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Abstract 

 The present work deals with the pyrolytical studies of nine systems, i.e., two polymers 

[poly(methyl methacrylate) and poly(vinyl acetate)] and one copolymer [(poly(S-co-MMA)] 

blended with three inorganic additives, namely, aluminum tribromide, phosphorus tribromide 

and tin tetrachloride. Each polymeric/copolymeric substance is cast in the form of film (from 

common solvent) with each additive to get binary system such as PMMA-AlBr3, P(S-co-

MMA)-AlBr3, PVAc-AlBr3, etc. The interest is based on the retardance of flammability, 

thermal stability, alteration in degradation mechanism, etc. of organic materials in the 

presence of inorganic species. 

 The first chapter details the historical use of polymers, their wear and tear under the 

influence of different conditions, i.e., UV, -radiations, oxygen, biological agents, heat, etc. 

Major emphasis is laid on the effects of heat and the reactions involved during the 

deterioration. The role of additives in imparting stability or otherwise is briefly described. 

 Literature review is given in second chapter which includes the summary of the work 

published by various scientists on the subject of thermal degradation of polymers/copolymers 

alone as well as in the presence of additives over a long span of time. The 

polymers/copolymer selected for current investigations get major share of the review. 

 In the third chapter, aims and objectives of the present research are included. 

Furthermore, the incentives and motivation for the work conducted are presented along with 

the plans and strategies devised. 

 Experimental portion, chapter 4, consists of purification procedures for solvents, the 

preparatory methods for polymers, copolymers and additives, sample preparation techniques 

for flammability test, set-up designed for the pyrolysis of the systems explored and the 

instrumental techniques employed for the characterizations. 

 All results gleaned from instrumentation, viz., TG-DTG-DTA, IR, GC-MS, 

flammability, about the binary systems are listed in chapter 5. Tabulated findings are 

available including activation energies and order of reactions. 

 Chapter 6 discusses the mutual thermal behavior of PMMA and AlBr3, PBr3, SnCl4 in 

each other‟s presence. The three systems start degrading at lower temperatures when 

compared with T0 (temperature corresponding to first weight-loss) of PMMA. In the case of 

PMMA-AlBr3, T0 is lower than the T0 of the additive. Despite early destabilizations, 
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stabilization zones (in terms of temperature) and other factors promoting stability are 

identified. A number of new products have evolved in all cases which provide reasons to 

believe that chemical interaction has taken place and the path of polymer degradation appears 

modified. PMMA-PBr3 blend reveals that phosphorus is incorporated in the backbone of 

PMMA during the course of degradation. Phosphorus also interacts with carbonyl oxygens of 

PMMA pendent groups in a similar fashion as is observed for Al (from AlBr3) and Sn (from 

SnCl4), however, it cannot be termed as „co-ordination‟ or „complexation‟ as observed for Sn 

in PMMA-SnCl4 system. Not only the positively charged parts of the additives, i.e., Al, P and 

Sn interact with the pendent groups and backbone of the polymer but the negatively charged 

parts (Br and Cl) also form bonds after the partial or complete removal of pendent groups. In 

other instances, they also replace the methyls attached to backbone carbons. The flammability 

parameter indicates the effectiveness of all the additives which markedly lower the burning 

rate of PMMA. Degradation mechanisms are proposed on the basis of gathered data and 

products identified. Monomer is not the major product in the studies undertaken presently. 

 The same chapter, (6), explains the thermal behavior of P(S-co-MMA) in the presence 

of additives already named in the last paragraph. The blends [P(S-co-MMA)-AlBr3, P(S-co-

MMA)-PBr3 and P(S-co-MMA)-SnCl4] exhibit a low-temperature degradation which is 

thought to be linked to the decomposition of non-copolymeric part of the blends. This 

destabilization is followed by stabilization of either component of the systems (general 

observation). The release of free radicals by the disintegration of „free‟ or „attached‟ additives 

initiates as well as inhibits depolymerization. The „co-ordination‟ or „complex‟ type 

structures become less appreciable in the present case when this feature is compared with the 

PMMA blends revealing the lower number of pendent (-COOCH3) groups available in 

copolymer. New products are noticed in all blends which furnish the basis for chemical 

influence of the constituents on each other‟s pyrolysis. Phosphorus appears attached to the 

degrading copolymer for P(S-co-MMA)-PBr3. Benzene ring, substituted with halogens, 

evidence the types of reactions that occur as the degradation processes progress. The 

pyrolysis of P(S-co-MMA)-SnCl4 unveils the formation of bisubstituted benzene which 

means chlorine is more reactive than bromine (no such instances are observed with P(S-co-

MMA)-AlBr3 and P(S-co-MMA)-PBr3).  These reactions are believed to proceed free 

radically. The test of flammability proves that all the additives are equally effective in case of 

copolymer‟s burning. 
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 The thermal behavior of PVAc-AlBr3, PVAc-PBr3 and PVAc-SnCl4 is included in the 

same chapter, i.e., 6. As before, the early degradation of the blends is due to the 

decomposition of the additives at lower temperature generating free radicals. On the basis of 

T0, polymer is more stable than blends. The later part of the pyrolysis clearly unfolds the fact 

that blends are more stable than polymer. Higher quantities of residue are noticeable for 

blends. Additives also appear stabilized in the presence of polymer. The identified 

degradation products make it clear that the effect of additives is chemical in nature. Apart 

from polyene structure (crosslinked inclusive), the modification of „acetate‟ groups to 

„formate‟ groups is also observed. Presence of acetyl bromide and acetyl chloride help in 

understanding the lower amounts of acetic acid (this acid is the major product of degradation 

of PVAc and also when the  polymer is degraded in the presence of ZnBr2 as reported in 

literature). Phosphorus is observed as part of the degraded polyene structure in case of PVAc-

PBr3. When flammability is checked, all the additives seem to be remarkably effective. 

 The similarity of interaction between additives and polymeric/copolymeric materials 

is believed to arise from the decomposition modes of additives which remain same. Their 

further reactions with degrading polymers/copolymer (and the degradation products thus 

formed) result in compounds which may appear similar or identical. For instance, acetic acid 

produced during the pyrolysis of PVAc is attacked by bromine free radicals (from AlBr3 and 

PBr3) and chlorine free radicals (from SnCl4), to form acetyl bromide and acetyl chloride, 

respectively. The „complexation‟ or „co-ordination‟ of additives (positively charged part) 

with the pendent groups of polymers and copolymer (this may not be regarded as „true‟ 

coordination or complexation (except for SnCl4) which is specific to transition elements) is 

thought to impart stability to additives from the beginning of degradation processes. 

However, this does not seem to be a consistent feature. 

 Chapter seven comprises the conclusions drawn on the basis of results obtained 

during present venture for the above-mentioned blends. Important features are given due 

attention and it is believed that point-wise inclusion of conclusions will be helpful in grasping 

the overall thermal behavior of the blends. 

References and list of publications including published papers as well as papers being 

processed appear at the end of chapter seven of this dissertation. 
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1. Introduction 

Polymer is a large chain molecule (macromolecule) of high molecular weight 

which is composed of a single molecule (monomer) that is repeated many times in the 

chain bound together with chemical bonds. A polymer is said to be a copolymer, 

when a polymer is formed from two or more monomers. The relative position of the 

two monomers can be random or regular or in chunks. 

It is well-understood fact that utilization of synthetic materials, i.e., polymers 

(in various forms and almost in every field) has increased manifold in this modern 

era. Polymer science, no doubt, has produced or is still producing new materials due 

to need for new application with the advancement of technologies. In the years ahead, 

polymers will continue to develop for the benefits of humankind. The growth, from 

all indications, will be not only from the development of new polymers, but also from 

the chemical and physical modification of existing ones. Besides, improved 

fabrication techniques will result in low-cost products. Today the challenges of 

recycling posed by environmental problems have led to further developments 

involving alloying and blending of plastics to produce a diversity of usable materials 

from what have hitherto been considered wastes. Many polymers are similar to 

conventional materials but with greater economic values, some represent significant 

improvements over existing materials, i.e., metallic and cellulosic, and some can only 

be described as unique materials with characteristics such as less prone to attack by 

biological agents, greater elasticity, more tensile strength, unlike any previously 

known to man. Polymer materials can be produced in the form of solid plastics, fibers, 

elastomers, or foam. They may be hard or soft or may be films, coatings or adhesives. 

They can be made porous or nonporous or can set with heat or without heat. The 

possibilities are almost endless and their applications fascinating. However, one 

drawback which inhibited their total replacement is their flammability. Most synthetic 

polymers and copolymers are hydrocarbon-based, so obviously support combustion. 

Most polymers (especially organic) if subjected to a source of ignition, or at once 

catch fire while placed near to it, undergo self-sustaining combustion in air or oxygen. 

It is not, of course, the polymers which burn, but the volatile products of degradation 

produced also play a vital role in this process. There is still a massive drive to 
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understand these materials and improve their properties in order to meet material 

requirements; however, increasingly polymers are being applied to a wide range of 

problems, and certainly in term of developing new materials there is much more 

emphasis on control [1-4]. 

In many cases, their combustibility is required, e.g., as rocket propellants but 

for most of the purpose for which they are needed, this property poses great problems. 

Construction and house-hold synthetic plastics offer greater risks because in case of 

fire, there is not only loss of property but also much greater loss of human life is 

encountered. This is because of physiological effects of fire gases which drop 

visibility owing to the production of dense fumes, intoxication due to evolution of 

toxic materials and suffocation because of exhaustion of oxygen [5-6]. In this respect, 

the British Home Office report “Fire risks of new material” [7] is an important 

document which emphasizes the fact that the nature of many domestic fires has 

changed and that now there is rapid growth of fire and greater smoke generation 

which are the causes of considerable loss of life. This aspect has aroused great 

concern at higher levels and in many countries legislation regarding the flammability 

of synthetic polymers asks for strict measurements. In pursuance of this, extensive 

research studies are underway to make polymers and copolymers less flammable and 

fire-retardant. Although it is difficult to have an understanding of the complex 

mechanism of polymer and copolymer during fire, yet their thermal degradation under 

controlled conditions offer good deal of basis for understanding the complex 

mechanism and developing fire retardant materials. 

Polymers are organic compounds so their flammability is a major risk. Their 

thermal degradation has been a subject of many publications [8-14].
 
During fire 

situations these pose two kinds of dangers: Firstly, at high temperatures, large 

amounts of monomers which have been proved to be incapacitant, evolve, so that 

those who have inhaled too much become unable to escape from the fire. Secondly, 

the aromatic products of the thermal degradation burn to give very thick black smoke 

[10]. To make the polymer fire retardant, blending, copolymerization [15] and 

addition of different additives [16,17]
 
have been tried. Copolymerization may not 

prove successful for most of the polymers because of the mode of degradation; 

however, the blending of different additives is believed to be rather effective. The 

ultimate thermal stability of a polymer, the mode of degradation and the influence of 

certain additives (organometalic or inorganic) are of prime interest both to the 
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polymer chemists preparing new polymers and to the technologists seeking to use a 

compounded polymer at elevated temperatures.   

Considering above factors, the effect of three different inorganic additives 

instead of previously used organometallic additive, on the thermal degradation of 

polymers/copolymer was investigated. The additives tried were: aluminium 

tribromide, phosphorus tribromide and tin(IV) chloride. The polymers/copolymer 

selected were: poly(methyl methacrylate, poly(vinyl acetate) and copolymer of 

styrene and methyl methacrylate (poly(styrene-co-methyl methacrylate). These were 

mixed by dissolving both in a common solvent rather than mixing the polymer-

additive powders completely in agate mortar (except for PMMA and Al(acac)3, then 

mixed both individual transparent solutions to form a final solution and dried at STP 

to shape it to form a thin  film before analyzing.
 
The major interest for the present 

study is to ascertain the change in the degradation pattern of these specific 

polymeric/copolymeric systems, the interaction and stabilization/destabilization 

imparted in the presence of these purely inorganic additives besides, checking the 

effectiveness of additives as flame retardant.   

1.1 Thermal Degradation of Polymers 

Polymers are classified on the basis of their thermal (thermo-mechanical) 

response, as thermoplastic or thermosets. The thermoplastic polymers soften and flow 

under the action of heat and pressure and upon cooling harden and acquire/assume the 

desired shape, without suffering any structural breakdown. The examples of these 

polymers are polyethylene, polystyrene, nylon. etc. A thermoset is a polymer that, 

when heated, undergoes a chemical change to produce a cross-linked, solid polymer. 

Examples of such category are epoxies, urea-formaldehyde, phenol-formaldehyde, 

etc. The basic structural difference between thermoplastics and thermosets is that 

thermoplastic polymers are composed mainly of linear and branched molecules, 

whereas thermosets are made up of cross-linked systems [2,4].   

Polymer degradation is a broad term that includes biodegradation, pyrolysis, 

photo-degradation, catalytic degradation, oxidation and mechanical degradation. The 

degradation of polymers includes all the changes in the chemical structure and 

physical properties of the polymers due to external or physical stresses caused by 

chemical reactions, involving bond scissions in the backbone of the macromolecules 

that lead to materials with characteristics different from those of the starting materials. 
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The thermal degradation of polymer is a process in which deterioration and 

chemical changes occur within the polymer accompanied by the exposure to heat in 

both inert and oxidizing atmosphere. The polymer loses its characteristic features 

either breaking down into smaller fragments or developing new interactions which are 

not desirable. It has aroused more interest and has been investigated more extensively 

than any other form such as light, ionizing radiation, chemical compounds, microbes 

and mechanical stresses [18-27]. 

Thermal degradation of polymers can be divided into three classes: (i) complete 

degradation with breaking of the main chain. (ii) rupture of side fragments along with 

formation of volatile products and char residues.  (iii)  volatile products are the minor 

and the major product is char [28]. The investigation of degradation mechanism is 

carried out not only to determine the basis for prolonging the life-time of polymers, 

but also to provide the aim at enhancing the degradation rate of large-volume 

polymers. 

For understanding the complex mechanism of polymer degradation at high 

temperatures, thermally-induced polymer degradation can furnish useful information 

which would be helpful in designing polymer that can meet future or present 

requirements. Understanding of these processes would help stabilizing polymers in a 

logical way. 

