO L Y M E R S

Studies o f the thermal behaviour of polymers, particularly their thermal 

degradation , are o f prim e im portance in rela tion  to p rocessing  and 

applications.

In the polym er field , therm al degradation refers to the changes

occurring in the polym er at elevated tem peratures. These changes involve

rupture of bonds in the m ain or side chains, as evidenced by a diminution
13of the chain size and the evolution of low m olecular weight products 

The subject has received  a great deal o f atten tion  by a num ber of 

investigators over the last forty years.

Various therm al methods of analysis have been used to study polymer 

degradation reactions continuously, usually involving direct m easurement of 

w eight loss by therm ogravim etry (TG) or of the evolution of volatile 

degradation products e.g, by thermal volatilisation analysis (TVA), which is 

a particularly versatile form of evolved gas analysis. These techniques will 

be discussed in detail in the next chapter.

1.5 C L A S S IF IC A T IO N  O F  D E G R A D A T IO N  R E A C T IO N S

T herm al degradation  reactions m ay be d iv ided  into tw o general 

categories, namely, depolymerisation and side group scission reactions.
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1.5.1 D E P O L Y M E R IS A T IO N

There are two types of depolymerisation reactions. Depolymerisation by 

the unzipping of the m ain chain backbone may proceed to give monomer. 

This process is m ostly  encounted w ith polym ers produced from  1:1- 

disubstituted alkenes and certain cyclic m onomers. Reverse polymerisation 

(depropagation) to yield 100 % m onomer is observed in the case of PMMA 

and poly(a-m ethyl styrene). On the other hand, in cases where the polymer 

structure and radical reactivity favour transfer, hydrogen abstraction occurs 

at various points along the polym er chain leading to dim er, trim er, etc. 

(in tram olecular transfer) and reduction o f m olecular w eight follow ing 

interm olecular transfer.

In heterochain polymers such as poly(ethylene terephthalate) a further 

type of depolym erisation involves an ester exchange reaction to form short 

chain fragm ents with carboxylic acid and vinyl ester end groups as shown 

below:

0 0
II II

w v O -C H 2-C H 2- 0 - C

Schem e 1.1: Initial decomposition of poly (ethylene terephthalate).
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W hen depolymerisation occurs, the products have chemical composition 

closely similar to that of the original polymer.

1.5.2 SID E  G R O U P  R E A C T IO N S

D egradation m ay also be associated with side groups attached to the 

polym er chain, involving two types of reaction.

a) E lim ination of part or all o f the side groups to liberate low 

boiling point volatile products may occur. Thus, poly(t-butyl methacrylate) 

(P t-BM A) ^  or poly(vinyl chloride) (PVC) decom pose to produce

isobutene and hydrogen chloride, respectively (Scheme 1.2).

CH, CH,
I I

• ^ C H - C - C H ^ ^ -   =► w ^ C H - C - C H ^ w  + CH^=C(CH3)2

COOHT'Oj C(CHAV _y,|
(CH,

\

w -C H .-C H -C H ,-C H -^  ---------► vw vC H =C H -C H =C H ^v + n HCl
I I

Cl Cl

Schem e 1.2: Elimination reactions in P t-BM A and PVC.

b) Cyclisation: This process involves reaction betw een neighbouring

side groups with or w ithout loss of a small m olecule as shown in

Schem e 1.3. Polym ers contain ing  n itrile  groups, as in the case of
17polyacrylonitrile  and poly(m ethacrylonitrile) , undergo cyclisation by
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rearrangem ent to form six-m em bered rings containing nitrogen. In other 

cases such as poly(methacrylic acid) (PM A A) 1^,18^ however, neighbouring 

side groups undergo dehydration to yield six-m em bered cyclic anhydride 

rings along the polymer chain.

w C H  2--C--CH 2--C-CH 2~ w   *

COOH COOH

W here R = H and CH3 

Schem e 1.3: Cyclisation reaction in PAN, PM AN and PMAA.

In the case o f m ost side group reactions, the volatile products and 

partially degraded polym er residue will differ considerably in composition 

from the original polymer.

1 .6  E F F E C T  O F  S T R U C T U R E  O N  D E G R A D A T IO N  AND 

ST A B IL IT Y

The degradation of polymers is usually accompanied by the scission 

of the backbone links and the evolution of volatile products. Crosslinking 

o f chains prom oted by heating, however, can increase the stability of the 

polym er by the formation of a rigid infusible network.

Linear carbon-carbon chains as in vinyl polym ers are not very stable
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and the m ost stable polym ers of this type tend to decom pose therm ally 

around 350 °C. The presence of tertiary hydrogen atoms is often a source 

of w eakness in the polym er. The stability  is im proved by replacing 

hydrogen by fluorine atom s as in po ly te trafluoroethy lene. H ow ever, 

polym ers w ith linear chains of carbon atom s, in general, are not heat- 

resistant.

On the other hand, som e polym ers containing arom atic rings and 

heteroatom s in the backbone have been found to have outstanding thermal 

stability. These include some polyam ides and polyesters. For exam ple, 

fully aromatic polyam ides and polyesters are known which are completely
n 19stable up to 500 C, as in poly(p-benzam ide) , p o ly (p -pheny lene

20 21te re p h th a la m id e )  and p o ly (4 -h y d ro x y —benzoic acid) . The

incorporation of a m etal into organic m olecules is a further m ethod of 

achieving a com bination of characteristic polym er behaviour and high 

therm al stability, as in the case of poly (aery lie acid) salts.

1.7 F IR E  R E TA R D A N T  PO L Y M E R S

Synthetic polym eric materials are increasingly used in textiles, the car 

industry , construction  and furn ish ing  o f hom es, o ffices and public 

buildings. These polym ers are frequently flam m able organic compounds. 

This is now a critical factor which determines their potential uses. The 

fire hazard associated with the flam m ability and fatalities in fire incidents 

are often not the result of burning. Instead, victims are poisoned by toxic 

gases or suffocated by smoke which lim its v isibility , thereby m aking 

escape m ore difficult. The smoke resulting from synthetic plastics is often 

m ore dense and the fumes more poisonous than from natural materials 

such as cellulose.
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In order to achieve optimum fire retardant properties in a polymer, it is 

necessary to have quantitative measurement of flammability, which depends

on the ignition , rate o f flam e spread and duration  o f burning after
• ... 12ig n it io n

During the "burning" of polymers it is the volatile products of thermal 

degradation which bum  rather than the polym er itself. The com bustion of
tothese materials provides the energy required sustain the supply of fuel and so

22keep the system burning as shown in Scheme 1.4

A

Thermal Degradation
Polymer + Heat 

A
C -----

Heat

■*. Volatile Flammable Products

transfer g

--------------------  Heat + Products of Combustion ----------

Flame

Schem e 1.4: Outline of burning processes for organic polymers.

A fire retarded polym er is usually achieved by interfering with at least 

one o f the stages at points A, B and C. The follow ing changes may be 

involved:

1) M odification of the thermal degradation process.

2) Quenching the flame .

3) R eduction of the supply o f heat from  the flam e back to the 

decomposing products.

The incorporation of a fire retardant into a polym eric m aterial can be 

achieved by two approaches, using additives or reactives. The form er are 

m ixed w ith the polym er to be protected  during processing, while the 

reactives are already part of the polym er structure incorporated during
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polym erisation. Reactive fire retardant polym ers have an advantage over 

additive type, since they exhibit bound antioxidation. On the other hand,

they may have a bigger effect on the chemicflj| stability of the polymer.

Six com m on elem ents are associated *with the incorporation of fire

re ta rdan t p roperties in a polym eric  m ateria l are boron, alum inum ,

phosphorus, antim ony, chlorine and brom ine. Phosphorus is strongly

associated with changes of therm al degradation process, antimony, chlorine

and brom ine w ith flam e quenching and the rem aining elem ents with
12inhibition o f heat flow . M any fire retardants, how ever, have effects

both  on condensed phase reactions and in flam e quenching or char 

formation.

1.8 A IM  O F  P R E S E N T  W O R K

Polyesters form  an im portan t group o f po lym ers, w ith  m ajor 

application  as fibres and resins. They have therefore attracted  m uch 

industrial interest.

The work seeks first to establish the relationship between structure and 

stability for a group of polym ers o f the polyester type and to elucidate 

decom position m echanism s. A further objective is to explore the effect on 

po lym er p roperties, particu larly  therm al stab ility  and m echanism  of 

decom position, of introducing fire retardant structures into the backbone 

of the polymer.

A new type of polymers with a,co-bifunctional end groups (telechelic 

polym ers), based on m ethyl m ethacrylate, were synthesised and examined 

therm ally. These typesof polymers are potentially useful as intermediates 

for the preparation of new copolymers with desired properties.

ate*********



THERM AL AND ANALYTICAL  
TECHNIQUES

2.1 INTRO DUCTIO N

A n understanding of the long chain nature of polym ers led to an 

appreciation of the unique properties that m ight be obtained in polymeric 

m aterials. This encouraged a rapid growth of polym er production. In order 

to lim it or if  possible to prevent the degradation o f polym ers, various 

methods have been employed. Great improvements m ay be achieved by the 

synthesis of new materials with desired properties. The development of more 

sophisticated equipm ent allow s the physical properties and therm al 

stability o f polymers to be assessed more easily.

The m ethods of characterisation of polymers can be classified into two 

main categories, namely, thermal and analytical techniques.

In this chapter, a full description given of the experim ental

m ethods em ployed in the present work. Particular em phasis is given to the 

therm al volatilisa tion  analysis (TVA) technique w hich has been used 

extensively through out the work.
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2 .2  THERM AL ANALYSIS

2.2 .1  T H E R M A L  V O L A T IL ISA T IO N  A N A L Y SIS  (TV A )

Therm al volatilisation analysis (TVA) is a versatile therm oanalytical
2 3 -2 8technique developed in this departm ent by M cN eill el. al . A

polym er sam ple is heated to elevated tem peratures under continuous high 

vacuum conditions and the small pressure developed during the degradation 

processes can be m easured and recorded by means of a Pirani gauge as a 

function of time or temperature. The recorded pressure is a measure of rate 

of volatilisation of products.

The basic principle o f a TVA system  is illustrated schem atically in 

Figure 2.1, in w hich a Pirani gauge has been placed betw een the heated 

sample and the cold trap (-196 °C).

A m odification to the apparatus involves an additional cold trap at 

some tem perature higher than -196 °C, placed between the heated sample 

and Pirani gauge as shown in Figure 2.2. The Pirani w ill now respon d 

only to the products which are sufficiently volatile and able to pass through 

the first trap. This form of TVA is known as differential condensation TVA.

By running a series o f experim ents each with d ifferent first trap 

tem perature, m uch inform ation about the volatility o f degradation products 

can be provided from comparison of the several TVA traces.

In further development of the TVA system, the line is subdivided into 

parallel lines all opened sim ultaneously. The current form  of apparatus 

em ployed in this laboratory is depicted in Figure 2.3, in which four parallel 

lines each have initial cold trap and a main trap (-196 °C). The initial trap 

tem perature differs from one line to another and 0, -45, -75 and -100 °C 

have been found convenient for polymer degradation. A further Pirani gauge
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To pumps

Pirani
GaugeRecorder

-196 UC

Cold Trap
Heated Sample

Figure 2.1:  Schematic diagram of basic  TVA system.

To pumps

Pirani
Gauge

Recorder

Heated
Sample

F irs t

Trap

Main

Trap

Figure 2.2 : Single l ine  d i f f e r e n t i a l  condensation TVA system.

*.
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is attached to the TVA system  beyond the m ain cold traps to detect the 

permanent gases passing through the initial and -196 °C traps.

A polym er sample, commonly in the form of a pow der or thin film, is 

contained in the degradation tube which is inserted into a Perkin-Elmer F -11 

gas chrom atography oven, m odified to heat the degradation tube to a 

m axim um  tem perature of approximately 500 °C as shown in Figure 2.4 and 

equipped with a linear temperature programmer. The oven can be operated 

isotherm ally or with linear increase of tem perature in the range of 1 to 

40 °C/m in. Oven tem perature is recorded as a m illivolt output along with 

that of the Pirani gauges, using a Leeds-N ortherup " Speedom ax W " 12 

point strip chart recorder. Due to a tem perature d ifferential across the 

degradation  tube base, sam ple tem perature  is low er than the oven 

tem perature, except for isotherm al heating when the tube and oven reach 

therm al equilibrium . It is convenient to calibrate these tem peratures by 

m eans of a second therm ocouple inserted directly through the socket 1 of 

Figure 2.4 until it contacts the base of degradation tube. The system is then 

evacuated and the blank tube heated to 500 °C  as in a norm al TVA 

experiment. The corresponding temperatures for both oven and sample are 

simultaneously recorded as shown in Figure 2.5.

The pum ping system consists o f an Edwards Speedivac E O l mercury 

diffusion pum p, backed by an Edwards Speedivac ED 100 rotary pump. 

Using the system, an initial pressure of 10~5 m bar is obtainable. Edwards 

G 5C-2 Pirani gauge heads with Pirani m odel 11 or 14 control units are 

employed to measure pressures.

Since the outputs of Pirani gauges attached to the vacuum  line show 

m inor variation, it is essential to get com pletely coincident traces for the 

same pressure. First, a circuit depicted in Figure 2.6 was adjusted to 

achieve coincidence for the Pirani responses. The line was set up as for a
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.^Outlet to traps 

and pumps
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Figure2.4: Heated sample assembly.  1, B 14 s topper;  2, removal l id  

j o i n t ;  3, flange j o i n t ; 4 » cold water cooling jacke t  ;

5, B 39/40 ground g lass  socket;  6, degradat ion tube ;

7, chromel-alumel thermocouple; 8 , ,  oven; 9 ,  fan ; 

10, programming module .
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Pirani 1

Pirani 2

Pirani 5

Pirani 6

Heated

Sample

0 °c

-45 °C

-196 °C

SATVA Trap

Pirani
gauge
control
unit

Pirani
gauge
control
unit

SATVA Trap

Pirani 3
-75 °C Pirani

gauge
control

Pirani 4
-100 °C unit
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Figure 2.6: C i r c u i t  fo r  adjustment of coincidence of pirani gauges and 

temperature outputs in TVA system. S= switches .
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norm al TVA experim ent and the Pirani gauges were adjusted to zero when a 

vacustat gauge indicated optim um  high vacuum ( 10“5 — 10"6 mm Hg ). The 

line was then isolated from the pum ps, dry nitrogen was introduced and 

the apparatus was pum ped down until half of full scale output and isolated 

from  the pum ps. W hen a steady pressure recorded, the outputs o f the five 

Pirani gauges were brought into coincidence by m eans o f the 100 Q 

variable resistances. The system  was then pum ped down in stages and the 

coincidence was checked at each stage. A further check was m ade by 

degrading potassium  perm anganate which evolves only oxygen as volatile 

gases at -196 °C  under TV A  conditions. W ith this sam ple, all five TV A  

traces should be coincident.

In the TVA traces obtained in this thesis, the standard designations 

used for traces corresponding to 0 ,-4 5 , -75, -100 and -196 °C  cold traps 

are as follows:

---------------------------  0 °C  ( and colder traps if coincidence )

— . — . — -45 °C

---------------- -75 °C

.....................  -100 °C

----------------- -196 °C

2.2 .1 .1  D e g ra d a tio n  P ro d u c ts  A n a ly sis

Once the degradation of polym er sam ple has been com pleted, a great of 

inform ation m ay be obtained about the nature o f degradation products. 

S ubsequently , these p roducts are d iv ided  in to  four m ain fractions in 

accordance with their volatility.

1) R e s i d u e :  T he in v o la tile  m ate ria l rem ain ing  at deg radation  

temperature.
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2) C o ld  r in g  frac tio n : Products volatile at degradation tem perature

but not at am bient tem perature. This fraction usually accum ulates on the 

upper part o f the inner wall o f the degradation tube.

3) C o n d en sab le  vo latile  p ro d u c ts : Products which escape from the 

hot zone during the degradation process and condense at the initial or the 

m ain cold traps. This is the fraction recorded by TV A  together with -196 °C 

cold trap trace.

4) N o n -co n d en sab le  gases: The perm anent volatile gases at -196 °C. 

These gases can be studied by m eans of degradation in a closed system , 

followed by collection in a gas cell using Toepler apparatus and analysis.

2 .2 .1 .2  S u b a in b ie n t T V A  (SA TV A )

The degradation products released in TVA which are volatile at ambient 

tem perature and condensable at -196 °C  can be separated if their volatility

differs sufficiently . The SA TV A  technique developed independently  by
29 30-32M cN eill et. al. and A ckerm an and M cG ill m ay be em ployed to

fractionate these products.

Figure 2.7 illustrates diagram m atically  the basic principle of a TVA 

system  which can be used, after degradation, for separation of products by 

SA TV A, using Pirani 2 to m onitor distillation. The degradation products 

released from  the heated sam ple are condensed at the trap A ( -196 °C  ) 

under continuous high vacuum. Pirani 1 m easures the evolution o f volatile 

products whilst Pirani 2 records only the perm anent gases at -196 °C  which 

pass through trap A.

The layout of the recently improved trap A which is connected directly 

into the TVA system, is shown in detail in Figure 2.8. This trap comm only is 

known as the subam bient TVA trap. The sam ple tube, containing the volatile
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To Pumps

Pirani 
Gauge 1
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Sample Trap B

Figure 2.7: Principal features of a SATVA system.
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Figure 2.8: Arrangement of SATVA trap  . e a, t h r e e  way stopcock; b, stopcock ;

c, thermocouple ; d, sample tube ; e, glass beads ; f , pyrex glass

jacke t  ; g, f i l l e r  port  ; h, Pirani gauge head ; i , dewar vessel 

with l iqu id  .
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degradation products, is surrounded by a pyrex glass jacket containing glass 

beads at -196 °C, cooled in liquid nitrogen. The glass beads inserted into 

the jacket via the filler port were used to secure slow warm ing up which 

facilitates the separation of products. A therm ocouple records the sample 

tube temperature. Trap B is also surrounded with liquid nitrogen.

Once all the degradation products have been transferred to the SATVA 

trap, the stopcock placed between the heated sample and trap A is closed. 

The SATVA trap is then allowed to warm up to am bient tem perature by 

rem oving the liquid nitrogen. Each of the degradation products will distil 

into trap B over a tem perature range dependent on the volatility of the 

corresponding m aterial and their distillation being m easured by Pirani 2. 

The change in pressure and tem perature associated w ith evolution of 

degradation products from trap A into trap B are recorded simultaneously 

as a function of time.

The separation of degradation products is achieved by linking the 

SATVA trap directly to the 4-line TV A  apparatus as shown earlier in 

Figure 2.3. Stopcock (b) is closed and three way stopcock (a) of Figure 2.8 

is opened to the TVA system. Initially, stopcocks 3, 4 and 5 o f Figure 2.3 

are closed and so any m aterial escaping from the SATVA trap will pass 

through the first line and condense at the -196 °C cold trap. W hen the peak 

corresponding to the m aterial evolved has reached a m inim um , stopcock 3 

opened and stopcock 2 is closed. The isolated fraction in the first line is 

co llec ted  in a gas cell attached at a take o ff co llec tion  poin t for 

spectroscopic analysis, whilst the second peak fraction is distilled in line 2. 

Sim ilarly, further peak fractions may be distilled in lines 3 and 4. Figures 

2.9 and 2.10 show diagrams of the gas cell and cold finger used during the 

collection of separated condensable volatile product fractions, respectively.
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NaCl Window

Figure 2.9:

oB 14 Cone

(^JStopcock

NaCl Window ( Diameter = 2.5 cm )

Cold finger

Gas ce l l  fo r  IR a n a l y s i s .

\
B14 Cone

5 cm

/
Cold finger

Figure2.10: Cold f inge r  for the co l l e c t io n  of l iqu id  f r a c t io n  of 

degradation products .
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2.2.2 T H E R M O G R A V IM E T R Y  (TG )

Therm ogravim etry (TG) is an im portant technique w hich allow s a 

polym er sam ple to be raised from am bient tem perature to 1000 °C  while 

weight loss is recorded directly as a function of tem perature or time under 

either dynamic nitrogen or vacuum conditions. The stability o f a polymer 

can be assessed and the extent o f weight loss at each stage of breakdown 

can be determined quantitatively.

Som etim es the TG curves do not clearly  distinguish  overlapping 

p ro ce sse s . T h ese  are m ore  read ily  e v id e n t u s in g  d iffe re n tia l 

therm ogravim etry (DTG) which records the derivative o f the weight loss 

curve.

A Dupont 990 Therm al Analyser was used to obtain TG and DTG 

curves sim ultaneously. Degradation was carried out under dynamic inert 

atm osphere (N2, 80 m l/m in ) from  am bient tem perature to 600 °C  at a 

heating rate o f 10 °C /m in . Iso therm al degradation  w as em ployed at 

appropriate temperatures for 100 min. Samples in the form  of powder were 

of the order 3-5 mg.

2.2.3 D IF F E R E N T IA L  T H E R M A L  A N A LY SIS (DTA)

W hen a polym er undergoes a change in its physical state ( m elting 

point, g lass transition  tem perature ) or undergoes chem ical reaction 

(cyclisation, dehydration, degradation), DTA detects the change from the 

tem pera tu re  d ifference betw een sam ple and inert refe rence, during 

program m ed heating . These changes m ay resu lt in  heat absorption  

(endotherm ic ) or heat evolution (exotherm ic). C onventionally , these 

changes will be recorded by downwards or upwards deflection, respectively, 

in the DTA curve.
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A D upont 451 T herm al A nalyser was em ployed to m easure the 

differential tem perature betw een sam ple and inert reference as the same 

temperature is raised. The DTA traces were obtained in an inert N 2  flow of 

60 m l/m in from ambient temperature to 500 °C at heating rate of 10 °C/min.

2 .2 .4  D IF F E R E N T IA L  SCA N N IN G  C A L O R IM E T R Y  (DSC)

DSC is a technique sim ilar to DTA depending on detection of heat 

absorption or evolution, but it records quantity of heat to m aintain sample 

and inert reference at the same temperature during any physical or chemical 

change as the polymer temperature is increased.

2 .2 .5  T O E P L E R  L IN E

This technique allows the collection and subsequently identification of 

non-condensable gases at -196 °C  which cannot be trapped under TVA 

conditions. The layout of Toepler line is illustrated in Figure 2.11.

In experiments to collect and characterise the perm anent gases a t-196 °C 

released from polym er degradation using the Toepler line, degradations were 

perform ed in sealable tubes sim ilar to that show n in Figure 2.11. The 

sample was inserted into the base o f tube 4 which was then connected to a 

vacuum line via cone 1. W hile the tube was being continuously evacuated 

(10"5 m bar), the constriction was carefully sealed. The tube 4 was clamped 

horizontally into a furnace whilst tube 3 was surrounded by liquid nitrogen, 

and heating was carried out as in norm al TVA. W hen the degradation had 

been completed, the sealed tube was removed and a small m agnetic bar was 

inserted carefully through cone 2 which was attached to a Toepler line at 

socket 8 of Figure 2.11 while the tube 3 still surrounded with liquid nitrogen 

(-196 °C).
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Pumps

Figure 2.11: Layout of Toepler apparatus . 1-5, s topcocks ;  6, two way

stopcock ; 7 , take off  co l l e c t io n  point  ( gas c e l l  ) ; 

8, B 14 socket:;  9, r e s e rv o i r  ; 10, mercury;  11, conical  f lask
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1

Figure 2.12: Sealable tube . 1 and 2, B 14 cone ; 3 and 4 , sample

tube ; 5 , b reak-sea l  ; 6 c o n s t r i c t i o n  .
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A t take off collection point 8 in the Toepler line, a gas cell was 

connected and the system was evacuated by opening all stopcocks to the 

vacuum  pum ps. Once a high vacuum  ( 10-5 m bar ) had been obtained, 

stopcocks 3 and 5 were closed, isolating the Toepler apparatus from the 

pum ping system . The break-seal was then broken by the m agnetic bar 

releasing the non-condensable gases into the system.

Com pression of the non-condensable gases into the gas cell was carried 

out as follows. Stopcock 2 was closed and the two way stopcock was opened 

to the atm osphere,w hich caused the m ercury in the conical flask to be 

pushed up into reservoir and as the m ercury level rose higher the gases 

were com pressed into the gas cell. W hen the m ercury level reached X of 

reservoir level, the two way tap was closed and stopcock 4 was then closed. 

By opening the two way stopcock to the pum ps, the m ercury level fell 

down to its original level. The isolated gases were thus collected for 

spectroscopic analysis by closing the stopcock of the gas cell.

2 .3  ANALYTICAL TECHNIQUES

Studies in polym er degradation have made extensive use of analytical 

techniques which can be subdivided into three classes, namely, determination 

of m olecular weight, spectroscopy and chromatography.

The m olecular weight can be m easured using several m ethods (e.g. 

v isc o m e try , o sm o m etry , lig h t s c a tte r in g  and  ge l p e rm e a tio n  

chrom atography). The spectroscopic methods include ultraviolet, infrared, 

ram an, em ission, nuclear m agnetic resonance, m ass and electron spin 

resonance spectroscopy. Finally, various types o f chrom atography may be 

em ployed for the separation, identification and quantitative analysis of 

products released from the degradation of polymeric materials.
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The m ost widely applied chrom atographic techniques are gas liquid 

chrom atography (GLC) and thin layer chromatography (TLC). In addition to 

these, GPC can be used to fractionate a polym er sam ple according to 

m olecular size. The combination of these methods can provide a great deal of 

information about a polymer.

2 . 3 . 1  IN FR A R E D  SPE C TR O SC O PY

Infrared spectra were recorded either on a Perkin Elm er 257 grating

spectrophotom eter, Perkin Elm er 983 with PE 3600 data system or Philips

PU 9800 FT-IR instrument.

Samples were examined in the form of a solid KBr disc, a thin film cast

on a salt plate from a solution in an appropriate solvent, or in the gas phase,

as appropriate. Gas cells equipped with 25 mm NaCl windows (Figure 2.9)

were used to obtain the ir spectra o f those products released from  the

polym er degradation with an appreciable vapour pressure at am bient

temperature. The identification of degradation products from their ir spectra
33-35was perform ed by a comparison with spectra o f authentic samples

2.3 .2  M IC R O A N A L Y S IS

Elem ental analysis for carbon, hydrogen, chlorine and brom ine was 

carried out using a Carlo Erba Elem ental A nalyzer 1106. They were flash 

com busted  to C O 2  and H 2 O w hich  w ere separa ted  and m easured  

quantitatively using gas liquid chrom atography. The halogen X 2  ( CI2  and 

Br2  ) were measured by titration of X".
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2.3.3 M ASS S P E C T R O M E T R Y

A m odified low resolution Kratos MS 12 mass spectrom eter with a 

M icrom ass DS 55 data handling system and a high resolution Kratos DS 

9025 m ass spectrom eter with a M icrom ass DS 90 data handling system. 

These were used to assist identification of degradation products. M oreover, 

when possible, a M icromass QX-200 quadropole mass spectrometer attached 

directly to the TV A  apparatus betw een the m ain trap and pum ps was 

employed. The products o f degradation volatile at ambient temperature, with 

m olecular w eight less than 200, can be analysed. The non-condensable 

gases at -196 °C could also be bled into the m ass spectrom eter during the 

degradation process.

2 .3 .4  13C C R O SS PO L A R IS A T IO N  M A G IC  A N G L E  SPIN N IN G

N U C LE A R  M A G N E T IC  R E SO N A N C E  S P E C T R O S C O P Y  

(C P M A S-N M R )

In a solid the dipole-dipole in teraction , usually  averaged out by 

m olecular tumbling in solution, is dominant leading to line widths usually of 

a few kilohertz. In order to overcome this and get reasonable high resolution 

spectra, a com bination o f magic angle spinning (M AS) and high power 

proton decoupling was used.

The 13C CP M AS-NM R spectra ( UDIRL, Durham  ) were recorded 

following a cross polarisation C-H preparation sequence which permits 

us to get better signal to noise ratio at any given time. On the other hand, a 

C-O carbon, cross-polarises differently to a C-H, so even though a sample 

m ay contain one of each they may not give signals of equal intensity. The 

spectra can be interpreted in the same way as solution state spectra. All the
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spectra are referenced to TM S. Each plot is presented w ith standard 

spectrum and two edited spectra. The Non-Quaternary Suppression (NQS) 

spectrum  shows only peaks from  quaternary carbons. The Q uaternary 

Suppression (QS) spectrum is just the difference betw een the NQS and the 

standard spectrum and shows signals only from non-quaternary carbons.

2 .3 .5  GA S C H R O M A T O G R A P H Y  _  M ASS S P E C T R O M E T R Y  

(G C -M S )

V olatile liquid products from  the degradation o f a polym er sample 

cannot be fully separated by m eans of SA TV A, because o f the small 

quantities and the fact that some of the products are of sim ilar volatility. A 

b e tte r  sep ara tio n  w as ach ieved  using  a P erk in  E lm er S igm a 3 

Chromatograph interfaced to a Kratos MS 30 mass spectrometer with DS 90 

data handling system . This was operated with colum ns and conditions as 

illustrated in Table 2.1.

Column B P-10 DB- 5

Column packing 14 % Cyanopropyl- 
dimethyl siloxane

5 % Phenyl silicone

Polarity Slightly polar Polar

Length ( mm ) 25 15

Inside diameter ( mm ) 0.33 0.25

Film thickness ( |i m ) 0.5 1

Gas carrier He He

T a b le  2 .1 : Colum ns used for the separation of liqu id  degradation 

products.
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C I H I A I P T O I R  O T R I E I E

EXPERIMENTAL

3.1 TEREPHTHALATE POLYESTERS

3.1 .1  P U R IF IC A T IO N  O F M O N O M E R S

a.Terephthaloyl chloride, supplied by A ldrich Chem ical Co Ltd, was 

purified by recrystallisation three times from n-hexane, dried and stored in 

a desiccator until further use.

b.D im ethyl terephthalate (DM T), resorcinol and hydroquinone were 

supplied by K och-Light Laboratories Ltd. Decam ethylene glycol (DMG), 

catechol, tetrabrom ocatechol (TBC), 4 .4’-isopropylidene bis- (2.6-dibromo 

phenol) (IPBP), 4 .4 '-isopropylidene bis-  (2 .6 -d ich lorophenol) (IPCP), 

4 .4 '-isopropylidene bis- [2-(2.6-dibrom o phenoxy)-ethanolJ (1PBPE) and 

p .p ’-biphenol (BP) were supplied by A ldrich C hem ical Co. Ltd. Poly 

(ethylene glycol) 200 (PEG200) was supplied by Poly Sciences Inc. and 

ethylene glycol (EG), butylene glycol (BG) and poly ethylene glycol 1000 

(PEG 1000) by BDH Ltd. EG, BG and PEG200 were distilled, the first 

and last 5 % being discarded. The distillate was shaken with activated 

anhydrous alum ina and allowed to stand for 24 hours, followed by filtration 

and then stored in a desiccator until required. PEG 1000 was dissolved in 

anhydrous ether /  m ethanol (10:1) to effect com plete solution and 

recrystallised three times at -10 °C . DM G, DM T, catechol, resorcinol, 

hydroquinone, TBC, BP, BPA, IPBPE, IPBP and IPCP were each purified 

by recrystallisation from absolute alcohol.
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3 . 1 . 2  SY N T H E SIS O F T E R E P H T H A L A T E  PO L Y E ST E R S

The methods followed to synthesise terephthalate polyesters were melt 

and interfacial pol condensation processes, in which terephthaloyl chloride 

was reacted with one of the diols (aliphatic, arom atic) as illustrated in the 

following equation.

W here R was varied to give different polymer types as follows :

1.Poly (alky lene terephthalates) R = ( -CH 2  )m -

where

m=2 poly(ethylene terephthalate) PET

m =4 poly(butylene terephthalate) PBT

m=10 poly(decamethylene terephthalate) PDMT

2.Polyarylates

a. Fully aromatic polyarylates 

where:

poly(p.p'-biphenylene terephthalate) PA1
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X4

X=H 1) para : poly (1,4-phenylene terephthalate)

2) m eta : poly ( 1 ,3 - p h e n y l e n e  terephthalate)

3)ortho : poly (1,2-phenylene terephthalate)

X=Br, ortho: poly (tetrabrom o-1,2-phenylene terephthalate)

b. Aliphatic /  aromatic polyarylates 

where :

R =

X=H

X=C1

X=Br

R = -

/ ------  V
B r ' '  Br

CH

poly (b/s-phenol A — terephthalate)

poly (tetrachloro bis-phenol A — terephthalate)

poly (tetrabromo 6/j-phenol A — terephthalate)

h 2 c h 2—0 o o o - c h 2c h 2-

PA2

PA3

PA4

Br-PA4

PA5

C1-PA5

Br-PA5

Br-PA6
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3. Poly ether-ester

where R= -  (CH2-CH2-0 )m -  PPEGT

3 .1 .2 .1 . M elt P o lycondensa tion

The following polymers were prepared by m elt polycondensation: PET,

PBT, PDM T, PA4, Br-PA6 and PPEGT. Except in the case of PET, the

polym erisation was carried out as discribed by Flory and Leutner In a

three necked round-bottom ed flask fitted with nitrogen inlet, the diol

(0.1 mol) was added to terephthaloyl chloride (0.1 mol) under a slow stream

of nitrogen. The m ixture was heated for 40-60 min. at 80-85 °C to drive off

m ost o f the hydrogen chloride. The temperature was then slowly increased

over 3 hours to 240-260 °C, after which the pressure was reduced to 0.9 mbr

over 20 min. and the polym erisation continued for a further 30 min. Poly

(ethylene terephthalate), however, was prepared from dimethyl terephthalate

and ethylene glycol in the presence of calcium acetate and antimony trioxide 
2 3as catalysts 9 . Table 3.1 summarises the polym erisation conditions for the 

above polymers.

3 .1 .2 .2 . In te r fa c ia l  P o ly co n d en sa tio n

T he rem a in in g  p o ly m ers  w ere  sy n th e s ise d  by in te rfa c ia l 

po lycondensation  6 ,37  The polym erisation was carried out in a three

necked round-bottom ed flask (500 ml), equipped with a m echanical stirrer, 

in w hich a solution of one of the arom atic diols (0.1 m ol) and sodium 

hydroxide (0.2 mol) in water (250 ml) was first prepared. A second solution 

containing terephthaloyl chloride (0.1 mol) in m ethylene chloride (100 ml) 

was prepared. A detergent solution consisting of sodium  lauryl sulphate
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Polymeristion Conditions

r'oiym er
Temperature /  °C Time /  min. Atmosphere

197 120 Nitrogen
222 30 M

PET 255-260 60
270 30 Vacuum

80-85 60 Nitrogen
180 100 ft

PBT 240 30 91

180 120 Vacuum

85-90 35 Nitrogen
155 30 ft

PDMT 218 30 tt

255-60 150 ft

85 35 it

155 40 ft

PPEGT 220 25 tt

270 180 ft

100 40 tt

150 30 tt

PA4 200 30 tt

240 20 tt

240 150 Vacuum

85 60 Nitrogen
120 30 tt

Br-PA6 160 30 tt

225 40 ft

260 60 tt

T a b le  3 .7 : Po lym erisa tion  conditions for te reph tha la te  po lyesters 

synthesised by melt polycondensation.
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(1.5 g) in water (15 ml) was added to the diol solution under slow stirring. 

The acid chloride solution was then introduced as rapidly as possible during 

vigorous stirring which was continued for a further 5-10 min. The polym er 

was precipitated in acetone, filtered and washed several times with distilled 

w ater to rem ove detergent and salt. The purified polym er was dried in a 

vacuum oven at 40 °C for 24 hours.

3 . 1 . 3  C A R A C T ER ISA TIO N  O F T E R E PH T H A L A T E  PO LY ESTER S

The characterisation of terephthalate polyesters was carried out by
13m eans o f m icroanalysis, infrared and solid state C CP M A S-N M R 

spectroscopy.

3.1.3 .1  M icroanalysis:

Percentages of carbon, hydrogen, chlorine and bromine were determined 

and the analytical results are summarised in Tables 3.2 and 3.3

3.1 .3 .2  Infrared Spectroscopy:

The ir spectra for the terephthalate polyesters, shown in Figures 3.1- 

3 .9 ,were obtained in the solid state using the K Br disc technique and the 

m ain characteristic bands are listed in Tables 3.4 and 3.5.

3 .1 .3 .3  13C M AS-NM R Spectroscopy :

13The C cross polarisation  m agic angle spining nuclear m agnetic

resonance spectra for each of the solid polyarylates, are shown in Figures
133.10-3.18 and their respective C nm r chem ical shifts are listed in Tables

133.6 and 3.7. These assignments were made according to the C nmr
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Polymer PA1 PA2 PA3 PA4 Br-PA4

Y 2 1 1 1 1

Position para para metha ortho ortho

X H H H H Br

C -1,4 133.53 133.60 134.50 134.05 132.

C -2,3,5,6 130.03 130.10 130.13 127.80 130.78

O O 163.08 163.2$ 161.57 161.47 160.73

C -I* 150.23 147.74 148.46 142.05 141.20

C -2’ 116.7 123.52 119.22 123.59 132.24

C -3' 124.11 123.52 126.99 126..05 132.24

C -4' 129.77 147.74 119.22 126.05 132.24

C -5’ 124.11 123.52 150.72 123.59 132.24

C -6' 116.7 123.52 116.92 139.49 141.20

T ab le  3.6 : The assignment of the chemical shifts in the 13C CPM AS-NM R 

spectra for fully aromatic polyarylates.

-0 C-

XA
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Polymer PA5 C1-PA5 Br-PA5 Br-PA6

X H Cl Br Br

C -1,4 133.50 132.46 132.40 133.66

C -2,3,5,6 129.5 129.26 130.30 129.84

c=o 163.19 161.70 161.15 164.71

C -1' 148.46 148.58 150.25 150.27

C -2 ',6 ’ 120.58 142.11 144.61

C -3 ’,5' 127.25 132 133

C -4’ 27.25 128.71 117.06 118.06

C - a ' 41.95 42.24 42.44 42.31

c -p' 30.27 28.65 28.00 30.53

C - a 63.94

c-p 70.37

13,T ab le  3.7 : The assignment of the chemical shifts in the C CPM AS-NM R 

spectra for aliphatic /  aromatic polyarylates.

CH3

C-0-C-0

CH3

C- X-PA5 vbere ( X =H , C l , B r )

Br Br
CH3

C- Br-PA6O-CH2CH2-O -C

CH3
Br
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chem ical shifts in solution of the various structural elements present in the
38backbone o f the chain . However, to obtain the spectra shown in 

Figures 3.14 and 3.16-3.18 some spining side bands appeared, which are 

not peak picked. Furthermore, in the NQS spectra the mobile carbon signals 

such as the m ethyl and m ethylene groups are not suppressed. Finally, in 

some spectra signals arising from different carbons were undistinguishable, 

though they are not magnetically equivalent.

The specta for each polym er are presented as follow: (a) standard

spectrum, (b) non- qua ternary spectrum and (c) quaternary spectrum.

3 .2  a ,co - BIFUNCTIO NAL PO L Y (M E T H Y L
METHACRYLATE)

3 .2 .1  PU R IFIC A T IO N  O F STA R TIN G  M A T E R IA L

a. M ethvl m ethacrylate (MMA1 (Aldrich Chemical Co Ltd), was dried 

over calcium hydride for a week and freshly distilled four times under vacuum 

before use.

b. Naphthalene was recrystallised three times from dry methanol, dried 

in a vacuum  oven at 30 °C for 24 hours and stored in a desiccator until 

required.

c. T etrahvdrofuran  (THF) was purified by distillation under dynamic 

nitrogen atmosphere. It was refluxed with cuprous chloride (600 ml /  1 g) 

over night, followed by distillation over potassium  hydroxide. The distilled 

TH F was then transferred to a three-necked round-bottom ed flask A l 

connected to another flask A2 as shown in Figure 3.19 and re fluxed with 

benzophenone (3 g) and sodium  m etal (2 g) under dynam ic nitrogen
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water

water

polymer

Figure 3.19: Apparatus used for the prepara t ion of t e l e c h e l i c

PMMA . A1 , A2 , B< and C = 1000 ml around bottomed 

f la sks  ; 1 , 2 , and 3 = stoppers ; 4 ,5 ,6  and 7 = stopcocks ; 

8 = condenser ; 9= dropping vessel containing methyl 

methacrylate ; 1 0 = measuring cy linder  ; .
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atm osphere in order to destroy peroxides. W hen the colour became dark 

blue, the stopcock was closed and the THF was distilled into flask A2.

3 . 2 . 2  P R E P A R A R IO N  O F  S O D IU M  N A P H T H A L E N ID E  

IN IT IA T O R

Sodium m etal (1 g) and naphthalene (3 g) were introduced into flask B 

under nitrogen atmosphere. The distilled THF in flask A2 was directly added 

into B and once the addition was complete, the flask B was disconnected 

from  the A1/A2 assembly. After 20 m in., a greenish colour developed in 

the initiator solution, which was stirred for 5 hours at room temperature. 

The dark green solution was then transferred into the three necked 

round-bottom ed flask C (1000 ml) connected to a vessel containing fresh 

M M A (22 ml) and a capillary tube through which, nitrogen gas was passed.

3 . 2 . 3  PO LYM ERISATIO N

The initiator solution was cooled to -80 °C  in a m ethylene chloride/ 

liquid nitrogen bath over 15 min., followed by the addition of MMA over 20 

m in. under continuous stirring. The living polym er (red colour)was killed 

by passing a slow stream of dry carbon dioxide through the nitrogen inlet.