Monomers can be recovered by the thermal degradation of polymers, e.g., 

poly(methyl methacrylate) gives monomer quantitatively [29-30] and polystyrene 

depolymerises from 40% to almost 100% monomer depending on the experimental 

conditions [31]. Polyacrylonitrile is heated above 1500
o
C to get carbon fibers in an 

inert atmosphere and poly(ethylene oxide) can give finely divided charcoal on heating 

it in the presence of oxygen(caution: it could be explosive). Besides these, polymer 

degradation can be carried out to help characterize polymer structure, to render 

information on the nature of chain ends, cross-links between chains and strengths of 

various bonds within polymer molecules. The kinetics of different degradation 

reactions and the effect of environment on the rates and products of degradation can 

also be studied. Studies regarding effect of additives on polymer degradation at 

elevated temperatures can give such information which could be used to design 

polymers not yielding to adverse effects of fires. 



5 

 

Compared to smaller molecules of analogous nature to polymers, thermal 

degradation of latter takes place at a far lower temperature, in some cases, as low as 

200
o
C. 

Generally, it can be reasoned that although the structure of polymer is 

represented by placing monomer units in a head-to-tail or head-to-head fashion, yet 

this simple arrangement is much more complex than this. For example, chain ends 

will be different according to mode of preparation, branching may also take place and 

presence of impurities may provide “easy targets” for the degradation processes to 

start. 

Second reason is the long-chain character of polymers. This facilitates those 

type of reactions which are not possible in small molecules. Thus monomer 

production from polymer may occur by “unzipping” of monomers. The products of 

decomposition of one monomer may activate the decomposition of adjacent 

monomers
 
[24-26] and this process goes on along the whole chain. 

1.2 Techniques to Study Polymer Degradation 

The selection of method to pursue study is mostly dependent on the objectives, 

which may be pointed out as: (i) threshold temperature for breakdown (ii) nature of 

the evolved volatile products (iii) establishment of kinetics and (iv) ultimate 

understanding of the mechanism of decomposition. Thermal analysis methods have 

proved very useful tools for suitable processing conditions, useful service guidelines 

for applications, relationship between thermal properties and chain structure of 

polymers. In the recent years, different types of instrumentations have been developed 

in order to accomplish degradation for both conventional qualitative and quantitative 

analysis. Thermal decomposition of polymers has been investigated by techniques 

like thermogravimetry (TG) and differential scanning calorimetry (DSC). Volatile 

products have been analyzed on-line by mass spectrometry (MS) and Fourier 

Transform infrared spectrometry (FTIR). The „hyphenated‟ thermoanalytical 

techniques such as TG-MS or TG-FTIR have proved powerful tools in studying 

structural features of complex organic materials, although the volatile organic 

compounds obtained normally account for only 50-70% of the original matter [11,30, 

31]. Thermoanalytical methods of analysis of polymers are important because these 

techniques can furnish information about the thermal stability of polymers, their shelf-

life or life time under particular conditions, phases and phase changes occurring in 
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polymers, nature of volatile products and their analysis. Thermal analysis involves the 

measurement of a property of material as it is heated through a linear controlled 

temperature program. The most versatile techniques from the standpoint of polymer 

degradation are thermogravimetry (TG), derivative thermogravimetry (DTG), 

differential thermal analysis (DTA) and differential scanning calorimetry (DSC). 

Thermogravimetry, in which the loss in weight is measured, provides quantitative 

information of degraded products. Heat absorption or evolution, due to either physical 

or chemical changes occurring within the polymer is measured by differential thermal 

analysis and differential scanning calorimetry. Thermal volatilization analysis (TVA) 

is particularly versatile form of evolved gas analysis (EGA) [32]. In TVA, the 

presence of volatile degradation products is measured continuously in a continuously 

evacuated system. In TVA, unlike most other thermal analysis methods, the products 

of degradation are immediately available for subsequent analysis as a series of well-

defined fractions. The technique of controlled pyrolysis followed by gas 

chromatography and mass spectrometry (GC-MS) is, in fact, a thermal method of 

analysis accompanied by the characterization of isolated products [2]. The advent of 

gas–liquid chromatography had a major impact on polymer degradation studies by 

making it possible to separate complex series of products. The ability to identify these 

products in trace amounts using mass spectrometry (MS) revolutionized polymer 

degradation studies. GC-MS technique is undoubtedly the most veritable and 

powerful single analytical tool among the existing analytical techniques [3-4]. 

1.3 Application of Thermal Analysis Methods on Polymers 

The applications of thermal analysis (TA) are classified in various groups, i.e., 

thermal stability and degradation of polymers, Tg temperature of polymers, melting 

and crystallization of polymers, heat capacity of polymers, analysis and identification 

of polymers, cross-linking of polymers, etc. The properties and processing 

phenomena in polymers are investigated by main thermal analysis methods.  TG has 

the dominating position in the evaluation of the thermal stabilities of polymers, and its 

use in other regions is rather sporadic. The most frequently used criteria are: the 

temperature of the beginning of mass loss, the temperature of a definite mass loss, or 

inversely the mass loss corresponding to a certain temperature level. Subsidiary uses 

are the measurement of the relative efficiency of antioxidants and the monitoring of 

curing condition for condensation polymers. The advantages of TG are that it is a 
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quick and easy test to make, instrumentation and data analysis can be fully automated 

and only small quantities of material in a non-specific form are required. As regards 

the possibilities of particular thermal analysis techniques, the most promising appear 

to be quantitative differential thermal analysis and the DSC technique.  DTA and DSC 

are especially useful for the investigation of phase transitions in polymers. For these 

purposes, classical DTA is being replaced stepwise by DSC techniques. DSC has 

become an important tool for the investigation of a wide range of properties, 

phenomena and processes in polymers. There are surprisingly relatively few TA 

applications in the study of the cross-linking of polymers, though in this field DSC 

has especially wide potential possibilities. In contrast, it is interesting that there are 

numerous applications for determination of the glass-transition temperatures of 

polymers, although a number of other methods could be used for this purpose. 

Nevertheless, in general, all these techniques lag far behind the applications of TG 

and DSC. The same is valid for coupled simultaneous techniques, e.g., combinations 

of thermal analysis (TA) with some other method of structural analysis (mass 

spectrometry, gas chromatography) [33-35]. 

1.4 Flammability of Polymers 

Flammability of polymers is the only big issue, which can hinder their ability to 

take the place of traditional materials such as metals. Their flammability is a complex 

process with unrelated reasons. Firstly, almost all the polymers are organic in nature 

and they burn if the temperature is high. Secondly, damage to human life is not only 

because of burning process rather due to the formation of toxic substances (gases) 

released during burning. Thirdly, oxidation in gaseous phase is much more difficult to 

inhibit than in solid polymer. The use of additives for fire-retardancy of polymers may 

also cause to lose their desired physical properties [26, 36]. 

The chemistry of fire-retardancy in the presence of additives is complex, 

however. It is becoming more important to add chemicals (high temperature-resistant) 

even if these do not interact with the degrading polymers. The essential goal of flame 

retardancy is to preserve life and prevent or at least minimize damage to property. 

Therefore, the function of flame retardants in a resin formulation is ideally the 

outright inhibition of ignition where possible. Where this is impossible, a flame 

retardant should slow down ignition significantly and/or inhibit flame propagation as 

well as reduce smoke evolution and its effects [37-39]. The presence of flame 
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retardant also tends to cause substantial changes in the processing and ultimate 

behavior of commercial resins [40-41]. 

1.5 Significance of Polymer Degradation 

The studies on the thermal behavior of polymers, particularly on their thermal 

degradation, are of prime importance in understanding their usability, storage and 

recycling and from scientific point of view, molecular structure, such as the sequence 

and arrangement of the repeating units or monomers and side groups in the 

polymer/copolymer chain, as well as the nature of the chain ends. Moreover, thermal 

degradation is important in developing a rational technology for polymer processing, 

in using polymers at higher temperatures, and in understanding thermal 

decomposition mechanism for the synthesis of fire-safe polymeric materials [10, 20, 

24]. 

Similarly, thermal degradation studies of polymers are of extreme importance 

from practical point of view. Thermal degradation begins to be important when 

polymers are processed and fabricated to use. The threshold temperature for 

breakdown determines the upper limit of temperature in fabrication and the volatile 

products of degradation must be known in order to guarantee the safety of workers. 

There are also some useful aspects of thermal degradation. Examination of the 

breakdown products from polymers is increasingly used as a method of analysis. In a 

limited number of cases, controlled thermal degradation is important in recycling of 

plastic waste and in special case of carbon fibre production; degradative reactions are 

an essential part of the manufacturing processess [42]. New technologies are being 

investigated for energy and chemical recycling of plastic wastes. In spite of its 

limitations, like high melt viscosity, poor heat transfer and excessive vapour release, 

pyrolysis has been the common method for polymer degradation. Studies of 

degradation mechanism have not only served as a basis for prolonging the lifetime of 

polymers, but also have aimed at enhancing the degradation rate of large-volume 

plastics, such as polyethylene, PVC, polyamide (PA) or PS. For polymers to remain 

competitive, a proper understanding of their thermal degradation is a key factor in 

their utilization. 
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1.6  Classification of Thermal Degradation Reactions 

Thermally induced degradation reactions in polymers are classified into two 

groups, i.e., depolymerization or chain scission reactions and substituent or non-chain 

scission reactions. 

1.6.1 Radical Depolymerization Reactions 

Depolymerization includes all stages in which reduction of macromolecular size 

occurs without change of chemical composition or alteration of monomer unit 

structure [42]. In this type of reaction, main polymer chain backbone breaks randomly 

and at any intermediate stages the degradation products are similar to parent material, 

i.e., monomer units are still distinguishable. 

At high temperature, degradation is associated with initiation by scission of the 

polymer at random along its length to form radicals. These radicals then depropagate 

or unzip in a fashion which is reverse of the polymerization reaction. Termination in 

this case may occur by the combination of pair of radicals as in polymerization or by 

the unzipping process reaching at the chain end, the small residual radical escaping 

into gas phase [19, 43]. For example, poly(methyl methacrylate) depolymerizes 

radically to give quantitative yield of monomer. 

General mechanism of radical depolymerization includes, random initiation, 

terminal initiation, depropagation, intermolecular transfer, scission and termination [3, 

18, 19, 24, 25, 43]. 

1.6.2 Non-radical Depolymerization Reactions 

There are reactions which do not involve radicals during depolymerization such 

as polysiloxanes, polyesters, etc. Prior to scission in the backbone, it may assume a 

six-membered ring transition state. After scission the chain ends may contain vinyl 

double bonds and further depolymerization may give different volatile products. 

Chain-ends with carboxylic groups could give many products after degradation and 

abstraction of hydrogen atoms from surrounding. Cyclic structures can result because 

of intra-molecular rearrangement in the backbone. 

1.6.3 Substituent Reactions 

These types of reactions occur when decomposition starts from the groups of 

the polymer. Examples are higher polymethacrylates, although there has been 

evidence of ester decomposition [44] in case of poly (methyl methacrylate) as well. 
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The resulting species may comprise long conjugated chains with the elimination of 

small molecules, e.g., PVAc. 

1.6.4 Cyclization Reactions with Elimination 

Cyclization reactions frequently occur between adjacent pendent groups 

intramolecularly on polymer chains usually with the elimination of small molecule, 

for example, poly(N-methacrylamide) [45] eliminates methyl amine and 

polyacrylonitrile undergoes cyclization without eliminating anything. 

1.7 Stabilization of Polymers 

Stabilization, in its broad sense, is a process whereby desirable physical 

properties of polymers are protected from different effects such as heat, light, ionizing 

radiation, etc. by treating them with different agents. This has been in vogue since 

antiquity [46].  

Copolymers [26] were developed commercially to improve useful physical 

properties of polymers. Then came the blending of polymers to save homo-polymers 

against drastic effects of heat, UV, oxidation, impact, etc. Blending of additives with 

polymers for the same purpose (mixing at a molecular level or just blending 

physically) is gaining popularity for two reasons: firstly, additives cause cost 

reduction and secondly, being mostly inorganic, there are less chances of their 

chemical reactions with polymers although other properties may get affected. 

1.7.1 Stabilization in the Presence of Additives  

Studies regarding stabilization or otherwise of polymers in presence of additives 

(mixing at molecular level by dissolving in common solvent) has seen tremendous 

progress in the past three decades [47-62]. Physical blending (mixing of powders)
 
[63]

 

of additives and melt mixing [64] or compounding [65] have also been studied by 

many researchers. Understanding of mechanism of the interaction of additives and 

polymers during thermal degradation has brought forward many combinations which 

are being successfully employed to make polymers fire retardant. Additives impart 

fire-retardancy to polymers in one or more of the following ways: (i) may act as heat 

sink, (ii) decompose to such products which retard combustion, (iii) create barriers 

between flame and decomposing material, (iv) may increase the amount of char and 

(v) may block the propagating reactions of flame. Modification in the properties of 

polymers can be accomplished by adding suitable chemicals [66] which may affect 

different stages of burning process in a number of ways. Despite the fact that a 

number of additives have been tried, there is not a single additive which could 
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suppress the flammability of polymers completely in light of different standards and 

legislations.   

Fire retardants (FRs) can be classified into inorganic fillers and organic 

compounds. The latter can further be divided into additive FRs and reactive FRs. 

Additive FRs are simply mechanically mixed with polymers, usually during 

processing. These can also be coated onto the surface of polymers creating a barrier 

between fire and combustible surface. Reactive FRs are chemically bound to 

polymers. Since they become a part of polymer, so they protect it against 

decomposition even at higher temperatures making it thermally very stable. 

Copolymerization [26] is another way of structure modification due to reactive FRs. 

This helps in getting such structural arrangements which give strength to bonds 

requiring higher energy to break. 

Though it is easy to have a fire retarded polymer through modification and for 

special application [67-72], thermally stable polymers have been developed in the 

past, but their processing is not easy and properties required for various purposes are 

lost. From industrial point of view, these are not profitable. 

For wide range of applications, additives and inorganic fillers are considered 

more appropriate since they provide flexibility and generality. Reactive fire-retardants 

have this advantage over additive FRs that they do not evaporate. They are always 

available and are released when polymer decomposes. Only disadvantage is that they 

are to be incorporated at an earlier stage and as they are permanent part of the 

polymer, they affect the chemical stability of polymer. Additive FRs can be mixed 

with polymers at later stages and although it is advisable to have additives with 

matching decomposition or volatilization temperatures with polymers but it is not 

necessary because sometimes the additives do not decompose even at higher 

temperatures when heated alone and on mixing with polymer they decompose earlier. 

Main purposes of using FRs are to decrease fuel supply to fire; to absorb heat from 

flame; to reduce flame propagation and to prevent flame from reaching polymeric 

material by having charred or intumescent matter. 

Fire-retardants act through different mechanisms so it is necessary to have the 

knowledge of the events that occur during the combustion of polymer. Polymers do 

not burn; it is the volatile products which do so. These evolve large amounts of heat 

which sustain further decomposition of polymer and hence propagation of fire is 

maintained. Two consecutive chemical processes are distinguished for the combustion 
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of any solid material, i.e., decomposition and combustion. Decomposition is an 

endothermic process which results in the evolution of volatile combustible materials 

with a residue which is called pre-flame zone or cool-flame zone. In the presence of 

oxygen, the combustible material propagates flame and heat produced reaches 

polymer surface and causes more decomposition. It is apparent from the combustion 

cycle [72] that if a polymer is to be rendered fire-retarded, the cycle must be broken at 

one or more of the points [23,66], i.e., (i) Modifying the degradation process and 

reducing the supply of fuel to fire, (ii) Reducing supply of O2 to flame, (iii) 

Preventing heat transfer back to polymer. The above steps at which additives can act, 

(i) and (ii) by decomposing themselves in such a way to liberate less amount of 

combustible matter or just acting as barrier between polymer surface and flame, thus 

hindering the transfer of heat back to polymer. 

Most probable mechanisms of FRs are: (i) Flame reactive products: inhibit the 

flame propagating reactions. FRs terminate the free-radicals by combining with them 

in condensed phase. It is a radical quenching and organohalogen compounds with a 

synergist such as antimony oxide are employed for this purpose, (ii) Gas blanketing: 

makes a barrier between flammable products and oxygen, (iii) Cooling: flame energy 

is removed, (iv) Char forming: checks the escape of volatile degradation products by 

creating a barrier on solid polymer/degradation products, (v) Intumescent materials: 

help in making a thermal barrier between solid polymer and flame, reducing further 

degradation, and (vi) Melt modification: melting of polymer is supported and is taken 

away from the scene of fire. 

Many fire-retardants act by more than one mechanism at a time. This depends 

on the nature of polymer, fire-retardant and other materials present in polymer. It is 

difficult to classify them on the basis of mechanism; however, it is practical to 

describe them according to chemical type with reference to mechanism by which they 

operate [73-79]. 

If fire-retardants are used in combination then synergism (when the combined 

effect of two or more fire-retardants is greater than the sum of the individual fire-

retardant effects) and antagonism (smaller than additive‟s effect) help in deciding the 

maximum cost-effectiveness and minimum drastic effects on physical properties of 

polymers. 

The six elements which have been found as effective flame retardants belong to 

Group III, V & VII of the periodic table [26, 46, 80]. Boron and alumnium (Group 
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III), phosphorus and antinomy (Group V) and chlorine and bromine (Group VII), in 

some way, are associated with fire-retardance in polymers. There are some elements 

and their compounds which have less fire-retardant effect consist of nitrogen, silicon 

[81, 82], barium, zinc, tin, molybdenum and sulfur. 

Despite the effectiveness of halogen-based fire retardant systems, research for 

finding non-halogen-based systems is attracting more attention because of the 

awareness of rules and regulations regarding flammability, flame spread, toxic 

emissions, smoke density and fire hazards associated with halogen-based systems. 

Some fillers have been used as composites for thermoplastics and copolymers, which 

prove effective because they act as heat sinks owing to their heat capacity, thus, 

conducting heat away from polymer.  

Alumina trihydrate is the most widely used inorganic fire retardant [83]. It 

contains 35% water by weight and its mechanism of action seems to be physical 

dilution of polymer, providing lower amounts of combustion gases on decomposition. 

The filler acts as heat sink. It decomposes between 230
o
C and 350

o
C in stages. Its 

endothermic dehydration (heat of dehydration 1170 Jg
-1

) [84] removes heat from 

decomposing polymer and the release of large amount of water vapors into the 

gaseous products of polymer decomposition make polymer less flammable. This filler 

is also a good smoke suppressant [85]. 

Another material used as flame retardant is antimony trioxide Sb2O3 (actual 

molecular formula is Sb4O6). It has been used solely as fire-retardant in some 

polymeric systems [86], where it appears as if it is forming a protective inorganic 

coating on the surface of polymer [87] or somehow helps in the dissipation of heat 

during combustion process [90]. Generally speaking, antimony oxide is effective [87-

91]. However, both alumina trihydrate and antimony trioxide show higher efficiency 

of the retardancy in the presence of halogen-based compounds [83]. 

Phosphorus and phosphates have also been suggested to impart some fire 

retardancy to polymers [20, 62, 64]. Magnesium ammonium phosphate is used in 

flame-retardant paints because of lower susceptibility to leaching. The same 

compound is used as aqueous slurry in flexible polyurethane foams. It appears that it 

forms an intumescent coating giving excellent flame retardance without changing 

physical properties of polymers [92]. 

Even coordination complexes have shown flame retardancy in flexible 

polyurethane foams. For example, cobalt amines evolve abundant amount of non-
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combustible volatile products to prevent degradation of polymers by diluting the 

flammable decomposition products of polymers to a great extent [93].  

1.8 Additives 

Additive is a substance added in small amounts to another material (e.g., 

polymer) to strengthen, improve, or otherwise alter/decompose it. Additives are 

employed to modify the properties, processing or end use of a base polymer. The 

additives routes mean that something is added to the polymer, either in a physical or a 

chemical fashion, to make the materials more resistant to burning. Additives affect or 

enhance a variety of properties and produce innovative finishes in relatively low 

concentrations. Pigments, plasticizers, fire retardants, antistatic agents, dyes, 

lubricants, impact modifiers, various other compounds, heat and light stabilizers, fiber 

reinforcements and fillers are all the classes of additives [94, 95].  

1.8.1 The Role of Additives 

Technologically, a very few polymers are used in their chemically pure form; it 

is generally necessary to modify their behavior by the incorporation of additives. 

Additives are usually required to impart stability against the degradative effects of 

various kinds of ageing processes and enhance product quality and performance. 

Thus, many commercial polymers must incorporate thermal and light stabilizers, 

antioxidants and flame retardants [2, 46]. In addition to these additives that influence 

essentially the chemical interaction of polymers with the environment, other additives 

are usually employed to reduce costs, improve aesthetic qualities, or modify the 

processing, mechanical, and physical behavior of a polymer [67, 79, 88, 90, 92]. 

These additives are normally used in relatively small quantities; however, non-

reinforcing fillers are employed in large quantities to reduce overall formulation costs, 

provided this does not result in significant or undesirable reduction in product quality 

or performance. In some cases, a given polymer may still not meet the requirement of 

a specific application even with the incorporation of additives. In such cases, the 

desired objective may be achieved through alloy formation or blending of two or 

more polymers. 
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Chapter 2 

 

2. Literature Review 

The understanding of polymers came with the development of plastics, which 

are true man-made materials that are the ultimate tribute to man‘s creativity and 

ingenuity. In1868, cellulose nitrate was synthesized from a natural polymer, cellulose. 

This was marked as the start of plastics industry. Dr Leo Hendrick Baekeland is 

credited with the manufacture of first man-made plastic—phenol-formaldehyde 

plastics (phenolics)—viewed as the raw material for such diverse materials as electric 

iron and cookware handles, grinding wheels and electrical plugs. Other 

polymerscellulose acetate (toothbrushes, combs, cutlery handles, eyeglass frames); 

urea-formaldehyde (buttons, electrical accessories); poly (vinyl chloride) (flooring, 

upholstery, wire and cable insulation, shower curtains); and nylon (toothbrush 

bristles, stockings, surgical sutures)—followed in the 1920s. The pace of development 

of plastics picked up considerable momentum in the 1930s and the 1940s. The first 

generation of man-made polymers was the result of empirical activities; the main 

focus was on chemical composition with virtually no attention paid to structure. 

However, during the first half of the 20
th

 century, extensive organic and physical 

developments led to the first grasping of the structural concept of polymers—long 

chains or a network of covalently bonded molecules. Carothers discovered nylon and 

his fundamental research contributed considerably to the elucidation of the nature of 

polymers. His classification of polymers as condensation of addition polymers 

persists even today [1, 4, 98-100]. 

Following a better understanding of the nature of polymers, there was a 

phenomenal growth in the numbers of polymeric products that achieved commercial 

success in the period between 1925 and 1950. In the 1930s, acrylic resin (signs and 

glazing); polystyrene (toys, packing and house-ware industries); and melamine resins 

(dishware, kitchen countertops, paints) were introduced. The search for materials to 

aid in the defence effort during World War II resulted in a profound impetus for 

research into plastics. Polyethylene and thermosetting polyester resins were developed 

for military use. The terpolymer, acrylonitrile-butadiene-styrene (ABS), (telephone 

handsets, luggage, safety helmets) originated due to the research work undertaken 

during wartime to produce synthetic rubber on extensive scale for meeting its ever-
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increasing demand. Dr Karl Ziegler of Germany and Giulio Natta of Italy led to the 

ability of polymer chemists to ―order‖ the molecular structure of polymers. The 1950s 

also saw the development of two families of plastics–acetal and polycarbonates. 

Together with nylon, phenoxy, polyimide, poly(phenylene oxide), and polysulfone, 

they belong to the group of plastics termed as the engineering thermoplastics. Their 

salient features include high impact strength, thermal and dimensional stability– 

properties that place them in direct competition with more conventional materials like 

metals [101-102]. The 1960s and 1970s witnessed the introduction of new plastics: 

thermoplastic polyesters (exterior automotive parts, bottles); high-barrier nitrile 

resins; and so-called high-temperature plastics were initially developed to meet the 

demands of the aerospace and aircraft industries. In recent years, as a result of better 

understanding of polymer structure-property relationships, introduction of new 

polymerization techniques and availability of new and low-cost monomers, the 

concept of a truly tailer-made polymer has become a reality. 

Civilization dates back to the era when Man overpowered fire. The applications 

of fire ranged from the production of objects of general use, the extraction of metals 

from their ores to shaping of tools from metals. Alchemists‘ research involved 

occasional dissolution. They concentrated on melting and distillation and, therefore, 

the apparatus they required and employed was oven. They failed to dissolve many 

substances as the mineral acids were discovered in the late Middle Ages (1000-1453 

AD). Fire was also required for the preparation of mineral acids from salts through 

dry distillation. It is not surprising to note that old mythologies claimed the 

overpowering of fire a miracle and termed this event as: men purloined fire from 

Gods. Leiden Papyrus from ancient Egypt contained account of ‗thermal‘ tests which 

were in vogue in primeval times. For checking gold‘s purity, it was ignited: if it 

showed no changes, it was considered pure and if it got hardened, it was thought to 

contain copper. In case its color turned whitish then presence of silver was conceived. 

Science, during the course of its development, was influenced much by one of the 

thermal methods—the method that also proved vital in the advancement of 18
th

 

century chemistry and in the discovery of a number of metals—that employed a single 

widget, i. e., a small tube through which air could easily be blown into the flame. 

Thermal behavior of many substances was studied systematically by Johann 

Heinrich Pott. King of Prussia entrusted him with the task to ascertain the 

composition of Meissen porcelain–a material whose formulation was a secret and 
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only known to King of Saxonia. Pott began his research and subjected to fire (at 

different temperatures) a large number of minerals and their mixtures with salts. He 

registered his observations like melting, change in color, etc., however, he could not 

succeed in determining the composition of the porcelain in question. Pott‘s 

experimental results were published in 1746 and chemists benefited a lot from the 

data [103, 104]. At that time, reproducibility of recording temperatures ran into snags 

and thermal methods could not furnish reliable results. Temperature measurement 

could not be materialized for a long time and the parameter (temperature) was 

continued to be sensed. Thermometer was invented at a later stage. Galileo was one of 

the pioneers who tried to measure the temperature. His method was simple. He sealed 

a glass tube with water inside and dipped the tube in a container filled with water. The 

temperature changes were followed by the expansion and contraction of the air inside 

the tube, i. e., the way height of water changed in the tube. 

The temperature measuring steps preceded those of heat measuring. In this 

regard, Joseph Black was recognized as the one who did pioneering work on the 

measurement of heat. In 1761, he observed that melting of ice and boiling of water 

‗concealed‘, i. e., absorbed heat without a change in temperature. He coined a term 

―latent heat‖ for this quantity of heat and it is still in use for the modern interpretation 

of heat. 

In 1887, Le Chatelier, for the first time, used heat (enthalpy) changes which 

took place during heating of various substances to ascertain their composition. It was, 

in fact, a typical example of differential thermal analysis; the method was, however, 

developed by Roberts-Austen in 1899. He employed, apart from the material to be 

examined, a second substance which remained unaffected by the heat treatment and 

then noted the increase of temperature of both the substances with the help of 

thermocouples attached in opposition. It was Kracek who tried to evaluate DTA 

results [1] on quantitative-basis and set aside plethora of literature related to this 

problem. When DTA was combined with other techniques, principally with TG 

(thermogravimetry), its introduction into analytical field became practical. 

Differential scanning calorimetry (DSC) appeared in 1964 and improved the use of 

DTA in the realm of quantitative analysis. The principle of DSC is to keep sample and 

reference material at the same temperature for the measurement of differential energy 

whilst linear programmed heating is being followed. It was clear to analysts that 

constancy of weight for analytical precipitates is important. Around the middle of the 
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last century, the precipitation was effected usually by employing inorganic reagents. 

The precipitates were resistant to ignition at high temperature without exception when 

subjected to flame and oven conditions. Nernst used platinum wire for electrical 

heating. In 1905, Brill studied the dissociation of alkaline earth metal carbonates by 

coupling the two techniques. The setup he used consisted of a torsion balance from 

the beam of which a small crucible was hanging into the electric oven. He recorded 

thermogravimetric curves by noting the changes of weight against heating. He 

allowed dry carbon dioxide into the oven via a magnetite tube to provide protective 

gas atmosphere for his experiments. This was a kind of first thermobalance. In 1912, a 

thermobalance was designed by Urbain and Boulangar which served as zero-

instrument. Honda (1915) was also included in the list of those who converted 

common analytical balance into thermal balance for his practice. The improvements 

in the working of thermobalances along with their designs continued even between 

two world wars and the major contribution came from Guichard, Dubois and 

Chevenard. Despite of this, TG was not used frequently in that era [103]. 