D uring the term ination process, some of the living polym er was 

term inated with hydrogen (PM M A-H).This precipitated on addition of the 

solution to methanol. Although PMMA-H may be precipitated in methanol, 

the sodium  carboxylate term inated polym er, PM M A -CO O N a, rem ains 

soluble. This was precipitated in petroleum  ether (b. 40-60 °C ), after 

rem oval of most of the m ethanol by evaporation at 30 °C. The PM MA- 

COO Na was filtered and dried under vacuum  at room  tem perature for 24 

hours.
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PM M A was also made with sodium ethoxy end structure, PM M A- 

C H 2 C H 2 -ONa. In this case, the living polym er was terminated by the 

addition o f ethylene oxide. Carboxyl and alcohol terminated polym ers, 

PM M A-COOH and PM M A-CH2 CH2 -OH, were prepared by the addition of  

acidified methanol (MeOH /  HC1) to PM M A-COONa and PM M A-CH 2 CH2- 

ONa, respectively.

Equations 2-6 describe the mechanism by which a , co-bifunctional poly 

methyl methacrylate was synthesised.

Na THF Na Eq.2

Initiator ( greenish)

COOCH3 COOCH

r ch_ 11 3 4. +
" CH3 CH3

CH-C: 
2  1 Na —  Na :C-C%CIJ-C:

COOCH^ COOCH^ COOCH3

Dianion ( red)
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The dianion formed is capable of propagating a chain of MM A units.

Dianion  Propagation Na

CH3
I

c h 3
I

COOCH3 COOCH3

Na E q .5

Living polymer

The polym erisation was terminated by a suitable additive such as acid 

(for H terminal), carbon dioxide or ethylene oxide, giving the overall chain 

structure.

CH CH_
I |

X-f C _ C H ^ -C H 2-C-)nTX

COOCH3 COOCH.

where: X= -H, -COONa, -COOH, -CH 2 CH 2 -ONa and -CH 2 CH 2 -OH

The resulting term inal structures (both chain ends) are therefore as 

shown below:

c h 3 c h 3 c h 3
I +

v ~ ^C H ,-C -H  vvwCH2-C-COO Na vw^CH 2 -C-COOH
2 | I I

COOCH3 COOCH3 COOCH3

PMMA-H PMMA-COONa PMMA-COOH
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CH3
I

~ ^ C H 2-C -C H 2C H ,-0  Na 
I L

COOCH3

c h 3

^ w CH2-C -C H  2 CH2 -OH  

COOCH3

PMMA —CH2CH2ONa p m m a - c h 2c h 2oh

3 . 2 . 4  CHARACTERISATION OF cc.co-BIFUNCTIONAL PMMA

3 . 2 . 4 . 1 .  In f ra re d  Spectroscopy :

The ir spectra for a.co—bifunctional PM MA, obtained in the solid state 

as K Br disc, shown in Figure 3.20, exhibited characteristic bands of 

PM M A with new bands corresponding to the functional term inator for the 

po lym er, such as 1560-1565 cm -1 attribu ted  to the carboxylate  ion 

absorption band (-C O -O ) or a weak band at 1570-1585 cm -1 due to terminal 

ethoxy ion, (-CH 2 CH 2 -O ) .

3 .2 .4 .2 .  M olecu lar W eight D e te rm in a tio n

G el perm eation chrom atography (PSCC, Shaw bury) was used to 

determ ine the m olecular weight and distribution for a ,  co-bifunctional 

PM M A  using tetrahydrofuran (THF) as solvent. The data are listed in

Table3.8.
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PMMA-COONa PMMA-CH2 CH2 -ONa

Molecular W eight (Mw) 8730 22700

Average Molecular Weight (Mn) 4876 11700

Distribution Mw/Mn 1.677 1.936

T ab le  3.8: The m olecular weight and distribution for a ,co-b ifunctional 

PMMA.



THERMAL DEGRADATION OF 
POLY( ALKYLENE TEREPHTHALATES)

4.1 INTRODUCTIO N

T he therm al deg radation  behav iou r o f som e poly  (alky lene  

terephthalates) has previously been investigated by several workers 39-42? 

who studied degradation products, rate of decomposition, activation energies 

and the m echanism  of decom position. Smith el. al.43^ showed that poly 

(alkylene terephthalates) with structure as shown in Scheme 4.1 and (m=2-4) 

m elt above 220 °C with solubility temperatures of approxim ately 150 °C in 

diphenyl ether. However, the higher hom ologs (m>4) have m uch lower 

m elting points (less than 160 °C) and are much more soluble. It has been 

reported 44-47^ that poly(ethylene terephthalate) (PET) and poly(butylene

terephthalate) (PBT) contain traces of low molecular weight oligomers which
48 49consist m ainly of cyclic n-m ers. Salvatore et. al. and Luderwald

studied the degradation by direct pyrolysis-mass spectrometry, and reported 

that poly (alkylene terephthalates) are preferentially degraded by cleavage of 

the ester bond. Furtherm ore, Adams and Luderw ald and Urrutia 

suggested that bond scission occurs with transfer of a hydrogen to yield a 

hydroxyl end group and a radical that would be unstable (Scheme 4.1).
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Scheme 4.1

A third therm al process involves decarboxylation to produce various 

products.

Several w orkers have concluded that an in tram olecular exchange 

reaction predom inates in the primary thermal degradation processes of PET

and PBT causing the formation of short chain fragments with carboxylic acid
39-42 48 49and unsaturated ester end groups 9 9

41For example, in the case of PET, Goodings reported that terephthalic 

acid, acetaldehyde and carbon monoxide are the m ajor volatile products, 

together with anhydride groups, benzoic acid, acetophenone, vinyl benzoate,

ketones, w ater, m ethane, ethylene and acetylene as m inor products.
52 53M oreover, various vinyl esters were reported . Yoda et. al. , who

investigated the gelation in PET by heating at 263-300 °C, showed that under

nitrogen flow crosslinking occurs to a negligible extent. For degradation in

air, however, chain scission and crosslinking occur.
39On the other hand, it has been proposed that thermal degradation of 

PBT proceeds by a pathway involving two m ajor reactions. After the initial 

sc ission  by in tram olecu lar exchange,it is suggested  that an ionic



73

decom position process w ith an activation energy of 27.9 K cal.m ol *, 

occurring at vinyl ends, leads to THF. At higher tem perature, a concerted 

ester pyrolysis reaction yields butadiene as illustrated in Scheme 4.2.

0  /   ̂ 0
ii iivNArO— ^ — OH + CH2=CH-CH=CH2

Butadiene

wvQ—C C—0 -(CH2 CH=CH2

H+
\7

W vO  C

Tetrahydrofuran

S ch em e 4 .2

In add ition , carbon d ioxide, carbon  m onoxide, benzoic acid, 

terephthalic acid and mono-3-butenyl terephthalate are formed. Toluene,

CH2 = CH-CH2CH2-O-C C -O H

Mono-3-butenyl terephthalate
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phenol and benzene are present as minor components. However, Passalaiqua 

et. a l . ^ ,  who studied the thermal degradation of PBT at 240-280 °C by the 

m easurem ent of intrinsic viscosity, carboxyl end groups and weight loss, 

proposed that butadiene is evolved while carboxyl end groups increase, 

before the formation of THF.

In the case of poly (decamethylene terephthalate) (PDM T), there has 

apparently been no report of the identification of degradation products and 

no mechanism of decomposition has been proposed.

In order to get better insight into the structural changes in the thermal 

degradation of these polymers and to ascertain the effect of variation of the 

diol com ponent in the backbone structure on their stability  and the 

m echanism  of decom position, the thermal degradation of three different 

poly(alkylene terephthalates) has been studied using program m ed and 

isotherm al heating conditions using thermal volatilisation analysis (TVA) 

under vacuum  and also TG and DTG in nitrogen atm osphere. The product 

fractions in the TVA experiments (i.e non-condensable and condensable 

gases, volatile liquids, cold ring fraction and residue) were analysed by 

m eans o f the IR, MS, and GC-M S techniques. The stab ility  o f the 

po ly (a lky lene  terephthalates) has been exam ined and the ir general 

mechanisms of decomposition have been established.

4.2 TH ERM AL ANALYSIS

4.2.1 THERM OGRAVIM ETRY (TG)

The TG curves for poly(alkylene terephthalates) recorded under 

dynamic nitrogen with a heating rate of 10 °C/min., are shown in Figure 4.1.
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Figure 4.1: Thermogravimetric t r a c e s  fo r  PET (   ) , PBT ( ................. )

and PDMT ( ---------- ).  Heating r a t e ,  10 °C /  min ; under n i t rogen

atmosphere .
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For each po lym er, a single stage decom position  process occurs during 

therm al degradation, in  w hich the onset is above 300 °C , the m axim um  rate 

of weight loss is in  the range o f 400-445 °C  and there is a negligible residue 

at 500 °C .

4.2.2 T H E R M A L  V O L A T IL ISA T IO N  A N A L Y SIS (TV A )

T he T V A  curves fo r poly(alky lene tereph thala tes) are illu stra ted  in 

Figures 4 .2  and 4.3, show ing that the evolution o f volatile products is a one 

stage p rocess in  the range 300-462  °C , reach in g  m ax im um  rate  o f 

decom position around 400-440 °C , w hich is in general agreem ent w ith the 

TG and DTG  data.

The TV A  traces fo r the Pirani gauges follow ing 0, -45, -75, -100 and 

-196 °C  cold traps are separated, indicating the presence o f various volatile 

substances o f d ifferen t volatility  including non-condensable gases. It is 

also clearly evident that the proportion o f volatile products decreases in the 

order

PET > PBT > PDM T

Q uantitative m easurem ents o f w eight o f residue, cold  ring fraction and 

volatile products at am bient tem perature and the m ain data from  T V A , TG 

and D TG  are sum m arised  in T able 4 .1 . T he d ifferences in  the onset 

temperatures for PET, PBT and PD M T degradation indicated by TV A  and TG 

may be due to the fact that TV A  does not record evolution o f CRF, w hich is, 

however, detected by w eight loss in TG.
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Figure 4 .2 : TVA t r a c e s  fo r  poly( e thy lene  t e r e p h t h a l a t e  ) degradat ion

under vacuum . Heating r a t e  10 °C/min .
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Figure 4 .3 :  TVA t r a c e s  fo r  a) poly( bu ty lene  t e r e p h t h a l a t e  ) and

b) p o ly ( decamethylene t e r e p h t h a l a t e  ) degradat ion  under 

vacuum. Heating r a t e  10 °C/min .
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Polymer Code PET PBT PDMT

T V A

T onset /  °C 378 355 343

T max / °C 438 420 403

a
Residual fraction wt % 5.2 5.2 1 .2

Cold ring fraction wt % 82.1 83.1 87.1

Volatile products wt % 12.7 11.7 1 1 .6

T  G  

&

D T G

T onset /  °C 260 300 324

T max / ° C 445 405 404

a
Residual fraction wt % 19 6 1

a: Residual fraction at 500 °C

T able 4.1 : T V A , T G  and D TG  data  fo r po ly (alky lene  tereph thala tes) 

decom position.
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4 .3  C H A R A C T E R IS A T IO N  O F  D E G R A D A T IO N  P R O D U C T S

The degradation  products w ere separated into four m ain  fractions in 

accordance w ith their different volatilities. The substances from  each fraction 

w ere sep a ra ted  and  an a ly sed  by m eans o f  IR  sp ec tro sco p y , m ass 

spectrom etry and G C-M S as reported in Table 4.2. The non-condensable 

gases d e tec ted  in  the  d eg rad a tio n  o f  each  o f the  p o ly (a lk y le n e  

terephthalates) w ere collected in a closed system  to facilitate spectroscopic 

analysis. C arbon m onoxide w as revealed in all cases and m ethane in PET 

only.

4.3.1 PO L Y  (E T H Y L EN E  T E R E PH T H A L A T E ) (PET)

4.3.1.1 C on d en sab le  vo la tile  p rod ucts

The sub-am bien t T V A  separation  fo r condensable  vo latile  products 

illu stra ted  in  F igu re  4 .4 , show s th ree  d is tin c t frac tio n s , w h ich  w ere 

separately collected in a gas cell or cold finger as gas or liquid, respectively, 

for fu rther spectroscop ic  analysis. The first frac tion  is due to carbon  

dioxide as a m ajor com ponent, together w ith traces o f ethylene and ketene. 

A cetaldehyde w as iden tified  as the product responsib le  fo r the second 

SATVA fraction. The m aterial giving the last fraction was co llected  as a 

liquid and sub jec ted  to G C-M S investiga tion , in  w hich  p roducts  w ere 

separated and identified under the conditions described in C hapter Two. The 

gas ch rom atogram  o f the to ta l liqu id  frac tion  p roducts from  the PET 

degradation and their assignm ents are show n in Figure 4.5. V inyl benzoate 

and benzaldehyde were found as m ajor com ponents, together w ith traces of 

dioxane, toluene and divinyl benzoate.
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Figure4 .5 :  Gas chromatogram fo r  the  l iq u id  f r a c t i o n  in SATVA s ep a ra t io n  

of products  from the  degradation  of PET to  500 °C .

Assignments:  1, THF ( sol v e n t ) ; 2, dioxane ,3 ,  to lu en e ;  4 , u n i d e n t i f i e d  

5, benzaldehyde; 6 and 7, u n i d e n t i f i e d ;  8,  vinyl b e n zo a te ;

9, divinyl t e r e p h t h a l a t e  .



84

4.3.1.2 C old  ring fraction

Som e volatile m aterial condensed on the inner w all o f the cooled upper 

part o f the T V A  tube as C R F, g iving tw o bands w hich  w ere rem oved  

separately fo r fu rther analysis. The ir spectrum  for the upper CR F consists 

of frequency bands w hich are characteristic  o f terephthalic  acid  and short 

chain  frag m en ts  te rm in a ted  by (-C H = C H 2 > or (-C O O H ) end  groups. 

How ever, the m ass spectrum , recorded  at 220 °C , exhib its m any  peaks 

corresponding to different m olecular ions, as reported in Table 4.3.

Product m /e Intensity %

Benzoic acid 122 3

Terephthaldehydic acid 150 10.1

Terephthalic acid 166 38

Hydroxyethyl methyl terephthalate ester 225 6.7

Short chain fragment V (m=2) 341 (M-OH) 13.9

M-OH = M olecular weight minus OH

T ab le  4.3 : M ateria l p resen t in the C R F from  the degradation  o f PET 

under program m ed heating to 500 °C.

V ( m = 2 )
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In the case o f the low er CRF, the ir spectrum  shows bands characteristic 

of the original polym er and a new band at 1790 cm -1, corresponding to the 

stretching vibration of the anhydride group, show ing that the low er CRF is a 

short chain fragm ent containing the anhydride group (-CO-O-CO -).

4.3.2 PO L Y  (B U T Y L E N E  T E R E P H T H A L A T E ) (PBT)

4.3.2.1 C on d en sab le  vo la tile  p rod u cts

The condensable volatile products w ere fractionated  by SA TV A . The 

SATVA curve illustrated in Figure 4.6, indicates four m ain peaks. The first 

two were show n by ir spectroscopy to be due to  carbon  dioxide and 1.3- 

butadiene, respectively . Peaks 3 and 4 products w ere co llected  as a liquid 

fraction and characterised by m eans of IR, MS and G C-M S analysis. The GC 

chrom atogram  in Figure 4.7 exhibits 12 peaks. T etrahydrofuran  and 4-vinyl 

cyclohexene w ere m ajor com ponents, and the m inor products included 

traces o f benzene, 3 -b u ten e-l-o l, benzaldehyde, d ihydrofuran , butanol and 

1.4-butane diol.

4.3.2.2 C old  ring  fraction

Two bands w ere observed as CRF. The upper part (w hite solid) was 

collected for spectroscopic analysis, its ir spectrum  show ed strong bands at 

2660 and 2530 cm -1 and a broad band at 3360-2400  c m -1, due to the 

carboxylic acid group. The m ass spectrom etric investigation  w as carried 

out at different probe tem peratures. A t 200 °C , the m ass spectrum  show s 

peaks co rresp o n d in g  to the m o lecu la r ions o f  m o n o -4 -h y d ro x y b u ty l 

terephthalate, 3-butenyl terephthalate and terephthaldehydic acid. H ow ever,
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Figure 4 .7 :  Gas chromatogram fo r  the  l i q u id  f r a c t i o n  in SATVA sep a ra t io n

of products  from the degradation  of PBT to  500 °C . 

Assignments: 1, Methanol( so lven t  ); 2, THF; 3, benzene ;

4, d ihyd ro fu ran ;  5, t o lu e n e  ; 6, 1 , 5-hexadiene ;7, u n id e n t i f i e d ;  

8,  4-v inyl cyclohexene; 9 and 10 ,u n i d e n t i f i e d ;  11, 1 , 4 - butane 

d io l  ; 12 , u n id e n t i f i e d ;  13 , benzaldehyde ; 14 and 15 , 

u n i d e n t i f i e d  .
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at higher tem peratures, new  fragm ent patterns developed corresponding to a 

cyclic dim er, terephthalic acid and a short chain fragm ent w ith carboxyl 

end group. T able 4.4 sum m arises the products present in the upper part of 

the CRF and their intensity.

0 y---------- v 0

HO -<CH2 ̂  0  -C  V  C j y - C - O U

M ono-4-hydroxybutyl terephthalate

V ( m =4 )

Intensity %

Product m /e 200 °C 220 °C

Benzoic acid 122 _ _ 4.3

Terephthaldehydic acid 150 7 —

Terephthalic acid 166 — 20.3

Mono -3 -butenyl terephthalate 203 (M-OH) 32.2 —

4 -Hydroxybutyl terephthalate 239 3.1 —

Short chain fragment V ( m=4) 369 (M-OH) — 17

Cyclic dimer 440 — 0.3

M-OH = M olecular weight minus OH

T able 4.4: M aterial present in  the CRF from  the degradation  o f PBT 

under program m ed heating to 500 °C
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The low er CRF (yellowish) gave an ir spectrum  show ing a new  band at 

1790 cm -1 due to the anhydride group and the rem aining bands were sim ilar 

to those p resen t in the spectrum  o f the orig inal po lym er (PB T), indicating 

that the low er CR F consists o f short chain fragm ents including  anhydride 

groups.

4 .3 .3  PO LY(DECAM ETH YLENE TEREPH TH ALATE) 

(PDM T)

4.3.3 .1  C on d en sab le  vo la tile  p rod u cts

The SA TV A  curve in Figure 4.8 show s two distinct peaks. The first is 

due to carbon  dioxide, w hereas 1 .9-decadiene w as iden tified  by ir as the 

m ain com ponen t at the second peak. In  addition , G C -M S investiga tion  

in d ic a te d  the  p re se n c e  o f  1 .9 -d ecad ien e  to g e th e r  w ith  trac es  o f 

decam ethylene glycol and l-decene-9-ol as show n in Figure 4.9.

4 .3 .3 .2  C o ld  r in g  f ra c t io n

T w o bands deposited  in the upper part o f T V A  tube as C R F w ere 

removed separately for spectroscopic analysis. The ir spectrum  o f the upper 

part o f the C R F resem bles that o f the po lym er, bu t show s new  bands 

corresponding to the carboxylic  acid group. H ow ever, the m ass spectrum  

exhibits m any peaks attributed to the m olecular ions o f terephthalic acid and 

m ono-9-decenyl terephthalate.

M ono-9-decenyl terephthalate
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Figure 4.9: Gas chromatogram f o r  the  l i q u id  f r a c t i o n  in SATVA sep a ra t io n  

of products  from the degradat ion  of PDMT to  500 °C .
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In the case o f the low er CRF, the ir spectrum  show ed a new  band at 

1790 cm -1 due to the anhydride group. H ow ever, the rem aining bands are 

sim ilar to the orig inal spectrum  o f PD M T, indicating that the low er CRF 

consists o f short chain fragm ents w ith anhydride groups w ithin the chain.

4 . 4  I S O T H E R M A L  D E G R A D A T I O N  O F  P O L Y (A L K Y L E N E  

T E R E P H T H A L A T E S )

Iso therm al degradation was carried  out at various tem peratures under 

vacuum , in o rder to get a better insight into the structural changes in the 

polymer during therm al degradation processes.

4.4.1 PO L Y  (E T H Y LEN E  T E R E PH T H A L A T E )

4.4.1.1 C old  rin g  fraction

A sam ple o f PE T  (200 m g) was heated isotherm ally  at 300, 365, 385 

and 405 °C  for 100 m in. at each tem perature, successively . The C R F was 

co llec ted  a t e ac h  te m p era tu re  fo r q u a n tita tiv e  m e a su re m e n ts  and  

spectroscopic analysis

The ir and m ass spectra for the CRF at 300 °C  indicate the presence of
44  oa cyclic trim er . A t the h igher tem perature o f 365 C, m ore C R F was

formed and the ir  spectrum  shows bands corresponding to the carboxylic acid 

group (2660, 2540 and 1685 cm -1) and vinyl ester end group (1640 cm -1). 

These bonds ind icate  the p resence o f tereph tha lic  acid  and short chain  

fragments w ith  v iny l e ste r or carboxylic  acid  end  groups. H ow ever, the 

production o f  a short chain  fragm ent con ta in ing  anhydride  groups was 

observed at 385 °C . In addition the m ass spectra for the CR F at 300, 365,
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385 and 405 °C  show  m any abundant peaks co rrespond ing  to various

m olecular ions, w hich are sum m arised in Table 4.5.

The q u an tita tiv e  m easurem ents o f the m ain  frac tions (i.e  vo latile  

products, co ld  ring  frac tio n  and residue) a fte r su ccessiv e  iso th erm al 

degradation o f PET at different tem peratures are listed in  Table 4.6 .

4.4.1.2 P rod u ction  o f  vo la tile  p rod u cts

PET w as degraded isotherm ally  at 300, 365, 385 and 405 °C  for 100 

m in at each  tem p era tu re  successive ly  and the  co n d en sab le  v o la tile  

degradation products were separated by SATVA.

A ceta ldehyde w as observed  at 365, 385 and 405 °C  as the m ajor 

component. C arbon dioxide w as present in traces at 365 °C  and the am ount 

increased at h igher tem peratures. The evolution o f non-condensable gases 

was observed at tem perature over 365 °C.

H 0-C H 2CH2- 0 - C

M ono-2-hydroxyethyl terephthalate

M ono-vinyl terephthalate
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Product m /e

Relative abundance %

300 °C
o

365 C 385 °C 405 °C

A B

Benzoic acid 1 2 2 — — 1 .2 2 .2 2 .2

Terephthaldehydic acid 150 — 9.3 8.7 9.5 9.9

Terephthalic acid 166 — — 1 .1 2.3 4.6

Mono-2-hydroxyethyl terephthalate 193 (M-OH) — — 17.4 24.1 15.6

Dimethyl terephthalate 194 — 48.4 -- — —

Short chain fragment V ( m =2 ) 341 (M-OH) — — 9.1 1.9 2.4

Short chain fragment

containing anhydride group 534 — — 13.9 18.8 15.9

Mono-vinyl terphthalate 175 (M-OH) — — 3.4 7.5 5.2

Cyclic trimer 533 51.8 — 31.7 6 7.8

Table 4.5: M aterial present in the CRF from  isotherm al degradation o f PET at 

d ifferent tem peratures shown for 100 m in under vacuum .

_ 0  
Temperature / C 300 365 385 405

/ T b u d

Residual fraction wt % 92.1 82.7 66.5 18.1 18.1

Cold ring fraction wt % 5.3 8.5 11.5 38.4 63.7

Volatile products wt % 2 .6 0.9 4.7 1 0 18.2

Table 4.6: Quantitative data for the main degradation products fractions

from isothermal degradation o f PET for 100 min at each

temperature shown.
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4.4.2 PO L Y  (B U T Y L E N E  T E R E PH T H A L A T E )

4.4.2.1 C old  ring fraction

A sam ple o f PB T ( 200 m g ) was heated isotherm ally  at 305, 343 and 

390 °C  fo r 100 m in. at each tem perature , successively . A  w hite  solid  

m aterial w as observed at 305 °C  as CRF, the ir spectrum  o f w hich show ed 

bands characteristic  o f terephthalic acid as the m ajor p roduct w ith  a w eak 

band at 1710 cm -1 corresponding  to the stretch ing  v ib ra tion  o f the ester 

group. H ow ever, the m ass spectrum  for the CR F at 305 °C  show ed m any 

intense peaks attribu ted  to  the m olecu lar ions o f various com pounds, as 

shown in Table 4.7.

The quantitative data for the m ain fractions after successive periods 

of iso therm al deg radation  at 305, 343 and 390 °C  are p resen ted  in 

Table4.8.

4.4.2.2 P rod u ction  o f  vo la tile  p rod u cts

SA TV A  curves fo r the condensable volatile  p roducts o f iso therm al 

degradation o f PB T at 305, 343 and 390 °C  were obtained. It was found that

1.3-butadiene and carbon  d iox ide  began  to be fo rm ed  at 30 5 °C  and 

sign ifican t am oun ts  w ere  evo lved  at h ig h e r tem p era tu res . H ow ever, 

tetrahydrofuran started to be produced at about 340 °C.

4.4.3 PO L Y (D E C A M E T H Y L E N E  T E R E PH T H A L A T E )

A sam ple o f PD M T (235 m g) was degraded isotherm ally at 301, 345 and 

375 °C for 100 m in at each tem perature, successively.
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Product m / e

Intensity %

305 °C
0

343 C 390 °C

Benzoic acid 122 3.8 3 2.5

Terephthaldehydic acid 150 12 10.7 10.4

Terephthalic acid 166 18.9 2.7 3.1

Mono -3 -butenyl terephthalate 203 (M-OH) 5.6 38 21.9

Mono - 4 -hydroxybutyl terephthalate 239 3.8 0.9 —

Short chain fragment V (m = 4 ) 369 (M-OH) 13 26.5 14

Cyclic dimer 440 0.3 0.3 —

T able  4.7: M aterial present in the CRF from  isotherm al degradation o f PBT 

at different tem peratures show n for 100 m in under vacuum .

0
Temperature / C 305 343 390

/ T b t a l

Residual fraction wt % 97.9 42.2 0.6 0.6

Cold ring fraction wt % 1.8 53.2 40.1 95.1

Volatile products wt % 0.4 2.5 1.4 4.3

Table 4.8: Quantitative data for the main degradation products fractions

from isothermal degradation o f PBT for 100 min at each

temperature shown.
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4.4 .3 .1  C old  ring fraction

The CR F at 301 and 345 °C  consists m ainly o f terephthalic  acid and 

short chain fragm ents w ith unsaturated ester [ -C 0 -0 -(C H 2)g-C H =C H 2] or 

carboxylic acid (-CO O H ) end groups. H ow ever, the ir spectrum  o f the CRF 

at 375 °C  ind ica tes  the fo rm ation  o f short chain  fragm en ts  inc lud ing  

anhydride groups (-CO -O -O C-). The various products are listed in  Table 4.9.

M ono-10-hydroxydecyl terephthalate

c - o-(ch 2) - o- c

III ( m ,n=10, 1 )

Q uantitative m easurem ents o f the m ain fractions at 301, 345 and 375 °C 

in the isotherm al degradation of the PD M T are show n in  Table 4.10.

4.5 D E T E R M IN A T IO N  OF A C T IV A T IO N  E N E R G Y

Iso therm al T G  traces w ere recorded at d ifferen t tem pera tu res under 

dynam ic n itro g e n  flow  (80 m l/m in ), and  the cu rves fo r  p e rcen tag e  

volatilisation (W t /  W G % ) versus tim e are show n in F igures 4 .10, 4.13 

and 4.16, w here W t is the w eight loss after tim e t and W o is the orig inal 

weight o f po lym er sam ple. By plotting In (W t /  W G % ) versus tim e as shown
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Intensity %

Product m / e 301 °C
0

343 C
0

375 C

Benzoic acid 122 7.9 4.6 5

Terephthaldehydic acid 150 10 8.8 9.4

Terephthalic acid 166 4 66.1 13

Mono -9-decenyl terephthalate 287 (M-OH) 4.4 1.1 2

Mono-10-hydroxydecyl terephthalate 323 2.2 — —

Short chain fragment III ( m, n = 10, 1 ) 592 0.5 — —

T able  4 .9: M ateria l p resen t in the CRF from  iso therm al degradation  of

P D M T  at d ifferen t tem pera tu res show n fo r 100 m in  under 

vacuum .

0
Temperature / C 301 345 375

y / l h t a l

Residual fraction wt % 97.9 71.3 4 4

Cold ring fraction wt % 1.7 24.9 65.4 92

Volatile products wt % 0.4 1.7 1.9 4

Table 4.10: Quantitative data for the main degradation fractions from

isotherm al degradation o f  PDM T for 100 m in at each

temperature shown.
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in Figures 4 .11, 4.14 and 4.17, the rate constants at the various degradation 

tem peratures w ere calculated and used to determ ine the apparent activation 

energy  fo r  the  in itia l d eco m p o sitio n  o f  each  o f  the  p o ly (a lk y le n e  

terephthalate s ).

T he ac tiv a tio n  energy  w as ca lcu la ted  by app ly ing  the  A rrhen ius 

equation:

EaInk = In A — — —----
R.T

Where: k  rate constant o f volatilisation

R gas constant (1.9872 cal /  °k .m ol)

T  tem perature in °k  

Ea activation energy

By plotting In k versus 1/T a straight line was obtained fo r all polym ers 

with a slope o f —E a/R  as show n in Figures 4.12, 4.15 and 4.18.

The values o f activation  energy for po ly (alky lene  tereph thalates) are 

listed in T able 4.11.

Polymer Code PET PBT PDMT

Activation Energy ( K cal. /  m ol) 52.1 50.6 33.6

T ab le  4 .11 : A ctiva tion  energy  fo r the iso therm al deg radation  o f

poly( alkylene terephthalates ) under vacuum .
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isothermal degradation of PET under vacuum . 1,325 ; 2,333 ; 
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Figure 4.11: P lo t  of  1 n ( Wt  /  W ) versus time fo r  PET a t  tempera tures  
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Figure4 .14 :  P lo t  of i n ( W^ / WQ ) versus  t ime fo r  PBT a t  tempera tures  

i., 300 °C; o , 310 °C; & , 315 °C; •  , 320 °C .
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4.6 M E C H A N ISM  OF D E C O M PO SIT IO N

On the basis o f the inform ation obtained by identification o f m ost o f the 

degradation products, it is proposed that the in itial decom position  reaction 

for poly (alky lene terephthalates) m ay involve chain scission  at the (C-O) 

bond leading to short chain fragm ents I and II term inated  by carboxylic 

acid and  u n sa tu ra ted  e ste r groups resp ec tiv e ly  3 9 -42 ,46  as sjlow n jn 

Scheme 4.3.

Chain Scission

\r

C—Qvw

Scheme 4.3

F ragm en t II can  p roduce  the fu rth er sho rt chain  fragm en t III by 

hom olytic c leavage at an (O—alkyl) bond fo llow ed by d isp ropordonation , 

Scheme 4.4.

In the case o f m ,n  = 4,1 and 2,2; the fragm ent HI converted to a cyclic 

dimer and cyclic  trim er, respectively . H ow ever, som e o f the cyclic  trim er 

was recovered  before  the in itia l decom position  o f PE T , w hich  contains 

cyclic trim er residue ^
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CH2=CH-(CH2>-rO--C

CH2 =CH-(CH2 )— O -C C -O ^ C H ^ O j-C -^
n=0,l,2

C-OH

Cyclisation

n+1

Cyclic Oligomers

Schem e 4.4

C H 2=C H -0-C C -0 -C H ?-CH?t 0 - C C-OH

Chain scission

C H 2=C H -0-C t C - 04CH=CH2 + HO-C C-OH

Terephthalic acidDivinyl terephthalate

Schem e 4.5
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The production o f divinyl terephthalate in the degradation o f PET can be 

accounted  fo r by chain  scission  at an (O —alky l) b ond  o f fragm en t III 

(m ,n= 2 ,l) as show n in Schem e 4.5.

A  fu rther fragm entation o f divinyl terephthalate  at points (a) and (b), 

follow ed by in tram olecu lar hydrogen abstraction leads to ethylene, carbon 

dioxide and vinyl benzoate.

Short chain  fragm ents term inated  by carboxy lic  acid  end groups V, 

result from  hom olytic cleavage at an O—alkyl bond o f e ither I o r III (m ,l)  as 

shown in Schem e 4.6.

f 0
v^O-(CH2) io - C C-OH

o
II

scission at(c) -  >~vO-(CH2)—CH=CH2
m-2

Y
o
II

HO-C C-OH

Y

scission at(d) -Diene

? °
CH2=CH-(CH2> io -C

m -2
C-OH

0
II

III

Schem e 4.6



109

T he fo rm atio n  o f  fragm en t V I w as acco m p an ied  by  4 -ca rb o x y  

benzaldehyde as a result o f the fragm entation o f fragm ent V at point (e). The 

polym er fragm ent V I m ight be broken at e ither (O —alkyl) or (O —acy l) 

bonds and the form ation of the diol in the degradation of PB T and PD M T 

could be explained by a tw o step reaction involving scission o f fragm ent VI 

at po in ts (f) and  (g), fo llow ed  by hydrogen  ab strac tio n , as show n in 

Schem e4.7.

U nsatu rated  a liphatic  alcohols can resu lt from  (O —alkyl) sc ission  at 

point (h) o f fragm ent VI or dehydration of the diol as show n in Schem e 4.8.

scission HO-(CH2) - 0  + C
111=4,10

C-OH C-OH

Habs.

H-C C-OH

Terephthaldehydic acid

scission

H-C

Benzaldehyde

Schem e 4.7
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h O 

h o -{ch 2 )A o-c-

O
II
C-OH

VI

Scission at(h)

HO-(CH2 )-CH=CH 2 + Terephthalic acid 
m -2

Unsaturated aliphatic alcohols 

Dehydration -H 20

i.H OHj
, x I I "

HO-<CH2 >-CH-CH 2m -2

Aliphatic diols

Schem e 4.8

In the case o f PET, the vinyl alcohol initially form ed w ould be detected 

as acetaldehyde (m ajor product) or dioxane as illustrated in Schem e 4.9.

Rearrangement

+ CH2 =CH-OH

O
II

CH3-C -H
Acetaldehyde

1.4-Dioxane

Schem e 4.9
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The form ation o f cyclic ether (tetrahydrofuran and dihydrofuran) in PBT 

degradation m ay result from  the cyclization o f 3 -b u ten e -l-o l, fo llow ed  by 

dehydrogenation as show n in Schem e 4.10.

CH2 =CH -CH 2-CH 2-OH
Cyclization

3-Butene-ol Tetrahydrofuran

Dehydrogenation

Dihydrofuran

Schem e 4.10

E ither hom olytic cleavage at an ( O—alkyl ) bond o f the fragm ent III 

or dehydration o f unsaturated aliphatic alcohol can explain  the possibility  

of diene production, as show n in Schem e 4.11.
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°  /  \  °
CH2 =CH -<CH2 i p - C ^ Q V

II

Scission at 
(O-alkene) bond

CH2 =CH-(CH2 h  CH=CH2m-4
AlipJ^tic Dienes

Dehydration - h 2 0

CH2 =CH-<CH2>-OH
m-2

Unsaturated aliphtic alcohols

S ch em e  4 .11

The fo rm ation  o f 4 -v iny l cyclohexene in PB T  deg radation  can  be 

explained by dim erisation o f butadiene, as in Schem e 4.12.

CH2 = C H - f ^ X ]
Dimerisation

Butadiene
4-Yinyl cyclohexena

Schem e 4.12

R ecom bination o f fragm ents with carboxylic acid and unsaturated  ester 

end groups at h ig h er tem peratures w ill lead  to a short chain  fragm en t
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contain ing  anhydride  group (C O -O -O C ) and release  o f an unsa tu ra ted  

aliphatic alcohol. A n alternative route is dehydration o f tw o m olecules of a 

short chain fragm ent with carboxylic acid end group (-CO O H ), as show n in 

Scheme 4.13.

C-O -H

m-2

C -O -C + CH2=CtHCH2^OH

Uusaturated aliphtic alcoholsShort chain fragments 
v ith  anhydride group

2  a ^ c C -O -CC-OH

Schem e 4.13
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CHAPTER f w :

TH ER M A L D EG R A D A TIO N  
OF PO LY (ETH ER—ESTER )

5.1 IN T R O D U C T IO N

In  ou r con tinu ing  study o f the re la tionsh ip  po lym er struc tu re  and 

therm al behaviour, the therm al degradation o f poly(ether-esters) (PPEGT1 

and PPE G T2) based  on terephthaloyl chloride w ith poly  ethylene glycols 

(Mw 200 and 1000), respectively, has been studied.

where m  = 4 or 22

Both polym ers show ed sim ilar stages of decom position during therm al 

degradation, evolving the sam e degradation products, although w ith different 

onset tem peratures and in different relative yields o f products. A  general 

m echanism o f decom position for the two poly(ether-esters) is proposed.

Poly(ether-ester) polym ers are therm oplastic elastom ers w hich exhibit a 

unique com bination  o f strength and flexibility  since they are com posed of 

two different types o f segm ents, nam ely, soft and hard segm ents. The form er 

are d eriv ed  from  p o ly (a lk y len e  g lyco l) o ligom ers , hav in g  low  glass 

transition and  m elting  tem peratures, giving flexibility  to the m aterial. The

^0C H 2 CH2 ^ 0 - C

Poly(ether-ester)
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latter are associated as crystallites to form  a therm ally reversible crosslinked 

structure, w hich  provides the strength  and d im ensional stab ility  o f the 

material.

A  num ber o f investigations have been perform ed on poly(ether-esters)

based on po ly (te tram ethy lene  glycol) as soft segm ent and po ly(bu ty lene

terephthalate) as hard  segm ent, in w hich the effect o f such variab les as

m olecu lar w eigh t o f soft segm ent and hard  to  soft segm en t ra tio  on

crystallinity and m orphology have been exam ined 54-58

The m icrostructure and property changes associated w ith hard  segm ent

crystallisation in  poly (ether-esters) have been e lucidated using sm all angle

X-ray scattering, d ifferential scanning calorim etry  (D SC) and stress-strain

m easurem ents. It has been found that an increase  in phase separa tion

betw een  so ft and  h a rd  segm en ts occu rs d u ring  c ry s ta llisa tio n  and

a n n e a l i n g ^ .  It has been show n 5 5 ,5 6  ^ a t  as ratio  o f po lyether /

po lyeste r segm ents and the m o lecu la r w eigh t o f p o ly e th e r segm ent

increases, the stab ility  o f the copolym er decreases. T he e ffect o f chain

structure on the therm al and m echanical properties o f a series o f poly(ether-

esters), in  w hich  the crystallinity  varied w ith the fraction and type o f hard
57segments has been studied

There have been  no reports in the literature on therm al degradation and 

degradation products o f the polym ers studied in this chapter.

5.2 T H E R M A L  A N A LY SIS

5.2.1 T h erm ograv im etry  (TG )

The TG  and D TG  curves for PPEGT1 and PPEG T2 (see C hapter Three), 

heated at 10 °C /m in , under dynam ic n itrogen  atm osphere, are show n in
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Figure 5.1: TG and DTG t r a c e s  fo r  p o l y ( e t h e r - e s t e r  ) degradat ion  under

dynamic . Heating r a t e  10 °C/min . PPEGT1 (--------) and

PPEGT2 (------ ) , sample s ize  3-4 mg .
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Figure 5.1. The curves show a single step decom position , in  w hich  the 

weight loss from  PPEG T2 begins at low er tem perature than in the case of 

PPEG T1. The involatile  m ateria l rem ain ing  at 500 °C  w as found  to be 

around 3.5%  o f  the original weight o f the polym er sample.

5.2.2 T h erm al vo la tilisa tion  an a lysis (TV A )

The TV  A  traces from  the degradation o f these po ly (ether-esters) are 

shown in Figure 5.2. The evolution o f volatile products occurs in  the range 

of 300- 440 °C , reaching m axim um  rate o f volatilisation at 380 and 410 °C  

for PPEG T2 and PPEG T1, respectively.

The separation o f traces corresponding to the pressure reading after 0, 

-45, -75, -100 and -196 °C  cold  traps, indicates the p resence  o f various 

volatile products w ith different volatility including non-condensable gases.

The quantitative m easurem ents for the m ain fractions o f the degradation 

products and therm al features for the degradation o f po ly(ether-esters) are 

summarised in Table 5.1

5.3 CHARACTERISATION OF DEGRADATION PRODUCTS

The degradation  products form ed from  the heating  up to  500 °C , at 

heating rate o f 10 °C /m in  under TV A  conditions o f po ly(ether-esters) are 

similar, although the relative yields are different.

5.3.1 C o n d en sa b le  v o la tile  p rod u cts

The SA TV A  curves for the separation o f condensable volatile products 

of degradation o f the poly(ether-esters), show n in Figures 5.3 and 5.4,



P
ir

an
i 

ou
tp

ut
 

mV 
( 

R
el

at
iv

e 
ra

te
118

4

100
196

2

0

4

2

0
450400350

Sample Temperature ( °C )
500300

Figure  5 .2 :  TVA t r a c e s  fo r  p o l y ( e t h e r - e s t e r  ) degradat ion  under vacuum

a ( PPEGT1 ) and b ( PPEGT2 ) . Heating r a t e  10 °C/min , sample 

s i z e  60-70mg .
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Features PPEGT1 PPEGT2

TVA

T onset / °C 325 280

T max / C 410 375

Cold ring fraction wt % 81.4 92

Volatile products at 
ambient temperature wt % 15.4 5.7

Residual fraction wt % 3.2 2.3

TG
&

DTG

T onset / °C 2 0 0 300

T max /°C 405 380

Residual fraction wt % 2.5 2

T ab le  5 .1: TV  A, TG  and DTG data for the degradation o f poly(ether- 

esters) to 500 °C at heating rate o f 10 °C /m in.
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exhibit m any peaks. Products w ere collected as four m ain fractions. The 

products in  frac tio n s 1, 2 and 3 w ere easily  id en tifie d  by in fra red  

spectroscopy as : 1 , carbon dioxide and trace o f ethylene; 2 , form aldehyde; 

3, acetaldehyde (m ajor). The fourth fraction (liquid) w as subjected to 

GC-MS investigation using a colum n consisting of BP 10 (S.G .E) containing 

14 % cyanopropy l phenyl d im ethyl siloxane (see C hapter Tw o). The gas 

chrom atogram s are show n in Figures 5.6 and 5.7 for the liquid  fraction in 

SA TV A separation  o f condensable volatile products from  degradation  o f 

PPEGT1 and  PPE G T 2, respectively , and their assignm ents are listed  in 

Tables 5 .2  and 5.3. T hese indicate the presence o f ace ta ldehyde , 1,4- 

dioxane, 1 ,3 -d ioxalane , m ethoxyaceta ldehyde  and e tho x y ace ta ld eh y d e , 

together w ith traces o f low m olecular w eight carbonyl, hydroxyl, cyclic and 

acyclic e th e r com pounds. In the case of PPE G T1, how ever, traces o f 

methyl and ethyl benzoate are also present.