Further improvements in instruments‘ design made it possible to record the 

derivatives of the TG (DTG) curve automatically which enhanced the understanding 

of thermogravimetric curves (De Keyser, 1953, Erdy, F. Paulik and J. Paulik, 1954 

and Lambert 1958). The DTG curves allowed the exact interpretation of TG curves 

when recorded simultaneously. Later Erdy, F. Paulik and J. Paulik worked on the new 

design of an instrument (1955) which was capable of recording TG, DTG and DTA at 

the same time [105-107]. With the passage of time, applications of thermoanalytical 

methods made inroads into the research on polymeric structure and properties. The 

first ever study on the differential thermal analysis (DTA) of polymers appeared 

around 1945 followed by reporting of isothermal thermogravimetric inspection of the 

same materials in 1949 while their dynamic thermogravimetry was published in 1959. 

Soon after the discovery of differential scanning calorimetry (DSC) and quantitative 

DTA, their application was extended to polymers. During the span of eleven years 

(1966-1976), a tremendous increase in the applications of TG, DSC and DTA on the 

physics and chemistry of macromolecules were noticed [108]. A relatively recent 

development resulted in the emanation of evolved gas detection and analysis, i. e., 

monitoring of heat treatment of a material by detecting or identifying the nature or 

amount of volatile substances produced during the process. This technique was 

adapted from DTA. In 1933, it was Berg who measured, for the first time, the volume 
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of the gas released in each step when step-wise heating was employed. Teitelbaum 

and Berg established the procedure for evolved gas analysis and the related apparatus 

was designed and fabricated by Gordon and Campbell in the early fifties of last 

century [105]. 

The heat treatment was also applied to dimensional changes of the material and 

the technique, termed as dilatometry, evolved in 18
th

 century. Wedgwood, a well-

known manufacturer of porcelain, measured the dilatation of geometrical bodies 

which he shaped from clay on heating them to red-yellow and then cooling them with 

his self-designed equipment expressing the changes in Wedgwood degrees [1, 2, 109].  

Literature reveals that use of wood, cotton, i.e., cellulosea natural polymer by 

man is the relics of ancient times, although he was unaware of their exact structure 

and properties. He also noticed their degradation in case of fire and observed the 

damages caused to their properties. Many attempts were made to reduce this loss, 

many materials have been tried ever since and many more are in the pipeline. Around 

450 BC, Egyptians had used the alum to reduce the flammability of wood and the 

same material was employed by Romans along with vinegar on wood in 200 BC. 

In 1638, flammability of theatre curtains was reduced successfully by the 

application of mixture of clay and gypsum and Wyld of Great Britain employed 

mixture of alum, ferrous sulphate and borax on wood and textiles for the same 

purpose. Gay-Lussac, at the request of King Louis XVIII, initiated a scientific 

investigation on reducing the flammability of theatre curtains in 1821 in France. He 

observed that ammonium salts of sulphuric, hydrochloric and phosphoric acids were 

very effective fire-retardants on hemp and linen and this effect could be enhanced by 

using mixtures of ammonium chloride, ammonium phosphate and borax. This work 

proved a milestone in the fire-retardant chemistry and is valid even today. Perkin, in 

1913, mentioned fire-retardant for cotton using a mixture of sodium stannate and 

ammonium sulphate. Basic elements of modern fire-retardancy have been defined 

centuries early and remained the state of the art until first part of twentieth century. 

Elements of group III, V and VII showed the promise of fire-retardancy for cellulosic 

materials.  It is interesting that metal salts and complexes have been in use since long 

and mechanisms of their effectuality have become fundamentally important in the 

past few decades [110]. 
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It is, therefore, not surprising that methods of ‗thermal‘ analysis led those of 

chemical analysis. As the time progressed, more modern techniques replaced most of 

those thermal methods. Lately, the trend of using thermal methods of analysis in 

combination with other analytical techniques such as X-ray spectroscopy, IR 

spectroscopy, gas chromatography, mass spectroscopy, etc. has been observed. These 

combinations rendered desirable mutual increase of the efficiency of the techniques 

connected. One may start thinking from this unprecedented development of 

thermoanalytical methods all over the globe, in recent past, that these techniques 

typify a solely new direction in characterization. In fact, whatever ultra-modern 

equipments are presently in use for thermal analysis, these symbolize the oldest 

procedures of investigation, although not known so at that time but termed as the fire 

methods of the art of analysis [1, 2]. 

2.1 Poly(methyl methacrylate) 

Poly(methyl methacrylate) (PMMA), a vinyl polymer also known as perspex, is 

the most important member of the acrylic polymer. It is colorless, clear, hard, 

transparent thermoplastic material that is usually available as molding and extrusion 

pellets, reactive syrups, cast sheets, rods and tubes.  It has received a lot of attention 

owing to its widespread applications [1, 52, 57].  Since its discovery in 1931[107], 

poly(methyl methacrylate) went into production in 1936 [108] and soon it became one 

the most important commercial polymer. Its employment in the production of toys, 

contact lenses, automobile windshields, lights‘ signs, luminous ceiling, decorating 

appliances, tinted sunscreens to reduce air-conditioning and glare, advertising signs, 

paints, non-linear optics [109], light fittings, aircraft parts, car parts resistant to 

ultraviolet radiation from fluorescent lights (as a glass substitute), made it a 

requirement for polymer industry. Poly(methyl methacrylate) is an amorphous 

polymer composed of linear chains. The bulky nature of the pendant group (-CO-

OMe), and the absence of complete stereoregularity make PMMA an amorphous 

polymer. Isotactic and syndiotactic PMMA may be produced by anionic 

polymerization of methyl methacrylate at low temperatures. However, these forms of 

PMMA are not available commercially. Poly(methyl methacrylate) for molding or 

extrusion is produced commercially by free radical initiated suspension of bulk 

polymerization of methyl methacrylate. PMMA has a moderate Tg  of 105
o
C, a heat 

deflection temperature in the range of 74 to 100
o
C and a service temperatue of about 
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93
o
C. However, on pyrolysis, it is almost completely depolymerized to its monomer. 

Being an organic polymer, its flammability is a drawback which cannot be overlooked 

considering its widespread application. Various techniques have been employed by 

many researchers to study the different aspects of PMMA degradation [111-115]. Its 

fire behavior [116-123] and thermal degradation have been studied thoroughly
 
[25, 

124-133]
 

by several workers
 

and the effect of a number of additives on its 

degradation, such as cobalt acetylacetonate [48], zinc bromide [50,51], ammonium 

polyphosphate [54], Wilkinson‘s catalyst [53-55], Nafions [57], phenyltin chlorides 

[58], silver acetate [63], red phosphorus [62,141],  various transition metal chlorides 

[55,56, 58, 134], copolymers of 2-sulfoethyl methacrylate with methyl methacrylate 

[59] and others[49, 52, 56, 60, 65-66, 68, 135-136]
 
have been tried extensively to 

make it a fire-retardant polymer. In the form of copolymers
 
[21, 137-138],

 
salt 

formation [139] and polymer mixtures
 
[140],

 
its fire retardancy has been improved. 

However, compromise on its useful properties should not be made while searching for 

new fire retardant materials. To make the polymer fire retardant, blending, 

copolymerization [15] and addition of different types of inorganic and organometalic 

additives [30, 48, 49, 50, 51, 52, 55, 57, 56, 59, 141]
 
have been tried.  

It is well-understood that free radical generation causes the unzipping of PMMA 

chains to quantitative yield of monomers. The initiation step is believed to be next to 

double bonds at chain ends which are considered as weak links. At higher 

temperatures, random backbone chain scission also starts [25]. It is common 

observation that the heating of polymers blended with different substances (additives) 

at high temperature produces volatile liquid fractions accompanied with color 

changes. The decomposition and stability of methacrylate polymers/copolymers 

depend upon the structure, type of ester group and made of its commection, molecular 

weight and stereoregularity. The thermal degradation of PMMA with various 

additives (metal halides and other salts) was the subject of several publications [16, 

17, 49, 51, 52, 142]; still a lot of work by the scientists, all over the world, is being 

pursued on various aspects [143-152] of this important polymer. 

2.2 Poly(styrene-co-methyl methacrylate)  

Poly(methyl methacrylate) was synthesized  in  1931 and polystyrene was 

produced in 1938 for the first timeanother important polymer from the industrial 

point of view. The synthesis of styrene-methyl methacrylate copolymer [P(S-co-
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MMA)] has taken the advantage over homopolymers produced from monomers, 

styrene and methyl methacrylate, when comparisons are made regarding their quality. 

Copoly(styrene-methyl methacrylate) possesses excellent optical properties, 

transparent appearance, good processability, good thermal conductivity, high clarity 

and good impact resistance which made it very prominent thermoplastic among other 

plastics for utilization in food packaging, medical/healthcare applications as medical 

packaging, etc. 

Many workers have prepared styrene and methyl methacrylate copolymer by 

employing the reactivity ratios. A large number of researchers have noted that 

reactivity ratios are affected by solvent, temperature, catalyst, pH, pressure, etc. when 

results of the studies on polymers synthesized at low concentrations are analyzed. The 

high conversions (beyond 20%) have received relatively little attention [153-155]. 

The copolymerization of styrene with methyl methacrylate has been reported by M. 

Johnson et al. [156]. Fractionation of styrene-methyl methacrylate was performed by 

several contributors to achieve molecular weight distribution or to attain samples of 

low polydispersity [157-159].    

The study on the thermal degradation of copolymers of styrene and MMA has 

been conducted by N. Hurduc and coworkers [160]. Earlier the behavior on 

degradation of copolymers containing various ratios of styrene and methyl 

methacrylate was studied by Grassie and Farish followed by I. C. McNeill 

[15,161,162]. I. C. McNeill and many other workers have investigated on the 

pyrolysis of methyl methacrylate polymers and copolymers by TVA (thermal 

volatilization analysis). The copolymers of methyl methacrylate and styrene degrade 

in a way which arouses interest since the decomposition of poly(methyl methacrylate) 

and polystyrene mainly yields monomer. In case of polystyrene, however, transfer 

reactions also render dimer, trimer, etc. Comparative thermal stability of polystyrene 

is higher. Even the presence of 20% styrene in the methacrylate polymers chain can 

cause appreciable increase in stability. The end-initiated reaction is no longer 

operational. It is of particular interest to note that 1:1 copolymer of methyl 

methacrylate and styrene pyrolyzes in such a fashion which hints that polystyryl 

radicals are not able to depolymerize as these are produced at temperatures lower than 

those at which polystyrene itself decomposes. 

The thermal stabilities of copolymers of styrene with methacrylates, the 

determination of temperature characteristics, kinetic parameters for the decomposition 
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reactions, chemical composition distribution (CCD) by high-performance liquid 

chromatography, pyrolysis-gas chromatography of the thermal degradation and glass 

transition temperature from various methods are the subject of a number of 

communications [163-167].  

Numerous copolymers have been observed to act as electron resist substances 

[the materials which disintegrate when subjected to electron beams (positive resist)] 

and the ones that start crosslinking (negative resist)] [168]. Based on this 

classification, the copolymers of methyl methacrylate and styrene can be categorized 

as: those with MMA percentage higher than 60 (work as positive resists) and those 

with MMA units less than 60% (act as negative resists) [169]. 

During the last few years, copolymers of MMA and styrene have been used for 

the preparation of new triblock polymers in the presence of thiocol oligomers while 

employing free radical polymerization. The application range of these block 

copolymers is wide as these are very beneficial substances and this range is dependent 

on the combination of block-forming monomers and the length of block arrangement 

[170-173, 175]. Nano technology is one of the growing fields and the copolymer is 

also being used for the preparation of composite nanoparticles, which have wide-

spread applications. To improve the mechanical properties and to prevent their 

agglomeration, preparation of composite nanoparticles by encapsulation of inorganic 

particles by polymers through polymerization is also an efficient way [174].  

The copolymers of styrene and MMA are used to obtain ionomers 

(thermoplastic polymers); these possess high impact strength at low temperatures, 

high melt elasticity, good thermoforming properties, and resistance to grease, oil and 

solvent and have successfully been applied for the manufacture of golf balls with 

great resistance to scratches and covers of bowling pins to parts of shoes, packaging 

films and sealants and glass coatings. The application of the latter material demands 

knowledge of the thermal stabilities and those of the initial copolymers [176-177]. 

2.3 Poly(vinyl acetate)  

German scientist, Fritz Kattle in 1913, made and patented vinyl acetate 

monomer which, later on, proved to be the basis of various valuable plastic items 

considered essential today [4]. Poly(vinyl acetate) (PVAc) is the most widely used 

vinyl ester polymer produced in 1936. It is the precursor for the production of two 

polymers: poly (vinyl acetal) and poly (vinyl alcohol); poly (vinyl formal), poly (vinyl 
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butyral) that cannot be prepared by direct polymerization because the starting 

monomer is unstable. From 1936, several firms from around the globe have been 

fabricating products of many kinds including PVA for liquid solutions, paints, hot melt 

adhesives, emulsions, etc. As PVAc was not fit for molding purpose so economically 

viable and attractive alternatives were developed subsequently keeping in view the 

remarkable capacity of vinyl acetate to form copolymers with a number of other 

monomers. Thus, copolymers with ethylene, styrene, vinyl chloride, acrylic monomers 

and many others yielded a wide range of insulating, sheeting, coating, adhesives, 

molding materials, etc. Poly(vinyl acetate) latex is employed in the production of 

water-based emulsion paints, adhesives and textile and paper treatments. Emulsion 

paints are stable, dry quickly and are relatively low cost. PVAc emulsion adhesive is 

used in labelling and packing and as the popular consumer white glue. The polyacetal 

derivatives of these products have furnished desirable bonding properties and 

electrical insulation with considerable stability. The truly excellent contributions to 

modern day life spring from the manufacturing and marketing of adhesive sticks and 

emulsion paints [178, 179].   