/ 0 \

 0

1.3-Diox alane

5.3 .2  C o ld  r in g  f ra c t io n

The cold ring fraction o f products from  degradation o f the poly(ether- 

esters) w as rem oved in each case w ith m ethylene chloride fo r spectroscopic 

analysis. T he ir  spec tra  show ed the abso rp tion  bands o f the o rig ina l 

polymer, but a strong band at 3400 cm - 1 corresponding to the hydroxyl end 

group of the short chain fragm ents was also observed.

1.4-Dioxane
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Scan
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100
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- A C  . A _ \ _ _ a X - aA .

8:31 17:06 25:41
Retention Time ( min )

Figure  5 .5 :  Gas chromatogram fo r  the  l iq u id  f r a c t i o n  in SATVA sep a ra t io n  

of products  from the degradation  of PPEGT1 to  500 °C .
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Figure  5 .6 :  Gas chromatogram fo r  the  l i q u id  f r a c t i o n  in SATVA s ep a ra t io n

of products  from the degradation of PPEGT2 to 500 °C .
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Peak Number Assignment

1 Acetaldehyde

2 Methoxyacetaldehyde

3 1 ,4-Dioxane

4 0=C-CH2 -0-CH2CH2-| 

1,3-Dioxane5

6 7-membered cyclic ring ether

7 |- ( c h 2 c h 2 -0)^CH2 -CO

8 c h 2 = c h -o - c h 2 c h 2 - o -c h 2 - c h = o

9, 1 0 Unidentified

11 h o - c h 2 c h 2 -o -c h  2-c h = o

1 2 Unidentified

13 1,3-Dioxalane

14 B enzaldehyde + CH3 -0-CH2 CH2 -0-CH2 CH 3

15 h o - c h 2 c h 2 - o -c h 2 c h 2 - o -c h 2 CH 3

16 Unidentified

17 CH 3CH2 0-CH2 CH2 -0-CH2 CH2 -0-CH2 CH 3

18 Unidentified

19 Methyl benzoate

2 0 Ethyl benzoate

T able  5 .2 : A ssignm ent o f m aterial p resen t in the liqu id  frac tion  from  

SA TV A  separation of the products o f degradation of PPEGT1 

under TV  A  conditions to 500 °C, from  the gas chrom atogram  as 

show n in  Fig. 5.5.
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Peak Number Assignment

1 Acetaldehyde

2 1,3-Dioxalane

3 Ethoxyacetaldehyde

4 1,4-Dioxane

5 Unidentified

6 Glycidol

7 Unidentified

8 Diethyl ether

9 CH3 -O-CH2 CH2 -O-CH3

1 0 Methyl ethyl ether

11 Unidentified

12, 13 HO-CH2 CH2 -O-CH3

14 0=<jJ-CH2 -0-CH2 CH2'j

15 h o - c h 2 c h 2 -o -c h 2 c h 3

16 h o - c h 2 c h 2 -o -c h 2 -ch = o

17, 18 Unidentified

19 c h 3 -o -c h 2 c h 2 -o -c h 2 c h 3

T ab le  5 .3 : A ssignm ent o f m aterials p resent in the liqu id  fraction  

from  SA TV A  separation o f the products o f degradation 

o f PPE G T2 under TV A conditions to 500 °C , from  the 

gas chrom atogram  as shown in Fig. 5.6.
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T he m ass spectra  obtained  for the to ta l C R F o f degraded  PPEG T1 

sam ple at probe tem peratures o f 170, 240 and 300 °C , respec tive ly , are 

shown in Figure 5.7. A t 170 °C  peaks corresponding to the fragm ent ions of 

terephthalic acid (m /e =166), triethylene glycol and tetraethylene glycol 

(m/e =149, 193, respectively) and short chain fragm ent A  having the general 

form ula show n below  are present. The m ass spectrum  at 240 °C , show s 

peaks at m /e= 473, 429 corresponding to fragm ent A.

0  / \ 0

H-COCHzCH^p-C-Zl^^Vc^OCHaCHa^X

A

W here X = H, OH and 0 >  m l, m 2  >  m  = 4 or 22

A t h ig h er tem pera tu res (300 °C ), the m ass spectrum  ind icates the 

presence of short chain fragm ents B having the follow ing general form ula.

O j \ 0  0  /  \ o

H-<0CH2 CH2^ £ - C  V ( ^ V c - < 0 C H 2  CH2^  0  - C - /( ^ \~ C - ( 0 C H 2  C H ^ X

B

W here X  = H, OH and 0 >  m l, m 2  >  m  = 4 or 22

T he co rresp o n d in g  m ass spectra  o f C R F p roducts from  PP E G T 2 

degradation are rep roduced  in F igure 5.8. T hese spectra  show  various 

abundance patterns corresponding to the presence o f terephthalic acid, tri- 

and tetraethylene glycols and short chain fragm ents A  (m /e= 237, 325).
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281 341265104
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m /  e

*100

0)
s 80

LrO
40

aj
*  20

00
0

45

149
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Figure 5.7 : Mass s p e c t r a  of the  t o t a l  CRF products  from degradat ion  of PPEGT1 under 
TVA c o n d i t io n s ,  f o r  probe temperatures :  a ( 170 °C ) , b ( 240 °C ) , c ( 300 °C) .
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265166

1000 150 200 250 300
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m /  e
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Figure 5 .8 : Mass s p e c t r a  of the  t o t a l  CRF products  from degradation  of PPEGT2

under TVA cond i t ions  fo r  probe temperatures :  a ( 140 °C ) ,

b ( 250 °C ) and c ( 300 °C ) .
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Fragment m / e X m i + m2

A 341 OH 4

385 5

429 6

473 7

237 H 2

281 3

325 4

413 6

457 7

B 577 OH 2

621 3

665 4

709 5

517 H 1

561 2

T a b le  5 .4 : C R F degradation products based on short chain  

fragm ents A  and B.
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The various degradation products identified  in the C R F based on 

short chain  fragm ents of the general structure A and B are sum m arised in 

Table 5.4.

5 .3 .3  N o n -c o n d e n sa b le  gases

The gases produced from  the degradation o f poly(ether-esters) w hich are 

non-condensable at -196 °C , w ere identified  using  the quadrupole m ass 

spectrom eter connected  directly  to TV A apparatus. C arbon m onoxide was 

found to be present as m ajor com ponent, together w ith trace o f m ethane.

5.4 D IS C U S S IO N

It has been reported that polyesters initially decom pose by a concerted 

ester exchange reaction  and the m echanism  is generally  accep ted  to be 

similar to that in poly (alky lene terephthalates).

T herm al degradation  o f poly(ether-ester) is a ra ther com plex  process, 

since the structure consists o f po lyether and d iester segm ents. F rom  the 

degradation p roducts  iden tified , it has been  suggested  that an ester 

exchange reaction m echanism  occurs predom inantly, accom panied by random  

scission along the po lyether chain. The polym er chain  is in itia lly  broken 

down at the ester linkage leading to tw o shorter chains I and II as show n in 

Scheme 5.1
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C-0+CH2CH2-(OCH2CH2)5- j~

Ester exchange reaction

CUz=CH-{OCH2 c h 2 ^ ^w v ( O C H 2  c H 2 ) ^ 0  - C C-OH

Schem e 5.1

T he fo rm ation  o f carbon  d ioxide at low er tem pera tu res is a c lear

indication o f the interchange process as a prim ary stage o f degradation. The

vinyl ether end group II decom poses therm ally into an alkene and aldehyde 
59

end, III

CH2 =CH-(OCH2 CH2^ v j ^  ---------- > CH2 =CH2 + 0 =CH-CH2- 0 -v^

I I  I I I

The term inal aldehyde III m ay undergo fu rther fragm enta tion  at the 

backbone (C -O ) and (C -C ) bonds as shown in Schem e 5.2.

It is  su g g e s te d  th a t the  l ib e ra tio n  o f  a c e ta ld e h y d e  and  

ethoxyacetaldehyde follow s (C -O ) bond scissions at the respective points
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(a) and (b). The fragm entation o f III at the aldehyde end leads to carbon 

m onoxide and m ethoxy term inal group fragm ent IV. T his w ill produce 

m ethane, form aldehyde and m ethoxyacetaldehyde by further fragm entation 

at the points (c), (d) and (e), respectively. A lso, it has been  observed  that 

the short chain fragm ent III decom poses via (C—O) bond scission at point (b) 

into a five m em bered ring ether-ketone and hydroxyl end group structure V. 

This is believed to give poly(ethylene glycol) oligom ers w ith  less than five 

units. T he form ation  o f 1,4-dioxane and 1,3-dioxalane can be im agined  by 

chain scissions at (C—O) or (C—C) bonds o f the chain fragm ent V, follow ed 

in each case by cyclisation, respectively.
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TH ER M A L D EG R A D A TIO N  
OF PO LY A R Y LA TES

6.1 IN T R O D U C T IO N

Polyary lates are a special class o f polyesters w hich  exh ib it excellent 

m echanical, good electrical and high heat resistant properties. T heir therm al 

degradation behaviour is not well understood.

A  few  stud ies have been  focused  on the th erm al deg rad a tio n  o f 

polyary lates. E hlers analysed the degradation  products in vacuum  o f 

poly(b isphenol A -isophthalate) and po ly (1 .4 -pheny lene-isoph thalate) and 

reported that the form er is appreciably less stable as a consequence o f the 

presence o f  the isopropylidene  group in the diol com ponent. The m ajor 

condensable volatile  products o f these polym ers are CO, C O 2  arising from  

the rup tu re  o f the ester linkage, together w ith  traces o f H 2 , w ater and 

benzene. M oreover m ethane, ethane and toluene are present in  the case o f 

poly(bisphenol A  - isophthalate). In addition, the m ajor cold  ring fraction 

products in  each degraded polym er w ere b isphenol A and hydroquin  one, 

respectively. Salvatore et. a l.^^  studied the therm al degradation  by direct 

pyro lysis-m ass spectrom etry  and reported  that fu lly  arom atic  polyesters 

based on dihydroxybenzene and dicarboxylic acid benzene isom ers (m eta 

and para), decom pose predom inantly  in the p rim ary  therm al degradation  

processes v ia  ester exchange reactions, yielding cyclic oligom ers w hich will 

lead to open chain fragm ents.
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a *yIt has been reported  that fluorine substituen ts in fu lly  arom atic 

polyarylates and aram ides decrease the therm al stabihty but that crystallinity 

is h igher fo r aram ides w hilst it is low er for the polyarylates. Polyarylates 

fluorinated  in the benzene ring o f the d icarboxylic  acid  show ed h igher 

stability  than  those fluorinated  in the d ihydric  phenol com ponent. These 

phenom ena can be explained by the reason that fluorine substitu tion on the 

d icarboxy lic  acid  ring  causes a drop in resonance energy  betw een  the 

benzene ring and the ester group. The effect of halogen substitution and unit 

linkage on the therm al degradation and flam m m ability o f arom atic polyam ides 

has been  stud ied  and it has been  found that the therm al stab ility  o f 

polym ers contain ing the para linkage is h igher than that o f those w ith m eta 

linkages. O n the other hand, the stability o f halogen substitu ted polyam ides 

decreased in the order B r < Cl < F < H. H ow ever, the oxygen index was 

higher fo r the halogenated polym er and increased in the o rder B r > Cl > F. 

Heitz et. a l.^ ^  characterised  the solubility , therm al and liqu id  crystalline 

p roperties o f  su b s titu ted  arom atic  po lyeste rs . T hey  show ed  tha t the 

incorporation o f the substituent ( Cl, Br, C F 3  and phenyl ) into the backbone 

of the po lym er reduces the glass transition tem perature and  increases the 

solubility  o f  the co rrespond ing  arom atic  po lyeste rs  in  4 -ch lo ropheno l, 

1 , 1 ,2 ,2 -tetrachloroethane and chloroform .

In this investigation, the preparation o f polyarylates was carried out by 

in terfacial po lycondensa tion  and by m elt po lym erisa tion  (see C hap ter 

Three). These polyarylates are based on nine different but structurally related 

aromatic diols reacted in each one with terephthaloyl chloride. Schem e 6 . 1  

illustrates the specific diol m onom er structures and the abbreviation  codes 

for the corresponding polym er.
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A r = PA1

para PA 2
meta
ortho

X =H
CH3

X=C1, C1-PA5

X= Br Br-PA5CH3

BrBr
CH3

Br-PA6

CH3
Br Br

Schem e 6.1
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M ost of polyarylates obtained decom pose in the tem perature range 450- 

560 °C. C onsequently these m aterials com bine good therm al stability w ith 

resistance to fire. It is im portant to understand how  the stability is affected 

by changing the diol structure in the backbone. Polyarylates prepared from  

dihydric phenols and terephthaloyl chloride have been divided for discussion 

into po lyary la tes and ha logenated  po lyary lates ( fire  re ta rdan t ), w hich 

consist o f fully arom atic and aliphatic /  arom atic polyarylates.

E ach o f those polym ers w as degraded therm ally  using  program m ed 

heating u n d er TV  A cond itions. T he degradation  p roducts w ere m ostly  

identified spectroscopically , by m eans o f IR, M S and G C-M S techniques. 

Therm al stability and the m echanism  of decom position induced by heat under 

vacuum have been studied.

6.2 PO L Y A R Y L A T E S

6.2.1 T H E R M A L  A N A L Y SIS

6 .2 . 1 . 1  T h e rm o g ra v im e try  ( T G  )

T he T G  and D T G  curves for polyary lates recorded  under dynam ic 

nitrogen a tm osphere , w ith  a heating  rate o f 10 °C /m in , are show n in 

Figure5.1. The TG curves have sim ilar profiles in the sense that w eight loss 

occurs in a single step, beginning above 320 °C  and reaching m axim um  rate 

of w eight loss (Tmax) in the range 465-575 °C , w hich varied w ith the diol 

structure in the back-bone o f the polym er. The m aterial rem aining as residue 

amounted to betw een 16 and 87 % o f weight loss at 600 °C  .
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1.0

v ;

0.8

0.6

0.4

DTG

Temperature ( 0 C )

300 400 500 600

Figure 6.1 ;  Thermogravimetric t r a c e s  of PA1 ( ) , PAP (- - - - - ) , PA3  ( . . .  ) ,

P A4 (-------), and PAS (------) . Heating r a t e
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6.2 .1 .2  T h erm al vo la tilisa tion  an a lysis ( T V A  )

The T V A  traces fo r the five polyarylates ( PA 1— PA5 ) are show n in 

Figures 6 .2-6.6 . The evolution o f volatile products occurs in a single stage 

decom position in w hich the onset is around 360 °C , reaching m axim um  rate 

of vo latilisation  at 479-532 °C . The separation o f traces corresponding to 

the in itial tem peratures 0, -45, -75, -100 and -196 °C  cold  traps suggests 

the presence o f various products, w ith a large range o f volatility  including 

non-condensable gases.

Q uantitative m easurem ents o f the m ain degradation product fractions are 

listed in  Table 6.1. The effect o f polym er structure on the therm al stability 

of polyarylates is show n in Figure 6.1 and Table 6.1, by com parison o f T max 

values o f the D TG  traces for PA 1— PA5, w here the therm al stability o f these 

polyarylates increased in the sequence

PA 4 < PA3 < PA5 < PA1 < PA 2

6 .2 .2  C H A R A C TER ISA TIO N  OF D EG R A D A TIO N  PR O D U C T S

M ost o f the degradation products in each o f the four m ain  fractions, 

obtained by degradation  in the TV A  apparatus to 600 °C  at 10 °C /m in  , 

were id en tif ie d  by m eans o f IR , M S and  G C -M S tech n iq u es . The 

condensable volatile products were first separated by subam bient TV A . The 

non-condensable gases, obtained from  the degradation o f polyarylates in a 

closed system , w ere analysed spectroscopically . C arbon m onoxide  was 

identified in all cases. In addition, m ethane w as detected in the case of 

PA5, as a result o f the presence of m ethyl groups in the diol com ponent. The 

involatile m aterial at degradation tem peratures was found as black char. The 

results are sum m arised in Table 6.2 and 6 .8 .
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Figure6 . 2 :  TVA traces for PA1 . Heating ra te  10°C/min .
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Type of Polyarylates PA1 PA2 PA3 PA4 PA5

^onset * C 426 391 355 355 485

Tmax 1 °C 526 532 492 479 512

T 7 A Residual Fraction / v t96 38.46 33.82 44.77 2 .1 43

Cold Ring Fraction / v t  % 26.37 38.78 16.41 85.4 33

Volatile Fraction at room 
temperature / v t  % 35.17 27.4 38.82 12.5 24

TG

&

T (initial v t  loss) / °C 300 1 0 0 2 0 0 325 2 0 0

Tmax * C 565 575 492 465 515

DTG *
Residual Fraction / v t  %

a
41

a
35

b
62

b
27.5

c
35

* Residual Fraction at : (a) 600 , (b) 500 and (c) 550 °C  

Table 6.1: T V A  , TG and DTG data for polyarylates.
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6 .2 .2 .1  P o Iy (4 .4 '-b ip h en y len e  terep h th a la te ) (P A 1)

i) C on d en sab le  v o la tile  prod u cts

T he subam bient T V A  curve in  figure 6.7, show s three d istinct peaks. 

The products w ere collected separately for further analysis. C arbon dioxide 

and benzene w ere found to be the only substances responsib le  for peaks 1 

and 2, respectively . The products in peak 3, co llected  as a liquid  fraction, 

were separated and identified by m eans o f GC-M S using a DB5 colum n lm  

film  15m I.D  0.25 m m  containing 5 % phenyl silicone, in the range 60-325 

°C, under a program m ed heating rate o f 5 °C /m in. The gas chrom atogram  of 

the total liquid fraction is show n in Figure 6 .8 , w hich indicates the presence 

of benzene (due to overlap w ith the previous fraction) and phenol as m ajor 

p ro d u c ts , to g e th e r  w ith  traces o f  b ip h en y l, 4 -p h e n y l p h e n o l and 

benza ldehyde. T ab le  6.3 lists the assignm en ts fo r the peaks and the 

corresponding chem ical structures.

ii) C old  r in g  fraction

Tw o d ifferent bands were observed on the inner w all upper part o f the 

TVA tube  as C R F, w hich  w ere rem oved  separa te ly  fo r spectroscop ic  

analysis. The ir spectrum  o f the upper CRF shows strong bands at 3400, 820 

and 1610 c m - 1 , w hich  are charac teristic  frequencies o f  p .p '-b ipheno l. 

However, the ir spectrum  o f the low er part o f the C R F is sim ilar to that o f 

the original polym er.

The m ass spectra  o f the total CRF o f degraded PA1 w ere obtained at 

probe tem pera tu res o f 200, 260, 280 and 320 °C  to iden tify  the m ain  

com ponents as show n in Figure 6.9. Thus at 200 °C , ions at m /e = 290,
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Fi gu re6 . 8 :  Gas chromatogram fo r  the  l iq u id  f r a c t i o n  in SATVA 

sepa ra t ion  of products from the degradation  of PA1.
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Peak N° Assignment m l e

1 Acetone A3 , 58

2 Benzene 78 ,51 ,52

3 Unidentified 8 2 ,5 5 ,9

4 — 207

5 Benz aldehyde 105,106,77

6 Phenol 9 4 ,6 5 ,6 6

7 Unidentified 84 ,5 5 ,7 7 , 111

8
ii 55,69,70, 168

9 Biphenyl 154, 153

T ab le  6 .3 : T he assignm ent o f the products o f the liqu id  frac tion  in

SA TV A  separation of PA1 degradation products from  the gas 

chrom atogram  in fig. 6 .8 .
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105, 77 and 186 are due to the m olecular ion and fragm ent ions of 4-hydroxy 

biphenyl benzoate as shown below

4-Hydroxy biphenyl benzoate

p .p '-B ipheno l was detected  in the m ass spectrum  ob tained  at probe 

tem perature o f 260 °C.

p.p'-B iphenol

T he m ass spectra  for probe tem peratures o f 280 and 320 °C  exh ib it 

fragm ent ion peaks corresponding to the m olecular ion m /e = 502 o f the di 4- 

hydroxybiphenyl terephthalate illustrated below .

Di-4-hydroxybiphenyl terephthalate
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Figure 6 .9 :  Mass s p e c t r a  of the  t o t a l  CRF products from degradation  of PA1 under 

TVA c ond i t ions  to 600 °C fo r  probe temperatures  a ( 200 0 C ) , 

b ( 260 °C ) ,  c ( 280 °C ) and d ( 320 °C ).
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6 .2 .2 .2  P o ly (1 .4 -p h en y len e  terep h th a la te ) (P A 2)

i) C on den sab le  volatile  products

T he SA TV A  trace in Figure 6.10 exhibits four d istinct fractions. The 

first tw o w ere show n by m eans o f in frared  spectroscopy to be due to 

carbon dioxide and benzene, respectively. The last fractions w ere subjected 

to G C -M S exam ination . The gas chrom atogram  in  F igure  6.11 and the 

assignm ent o f each peak in Table 6.4 indicate that phenol and benzoquinone 

are the m ain  com ponents, w ith traces o f benzaldehyde and benzene (from  the 

last fraction).

ii) C old  ring fraction  (CRF)

The C R F consisted o f three bands, w hich were characterised  separately. 

The upper C R F w as found by ir  and m ass spectroscopy  to consist o f 

hydroquinone together w ith traces of 4-hydroxyphenyl benzoate (m/e = 214). 

The ir spectrum  o f the m iddle CR F show s characteristic  absorp tions o f 

hydroquinone, and other bands at 1720-1690, 3450, 2640 and 2520 cm -i, 

corresponding to the stretching vibrations o f carboxylic acid  and hydroxyl 

end groups. In addition, the m ass spectrum  exhibits peaks attributed to 

the m olecu lar ions o f terephthalic acid (m /e =166), terephthaldehydic acid 

(m/e = 150), benzoic  acid (m /e = 122), m ono and d i-4 -hydroxy  phenyl 

terephthalates (m /e = 258, 350), respectively.

M ono-4-hydroxyphenyl terephthalate
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F i g u r e 6 . 1 1 :  Gas chromatogram fo r  the  l iq u id  f r a c t i o n  in SATVA 

sepa ra t ion  of Droducts from the  degradat ion  of PA2.
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Peak N Assignment m /e

1 Benzene 78 51

2,3,4,10 Benzoquinone 108 54 82

5 Benzaldehyde 105 77 106

6 Phenol 94 65

7 Unidentified 142 114

8
f t 109 124

9 t t 143 158

11 t t 142 54 82 144

1 2 Biphenyl 154 153

Table 6.4: The assignm ent o f the peaks in the gas chrom atogram , show n 

in  F ig .6 .11, for the liquid fraction from  SA TV A  separation of 

products o f degradation to 600 °C under TV A  conditions o f PA2.
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CRF Component m /e Relative Intensity %

Upper 4-Hydroxyphenyl benzoate 214 105 3 2 2

Hydroquinone 1 1 0 81 54 1 0 0 27 18

Middle Benzoic acid 1 2 2 105 121 3 15 19

Terephthaldehydic acid 150 149 1 0 1 0 0

Terephthalic acid 166 149 2 0 1 0 0

Mono 4-hydroxy phenyl terephthalate 258 241 213 5 1 0 1

Lower Short chain fragment II 455 241 105 1 55 1 0 0

II II ii j 390 346 241 4 13 55

Di 4-hydroxy phenyl terephthalate 351 241 4 55

Table 6 .5 : P roducts iden tified  in the C R F from  the degradation  o f PA 2 

under TV A  conditions to 600 °C.
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Di-4-hydroxyphenyl terephthalate

T he low er C R F w as iden tified  as a m ix tu re  o f d ihydroxy  pheny l 

te reph thala te  due to overlap  w ith  the m iddle  frac tion  and short chain  

fragm ents I and II.

II

6.2.2.3 P o ly (  1 .3 -p h en y le n e  te r e p h th a la te  ) ( P A 3  )

i) C o n d e n sa b le  v o la tile  p ro d u c ts

The condensable products from  the degradation o f PA3 w ere subjected 

to SA T V A  and the curve obtained ( F igure 6 .12 ) show s th ree  m ain  

fractions. Fractions 1 and 2 were exam ined as gases, their ir spectra indicate 

the p resence o f carbon  dioxide and benzene, respectively . The products
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Figure  6 . 1 3 :  Gas chromatogram fo r  the  l iq u id  f r a c t i o n  in SATVA

separa t ion  of products  from the degradat ion  of PA3.
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responsible fo r the third fraction were subjected to G C-M S investigation. 

The gas chrom atogram  in Figure 6.13 and the assignm ents in T able 6 . 6  

indicate that phenol and biphenyl are the m ajor products, together w ith traces 

of benzaldehyde and 3-hydroxyphenyl benzoate.

•C-0

OH

3-Hydroxyphenyl benzoate

ii) C o ld  r in g  f ra c tio n  (C R F )

Som e o f the volatile products condensed on the cooled area upper part 

of TV A  tube as CRF. Tw o bands were observed and collected separately for 

spectroscopic analysis. The form er was found to be due to the presence of 

the d io l re so rc in o l (1 .3 -d ihyd roxybenzene  ). T he la tte r  w as fu rth e r 

separated in to  fractions. The ir spectrum  of the first o f these show ed new  

bands at 3200-2500 and 1685 c m -1, w hich are characteristic  the -C O O H  

group o f terephthalic  acid. H ow ever, the absorption  bands o f the orig inal 

polym er w ere also observed as w eak bands. Furtherm ore, a strong sharp 

band at 3430 cm - 1  is due to hydroxyl end group o f the arom atic diol.

T he m ass sp ec tra  ind icate  abundan t peaks co rre sp o n d in g  to the 

m olecu lar ions o f five  m ain  com ponen ts: b enzo ic  ac id  (m /e=  1 2 2 ), 

terephthaldehydic acid (m/e = 150), terephthalic acid (m /e = 166), m ono-3- 

h y d ro x y p h en y l te re p h th a la te  (m /e = 258) and  d i-3 -h y d ro x y p h e n y l 

terephthalate ( m /e = 350 ).

The ir spectrum  o f the second fraction consisted  o f bands w hich  are 

mainly characteristic  o f the original polym er. In addition , a new  band at
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Peak N Assignment m /e

1 Tetrahydrofuran ( solvent) 72 42 41

2,4 Phenol 94 65 66

3 Benzaldehyde 105 106 77

5 Unidentified 57 71 85

6 i t 216 183 154

7 Biphenyl 154 153

8 Unidentified 91 55 70

Table 6 .6 : T he assignm ent of the peaks in the gas chrom atogram , show n in 

F ig .6.13, fo r the liquid  fraction  from  SA T V A  separa tion  of 

products o f degradation to 600 °C under T V A  conditions of PA3
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3430 cm - 1  corresponds to -OH stretching vibration. The m ass spectrum  

show ed m any peaks corresponding to the m olecular and fragm ent ions of 

m ono-3-hydroxyphenyl terephthalate as m ajor product w ith  trace o f di-3- 

hydroxyphenyl terephthalate due to overlap w ith the previous fraction. Table 

6.7 sum m arises the p roducts iden tified  in the C R F frac tions o f PA 3 

degradation.

M ono-3-hydroxyphenyl terephthalate D i-3-hydroxyphenyl terephthalate

6 .2 .2 .4  P o ly ( 1 .2 -p h en y le n e  te r e p h th a la te  ) (PA 4)

i) C o n d e n sa b le  v o la tile  p ro d u c ts

T he SA T V A  curve for the condensab le  vo latile  p roducts from  the 

degradation o f a PA 4 ( Figure 6.14 ) shows tw o peaks. Carbon dioxide was 

identified  as the product at the first peak. M aterials p resen t at the second 

peak w ere identified  by a com bination of IR , M S and G C-M S analysis as 

catechol, phenol and benzene. The gas chrom atogram  o f the second fraction 

is show n in F igure 6.15.

ii) C o ld  r in g  f ra c tio n  (C R F )

A w hite solid m aterial w hich sublim ed on the inner w all o f the TV A  

tube as C R F w as rem oved  fo r spectroscopic analysis. Its IR  and M S 

spectra, show n  in  F igures 6.16 and 6 .17, resp ec tiv e ly , in d ica te  the 

presence o f a cyclic dimer.
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Figure  6 .15  : Gas chromatogram fo r  the  l iq u id  f r a c t i o n  in SATVA 

sepa ra t ion  of products from the degradat ion  of PA4 . 

Assignments 1, benzene; 2,benzaldehyde;  3, phenol and

4, catechol .



M
ic

ro
ns

168

inC\l
10

00

oo  .
o

CM

00

O

00

OOO
CM

m

o o
in
CM

oo

O
00

O
CM

OOOO O
00

(  % ) O D U P l l  L U I S U P J I

ig
ur

e 
6.

16
: 

In
fr

ar
ed

 
sp

ec
tr

um
 

of 
CR

F 
fro

m 
PA

4 
de

gr
ad

at
io

n 
un

de
r 

TV
A 

co
nd

it
io

ns
 

.



R
el

at
iv

e 
ab

un
da

nc
e 

( 
% 

)
169

104100.

208 480

132
344

236

00 100 200 300 400 500
m /ee

Figure 6 .17 :  Mass spectrum of CRF from the  degradat ion  of PA4 to  500 °C 

under TVA condi t ions  .
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c -o .I-C

C-I'-C

Cyclic dim er

6.2.2.5 P oly( b isphenol A terephthalate) (PA5)

6.2 .2 .5a P rogram m ed  D egradation

i) C on densab le  volatile  products

T he SA T V A  trace fo r the condensable  vo latile  p roducts from  the 

degradation  o f PA5 in the TV A apparatus, show n in F igure 6.18, exhibits 

four fractions. Carbon dioxide and traces o f ethylene were found by m eans 

of IR  and M S spectroscopy to be the products o f fraction 1. B enzene and 

toluene w ere identified in fractions 2 and 3, respectively. The low volatility 

m ateria l (frac tion  4) w as sub jec ted  to G C -M S ex am ina tion . T he gas 

chrom atogram  o f the separated products show n in Figure 6.19 indicates 14 

peaks and the assignm ent o f the products is listed  in  T able 6 .8 , in  w hich 

phenol, p -creso l, 4 -ethy l phenol, 4 -isopropyl phenol and b ipheny l w ere 

identified as the m ain com ponents, together w ith traces o f ethy l benzene, 

isopropyl benzene and biphenyl methane.

T he sub lim ed  m ateria l on the cooled area upper part o f TV  A  tube 

consisted o f  tw o solid bands, w hich w ere rem oved separately  for fu rther 

spectroscopic analysis. The ir spectrum  o f the form er show s characteristic 

bands o f terephthalic acid. The latter m aterial w as a m ixture, the ir spectrum
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Figure 6.19: Gas chromatogram fo r  the l iq u id  f r a c t i o n  in SATVA 

sepa ra t ion  of products from the degrada t ion  of PA5.
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Peak N Assignment m 1 e

1 Diethyl ether ( solvent) 59 74

2 Ethyl benzene 106 91

3 ,4 Isopropyl benzene 105 1 2 0

5 Phenol 94 65 6 6

6 4-Hydroxy toluene 107 108

7 4-Hydroxyethyl benzene 107 1 2 2

8 ,9 ,1 0 4-Hydroxyisopropyl benzene 1 2 1 107 136

11 Unidentified 107 12 1 142 94

1 2 Biphenyl 154 153

13, 14 Diphenyl methane 168 167 91

T ab le  6 .8 : The assignm ent o f the peaks in the gas chrom atogram , show n in 

F ig .6.19, for the liquid fraction from SA TV A  separation of 

p roducts o f degradation  o f PA 5 to 600 °C  u n d e r T V A  

conditions.
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of w hich show ed absorption of free (-OH ) and carbonyl group linkage at 

3440 and 1735 cm -1, respectively. It was subjected to M S exam ination  at 

180, 250 and 320 °C . The m ass spectra  show n in F igure 6 .20 , exh ib it 

d ifferent pattern  peaks corresponding to the m olecu lar ions of short chain 

fragm ents III, IV and bisphenol A.

I l l  B isphenol A

IV

Short chain  fragm ent III has a parent ion peak  at m /e = 331 w hich can 

be accounted for by loss o f m ethyl group.
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Figure 6 .20: Mass sp ec t ra  of the  t o t a l  CRF products  from degrada t ion  of PA5

under TVA cond i t ions  to  600 °C fo r  probe temperatures  a (180 °C), 

b ( 250 °C ) and c ( 320 °C ) .
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Prducts Methods of Analysis

Noncondensable Carbon monoxide and methane IR

Condensable

Volatile

M
aj

or

Carbon dioxide, benzene, phenol, 

toluene, A- methyl phenol,

A- ethyl phenol, 4-isopropyl phenol 

and biphenyl.

IR

&

MS

&

GC-MS

M
in

or

Ethyl benzene, isopropyl benzene, 

diphenylmethane, bisphenol A, 

1 . 1- di(4-hydroxybenzene) ethane 

and benzaldehyde.

Terephthalic acid (major),
IR

Cold terephthaldehydic acid / benzoic
&

Ring acid , bisphenol A and short
MS

Fraction chain fragments III and IV .

T able 6.9: Products o f PA5 degradation to 600 °C  under TV  A  conditions.
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C- 0 OH

m/e = 316

o.
o

m/e = 105

CH2

OH+ OH+

m/e =119

The ion peaks at m /e = 228, 213, 135 and 119 could have resulted from  

the fragm entation of bisphenol A.

HO-
Q

CH3

•4
-CH3

OH ----------> HO-

CH3
m/e = 228

CH3

A
D > H O

-OH

m/e = 213

HO

m/e = 93 m/e =135

HO

m/e = 94

OH+

m/e = 119
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The m olecular ion peaks at m /e = 451, 436 and 358 could have arisen 

from  the short chain fragm ent IV.

m/e = 436
i \
-C H 3

-OH

0 -C C -0 OH

CH3

O .

m/e = 93

CH3
C -0 OH

CH3

m/e =358

6.2.2.5b Isotherm al D egradation o f  PA5

Sam ple o f PA5 ( 200 mg ) was partially degraded under vacuum  at 331, 

375, 425 , 473 and 493 °C , each for 100 m in, successively . The volatile  

products at each degradation tem perature w ere collected  fo r spectroscopic 

analysis.
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C o n d e n sa b le  v o la tile  p ro d u c ts

The SA TV A  curves were obtained for the condensable volatile products 

from  the partia l degradation o f PA5 at the above tem peratures. T races of 

hydrogen  ch lo ride  w ere detected  in the pa rtia l degradation  at 331 ° C , 

furtherm ore bisphenol A  and l,l-d i(4 -hydroxypheny l) ethane w ere recovered 

am ong the liquid  fraction products above 375 °C . Som e o f the products are 

form ed only at high tem peratures i.e p-cresol, 4 -isopropyl phenol, b iphenyl 

and biphenyl m ethane.

l,l-D i(4-hydroxyphenyl) ethane

T able 6.10 sum m arises qualitative data fo r the condensable volatile  

products at 375, 425 and 473 °C .

6 .3  H A L O G E N A T E D  P O L Y A R Y L A T E S  (FIR E  

RETARDA NT)

6.3.1 T H E R M A L  A N A L Y SIS

6.3 .1 .1  T h e rm o g ra v iin e try  ( T G )

T he T G  traces fo r fire re tardan t po lyary lates ob tained  in dynam ic 

nitrogen atm osphere at a heating rate o f 10 °C /m in are show n in Figure6.21.
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Product

Temperature of Condensable 

Volatile Products Formation m / e

375 °C 425 °C 473 °C

Carbon dioxide + + + 44 28

Benzene + + + 78 51

Toluene + + + 92 91

Ethyl benzene + + + 106 91

4-Methyl phenol - + + 108 107

4-Ethyl phenol + + + 1 2 2 107

Isopropyl benzene + + + 1 2 0 105

4-Isopropyl phenol - - + 136 121 107

Phenol + + + 94 65

Biphenyl - - + 154 153

Diphenyl methane - - + 168 167

Bisphenol A - + - 228 213

1. l-Di(4-hydroxy phenyl) ethane + + + 214 199

N.B (+) present , (-) absent

Table 6.10: Substances identified in the condensable volatile products

from the isothermal degradation o f PA5 under TVA conditions

at the temperatures shown for 100 min.
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Each trace exhibits a single stage decom position during therm al degradation 

up to 500-600  °C . W eigh t loss com m ences above 320 °C , ach iev ing  

m axim um  rate in the range o f 437-490 °C , except fo r B r-PA 6  (375 °C ). 

This m uch low er stability is accounted for by the presence o f the aliphatic 

diol end group in the backbone of the brom inated b isphenol A  com ponent. 

The in  volatile residue at 500 °C  was above 40 %, except B r-PA 6  (19%).

6.3.1.2 T herm al volatilisation analysis (TVA)

The T V A  curves for the fire retardant polyarylates heated to 550 °C  at 

10 °C /m in  are reproduced in  Figures 6.22-6.25. The volatilisation occurs 

in a single step, w hich begins around 311 °C , reaching m axim um  rate of 

vo latilisation  in the range o f 378-510 °C. M oreover, the separation o f the 

TVA traces at 0, -45, -75, 100 and -196 °C  indicates the presence o f various 

volatile products w ith different volatility including non-condensable gases.

The quantitative m easurem ent o f the m ain product fractions by T V A  ( i.e 

residue, co ld  ring fraction and volatile  liquids and gases ), and the Tonset 

and T max values obtained in the TG and TVA data are listed in Table 6.11.

The onset tem perature for the fire retardant polyarylates determ ined by 

TG occurs at a low er tem perature than by TVA. This can be explained by the 

fact that w eight loss o f CRF is detectable only by TG. Furtherm ore, it can be 

seen from  T ables 6.1 and 6.11 or Figures 6.1 and 6.21 that the tem peratures 

of the m ax im um  rate o f decom position  are h ig h er fo r un h a lo g en ated  

po lyary lates than  fo r the respective  ch lo rine  and b rom ine su b stitu ted  

derivatives as given below

PA5 > C1-PA5 > Br-PA5 and PA4 > Br-PA4
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Figure 6 . 2 1 : :  Thermogravametric t r a c e s  of C1-PA5 ( ____ ) , Br-PA4 (___ - )

Br-PA5( ) and Br-PA6 ( - - -  ).  Heating r a t e  , 10°/min;

under n i t rogen  atmosphere.
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Polymer code N 0 Br-PA4 C1-PA5 Br-PA5 Br-PA6

T Y A

Ton3et  ̂ °C 311 395 400 317

Tmax * °C 471 502 494 378

Residual Fraction / v t  % 52 42.5 43.3 11

Cold Ring Fraction/ v t % 28.5 17.5 9.3 8 6

Volatile Fraction at room 
temperature / v t  95 19.5 40 47.5 3

TG

&

DTG

T (initial v t  loss) 1 °C 275 2 2 0 230 270

T / °C 1 max ' 437.5 490 453 375

*
Residual Fraction / v t  95 50 44 31.5 19

* R esidual Fraction at 550 °C

Table 6.11 : T V A , TG  and D TG  data  fo r ha lo g en ated  po ly ary la tes  

decom position.
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T hese resu lts show  that the therm al stab ility  o f these po lyary lates 

depends on the type of the substituted halogen.

6.3.2 C H A R A C T E R IS A T IO N  O F  D E G R A D A T IO N  P R O D U C T S

T he degradation  products revealed  from  the degraded  fire  retardan t 

polyarylates were separated and identified by m eans of IR, M S and G C-M S 

techniques and results are sum m arised in Table 6.12.

In  a ll the po lym ers stud ied , carbon  m onox ide  and m ethane  w ere 

recovered  as non-condensable gases, except in  the case of B r-PA 4, w hich 

gives only carbon m onoxide, because Br-PA 4 is a fully arom atic polyarylate.