The studies undertaken by Grassie [180, 181] on the pyrolysis of PVAc is 

regarded as the most significant research work. He proposed that after the breaking of 

C-OAc bond, hydrogen abstraction from the abutting methylene groups begins. The 

moment a double bond is formed in this way, an unzipping chain reaction is 

facilitated due to the production of more reactive allylic structures as a result of 

thermal scission of succeeding acetoxy groups and hydrogen abstraction. In other 

words, the steps involved in the decomposition must be initiated from unsaturated 

chain ends. Madorsky [182] discussed this phenomenon later on. Afterwards, the 

workers who examined the thermal degradation of PVAc and its blends included 

Servotte et al. [183], Troitskii et al. [184], Verma and Sadhir [185] and Jamieson and 

McNeill [186, 187]. It was consensus among all the investigators that the major 

product of pyrolysis of PVAc was acetic acid (ethanoic acid>90%); the kinetic curves 

drawn for PVAc deacetylation bore specific autocatalytic character and rapid 

crosslinking was observed for the polymer. Other products were also noticed by 

Grassie who attributed them to the disintegration of ethanoic acid. The other workers 

who confirmed the observations of Grassie, Servotte and Desreux regarding thermal 

degradation of PVAc comprised Bataille and Van [188]. The dependence of 

degradation rate on molecular weight was not noted by Troitskii et al. whereas it was 
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reported by Varma and Sadhir that the thermal stability of PVAc was dependent on 

the molecular weight of the polymer. The pyrolysis of vinyl acetate-vinyl chloride 

copolymer was studied by Grassie et al. [189, 190]; Gardner and McNeill [191] 

employed unltraviolet spectroscopy to monitor the systematic appearance of 

conjugation in degraded PVAc; the copolymer of vinyl acetate-methyl methacrylate 

was examined by McNeill et al. [192] and the thermal decomposition of binary 

polyblends, i. e., PVAc-PVC [186], PVAc-PMMA [187] and PVAc-polystyrene [193] 

was investigated by Jamieson and McNeill. More information on the mechanism of 

the pyrolysis of PVAc originated from the studies carried out on the mixture of 

AgCH3COO (silver acetate) and PMMA [63] and on the components alone [130]. 

From the gathered data, it was inferred that even the presence of a small additive 

molecule can cause a profound change in the mechanism of polymer degradation–a 

characteristic which can be turned into a workable system of fire retardance for 

polymers. It was apparent that interaction grew more effective if the small molecule 

got involved in a complex formation with the polymer. In the presence of zinc 

chloride, it was found that depolymerization of PMMA was strongly affected due to 

the formation of a complex and the degradation behavior of poly (methyl 

methacrylate) was completely transformed [194, 195]. McNeill et al. [196] gave a 

thorough account of the pyrolytical behavior of PVAc-ZnCl2 blend. The compatibility 

of the system was thought to have arisen due to the formation of a complex between 

the constituents. The attachment of ester side groups to main chain is through carbon-

oxygen bonds and not through carbon-carbon linkages [196]. The production of 

compounds other than ethanoic acid was believed to have occurred via catalytic 

breaking of ethanoic acid in Grassie‘s experiments; the catalyst (copper powder) was 

introduced to attain uniform temperature distribution in degrading system. Grassie‘s 

observations were verified by Gardner and McNeill when they identified methane, 

carbon monoxide, carbon dioxide and ketene in the products of degradation. 

The photolysis and radiolysis of PVAc appeared in a series of studies carried 

out by Geuskens et al. [197-199]. It was revealed during these investigations that 

chain scission and crosslinking were brought about by γ-rays. Both these processes 

(chain scission and crosslinking) were hindered by the presence of oxygen. The 

compounds, ethanoic acid, hydrogen, methane and carbon dioxide, were found as the 

products of radiolysis and it was also observed that main chain scission reactions were 

affected by the radicals generated from the side-chain scission. The evidence for the 
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emergence of polyenes came from the interpretation of UV-Visible absorption spectra 

taken after irradiating PVAc at room temperature with γ-rays. Gamma irradiated 

PVAc was also examined through dynamic thermogravimetry under inert atmosphere 

[200]. The irradiation of PVAc leaves it even more liable to thermal decomposition. A 

link between thermal stability and molecular size has already been uncovered by the 

earlier studies. The thermal stabilities of metal-polymers (M-PVAc) were studied by 

thermogravimetry between 25 and 550
o
C under nitrogen flow and kinetic parameters 

were also evaluated to determine its behavior [201]. When ultrasonic degradation of 

PVAc was conducted to check the effect of different solvents and their mixtures, it 

was deduced that kinematic viscosity and volatility of the solvent altered the rate of 

degradation [202]. Degradation kinetics in the presence of additive [203] and thermal 

degradation of blends with polysiloxane [204] have also been reported by many 

researchers to ascertain the decomposition products and mechanism of its degradation 

pattern. Grassie was the pioneer who undertook the pyrolysis of PVAc more than 50 

years ago and despite questioning of a few results of the study by some workers, the 

features of virgin PVAc degradation as recorded by Grassie still hold on the whole. 
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CHAPTER 3 

 

3. Aims of Work 

3.1 Motivation for Present Investigation  

For the past three decades, a lot of work has been conducted on thermal 

behaviour of polymeric/copolymeric systems and these systems in combination with 

additives (organometallics as well as inorganic compounds) have resulted in a number 

of communications. It was observed with overwhelming evidence that polymers/ 

copolymers showed markedly different thermal behaviour when heated even in the 

presence of minor amounts of additives. The interaction between the constituents was 

chemical as well as physical. The products of degradation were identified as either 

completely different (new ones) or, if same, exhibited variation in amounts when this 

feature of the neat and blended systems was compared. Physical nature of interaction 

was noticed due to the sublimation of additives in addition to the heat-sinking 

property of stable residues from the degradation of additives. The shifting of T0 

(temperature corresponding to the first weight-loss), T50 (temperature which 

designates the 50% weight-loss of the system) and Tmax (temperature which gives the 

maximum weight-loss) clearly indicates the effects of additives on the degradation of 

polymers/copolymers. The quantum of literature and the bursting activity in this field 

spurred us to undertake similar studies and to further our research work so that these 

could find applications in the relevant area. 

3.2 Plan /Strategy of Research Work  

Although many fire-retadants for polymers and copolymers (to a lesser extent) 

are commercially available in which majority are organometallics (include organic 

portion) in nature. Instead of utilizing of organometallic additives, purely inorganic 

metal or non-metal halide are being planned to apply. This change in strategy is based 

on the fact that the degradation of organometallics also results in the production of 

those species which are themselves flammable, whereas our aim is to modify the 

degradation mechanism in such a way as not only to increase the temperature of 

degradation but also to seek the formation of non-flammable or less flammable 

degradation products. Present investigation encompasses some purely halogenated 

inorganic compounds as possible fire retardants for some commercially important 

polymers and copolymer. 
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Considering the complex mechanisms of thermal decomposition of polymers 

and copolymers in oxygen atmosphere, it is thought more convenient to study the 

thermal degradation in the absence of oxygen so as to facilitate better understanding 

of mechanisms. This allows the designing of such systems which will help decrease 

the risks of fatalities from firing of synthetic polymers and copolymers. 

Since polymers and copolymers cannot be excluded from human lives just 

because of their only drawback, i.e., flammability, measures in the form of making 

them less flammable by adding suitable chemicals must be taken at a faster pace. 

Objectives of present work is to try such materials which could prove effective in the 

search of new fire-retardants for polymers and copolymers and to strive for 

interpreting the mechanisms of degradation of these highly important materials in 

order to provide better prospects for future needs. 

This research aims at studying different polymer- and copolymer-additive 

systems under inert atmosphere as well as in vacuum to investigate whether these 

fulfill the criterion of producing non-flammable and non-toxic compounds. Separate 

thermal studies of polymers, copolymer and additives have also been carried out. The 

comparison of the results of these studies will prove helpful in grasping the 

underlying processes. 

3.3 Aims of Current Study  

Following are the main objectives of present investigation while pursuing the 

thermoanalytical sifting of some polymeric systems (vinyl polymers and copolymer) 

in the presence of inorganic additives: 

 To employ exclusively inorganic additives to study their effect on the 

degradation of polymers/copolymer. The use of organometallics has shown that 

their decomposition also produces flammable products. 

 To have more in-depth knowledge of the interaction which develops during 

pyrolysis of polymeric systems currently selected. 

 To get the insight into mixing behavior at molecular level (additive + 

polymer/copolymer). 

 To propose mechanisms of degradation on the basis of available data. 

 To compare the patterns of decomposition of neat polymers/copolymer with 

those of blends. 

 To delineate the thermal stabilities of polymeric/copolymeric systems in the 

presence of additives or otherwise. 
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 To identify maximum number of degradation products to delve into the nature 

of interaction between the constituents of the chosen systems. 

 To probe into the nature of residues (intermediates) after heating the blends at 

different temperatures, thus, monitoring the progress of thermal degradation 

from this aspect as well. 

 To pursue the flammability behavior of selected polymeric systems in the 

presence of purely inorganic additives in order to evaluate ‘Rate of Burning’ 

and to compare the rates of burning of blends with those of neat 

polymeric/copolymeric systems to check the effectiveness of selected additives. 
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CHAPTER 4 

 

 

4. Experimental 

In this chapter, purification of chemicals, synthesis of homopolymers, 

copolymer, additives, preparation of polymer-additive blends for analysis by means of 

various techniques, preparation of samples for flammability characterization and  

pyrolysis procedure for the degradation of  polymer-additive blends with varying 

ratios for analysis by different techniques are briefly described.  

Moreover, a brief account of the instrumental techniques used in the present 

investigation has also been included. 

4.1 Synthesis 

4.1.1 Purification of Reagents 

4.1.1.1 Methyl Methacrylate 

The monomer (E. Merck) was washed twice with aqueous sodium hydroxide 

(5% solution) unless inhibitor (hydroquinone) was removed [205]. Further washing 

with distilled water was carried out and then it was dried over anhydrous calcium 

chloride (E. Merck) for 24 hours. It was first degassed, then vacuum distilled and 

middle portion was selected for polymerization. 

4.1.1.2 Styrene 

Styrene (Aldrich) was washed with 5% aqueous sodium hydroxide in a 

separating funnel for the removal of inhibitor according to the reported procedure 

[206]. It was then washed thrice with distilled water for the removal of remaining 

traces of this base. Dehydration of the monomer was carried out first by treating it 

with anhydrous calcium chloride for 72 hours and then with finely divided anhydrous 

calcium sulfate for 10 hours. It was kept overnight with calcium hydride in a 

refrigerator. Since styrene has the tendency to polymerize promptly, it was distilled 

under high vacuum. The middle portion of the distillate was collected carefully and 

degassed prior to polymer synthesis.  

4.1.1.3 Vinyl Acetate 

The monomer (Fluka) was purified with anhydrous calcium chloride and 

calcium hydride for 24 hours each as described in the standard procedure. The 
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monomer was recovered by vacuum distillation in-to a graduated reservoir and then 

into dilatometer with the help of vacuum line assembly (Fig.4.1). 

4.1.1.4 Initiator (2, 2-Azobisisobutyronitrile (AIBN)) 

The initiator, AIBN (E. Merck), was purified by the recrystallization procedure 

using absolute ethanol. The initiator was dissolved in the requisite solvent in 

sufficient quantity and solution obtained was filtered hot to remove insoluble products 

of decomposition of initiator and other impurities. The crystals obtained were dried 

under vacuum and kept in refrigerator (black paper wrapped around bottle). 

4.1.2 Purification of Solvents 

4.1.2.1 Acetone 

Acetone (E. Merck) was dried with anhydrous calcium sulphate (E. Merck) for 

at least 24 hours. It was then distilled under reduced pressure before use. 

4.1.2.2 Methanol 

Methanol (E. Merck) was dried with calcium hydride (E. Merck) and anhydrous 

calcium sulfate (E. Merck) for 24 hours followed by distillation under reduced 

pressure. 

4.1.2.3 Tetrahydrofuran 

Tetrahydrofuran (THF) (E. Merck) was purified with anhydrous calcium 

chloride and calcium hydride for 24 hours each. It was vacuum distilled subsequently. 

4.1.2.4 Diethyl Ether 

Diethyl ether (BDH) was dried over anhydrous calcium sulphate (E.Merck) for 

24 hours followed by distillation under reduced pressure for later use. 

4.1.3 Preparation of Homopolymers and Copolymer 

Homopolymer of methyl methacrylate, vinyl acetate and copolymer of styrene 

and methyl methacrylate were prepared by free radical polymerization. All 

polymerization and copolymerization reactions were carried out under vacuum. The 

assembly used for the distillation of monomer is shown in Fig. 4.1. Procedures for the 

preparation of homopolymers and copolymer are detailed below: 

4.1.3.1 Preparation of Poly(methyl methacrylate) 

The homopolymer is prepared by the reported method [15]. The monomer was 

washed twice with alkali to remove inhibitor, washed thoroughly with distilled water 

and dried over calcium chloride as described previously. It was degassed and twice 

distilled on high-vacuum line, only the middle fraction was selected, into calibrated 
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dilatometer containing sufficient 2,2-azobisisobutyronitrile (AIBN) to give 0.7% w/v 

in the solution. The dilatometer was sealed under vacuum and polymerization was 

carried to 10% conversion at 60
o
C. The mixture was then added to 100 mL of toluene 

and the polymer was precipitated from 1 liter of methanol. The polymer was re-

precipitated three times and dried in a vacuum oven at 50
o
C for 24 hours. The 

molecular weight was found as 120,000. 

4.1.3.2 Preparation of Poly(styrene-co-methyl methacrylate) 

Styrene (Aldrich) and methyl methacrylate (E. Merck) were purified by the 

standard methods of washing with alkali and with distilled water, drying over calcium 

chloride and distilling under vacuum as described in this section. The composition of 

monomer mixtures necessary to produce copolymers of given composition were 

calculated via the copolymer composition equation using literature values of the 

reactivity ratios for this polymer pair (r1 = 0.52, r2 = 0.46; M1 = styrene, M2 = methyl 

methacrylate) [153-155, 207].   After addition of initiator, 2, 2-azobisisobutyronitrile, 

the appropriate amounts of the two monomers were distilled into dilatometer under 

vacuum with mild warming. After distillation and freezing the contents of dilatometer 

to liquid nitrogen temperature, dilatometer was sealed under high vacuum.  After 

sealing, polymerization was carried out in a water bath at 60
o
C to a maximum 

conversion of 5 per cent (2h). The copolymer was precipitated and reprecipitated from 

chloroform solution by methanol and dried under vacuum at room temperature for 

several days and kept in desiccator. The molecular weight was found 120,000. 

4.1.3.3 Preparation of Poly(vinyl acetate) 

Polyvinyl acetate was synthesized in the following way by free radical catalyst 

[208]: A graduated dilatometer with a known volume and calibrated stem was used as 

a polymerization vessel. This dilatometer was washed thoroughly with cleaning fluid, 

distilled water, acetone (AnalaR) and dried under high vacuum. Moreover, it was 

flamed out to remove any traces of volatile adsorbed on glass. After this, the 

recrystallized initiator, 2, 2´-azobisisobutyronitrile (AIBN) was introduced through a 

funnel into the reaction dilatometer. Any initiator sticking to the surface of stem was 

washed down with acetone which was then pumped off under high vacuum. 

The dilatometer containing initiator was attached to vacuum line as shown in 

Fig. 4.1 and degassed as described in last section. Purified monomer (its purification 

has already been mentioned in this chapter) was taken in a graduated reservoir and 
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attached to vacuum line. Appropriate amount of vinyl acetate monomer was 

introduced into the dilatometer. It was degassed thoroughly and then distilled under 

high vacuum using cold distillation technique into the dilatometer with the help of 

vacuum line assembly. 0.1 g AIBN catalyst was added and mixture was finally 

degassed thoroughly by freezing and the dilatometer was sealed under vacuum. The 

dilatometer was placed in an isothermal bath at 65
o
C.  Polymerization was then 

allowed to proceed to 5% for duration of 10 minutes. The content of the dilatometer 

was quenched in a sufficient quantity of methanol. The polymer was filtered and dried 

under reduced pressure for 48 h at 30
o
C. It was kept in desiccator. The molecular 

weight was found as 50,000. 

4.1.4 Additives 

The various inorganic compounds such as aluminum tribromide (Aldrich-

Sigma), phosphorus tribromide (Aldrich-Sigma) and tin(II) chloride (Fluka) are used 

as additives in the present investigation. These were of analytical grade and used 

without further purification, however, aluminum acetylacetonate (Al(acac)3) was 

prepared in the laboratory due to its non-availability in the market. 

4.1.4.1 Preparation of Aluminum Acetylacetonate  

Aluminum acetylacetonate was prepared by already reported procedure [209]. 

Ammoniacal solution of acetylacetone (6g) in water was added to aqueous solution of 

aluminum sulfate (6g). The white crystalline precipitate was filtered and washed with 

a little acetone. It was recrystallized in chloroform from acetone and after drying it in 

vacuum oven, it was kept in desiccator for future use. IR spectroscopy and XRD were 

applied to confirm the formation of this salt. This additive melted at 195
o
C (rather it 

sublimed) whereas reported melting point is 192-194
o
C (sublimes at 140

o
C at 10 mm 

Hg).  

4.1.4.2 Preparation of Phosphorous Tribromide 

Phosphorous tribromide (PBr3) is prepared by the reported method [210]. In a 

250 mL three-necked flask, fitted with dropping funnel, reflux condenser and 

mechanical stirrer, about 7g  of purified red phosphorous, followed by 50 mL carbon 

tetrachloride, were added. The reaction flask was adjusted in the fumehood. 16 mL 

(49g) of dry bromine was poured into the dropping funnel and then added into the 

reaction flask drop-wise with vigorous stirring the contents. After the addition of all 

bromine, the mixture was refluxed for 15 minutes by immersing the flask in a water 
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bath at 80 to 90
o
C. The clear solution was then decanted through a fluted filter paper 

and CCl4 was distilled off. The residue upon distillation through the well-lagged 

column boiled at 166
o
C. The yield was 45g. 

4.2 Characterization 

For the characterization of various compounds prepared, different techniques 

were used. Polymers and copolymer were characterized by gel permeation 

chromatography (GPC) and fourier transform infrared spectroscopy (FTIR) whereas 

additives were not characterized due to their brands except for Al(acac)3 which was 

prepared in the laboratory. 

4.2.1 Molecular Weight Determination 

The number-average molecular weight of homopolymers (PMMA and PVAc) 

and copolymer of methyl methacrylate and styrene were determined by gel 

permeation chromatography.  

4.2.2 Infrared Spectroscopy 

The monomers, homopolymers and copolymer of methyl mathacrylate-styrene 

were characterized by IR spectroscopy. IR spectra were recorded directly for solid 

polymers, copolymer and monomers (liquid) on Nicolet as discussed later. 

4.2.2. a Monomers 

IR spectrum of styrene shows the presence of benzene ring as peaks appear at 

1602 and 1500 cm
-1

. The aromatic C-H stretching can be observed above 3000 cm
-1

 

i.e., 3040-3010 cm
-1

. The unsaturation is noticeable at 1632 cm
-1

 which also suggests 

the presence of benzene ring. The peaks for mono-substitution on benzene ring appear 

in the region of 690-774 cm
-1

. Finally, the IR spectrum of methacrylate shows the 

vinyl C=C  stretchings in the region of  1640-1635 cm
-1

.  The ester C=O vibrations 

appear at 1731 cm
-1

.  

4.2.2.b Polymers and copolymer 

Poly(methyl methacrylate) IR spectrum shows no peaks in the region of 1630-1640 

cm
-1

 which confirms polymerization of monomer. Ester linkages are evident from the 

peaks in the region 1730-1735 cm
-1

 and bands for saturated C-H stretchings are 

present around 3000 cm
-1

. IR spectrum of   poly(vinyl acetate)  gives C-H (aliphatic) 

stretchings around 2930-3000 cm
-1

. The carbonyl (C=O)for esteris indicated by the 

presence of sharp peak at 1731 cm
-1

. The frequency around 1230-1260 cm
-1

 is 

assigned to the C-O stretchings (for acetate only). The absence of peaks around 1630-
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1640 cm
-1

 marks the completion of polymerization. C-C (saturated) stretchings are 

noticed in the region 1200-800 cm
-1

. The IR spectrum of the copolymer, (P(S-co-

MMA), gives typical stretchings of MMA ester groups around 1725 cm
-1

. The slight 

displacement is assigned to the presence of styrene units. C-H stretchings are 

noticeable for saturated and aromatic moieties around 2940-3000 cm
-1 

and 3010-3110 

cm
-1

, respectively. Characteristic overtones are observed in the region 1660-2000 cm
-

1
. No peaks are found around 1630-1640 cm

-1
 which means polymerization is 

complete. 

4.3 Preparation of Sample 

4.3.1 Sample Preparation for Analysis 

The sample of polymer-additive blends for degradation was prepared as film 

cast by the selection of common solvent, i.e., acetone (except the blend of PMMA and 

Al(acac)3, which was prepared by  mixing the polymer-additive (90%-10%) powders 

completely in agate mortar for 5 minutes) as the per cent composition of 97.5:2.5, 

95:5, 92.5:7.5, 90:10 and 87.5:12.5 (this was arbitrarily selected keeping in view the 

dominance of polymers). The known percentages of both polymer and additive were 

dissolved separately in a sufficient quantity of acetone and both were left to stand 

overnight in closed Pyrex conical flask at ambient temperature. Later on, both the 

solutions were mixed in a 50 mL Pyrex conical flask and shaken thoroughly. The 

solution was kept as such for 24 hours. The resulting solution was poured on a 

stainless steel boat coated with high density polythene sheet. The evaporation of 

solvent was allowed in dark open place at ambient temperature with subsequent 

drying in oven at 40
o
C for 36 hours. The resultant film was transparent/colored on the 

sheet indicating compatibility and uniform dispersion of the two components of the 

blend into each other. The film was stored in desiccator for further use. The additive-

polymer samples were coded as A1, B1, C1, D1 etc. and neat polymers were marked 

as „A‟ for poly(methyl methacrylate), „G‟ for poly(vinyl acetate) and „D‟ for 

copolymer of methyl methacrylate and  styrene. (Codes along with compositions have 

been given in tabular form in the relevant chapters). The appearance of blends at room 

temperature for PMMA with AlBr3, PBr3 and SnCl4 are white, white and light orange 

(crystal clear), respectively. In case of copolymer of styrene and methyl methacrylate, 

blend with AlBr3  is  transparent with brown shade (the intensity of color  increases 

proceeding from lower to higher concentration of additive),  PBr3 gives transparent 

with dense brownish black shade, whereas SnCl4 produces very light yellow 
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transparent film. The blend of PVAc with AlBr3 furnishes light brown to medium 

brown with varying concentration, with PBr3 produces dark brown (lowest 

percentage) and brownish black with higher concentration, whereas blends with light 

yellow films are obtained when SnCl4 is mixed with this polymer. 

4.3.2 Sample Preparation for Flammability Test 

The strips of neat polymer and polymer-additive are prepared for flammability 

test [Horizontal Burning Test (HBT)) in the following ways: For neat polymer 

sample, the polymer was dissolved in acetone and kept overnight  and then poured in 

an aluminum mold with the dimensions, 1 mm  7 mm  150 mm, the inside cavity of 

which was covered with high density polythene sheet.  The mold was left for 48 hrs in 

dark for complete dryness. For the blends, both polymer and additive in definite ratios 

were dissolved in acetone separately and set aside for 24 hrs. Individual solutions 

were then mixed with vigorous stirring and placed in dark place. The resultant 

solution was then poured in the mold and allowed to dry for 48 hrs in a well-cleaned 

dark place.  The dried sample was removed from the mold and stored in desiccator till 

the execution of HBT. 

4.3.3 Pyrolysis Setup and Procedure for the Degradation of Polymer-Additive 

System 

The appropriate quantity of polymer-addditive blend is heated in a glass 

assembly as shown in Fig. 4.2. The pyrolysis is conducted under nitrogen atmosphere 

and during heating of sample nitrogen gas is continuously flushed. The products 

arising as a result of degradation of blend are divided into two parts: the volatile 

products and involatile residue. The volatile products which are volatile at the 

degradation temperature are collected in a small tube (immersed in liquid nitrogen) 

attached to „U‟ tube in Dewar flask. This fraction remains liquid at room temperature 

and is later characterized by FTIR and GC-MS techniques to determine the nature of 

compounds. The residue is removed from the bulb and analyzed by FTIR 

spectroscopy to identify the nature of functional groups present.   

4.4 Experimental Techniques 

Various analytical techniques were employed during present investigation and 

these are described briefly in this section. 

 

 



37 

 

4.4.1 Thermoanalytical Methods 

These techniques were used extensively throughout current research work, so it 

is appropriate to give a brief account of each one.  

4.4.1.1 Thermogravimetry 

 

Thermogravimetry (TG) is a technique that permits the continuous recording of 

weight-loss of samples as a function of temperature or time whilst the sample is 

subjected  

 

 

Fig. 4.1 Vacuum line assembly for the distillation of monomer.  
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Fig. 4.2 Glass assembly for the collection of volatiles from the pyrolysis of 

polymeric and copolymeric blends 

subjected to controlled temperature program. This technique provides quantitative 

information about the thermal decomposition of polymeric materials from which the 

thermal stability of the polymer can be evaluated. 

It allows the acquisition of information about materials through their 

characteristic decomposition patterns, study of degradation mechanisms and kinetics, 

impurities analysis in polymeric materials and compositional assay of polymeric 

formulations, screening of additives (flame retardants, antioxidants, plasticizers, 

stabilizers, etc.), residual solvents, char content (residue in inert atmosphere), 

prediction of lifetime (stability) under changing time and temperature conditions in 

desirable environment. Rates and order of reactions can also be calculated from the 

data furnished by this technique [211].  TG has been coupled with mass spectrometry 

and FTIR many times and through combination of both analytical methodsTG and 

FTIR or TG and MSit is even possible to quantitatively (TG) and qualitatively 

(FTIR) analyze composition of complex substances [212, 213]. 

NETZSCH simultaneous thermal analyzer STA 409 equipped with NETZSCH 

data acquisition system was employed for all thermoanalytical measurements. 

Samples were contained in an alumina crucible Al2O3 (8 mm dia ×10 mm depth) with 

central base recess. The crucible was then adjusted on palladium/ruthenium crucible 

support platform, which gave a proportional signal to the recorder and computer 
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interface to plot weight-loss of sample against temperature. The measurements were 

made in an atmosphere of nitrogen, in the temperature range of ambient to 800 
o
C, at 

a heating rate of 10 
o
C min

-1
 using kaolin as reference material. The gas flow rate was 

50mL/min. The thermal reactions were studied with sample sizes varying from 25 to 

60 mg.  

4.4.1.1.a Activation Energy(E
o
)and Order of Reaction (n) 

Activation energies were calculated for all polymers, copolymer and polymer/ 

copolymer-additive samples. A number of methods are known for the calculation of 

activation energies [211, 214-217].  

The order of reaction (n) was evaluated according to the Horowitz-Metzger 

method [211].  The activation energy of decomposition (E
o
) for the polymers, 

copolymer and their blends were then determined by applying appropriate Horowitz 

and Metzger equation.  

For n = 1, a plot of ln lnWo-Wf /W-Wf against  resulted in straight line. The 

activation energy was calculated from the slope, which was equal to E/2.303RTs
2
. For 

n≠1, a plot of ln[1-W-Wf/Wo-Wf/1-n] vs  was drawn and a straight line with the 

same slope as in the previous (n=1)case was obtained. 

 = T-Ts 

W0 = initial mass-loss or weight-loss 

Wf = mass-loss at the completion of the main reaction stage 

W = mass-loss up to temperature Ts 

The preexponential factor Z was calculated from the equation E/RTs
2
 = Z/.n Cs

n-1
e-

E/RTs
 where     = heating rate 

For n =1, this reduces to E/RTs
2
 = Z/. e

-E/RTs
. 

Activation energies calculated from TG curves during this study are based on 

weight-loss and not on the individual products formed during degradation. 