6 .3 .2 .1  P o ly (te trab rom o 1 .2-phenylene terep h th a la te)  

(B r-P A 4 )

6 .3 .2 .1 a  Program m ed degradation o f  Br-PA 4  

i) C ondensable volatile products

The SA TV A  curve obtained for this fraction from  degradation o f 

B r-PA 4, show n in F igure 6.26, indicates three peaks. The first peak  was 

found by ir spectroscopy to be due to carbon dioxide, hydrogen brom ide, 

together w ith  traces o f hydrogen chloride. B rom ine and traces o f benzene 

w ere iden tified  as the com ponents in  peak  2. The products at the th ird  

SA TV A  peak were characterised by m eans o f IR, M S and G C-M S. The m ass 

spectrum  indicates the presence of benzoic acid, phenol and benzaldehyde. In 

addition, the G C separation in Figure 6.27 and the assignm ent by M S of 

each peak in Table 6.13 indicate 9 com ponents, o f w hich dibrom obenzene is 

most im portant.
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Figure  6 . 2 7 :  Gas chromatogram fo r  the  l i q u id  f r a c t i o n  in SATVA 

sepa ra t ion  of products  from the degrada t ion  of

Br-PA4 .
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Peak N Assignment m /e

1 Unidentified 94 96

2 f t 207

3 Bromine 82 81 80

4 Unidentified 1 0 1 74

5 i i 281 265

6 Benzaldehyde 105 77

7 Unidentified 73 85

8 Dibromobenzene 236 255

9 Unidentified 184 183

T ab le  6.13: The assignm ent o f the peaks in the gas chrom atogram , show n 

in F ig .6.27, fo r the liquid fraction from  SA TV A  separation of 

products o f degradation to 600 °C  under TV  A conditions o f 

Br-PA 4.
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ii) C old ring fraction ( CRF)

Three solid bands were deposited on the cooled area upper part o f TV A 

tube as CRF. Terephthalic acid was found by ir and m ass spectrom etry to 

be the m ain  com ponent in the upper CRF, together w ith traces o f cyclic 

m onom er (m /e = 556), tetrabrom ocatechol (m /e =426), terephthaldehydic  

acid and benzoic acid. The m iddle CRF was found to consist o f short chain 

fragm ents with carboxylic acid end groups (V).

,0-C C-OH

B14

V

The ir spectrum  o f the low er CRF show ed the characteristic  absorptions 

o f the o rig inal polym er, indicating  that it consisted  o f sho rte r po lym er 

chains.

6 . 3 . 2 . 1 b  Isotherm al degradation o f  Br-PA 4

In attem pt to get better insight in the structural changes in the polym er 

during therm al degradation , a 200 m g sam ple o f B r-PA 4 was degraded  

iso therm ally  under vacuum  at 300, 350 and 370 °C  each  fo r 100 m in, 

successively. H ydrogen chloride and terephthalic acid were detected at 

300 °C. The other m ajor condensable products begin to be evolved around
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350 °C , sim ultaneously w ith short chain fragm ents o f B r-PA 4 as CRF at that 

tem perature. A t h igher tem peratures, the m ain  degradation  products were 

produced in greater amounts.

6 .3 .2 .2  P o ly (te tra ch lo ro b isp h en o l A -terep h th a la te )  

(C1-PA5)

i) C on densab le  volatile  products

The SA TV A  trace from  the degradation o f C1-PA5, show n in Figure 

6.28, exhib its three peaks. The ir spectrum  o f the first peak  indicated  the 

presence o f hydrogen chloride and carbon dioxide, together w ith a trace of 

ethylene. Benzene was the product responsible for the second peak. Due to 

the sm all am ount and low  volatility , standard analysis was not enough  to 

identify  the products o f the last peak, therefore the to ta l liqu id  fraction  

(peak 3) w as subjected to GC-M S investigation. The gas chrom atogram  in 

Figure 6.29 and the assignm ents for each peak in Table 6.14 illustrate that

2 .6 -d ich lo ro p h en o l, 2 .6 -d ich lo ro -4 -m e th y l p h e n o l, b en zen e  and  2 .6- 

dichloro- 4-ethyl phenol are the m ajor products, together w ith sm all am ounts 

of benzaldehyde, chlorophenol and biphenol.

ii) C old r ing fraction (CRF)

The CR F condensed on cooled upper part o f the TV  A tube consisted  of 

two bands, in  w hich  tereph thalic  acid and te trach lo rob ispheno l A w ere 

identified  by ir and m ass spectroscopy as the m ain  com ponents, together 

with traces o f benzoic acid.
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F igure  6.29 : Gas chromatogram fo r  the  l i q u id  f r a c t i o n  in SATVA 

sepa ra t ion  of products  from the  degrada t ion  of 

C1-PA5 .
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PeakN° Assignment m 1 e

1 Diethyl ether ( solvent) 74 59

2 Benzene 78 77

3 Toluene 92 91

4 Chlorobenzene 1 1 0 1 1 2

5 Benz aldehyde 77 106 105

6 2-Chlorophenol 128 103 64

7 1.3-Dic hlorobenzene 146 148 1 1 1

8 2-Chloro 4-methyl phenol 142 107

9 3.5-Dichloro toluene 125 160 162

1 0 , 11 2.6 -Dic hlorophenol 162 164 128

1 2 Benzoic acid 1 2 2 105 77

13 2.6-Dichloro 4-methyl phenol 176 141 178

14 Biphenyl 154 153

15 2.6-Dichloro 4-ethyl phenol 175 177 188 192

16 2.6-Dichloro 4-vinyl phenol 175 177 188 190

17 2.6-Dichloro 4-isopropyl phenol 189 191 204

18 Diphenyl methane 168 167

19 Phenyl benzoate 105 198 77

2 0 2-Chlorophenyl benzoate 105 128 232

Table 6 .14: The assignm ent o f the liquid fraction in SA TV A  separation  of 

C1-PA5 from  the gas chrom atogram  as show n in Fig. 6.29.
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Cl Cl

HO OH

Tetrachlorobisphenol A

6 .3 .2 .3  P oIy (te trab rom ob isp h en o l A -terep h th a la te )

(B r-P A 5 )

i) C on densab le  volatile  products

T he SA TV A  trace in  Figure 6.30 show s three peaks. The products at 

the first peak  were identified by ir and m ass spectroscopy as carbon dioxide, 

hydrogen brom ide and ethylene, together w ith traces o f hydrogen chloride. 

The second peak was due to benzene. The products at the last peak  w ere 

exam ined by G C-M S. The gas chrom atogram  is show n in F igure 6.31 and 

the assignm ents for each peak are given in  Table 6.15. These results indicate 

the p resence o f 4 .4 '-m ethylene b is(2-brom ophenol), o -b rom opheno l and

2 .6 -d ib ro m o p h en o l as the m ajo r p roducts , w ith  traces o f 4 -m ethy l 2- 

brom ophenol, brom obenzene and phenyl benzoate.

4.4'-M ethylene bis(2-brom ophenol)
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Figure 6.31 : Gas chromatogram fo r  the  l i q u id  f r a c t i o n  in SATVA

separa t ion  of products from the degrada t ion  of 

Br-PA5 .
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0
PeakN Assignment m / e

1 Unidentified 207

2 Bromobenzene 156 157 77

3 4-Ethyl 2.6- dibro mo phenol 281 133

4 ,7 2-Bromophenol 172 173

5 4 .4 '-Methylene bis(2- bromophenol) 355 267

6 4-Methyl 2-bromophenol 186 107 187

8 Unidentified 429 341

9, 1 0 2.6 -Dibr omophenol 252 251

11 Unidentified 415 281 147

1 2 Phenyl benzoate 198 105 77

T ab le  6 .15: The assignm ent of the peaks in the gas chrom atogram , show n 

in Fig.6.31, for the liquid fraction from  SA TV A  separation of 

products o f degradation  o f B r-PA 5 to 600 °C  u n d er T V A  

conditions.
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ii) Cold R ing Fraction (CRF)

The total o f CRF deposited on the cooled upper part o f the TV A tube 

was exam ined by m eans of ir and m ass spectroscopy. The ir spectrum  of the 

C R F show s the absorp tion  bands ch arac teristic  o f te reph tha lic  acid. In 

addition there is a band at 1740 cm-1 w hich is attributed to (-CO-) stretching 

v ibration  o f an ester group. M ass spectra o f the CR F from  the degradation 

o f  B r-PA 5 were obtained at probe tem peratures o f 200, 250, 300 and 

330 °C , respectively. These spectra exhibit abundant peaks corresponding to 

the m olecular and fragm ent ions of tetrabrom obisphenol A  (m /e = 544, 529), 

te reph tha lic  acid  (m /e = 166, 149) tereph thaldehyd ic  acid  (m /e = 150), 

benzoic acid (m /e = 122) and short chain fragm ents VI (m /e = 676), VII 

(m /e = 648) and V III (m/e = 530) as shown in Table 6.16

,BrBr.
CH3

0-C C-OH

BrBr

VI

BrBr
CH3

0 -CHO

CH3 BrBr

VII
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Component m l e
Abundance %

200 °C 250 °C 300 °C 330 °C

Tetrabromobisphenol A 545 12.4 14.2 5.2 7.5

530 53.8 52.4 25.6 36.6

528 38.5 35.9 17.8 25.6

Terephthalic acid 166 — 3.4 2.3 4.6

149 — 77 2 1 55.5

Terephthaldehydic acid 151 22.7 10.4 8 15.3

150 15.3 13 6.5 14.5

149 53.4 77 2 1 55.5

Benzoic acid 1 2 2 — 2 . 6 4.4 5.7

105 ___ 1 0 0 1 0 0 1 0 0

VI 676 — 0.7 — —

675 — 2 . 1 — —

527 — 4.3 — —

VII 648 — 1.4 0.3 0.5

647 — 13.2 3.3 4.7

1 0 0 — 1 0 0 1 0 0 1 0 0

VIII 532 — 34.4 16.5 23.4

531 — 10.4 4.9 7.2

514 — 4 2.9 3.4

Table 6.16: Material present in the CRF from degradation o f Br-PA5 under

TVA conditions to 500 °C, at the probe temperatures shown.
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Br, Br

HO OH

Br

V II I

6 . 3 . 2 . 4  P o ly (4 .4 f-diethoxy te trab rom ob isph en o l  A-

terephthalate)  (Br-PA6)

i) C o n d e n sa b le  v o la tile  p ro d u c ts

T he condensable volatile products were separated in to  three fractions 

using the SA TV A  technique, as show n in Figure 6.32. T he products in the 

first fraction were easily identified by ir spectroscopy as carbon dioxide and 

hydrogen brom ide as m ain com ponents, together with traces o f ethylene and 

hydrogen chloride. The latter is produced from  the acid chloride end groups. 

The second fraction was due to vinyl brom ide. The products at the third 

peak w ere collected as liquid fraction and separated using G C-M S. A  typical 

gas chrom atogram , in w hich seventeen  peaks are observed , is show n in 

F igure 6.33 and the assignm ents are given in Table 6.17. The principal 

p roduct is 2-brom o-4-m ethyl phenol together w ith m uch  sm aller am ounts o f 

brom obenzene, m ethyl and ethyl benzoates and 2-brom oethanol.

ii) C o ld  r in g  f ra c tio n  ( C R F  )

The m aterial which collected on the cooled upper part o f the TV A  tube 

was in tw o d istinct bands. The upper CR F was show n by ir and m ass 

spectroscopy to consist m ainly o f terephthalic acid w ith a short chain
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Scan
100 200 300 400100
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60-

40-

20 -

16:220 8:08 24:35 32:48
Time ( min )

F ig u re 6 .3 3 : Gas chromatogram fo r  the  l i q u id  f r a c t i o n  in SATVA

separa t ion  of products ffrom the  degradat ion  of 

Br-PA6 .
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0
PeakN Assignment m / e

1 Diethyl ether ( solvent) 74 59

2 Unidentified 70 69

3 2 -Bromoethanol 124 126 45

4 4-Methyl 2-bromophenol

5 Unidentified 96 67 53

6 i i 70 69

7 Ethyl benzene 106 91

8 Bromobenzene 156 157 77

9 Unidentified 314 235 148

1 0 4-Ethyl 2.6-dibromophenol 281 261

11 Methyl benzoate 105 136 77

1 2 4.4 '-Methylene bis (2-bromophenol) 355 456 267

13 Ethyl benzoate 105 77 122 150

14 Unidentified 429 341 250

15, 16 2.6-Dibromophenol 252

17 Benzoic acid 105 1 2 2 77

T a b le  6 .17: T he assignm ent o f peaks in the gas ch rom atogram , show n in 
F ig .6.33, fo r the liqu id  frac tio n  from  SA T V A  separa tion  of 

degradation products to 500 °C  under TV A conditions o f Br-PA6.
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fragm ent, benzoic acid and terephthaldehydic acid as m inor products. The 

ir spectrum  o f the low er part o f CRF show ed the characteristic frequencies 

o f the orig inal polym er. In addition, the m ass spectra o f the to ta l CRF, 

recorded at the probe tem peratures o f 200, 250 and 300 °C , show  peaks 

corresponding to the m olecular and fragm ent ions o f tetrabrom obisphenol A 

(m /e = 544 ), terephthalic  acid ( m /e = 166 ), terephthaldehydic acid 

(m /e = 150 ), benzoic acid ( m /e = 122 ), m ono-ethyl terephthalate 

(m /e = 193), d i-hydroxyethy l terephthalate  (m /e = 255) and short chain 

fragm ents IX  (m /e = 299, 301) and V III (m/e = 530) as listed in Table6.18.

IX

6.4  M E C H A N IS M  O F D E C O M P O S IT IO N

T here  have been  only  a few  studies o f the therm al b ehav iou r o f 

polyarylates, in w hich attention has been focused on the form ation o f cyclic 

o ligom ers ^  and the effect of halogen substituents on the stability

T he variety  o f degradation products form ed suggests that the general 

m echanism  o f decom position o f polyarylates m ay be explained on the basis 

o f tw o m ain  processes, nam ely, random  scission and decarboxylation. The 

overall proposed reactions are presented by the general m echanism  show n in 

Schem e 6.2.
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Component m / e
Abundance %

200 °C 250 °C 300 °C

Tetrabromobisphenol A 544 2.4 1.4 —

529 6 . 1 8 . 1 —

Terephthalic acid 166 8.3 16.8 21.7

149 46.3 99.9 1 0 0

Terephthaldehydic acid 150 1 0 1 2 1 2 . 8

149 46.3 99.9 1 0 0

Benzoic acid 1 2 2 3.2 4.4 3.3

105 28.6 33 28.9

IX 301 18.7 1 0 0 29.7

299 21.5 99.9 29.7

Monoethyl terephthalate 194 2.5 5.9 5.2

193 7.4 40.3 31.9

177 4.7 1 1 . 2 8.3

VIII 532 30.4 0.4 3.6

530 47.9 1.5 5.6

Di-hydroxyethyl terephthalate 514 27.4 57.8 35.8

Table 6.18: M aterials present in the CRF from  degradation o f B r-PA 6 under 

TV A  conditions to 500 °C, at probe tem peratures shown.
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T he fo rm ation  o f hydrogen  ch lo ride  du ring  the early  stage o f 

degradation, suggests that the predom inant initial step in the decom position 

is invariably  acyl-chlorine bond scission, w hich leads to m acroradical (A). 

T here  are m any p ossib le  pa thw ays fo r su b seq u en t sc issio n s o f the 

m acro rad ica l (A) to y ield  various products. The fo rm ation  o f the cyclic 

m onom er and dim er in the case of Br-PA 4 and PA 4 can be accounted for by 

hom oly tic  cleavage o f the m acrorad ical (A) at the positions (e) and (h), 

re sp ec tiv e ly , fo llow ed  in  each  case by cy c lisa tio n  (pathw ay  1). The 

form ation  o f d ihydroxyaryl terephthalates can result from  chain  scissions 

at the positions (c) + (h), fo llow ed by hydrogen abstraction  (pathw ay 2). 

C hain  scission o f the m acroradical (A) at the position (c) + (e) can  yield a 

d iradical (B) w hich is m ost likely to produce arom atic diols. In addition, 

the form ation of hydroquinone (from  PA2) is possible by the rearrangem ent 

o f the diradical (B) as stated below.

Rearrangement

B enzoquinone

T he fo rm ation  o f phenols, w hich are am ong the m ajo r degradation  

products, can  be accounted for by chain  scission at (f) + (d), fo llow ed by 

in te rm olecu lar hydrogen abstraction to form  various structure o f phenols 

(pathw ay 4). By a sim ilar m echanism , other arom atic com ponents are form ed 

(pathw ay 7). In the case of aliphatic /  arom atic po lyary lates, phenols and 

arom atic com ponents are form ed as a result o f chain  scissions o f the phenoxy
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m acrorad ica l at the points (a'), (b '), (c’) and (e), fo llow ed in  each case by 

hydrogen abstraction as show n in Schem e 6.3.

M cN eill and R incon studied the therm al degradation o f bisphenol A 

po lycarbonate  and suggest that the m ain  decom position  process involves 

hom olysis  reaction  ra ther than  ester in te rchange  reaction . A lso  they 

repo rted  the presence o f various degradation  p roducts w hich  are alm ost 

s im ila r to those of po lyary lates based  on b ispheno l A. In th is study, 

how ever, the in itial therm al degradation o f the po lyary lates occurs at the 

ester group.

The form ation o f m onohydroxyaryl terephthalates can be explained by 

chain  scissions o f the m acroradical (A) at the positions (g) +(c) or (e) + (h), 

fo llo w ed  by hy d ro g en  ab strac tio n  (pathw ay  3). In  the case  o f all 

polyarylates studied, except for PA4, terephthalic acid is the m ajor product 

in the cold  ring fraction. The possible route is chain scissions at (g) + (e), 

fo llow ed by hydrogen abstraction (pathway 6).

Benzaldehyde, benzoic acid and terephthaldehydic acid m ay be produced 

by  chain  scissions at (a) + (c), (a) + (d) and (d) respectively , fo llow ed in 

each case by hydrogen abstraction o f the m acroradical (A).
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TH ER M A L D EG R A D A TIO N  OF  
TELEC H ELIC  PM M A

7.1 IN T R O D U C T IO N

T herm al degradation o f poly(m ethyl m ethacrylate) (PM M A ) has been 

studied extensively by several investigators during the last 40 years. Grassie 

and M elville ^  reported that radically prepared PM M A  degrades by chain 

hom olysis, fo llow ed by unzipping to give quantitative yield o f the m onom er. 

The chain  scission reactions m ay initially  occur at random  points along the 

polym er chain or specifically at "weak links".

W h en  a v iny l m o n o m er is p o lym erised  by free  rad ica l add ition  

polym erisation , term ination could occur through e ither disproportionation 

or com bination  reactions o f the tw o radicals as show n in Schem e 7.1 for 

the m ethy l m ethacry late  polym erisation . The d isp roportiona tion  reaction 

p roduces po lym er w ith  equal num bers o f sa tu rated  and unsa tu ra ted  end 

groups. H atada reported that route 1 is the favoured d isproportionation 

reaction leading to the form ation o f unsaturated chain ends. The com bination 

reaction  y ields po lym er w ith one head  to head  linkage w ith in  each chain. 

T hese abnorm al linkages m ight in fluence  the therm al stab ility  o f the 

po lym er structure Bevington et. a l . ^  studied the term ination reaction 

in radical polym erisation o f PM M A  at 0 and 60 °C  using 2 ,2 -azo-b is-
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isobutyronitrile labeled w ith 14C as initiator. They found that PM M A  radicals 

undergo  disproportionation 6 tim es as frequently  as com bination  at 60 °C 

and 1.5 tim es as frequently at 0 °C.

It has been reported that both head to head and unsaturated  linkages 

are w eak  bonds in  the PM M A  struc tu re  6 6 ,6 8 ,7 0 - 7 5  G rass ie  and 

Melville**** suggested that the unsaturated end groups form ed as a result of 

te rm ina tion  by d isp roportionation  during the po lym erisa tion  p rocess are 

w eak  lin k s , at w hich  the deg rad a tio n  w as firs t in itia ted . A t h ig h er 

tem peratures the degradation  occurs at random  poin ts along the polym er 

chain yielding m onom er.

M cN eill found that the therm al stability o f PM M A  is dependent on the

m ethod  o f preparation  ( w hether radical or anionic ) and on the m olecular

w eight. In radical PM M A , tw o stages o f decom position w ere observed, the

first being due to unsaturated chain ends and the second to the random  chain

scissions. In the case o f anionic PM M A , how ever, the absence o f the first

peak  ind icates the influence o f double bonds p resen t in the free radical

PM M A .A lso he observed that as the in itial m olecu lar w eight increases the

Tm ax is h ig h er fo r the first peak  and is low er fo r the second. In h igh

m olecu lar w eight PM M A , the zip length is shorter than the chain  length, so

in  the w eak  link  in itia ted  fragm enta tion  (first peak) the chains do not

d isappear com pletely . For M n = zip length  ( ca. 200 ) or less, the chain

length  is less than the zip length and the chains unzip  com pletely  from  the

unsaturated  chain ends
71

K ash iw ag i et.a l. found that the therm al degradation  o f (radically  

po lym erised) PM M A  occurs in three distinct stages, and suggested that the 

firs t tw o correspond  to in itiation  at w eak links due to head  to head  and 

unsaturated end groups, at 165 and 270 °C , respectively. N o direct evidence
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was presented, how ever, for the explanation of the first peak, w hich is also

possibly due to the release o f trapped volatile m aterial such as solvent used

during  the iso la tion  o f the po lym er since the po lym er softens in  this

tem perature region. H ow ever, others have reported that the unsaturated end
72group in PM M A  is less stable than the head to head linkage

73
M anring  et. al. , show ed that the therm al s tab ility  o f sa tu rated  

PM M A ,w hich contains no inherent w eak link, and head to head PM M A  with 

a deg ree  o f po lym erisa tion  (D P > 200) are iden tica l. H ow ever, w hen 

D P<100, head to head PM M A is less stable, indicating that as the m olecular 

w eigh t o f the po lym er increases, the effective rate o f head  to head bond 

scission decreases.
71K a sh iw a g i e t .a l .  s tu d ied  the  d e g ra d a tio n  o f  PM M A  using  

therm ogravim ety (TG), and claim ed that the therm al oxidative degradation of 

PM M A  (prepared by radical or anionic route), occurs in one stage with a 

m axim um  rate o f w eight loss at 300 °C , indicating the effectiveness o f gas 

phase oxygen on the chain scission at head to head linkages.