4.4.1.2 Derivative Thermogravimetry (DTG) 

DTG is the derivative of TG. Only difficulty with TG technique is that 

overlapping reactions cannot be distinguished. For this reason derivative 

thermogravimetry is employed since the mass changes are separated in the form of 

peaks for overlapping reactions. To facilitate the interpretation, it is helpful to have 

derivative trace of the weight-loss. This is termed as derivative thermogravimeric 

curve or differential thermogravimetry, abbreviated as DTG. Thermobalances with 
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electronic circuits that can give the first derivative automatically are available. It has 

been known that constant heating rates are usually employed for thermogravimetric 

measurements. If there are several mass-change steps which are very close, it is 

impossible to separate them only with the help of derivative TG curve (DTG). 

4.4.1.3 Differential Thermal Analysis (DTA) 

Apart from TG and DTG curves, the DTA curve yields additional information 

on endothermal and exothermal effects of a sample caused by enthalpy changes. This 

can be simultaneously recorded with mass changes and classified accordingly. This 

simplifies interpretation of thermogravimetric test results to a great extent. 

Differential thermal analysis is a technique which is used to record the physical or 

chemical changes in a material that are accompanied by absorption or liberation of 

heat. Conventionally, if the sample absorbs energy during a change whether it is a 

physical (melting, glass transition temperature, solidification) or a chemical (cycliza-

tion, dehydration), the temperature difference exhibits less than zero value, peak is 

plotted in downward direction, i.e., for endothermic reaction, downward peaks are 

taken into account. In case of exothermic reactions, energy difference increases and 

peak is drawn upward. However, this convention is not followed universally [218]. 

NETZSCH simultaneous thermal analyzer was employed throughout this 

research work. 

Exothermicity and endothermicity of reactions are the major information which 

can be obtained from DTA. For studying phase equilibrium, heats of reactions, solid-

state reactions, catalyst action, polymerization, gelation and curing, evaluation of 

processing, thermal and mechanical histories; and process modeling, organic 

applications and to a lesser extent, kinetics [219, 220], DTA has proved a useful 

technique.  

4.4.2 Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-MS) 

This technique in contrast with TG, DTG, DTA and DSC does not provide 

direct information about threshold temperature for the number of breakdown stages 

involved, but it furnishes ample information regarding separation and identification of 

degradation products. The gas chromatography has a major impact on polymer 

degradation by making it possible to separate complex series of products. Mass 

spectrometry has the ability to identify these products even on trace level. Gas 

chromatograph, by which the samples are either partially pyrolysed or degraded 

completely, also makes use of the heating source. These techniques may or may not 
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be linked to each other. Pyrolysis may be carried out separately in some furnace or 

oven and degraded products obtained in this way may be injected into gas 

chromatograph for separation and identification of  products (low boiling to high 

boiling) on the basis of retention time may be performed. Further confirmation may 

be achieved by using mass spectrometer. Mass spectrometer may be used separately 

or in conjunction with gas chromatograph. Mass spectrometry identifies the products 

and together with gas chromatography, this combined technique provides conclusive 

information which can help establish the complex mechanisms of polymer 

degradation. GC-MS is the most powerful single analytical tool which is available in 

scientific world today for understanding the routes of degradation of many 

compounds including polymers and copolymers. Even the products present in traces 

can be identified successfully because of the sensitivity and well-controlled 

experimental parameters available with these techniques. Py-GC-MS proves 

extremely helpful in elucidating the pathways of degradation of a number of polymers 

and copolymers along with their blends. The pyrolysis techniques are particularly 

useful in applications where “finger printing” is required or to detect trace amounts of 

particular products [221]. 

For present studies, the GC-MS system employed was an Agilent 6890N type 

coupled with 5973 inert MSD, by Agilent Analytical Instruments, Agilent 

Technologies, USA. Analysis of the product (either obtained by dissolving requisite 

quantity of blends in suitable solvent or sample collected after following pyrolytic 

procedure as discussed in sections and, respectively) in acetone was performed with a 

DB-5MS column. The injection volume was 1 µL. The temperature program entailed 

an initial increase of temperature from 120-150 
o
C at 10 

o
C min

-1 
and from 150-280 

o
C at 15 

o
C min

-1
. The mass spectrometer was operated in the electron-impact (EI) 

mode at 70 eV.  

4.4.3 Gel Permeation Chromatography (GPC) 

Gel permeation chromatography technique is the newest column method of 

measuring molecular weight and molecular weight distribution of macromolecules. A 

solution of polymer is passed down a column packed with a gel, which separates the 

polymer into fractions based on molecular weight. Prior to the measurement of 

average molecular weight and molecular weight distribution of polymers, calibration 

curves are to be constructed by using standard samples of relatively monodisperse 

polymers such as series of polystyrene in the molecular weight range of 10
3
-10

6
.  
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A Hitachi 665-A-11 liquid chromatograph with GPC software and integrator D-

2200 GPC along with column GLA-100m (Gelko), was employed for molecular 

weight determination at ambient temperature. The detector system consisted of 

Hitachi 665-A UV variable wavelength (=254nm) and SE-51 (Shodex) refractive 

index detector. Polystyene standards were used for calibration curves and HPLC 

grade tetrahydrofuran (Aldrich) was used as solvent. 

4.4.4. Fourier Transform Infrared Spectroscopy (FTIR) 

The infrared spectra of neat polymer, neat copolymer, pure additives, polymer-

additive, copolymer-additive blends and those of residues produced after heating the 

blends at different temperatures were recorded with Nicolet 6700 FT-IR spectrometer 

in the range 4000-400 cm
-1

. Moreover, the spectra of liquid fraction of blends 

obtained after pyrolysis in inert atmosphere were taken directly instead of casting 

films between NaCl discs. All the samples whether solid or liquid were directly 

placed on the window to record the spectra. In some cases, identification of 

degradation products was carried out by comparing IRs of compounds obtained 

during pyrolysis with those of authentic samples (222). 

4.4.5. Flammability Test 

Flammability of the samples was studied by performing horizontal burning test [223, 

224]. In this test, the sample was held horizontally and a flame fuelled by natural gas 

was supplied to light one end of it. The time for the flame to reach from the first 

reference mark (25 mm from the end) to the second reference mark, which is at 100 

mm from the same end, was measured. The method for the preparation of sample 

(strip) for flammability test has already been described in section 4.3.2. 
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Chapter 5 

 

5. Results 

5.1 Thermoanlytical scrutiny of AlBr3, PBr3 and SnCl4 additives’ effect on the 

thermal degradation of poly(methyl methacrylate) (PMMA) 

 The thermal degradation of homopolymer, PMMA, has been investigated in 

the presence of different ratios of additives-aluminum tribromide, phosphorus 

tribromide and tin(IV) chloride using TG, DTG, DTA, IR and Py-GC-MS techniques. 

The various ratios of polymer and additives are mixed using common solvent. The 

procedure has already been described in Chapter 4 (section 4.3.1). The samples are 

coded as A1, A2, A3, A4 and A5 for polymer when blended with aluminum 

tribromide, B1, B2, B3, B4 and B5, with phosphorus tribromide and C1, C2, C3, C4, 

and C5 when mixed with tin(IV) chloride.  The code A, represents the neat polymer, 

poly(methyl methacrylate). The additives, AlBr3, PBr3 and SnCl4 are designated with 

the codes, X, Y and Z, respectively. The codes along with various ratios of both 

polymer and additive are presented in Table 5.1. The apparent activation energies for 

the degradation of polymer-additive samples are calculated from the results of 

thermogravimetric experiments using Horowitz-Metzger method [211]. IRs of neat 

polymer, additives and polymer-additives have been obtained to gain useful 

information regarding their interaction. Moreover, IRs of blends have also been taken 

after heating at various temperatures in order to seek information about degraded 

products. The pyrolysis of blends has been carried out to investigate the products 

produced using IR spectroscopy and GC coupled with MS techniques. Mechanistic 

pathways are established to show the thermal degradation reactions of the blended 

system.  

5.1.1  Thermoanalytical (TG-DTG-DTA) Curves of PMMA, Additives (AlBr3, 

PBr3 and SnCl4)  and blends 

 The TG, DTG and DTA studies for neat polymer, additives and polymer in the 

presence of four additivesAlBr3, Al(acac)3, PBr3 and SnCl4were carried out 

under dynamic nitrogen atmosphere at a heating rate of 10
o
C/min. The 

thermoanalytical behavior of additives has been studied and results are presented 

separately in Figs. 5.1, 5.2, 5.3 and 5.4. The thermoanalytical data for the present 
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series (A1-A5, B1-B5 and C1-C5) are reported in Tables 5.2, 5.3 and 5.4 whereas TG, 

DTG, DTA curves are given in Figs. 5.5-5.8, 5.9-5.11 and 5.12-5.14, respectively. 

The thermal curve of neat polymer is presented along with the experimental results of 

blends (with each series for comparison with the results of blends) in the same 

figures.   

5.1.2 Influence of Blend Composition on T0, T25, T50, Tmax 

The effect of blend composition on T0, T25, T50 and Tmax values of various 

blends, designated with the codes A1-A5, B1-B5 and C1-C5, are also reproduced in 

Figs. 5.15, 5.16 and 5.17, respectively. The data for T0, T25, T50 and Tmax are 

presented in Tables 5.2, 5.3 and 5.4. 

5.1.3 Activation Energy (Ea ) and Order of Reaction (n) of Decomposition 

Reactions  

 The apparent activation energy and order of reaction of decomposition 

reactions of polymer (A), additives (X, Y and  Z) and their blends (A1-A5, B1-B5 and 

C1-C5) have been calculated from the results of thermogravimetric (TG) curves using 

Horowitz Metzger method. The data obtained are reproduced in Table 5.5, 5.6 and 

5.7. The activation energies of thermal decomposition reaction calculated from TG 

curves are based on mass-loss and not on the formation of individual products during 

degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 

 

Table 5.1: Codes and compositions used for polymer, additives and 

polymer-additive systems 

PMMA= poly(methyl methacrylate), AlBr3 = aluminum tribromide, PBr3 = 

phosphorus tribromide, SnCl4 = stannic chloride  

Code Polymer Additive 
Blend composition (%), 

polymer-additive 

A PMMA -- 100-00 

A1 PMMA AlBr3 97.5 - 2.5 

A2 PMMA AlBr3 95 - 5 

A3 PMMA AlBr3 92.5 - 7.5 

A4 PMMA AlBr3 90 - 10 

A5 PMMA AlBr3 87.5 - 12.5 

X -- AlBr3 00 - 100 

B1 PMMA PBr3 97.5 - 2.5 

B2 PMMA PBr3 95 - 5 

B3 PMMA PBr3 92.5 - 7.5 

B4 PMMA PBr3 90 - 10 

B5 PMMA PBr3 87.5 - 12.5 

Y -- PBr3 00 - 100 

C1 PMMA SnCl4 97.5 - 2.5 

C2 PMMA SnCl4 95 - 5 

C3 PMMA SnCl4 92.5 - 7.5 

C4 PMMA SnCl4 90 - 10 

C5 PMMA SnCl4 87.5 - 12.5 

Z -- SnCl4 00 - 100 
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Fig. 5.1 Thermoanalytical curves (dynamic nitrogen, heating rate 

10
o
C/min) for aluminum tribromide additive (X)  

 

 

  
Fig. 5.2 Thermoanalytical curves (dynamic nitrogen, heating rate 

10
o
C/min) for aluminum acetylacetonate additive  
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Fig. 5.3 Thermal (TD-DTA-DTG) curves (dynamic nitrogen, heating rate 

10
o
C/min) for phosphorus tribromide additive (Y)  

 

 

 

 
 

Fig. 5.4 TG, DTG and DTA traces of additive (Z) obtained under dynamic  

nitrogen atmosphere at  heating rate 10
o
C/min
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Table 5.2: Comparative TG, DTG and DTA data for polymer (A), additive (X) and polymer-additive blends  

    *  Maximum weight-loss or 100 % weight-loss, Endo = Endothermic, Exo = Exothermic, Resi. = Residue 

  

Blends’ Code 

PMMA-AlBr3 

Temperature 

range, 
o
C 

Stage 
Weight 

loss, % 

TG, 
o
C DTG, 

o
C DTA, 

o
C 

T0 T25 T50 Tmax* I II III Thermal effect 

A 250-440 I 100 250 378 390 440 396 -- -- 319(Endo), 412(Exo) 

A1 

50-170 

170-440 

>440 

I 

II 

Resi. 

10 

88 

2 

50 360 384 440 120 160 390 

124(Exo), 206 (Endo),  

341 (Endo), 400 (Exo) 

A2 

50-180 

180-440 

>440 

I 

II 

Resi. 

14 

83 

3 

50 355 384 440 120 170 390 

130 (Exo), 200 (Endo),  

280(Exo), 340 (Exo),  

370 (Exo), 406(Exo) 

A3 

50-200 

200-440 

>440 

I 

II 

Resi. 

17 

80 

3 

50 355 380 440 125 170 393 

130 (Exo), 150 (Endo),  

160 (Exo), 250 (Exo),  

300 (Exo), 345 (Endo), 408(Exo) 

A4 

50-210 

210-440 

>440 

I 

II 

Resi. 

21 

75 

4 

50 320 390 440 121 170 395 

131 (Exo), 148 (Endo), 181 (Exo), 

 288 (Exo), 335 (Exo),  400(Exo) 

A5 

65-200 

200-440 

>440 

I 

II 

Resi. 

22 

72 

6 

65 300 300 440 125 166 392 

130 (Exo), 150 (Endo), 193 (Exo), 

 227 (Endo), 272 (Exo), 356 (Exo),  

360 (Endo), 399 (Exo) 

X 

70-223 

223-800 

>800 

 

I 

II 

Resi. 