The preparation of norm al and telechelic PM M A  has been fully described 

in  chapter three. These polym ers have the general structural form ula show n 

below

CH3 c h 3
I I

X -f C -C H

C00CH3 c o o c h 3

W here X= -H, -COONa, -COOH, -C H 2CH 2O N a and -C H 2C H 2OH

Presum ably all these polym er sam ples have M n < zip length ( i.e.

M n < 20000 ) and once the radical end form s, the m acrorad ical w ill unzip

com pletely.
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In  th is chapter, the therm al degradation  o f telechelic  PM M A  with 

term inal -COO Na, -COOH, -C H 2C H 20N a and -C H 2 CH 2 OH groups has been 

stud ied  ex tensively  using  p rogram m ed heating  in  vacuum  or n itrogen  

atm osphere. The degradation products were fully characterised by m eans of 

IR , M S and G C-M S techniques. The general m echanism  o f decom position 

has been proposed.

7 .2  T H E R M A L  A N A L Y S IS

7 .2 .1  T h er m o g r a v im e tr y  (T G  )

The TG  curves for the norm al and a,co— b ifunctional PM M A  sam ples, 

ob tained  under dynam ic nitrogen atm osphere (50 m l/m in) and at a heating 

rate  o f 10 °C /m in , are show n in F igure 7.1. T he earliest w eigh t loss is 

attributed to the evolution o f petroleum  ether, from  w hich the polym er was 

precip itated . The first step o f degradation begins above 210 °C  prior to the 

m ain  degradation in the range o f 325-410 °C.

The involatile  m aterial rem aining as a residue at 500 °C  was less than 

10% o f the o rig in a l w eigh t o f the b ifu n c tio n a l p o ly m er sam ples and 

negligible in the case o f norm al PM M A.

7 .2 .2  D iffe r e n tia l T h erm a l A n a ly sis  ( D T A  )

The D TA  traces for the norm al and a,co—bifunctional PM M A  sam ples 

are show n in  Figure 7.2. The initial w eak endotherm ic peak at 120-150 °C  is 

due to  re lease  o f trapped  volatile  m ateria l (petro leum  ether). T he la ter 

endo therm ic  peak  is a ttribu ted  to  the m ain  deg rad a tio n  p rocess as 

illustrated in Table 7.1. U nfortunately, the evolution o f p recipitant petroleum
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DTG

DTG

Temperature ( °C )

100 200 300 400 500

TG and DTG t r a c e s  fo r  degradation  of normal and t e l e c h e l i c  PMMA 

under dynamic N2 . Heating r a t e  of 10 °C/min.

a) PMMA-CH2CH20Na (— ), PMMA-CH2CH20H (------- ) and PMMA-H (------- ).

b) PMMA-COOH (------ ),  PMMA-COONa (---------) and PMMA-H (--------).
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ether lim its the usefulness o f D TA  in determ ining  the second order glass 

transition tem perature for the polym ers.

7 .2 .3  T h e rm a l v o la tilis a tio n  a n a ly s is  (T V A )

The T V A  traces fo r the norm al and a ,co —b ifu n c tio n a l PM M A  are 

rep roduced  in F igures 7 .3-7 .7 . For all o f the po lym ers excep t PM M A - 

C O O N a, the evolution of volatile degradation products begins above 250 °C, 

leading  to  the m ain stage o f decom position w hich  occurs in the range of 

325-420 °C , reaching m axim um  rate o f volatilisation around 375-400 °C. In 

the case o f PM M A -C O O N a, how ever, onset o f degradation is at 210 °C  and 

in  addition, a third stage decom position was observed above 400 °C.

In each o f the a,co- bifunctional PM M A  sam ples, there is an increase in 

response in  the -75, -100 and -196 °C  traces at the end o f the m ain  stage 

o f decom position, com pared w ith the TV A  behaviour o f norm al PM M A . This 

phenom enon is due to the fact that a side chain reaction process, releasing 

low  boiling point volatile products.

C old ring fraction and residue were also present in all cases, except for 

no rm al PM M A . The form ation  o f non-condensab le  gases w as detected  

during the m ain stage o f decom position process.

T he m ain  fea tu res o f the T V A  data are sum m arised  in T able 7.2. 

A lthough the in itial decom position o f PM M A -C O O N a begins 50 °C  earlier 

th an  fo r the rem ain ing  po lym ers, te lechelic  PM M A  w ith  the term ina l 

carboxy lic  acid or sodium  carboxylate  groups show s h igher stab ility  as 

m easu red  by  T m a x  . The residue left from  the degradation  o f telechelic  

P M M A  sam ples was g rea ter in  po lym ers con ta in ing  sod ium  i o n  . 

E viden tly  the involatile  m aterial rem aining as residue consists m ain ly  of 

sodium  carbonate.



Pi 
ra

ni
 

ou
tp

ut
 

mV 
( 

R
el

at
iv

e 
ra

te
223

-45
-75

-100

-196

400350 450300250
Sample Temperature ( °C )

Figure 7 .3 :  TVA t races  for  PMMA-H heated to 500 °C. Heating

ra te  of 10 °C/min .



224

o

co

CSJ

oC\JCO

oo

S-QJ
Q .
EQJ

CL)
Q.
00

( aA.L}P[ay ) /\w }nd}no LuejLd

Fi
gu

re
 

7.
4:

 
TV

A 
tr

ac
es

 
fo

r 
PM

MA
-C

OO
Na

 
he

at
ed

 
to 

50
0 

C 
. 

H
ea

tin
g 

ra
te

 
10 

C
/m

in



Pi 
ra

ni
 

ou
tp

ut
 

mV 
( 

R
el

at
iv

e 
ra

te
225

4 - 4 5
- 7 5

-100
- 1 9 5

3

2

1

0
250 300

Sample Temperature ( °C )
350 400 450

Figure 7.5: TVA t r a c e s  f o r  PMMA-COOH beated  to  500 °C . Heating r a t e

r a t e  o f  10 °C/min .



Pi
 

ra
n

i 
o

u
tp

u
t 

mV
 

( 
R

e
la

ti
v

e
 

r
a

te
226

-45
-75

-100
-196

4

3

2

1

0
250 300 350 400 450

Sample Temperature ( °C )

Figure 7 .6: TVA t r a c e s  f o r  PMMA-CĤ CĤ ONa heated t o  500 °C . Heating
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Q uan tita tive  m easu rem en t ind ica ted  tha t the res idue  from  the 

degradation of PM M A-COONa is about twice that from PM M A -C F^C F^O N a. 

This m ight be due, how ever, to the h igher m o lecu lar w eight o f PM M A - 

CH 2CH 2ONa.

7.3 C H A R A T E R IS A T IO N  O F  D E G R A D A T IO N  P R O D U C T S

T he products released from  the heating to 500 °C  o f norm al and 

a ,  co—bifunctional poly  (m ethyl m ethacrylate) under T V A  conditions were 

frac tionated  in to  four m ain types in accordance w ith their vo latility . The 

condensable volatile products at -196 °C , were further divided into gases and 

liquids, w hich w ere analysed by m eans of IR, M S and G C-M S techniques. 

The cold  ring fraction form ed on upper part o f the inner w all o f the TV A  

tube w as d isso lved  in low  boiling point solvent (m ethylene chloride) for 

quantitative and spectroscopic analysis. The residual fraction  w as found to 

consist o f sodium  carbonate in polym ers containing sodium  m etal and char 

fo r the rem aining a,co—bifunctional PM M A  sam ples.

7.3 .1  C o n d e n sa b le  V o la tile  P ro d u c ts

T he SA T V A  traces fo r the condensable  vo latile  p roducts from  the 

degradation  o f norm al and a,co—bifunctional PM M A  sam ples, show n in 

F igures 7 .8-7 .12 , exhibit tw o m ain fractions in general. The first fraction  

p roducts w ere found to consist m ain ly  o f carbon  d iox ide  (m ajor) and 

d im ethy l ether, together w ith traces o f butene-1 , isobutene and d im ethyl 

ketene (PM M A -C O O N a only). In contrast, only a trace o f carbon dioxide was 

detected from norm al PM MA.
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Figure 7.13: Gas chromatogram f o r  the  l i q u i d  f r a c t i o n  in SATVA s e p a r a t i o n

of  products  from the degradat io n  o f  PMMA-COONa t o  500 °C.



236

Scan
100 200 300

100 -

8 0 -

6 0 -

40 _

+ J  O)
2 0 -

17:358:45 26:25
Retention Time ( min )

Figure 7.14: Gas chromatogram f o r  the  l i q u i d  f r a c t i o n  in SATVA s e p a r a t i o n

o f  products  from the  degradat io n  of  PMMA-COOH to  500 °C.
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Figure 7.16: Gas chromatogram f o r  the  l i q u i d  f r a c t i o n  in SATVA s e p a r a t i o n

of  products  from the  degradat ion  of  PMMA-CĤ CĤ OH t o  500 °C.
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The second fraction  was collected as liquid and consisted  m ainly o f 

m ethyl m ethacrylate with sm all am ounts o f m ethanol and petroleum  ether. 

In addition, the to tal liquid fraction from  each polym er, w as subjected to 

G C-M S exam ination using a colum n B P 10 containing 14 % cyanopropyl 

dim ethyl siloxane. The gas chrom atogram s for the liquid fraction products 

in SA TV A  separation from  the degradation o f each o f the a,co-b ifunctional 

PM M A  sam ples are show n in Figures 7.13-7.16. The m ajor peak in all o f 

the gas chrom atogram s is entirely  due to m ethyl m ethacry late, together 

w ith less am ount o f m ethanol and precipitant petroleum -ether. In addition 

a variety o f volatile products are present in the case o f PM M A  with 

-C H 2C H 20N a and -C H 2 C H 2 OH ends. T heir gas chrom atogram s exhibit the 

presence o f m ethyl m ethacrylate, m ethanol, m ethyl ethacrylate, a .m e th y l-  y- 

butyrolactone , m ethyl propanoate, and m ethyl acetate, cyclohexane , 4- 

m ethy l-4-pentene-2-one, 1,3-dim ethyl cyclohexane [PM M A -C H 2C H 20N a 

o n ly ] , 3 -m e th y l 1-b u tan o l and  3 -m e th y l-3 -h y d ro x y e th y l m eth y len e  

cyclobutane [PM M A -C H 2 CH 2 OH], as listed in Tables 7.3 and 7.4.

7.3.2 Cold ring fraction (CRF)

There is no CRF produced in the degradation o f norm al PM M A.

T he ir spectra  o f the to ta l C R F from  degradation  o f each  o f the 

telechelic  PM M A  sam ples, reproduced in Figure 7.17, are identical in m ost 

respects to that o f norm al PM M A.

T he ir spectra  o f the CR F from  PM M A -C O O H  and PM M A -C O O N a 

degradation show  a shoulder at 1695 cm - 1 corresponding to the stretching 

v ib ration  o f the carboxylic  acid absorption. This ind icates that the CRF 

consists o f short chain fragm ents w ith term inal -CO O H  groups. The mass
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spectra obtained for the total CRF at different probe tem peratures indicated 

saturated and unsaturated oligom ers w ith less than six units.

The ir spectra for the C R F from  P M M A -C F ^C H ^O N a and PM M A - 

C H 2 C H 2 OH degradation exhibit a new w eak band at 1800 cm -1, w hich is 

due to the stretching  v ibration  o f a five m em bered  ring lactone. This 

indicates the interaction o f the functional end group w ith the neighbouring 

ester group to form  the cyclic structure. The m ass spectra show ed fragm ent 

ions corresponding to the hydroxyl term inated dim er (m /e 246), trim er (m/e 

346), tetram er (m/e 446) and pentam er (m/e 546), all together w ith saturated 

and unsaturated oligom ers with less than six units.

Table 7.5 sum m arises the CRF products identified by m eans o f IR  and 

M S spectroscopy.

7.4 M E C H A N IS M  O F  D E C O M P O S IT IO N

From  the inform ation obtained on stability and by the identification of 

p roducts o f degradation , it is ev ident that the m echanism  o f the therm al 

degradation o f a ,  co-bifunctional PM M A  is influenced by the functional end 

groups. N evertheless, the m ain reaction decom position is that from  w hich 

m ethy l m ethacry late  is p roduced by chain  scission reactions at random  

po in ts along the po lym er chain , fo llow ed by unzipp ing  as illustra ted  in 

Schem e 7.2.
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c h 3 c h 3 c h 3 
1 1 1

wv^CHtj—C— CH~—c  42 1 2 I -C H 5—C--VW

COOCH3 COC
1

)CH3 COOCH3

Chain scission

c h 3 c h 3 c h 3
|

— CH^-C-j-CH^—C • 2 | • 2 | + CH5—
1

C00CH3 COOCH3 COOCH3

I II

c h 3

--------------- - CHf

+-
0

-
II

C00CH3

Schem e 7.2

A h igher tem pera tu res, side group reactions occur in all four a ,co 

bifunctional PM M A  sam ples and the variety o f degradation products obtained 

suggests the e lim ination  o f part or all o f the side groups. T hese reaction 

account fo r the form ation o f isobutene, butene-1, carbon dioxide, m ethanol, 

m ethane and d im ethyl e ther and is believed  to involve the radical II as 

show n  in  Schem e 7.3 . T he in te rm ed ia te  species (III) m ay  undergo  

rearrangem ent and abstracts hydrogen to form  butene-1.
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CH3 c h 3

CH 5—C— CH~—C 2 | 2 !
C00CH3 C00CH3

II

-0CH3
r

c h 3

CHr— C— CH2 
\  /

II
o

III

c h 3
COOCH3 .  1 - T
-------------- * I + CH0==C— CH2

-CO
H abstraction

Rearrangement

-CO
H'abstraction

H'abstraction

/C H 3

c h 3
Isobutene

c h 2==c x

o

c h 2==c h - c h 2- c h 3

Butene-1

S ch em e  7.3

R eactions o f ’OCH3 and *COOCH3 radicals can lead to  y ield carbon 

dioxide, dim ethyl ether and m ethanol.

’0 CH3 + COOCH3 -----------------> C02 + CH30CH3

'OCH3 — H abstraction > CH3OH

In the case o f PM M A  with the term inal -C H 2C H 20N a and -CH 2 CH 2 OH 

groups, various degradation  products are present. A  reaction  m echanism  

supported by the identification o f these products is show n in Schem e 7.4.
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The interaction of the functional end group w ith the neighbouring side 

ester group is believed to result in  chains w ith five m em bered ring lactone 

ends p rio r to form ation o f oc-m ethyl-y-butyrolactone. CR F products m ust 

result from  chain scissions w ithin a few  units o f these ends.

CH3 c h 3

CH2 —C— C H --C -  c h 2c h 2o x  
i 2 i

COOCH3 COOCH3

Cyclization

CH3

CH2— C— c h 24 - c 
-1 1)
COOCH3 r

CH3 O X  ( X = H, Na)

Side chain scission at (a) 
v  H‘abstractionSide chain 

scission at(b)

CH3

CH2— C— CH2— C

CH3

CH2 + 'COOCH3 CH3

HC

0 ^  \ 0 /
IV

Decarboxylation a -  Methyl-y -buty rolactone

H’abstraction

1,3-Dimethyl cyclohexane

Schem e 7.4
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In the case o f PM M A -C T ^C F^O N a, 1,3 dim ethyl cyclohexane m ay be 

produced by the decarboxylation of the short chain fragm ent IV, follow ed by 

intram olecular hydrogen abstraction.

The form ation of m ethyl ethacrylate is accounted for by chain scission at 

(a) and (c) as illustrated in Schem e 7.5.

a 9 H3 c CH3 CH31 1
__  ! 1 Scissions __ 1 1 m

— CH2 ; C CH2CH2 ; ONa---------------* ~-CH2--C -C H 2 + 'C—CH2CH2 + ONa
| at (a) and (c) 1 1

COOCH3 COOCH3 COOCH3

II

CH2 CH3

c h 2= c Rearrangement
C00CH3

<------------------------

Methyl ethacrylate

Schem e 7.5

T he fo rm atio n  o f traces o f  3 -m e th y l-3 -h y d ro x y e th y l m ethy lene  

cyclobutane in the degradation o f PM M A -C H 2 C H 2 OH is accounted for by 

side chain  scission o f the tw o neighbouring ester groups to the functional 

end  group form ing in term ediate species IV  follow ed by rearrangem ent as 

illustrated  in Schem e 7.6.

T he possib le  routes fo r the form ation  of sodium  carbonate  from  the 

deg radation  o f  PM M A -C O O N a and P M M A -C H 2C H 20N a are show n in 

Schem e 7.7. The absence of sodium  oxide as residue, particu larly  fo r the 

degraded PM M A -C H 2C H 20N a, can be explained by the presence of carbon 

dioxide in the atm osphere w hich instantly converts it to  sodium  carbonate.
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CH3 c h 3

w - C - C H ,....i... «- c - c h 2c h 2o h
...1...

C00CH3 C00CH3

>
Side group scissions

>
CH3

CH3 CH3
• t 1 JL _  Rearrangement 
CH2 C C CH2CH2OH -------------------------*■

\ /  -H- 
c h 2

C H z ----

P
CH2

c — c h 2 c h 2o h

CH2

3-Methyl 3-hydroxy ethyl
methylene cyclobutane

Schem e1 7.6

c h 3 c h 3

— CH2 —C-COONa 
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250

CIHtAIPTIEIR £1! G 'H T

8.1 G E N E R A L  CO N C LU SIO N S

The therm al degradation studies o f polyesters reported  in  th is thesis, 

ind icate  that the favoured m echanism s for d ifferent polyesters under high 

vacuum  conditions, can be sum m arised as follows.

Poly(alkylene terephthalates) and po ly(ether-esters) (C hapter 4 and 5) 

fo llo w  th e  sam e m ech an ism  o f d e g ra d a tio n , in  w h ich  the  in itia l 

d eco m p o sitio n  by  este r in te rchange  reac tion  occurs in p refe rence  to 

h o m o ly tic  c leavage o f bonds in to  rad ica ls . T his is fo llow ed  by  o ther 

reactions involving the fragm entation of the diol units and ester bond in the 

b ackbone  o f po lym er. It is im portan t to no tice  tha t these  hom oly tic  

processes in the degradation of poly(alkylene terephthalates) and poly(ether- 

e s te rs) take p lace at tem pera tu res w ell above the in itia l decom position  

tem perature o f the ester link.

In the case o f arom atic polyesters (polyarylates), studied in C hapter 6, 

the degradation  is in itia ted  by hom olytic  scission at an acyl-chlorine end 

group leading  to a m acrorad ical w hich undergoes random  chain  scissions 

re leas in g  a large  range o f deg radation  p roducts . W hen  fire  re ta rdan t 

structures ( Cl, B r -contain  ing) are in troduced  in to  these polyarylates as 

reac tiv es , som e changes are observed  in  the ir therm al stab ility . It is 

in teresting  to  note that the derivative TG  traces (D TG ) (C hapter 6) show 

that the T max is affected by bo th  halogen substitu tion  and the position  

linkage. In addition, the therm al stability  o f these polyarylates appears to 

increase in the follow ing order
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PA 4 ( ortho-para ) <  PA3 ( m eta-para ) <  PA 2 ( para-para )

Br-PA5 <  C1-PA5 <  PA5.

T hese observations, together w ith the fact that there is an increase in the 

am ount o f residue, supports the suggestion o f crosslinking processes in the 

degradation  of polyarylates containing halogen  in the arom atic ring. This 

show ed the effectiveness o f halogen in polym er fire retardancy as a result of 

vapour phase and condensed phase reactions.

T he study  o f the therm al deg radation  o f te lech e lic  po ly (m ethy l 

m ethacry lates) show ed that m ethyl m ethacrylate  rem ains the predom inant 

degradation  product ,although the functional end groups play a part in the 

fo rm ation  o f som e C R F products. A t h igher tem pera tu res, side group 

reactions occurred in the degradation o f all a ,  co-bifunctional PM M A  as 

show n by the presence of CO 2 , m ethanol and dim ethyl ether.

8.2 SUGGESTIONS FOR FURTHER WORK

1) Investigation  of the effect o f som e fire retardant additives such as 

A PP (am m onium  polyphosphate) on stability and m echanism  o f degradation 

o f the poly(ether-esters) studied in Chapter 5.

2) A  m ore detailed exam ination on the behaviour o f polyarylates and 

halogenated  polyarylates using Oxygen Index (OI) m easurem ent to estim ate 

the resistance o f flam e.

3) Study o f the therm al degradation o f (PM M A - polyester ) copolym ers 

based on a ,co-bifunctional PM M A  oligom ers and terephthaloyl chloride, 

polyarylates or other m olecule o f related structure.
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