 

82 

9 

9 

70 174 200 800 215 -- -- 95 (Exo), 375 (Endo), 588 (Endo) 
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  Table 5.3: Comparative thermoanalytical data for polymer (A), additive (Y) and their blends 

 

  Blends’ Code 

PMMA-PBr3 

Temperature 

range, 
o
C 

Stage 
Weight 

loss, % 

TG, 
o
C DTG, 

o
C DTA, 

o
C,  

Thermal Effect 
T0 T25 T50 T100 I II 

A 250-440 I 100 250 378 390 440 396 -- 318(Endo), 412(Exo) 

B1 

 

81-169 

279-430 

I 

II 

9 

91 
81 378 392 430 110 393 

130(Exo), 350(Endo), 

408(Exo) 

B2 
80-165 

262-440 

I 

II 

12 

88 
80 380 390 440 111 396 

120(Exo), 363(Endo), 

407(Exo) 

B3 
70-175 

280-445 

I 

II 

14 

86 
70 370 390 445 115 397 

118(Exo), 350(Endo), 

404(Exo) 

B4 
70-190 

260-441 

I 

II 

16 

84 
70 365 390 441 110 393 

124(Exo), 365(Endo), 

406(Exo) 

B5 
62-192 

243-448 

I 

II 

11 

89 
62 370 394 448 123 397 

136(Exo), 365(Endo), 

415(Exo) 

Y 
60-178 

 
I 100 60 155 168 178 178 -- 176(Exo) 
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Table 5.4 Comparative thermal analysis data for polymer (A), additive (Z) and polymer-additive blends  

 

* = 100 % weight-loss, Endo = Endothermic, Exo = Exothermic   

Blends’ Code 

PMMA-SnCl4 

Temperature 

range, 
o
C 

Stage 
Weight 

loss, % 

TG, 
o
C DTG, 

o
C DTA, 

o
C 

T0 T25 T50 Tmax I II III Thermal effect 

A 
250-440 I 100 

250 378 390 440* 396 -- -- 
318(Endo), 412(Exo) 

 

C1 

60-170 

195-445 

>445 

I 

II 

residue 

4 

89 

7 

60 365 395 445 140 404 -- 

150(Exo), 210(Endo), 

232(Exo), 275(Endo), 

380(Exo), 420(Endo) 

C2 

60-165 

180-445 

>445 

I 

II 

residue 

6 

84 

10 
60 360 395 445 120 419 -- 

150(Exo), 210(Endo), 

260(Exo), 300(Endo), 

322(Exo), 383(Exo), 

430(Endo) 

C3 

60-170 

170-455 

>455 

I 

II 

residue 

7 

80 

13 

60 360 405 455 130 408 -- 

120(Endo), 220(Exo), 

300(Exo), 364(Endo), 

422(Endo) 

C4 

70-220 

220-460 

>460 

I 

II 

residue 

8 

77 

15 

70 350 410 460 120 406 -- 

130(Exo), 200(Exo), 

260(Endo), 340(Endo), 

437(Endo) 

C5 

70-225 

225-462 

>462 

I 

II 

residue 

10 

74 

16 

70 350 412 462 125 408 -- 

132(Exo), 210(Exo), 

265(Endo), 360(Endo), 

430(Endo) 

Z 

10-25 

25-80 

80-160  

>160 

I 

II 

III 

residue 

14 

28 

13 

45 

10 55 140 160 22 60 134 
22(Exo), 70(Exo), 

120(Exo), 230(Endo) 
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Fig. 5.5 TG curves (dynamic nitrogen, heating rate 10

o
C/min) for PMMA-

AlBr3 blends: A (a), A1 (b), A2 (c), A3 (d), A4 (e) and A5 (f) 

 

 
                                                           Temperature, 

o
C 

Fig. 5.6 Thermal curves (dynamic nitrogen, heating rate 10
o
C/min) for 

PMMA-Al(acac)3 (90%  + 10%) blend 
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Fig. 5.7 Thermogravimetry curves (dynamic nitrogen, heating rate 10
o
C/min) 

for PMMA- PBr3 blends: A (I), B1 (II), B2 (III), B3 (IV), B4 (V) and 

B5 (VI) 

 

 

 
Fig. 5.8 TG thermograms of PMMA- SnCl4 blends:A (I), C1 (II), C2 (III), C3 (IV), 

C4 (V) and C4 (VI), obtained under dynamic nitrogen atmosphere at heating 

rate 10
o
C/min 
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Fig. 5.9 DTG curves (dynamic nitrogen, heating rate 10
o
C) for polymer and 

blends:A (a), A1 (b), A2 (c), A3 (d), A4 (e) and A5 (f) 

 

 

 
Fig. 5.10: Derivative thermogravimetry curves (dynamic nitrogen, heating 

rate 10
o
C/min) for polymer and  blends: A (I), B1 (II), B2 (III), B3 

(IV), B4 (V) and B5 (VI) 
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Fig. 5.11 DTG thermograms of polymer and blends: A (I), C1 (II), C2 (III), 

C3 (IV), C4 (V) and C5 (VI), obtained under a dynamic nitrogen 

atmosphere at heating rate 10
o
C/min 

 

 

 

Fig. 5.12 DTA curves (dynamic nitrogen, heating rate 10
o
C/min) for polymer 

and blends:A (a), A1 (b), A2 (c), A3 (d), A4 (e) and A5 (f) 
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Fig. 5.13 Differential thermal analysis curves (dynamic nitrogen, heating 

rate 10
o
C/min) for polymer and blends: A (I), B1 (II), B2 (III), 

B3 (IV), B4 (V) and B5 (VI) 

 

 
Fig. 5.14 DTA thermograms of polymer and blends: A (I), C1 (II), C2 

(III),C3 (IV), C4 (V) and C5 (VI) obtained under a dynamic 

nitrogen atmosphere at  heating rate 10
o
C/min 
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Table 5.5 Activation energies and order of reactions for polymer  

(A),Additive (X) and polymer-additive blends 

Blends’ code 

PMMA-AlBr3 

Ea 

(kJmol
-1

) 

Order of reaction 

(n) 

A 138.9 3/2 

A1 39.105 3/2 

A2 37.278 1 

A3 39.470 1 

A4 41.423 1/2 

A5 40.567 1 

X 11.114 0 

 

 

 

Table 5.6 Activation energies and order of reactions for additive  

(Y) and PMMA-additive blends 

Blends’ code  

PMMA-PBr3 

Ea 

(kJmol
-1

) 

 

Order of reaction  

(n) 

B1 43.68 1/2 

B2 42.17 1/2 

B3 40.29 1 

B4 37.65 1 

B5 38.03 3/2 

Y 93.32 0 

 

 

Table 5.7 Activation energies and order of reactions for additive  

(Z) and PMMA-additive blends 

 

Blends’ code  

PMMA-SnCl4 
Ea 

(kJmol
-1

) 

Order of reaction  

(n) 

C1 52.72 3/2 

C2 43.92 1 

C3 46.54 3/2 

C4 42.66 3/2 

C5 40.32 3/2 

Z 2.28 5 
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Fig. 5.15 Effect of blend composition on T0, T25, T50 and Tmax values of A and 

A1-A5 blends 

 

 

 

 

 
 

Fig. 5.16 Effect of blend composition on T0, T25, T50 and Tmax values of A 

and B1-B5 blends 
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Fig.  5.17 Effect of blend composition on T0, T25, T50 and Tmax values of 

polymer, A and C1-C5 blends 

 

 

 

 

 
 

Fig. 5.18 Infrared spectra of polymer, A (a), Additive, X (b) and blend, A4 (c) 
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5.1.4 UV Spectra of additive and blend 

 The UV spectra of additive (Y) and blend (B4) in acetone were performed on 

UV-spectrophotometer, Shimadzu, Japan. The result is presented in Fig. 5.19a. 

5.1.5 Infrared Spectra of PMMA, Additives and Blends 

Infrared spectra of neat polymer (A), pure additives (X, Y and Z) and their 

blends (A4, B4 and C4) were taken directly on the Nicolet fourier transform infrared 

spectrophometer. The results are presented in Figs 5.18, 5.19b and 5.20.    

5.1.6 Infrared Spectrum of PMMA-Additives Blends Studied at Various 

Temperatures 

 The representative blend of each series was taken and heated at various 

temperatures. After heating at specific temperature, the remaining content (residue) of 

each was cooled to ambient temperature and IR spectrum as obtained using Nicolet 

fourier transform infrared spectrophotometer. The results are given in Figs. 5.21a, 

5.22a and 5.23a. Moreover, one blend from each series such as (A4, B4, and C4) is 

also selected for pyrolytic investigation. The residues as well as evolved products 

obtained after pyrolyis were first cooled at room temperature then analyzed directly as 

before. The results are presented in Figs. 5.21b, 5.22b and 5.23b. 

5.1.7 Py-GC-MS Characterization of Polymer Blends  

 One representative blend from each series (A1-A5, B1-B5 and C1-C5) was 

selected to perform the GC-MS analysis. Each blend was subjected to pyrolysis 

(heated to various temperatures) and whole evolved fraction was collected and cooled 

to ambient temperature, then dissolved in acetone and analyzed directly by injection 

of specified quantity of sample into instrument. The MS of each peak was taken and 

these results were compared with the data available in the library of the system.  The 

results are shown in Figs. 5.24a, 5.24b, 5.25, 5.26, 5.27, 5.28 and 5.29, whereas the 

data are reproduced in Tables 5.8, 5.9, 5.9a and 5.10.  

5.1.8 Flammability of Neat Polymer and its Blends 

The results of flammability regarding, HBR for neat polymers and their 

blends, A1 to A5, B1 to B5 and C1 to C5 are presented in Tables 5.11, 5.12 and 5.13, 

respectively. The graph depicting the horizontal burning rates of neat polymer and its 

blends are shown in Figures 5.30, 5.31 and 5.32. The blends as well as neat polymer 

for HBR are prepared in the same solvent and with the same experimental conditions 

according to the recommended procedure as discussed in experimental section 4.3.2. 
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Fig. 5.19a UV-spectra of Y (I) and B4 (II) blend in acetone 

 

 
 

Fig. 5.19b Infrared spectra of polmer, A (I), Additive, Y (II) and blend,  

                      B4 (III) 
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Fig.5.20 Infrared spectra of polymer, A (I), Additive, Z (II) and blend, C4 (III) 

 

 

 
Fig. 5.21a Infrared spectra of blend, A4, after heated at 300 

o
C (a), 400 

o
C (b) and 

500 
o
C (c) 
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Fig. 5.21b IR spectra of liquid for blend, A4 obtained after pyrolysis at high 

temperature  

 

 
Fig. 5.22a IR spectra of blend, B4 after heated at 250

o
C (I), 350

o
C(II) and 400

o
C (III) 
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Fig. 5.22b IR spectra of B4 (I) and E4 (II) for liquid obtained after pyrolysis at high 

temperature. 

 

 

 
Fig. 5.23a Infrared spectra of blend, C4, after heated at 250 

o
C (I), 350 

o
C (II) and 

450 
o
C (III) 
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Fig. 5.23b IR spectra of blend, C4, obtained after pyrolysis at high temperature   

liquid (I) and residue (II)  

 

 

 
Fig. 5.24a GC-MS results of blend, A4 (a) heated at 300 

o
C 
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Fig. 5.24b GC-MS results of blend, A4 (b) heated at 400 

o
C 

 

 

Fig. 5.25 GC-MS results of blend, B4, heated at 250 
o
C 
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Fig. 5.26 GC-MS results of blend, B4, heated at 300
o
C  

 

 
 

Fig. 5.27 GC-MS results of blend, B4, heated at 400 
o
C 
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Fig. 5.28 GC-MS results of blend, B4, after heated to boiling and dissolved the 

collected fraction in acetone 

 

 

 
Fig. 5.29 GC-MS results of blend, C4, heated to boiling, cooled and dissolved in 

acetone 
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Table 5.8a GC-MS results of blend, A4 after heating at 300
o
C (Fig.5.24a) 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Product/s Identified 

(condensed formula) 

1 1.9 41, 86, 39, 40, 45 C4H6O2 

2 3.6 69, 114, 45, 99, 97 C6H10O2 

3 5.9 105, 164, 113, 149, 133 C10H12O2 

4 14 
176, 280, 235, 221, 45, 59, 

200, 239 
C10H16O4Br 

 

 

Table 5.8b GC-MS results of blend, A4 after heating at 400
o
C (Fig. 5.24b) 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Product/s Identified 

(condensed formula) 

1 5.8 162, 117, 72, 27 C3H3O6Al 

2 13.7 
54, 281, 104, 154, 80, 139, 

250, 219 
C8H14O4AlBr 

3 14.3 
68, 316, 156, 160, 75, 241, 

85, 223 
C14H25O6Al 

4 16.9 
205, 280, 530, 112, 139, 

251, 187, 450, 80 
C23H41O5Al2Br 

 

 

Table 5.9 GC-MS results of blend, B4 after heating at 250
o
C, 300

o
C and 400

o
C 

Blend heated at 

250
o
C 

Blend heated at 

300
o
C 

Blend heated at 

400
o
C 

Peak 

no. 

Product 

identified 

Peak 

no. 

Product 

identified 

Peak 

no. 

Product 

identified 

1 C2H3O2Br 1 C2H3OBr 1 C5H9Br 

2  

C5H11O2P 

2 
C2H4OPBr 

2 
C2H4PBr  

3  

C3H8PBr 

3 
CH3OBr 

3 
C7H14O3P2 

4  

C4H9Br 

4 
C6H12PBr 

4 
C7H11O2Br 

5  

C7H10O2Br 

5 
C11H17O6P 

5 
C8H11O2PBr 

6  

C6H11O2Br 

6 
C10H17O4Br 

6 
C12H21O3P2Br 

7  

C4H5O2Br 
-- -- -- -- 

8  

C4H7Br2 
-- -- -- -- 

9  

C9H14O3PBr 
-- -- -- -- 
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Table 5.9a GC-MS results of pyrolysis of blend, B4, after heating to high temperature, 

cooled the fractions and dissolved in acetone 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Product/s Identified 

(condensed formula) 

1 3.519 167, 136, 123, 109, 93, 80 C3H4OBrP  

2 4.174 
207, 192, 178, 163, 147, 

132, 52 
C8H15OBr 

3 4.771 
206, 207, 176, 148, 135, 

122, 42 
C7H11O2Br 

4 10.404 
300, 267, 251, 220, 188, 

162, 147, 132, 115 
C6H9O6P 

5 16.864 
390, 359, 279, 265, 251, 

234, 206, 178, 150 
C10H15O4Br2P 

 

 

 

 

 

 

 

Table 5.10 GC-MS results of blend, C4, after heating to high temperature, cooling  

                  the fractions and dissolving in acetone 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Products  

(Molecular formula/Name) 

1 3.41 

206, 207, 193, 

180, 167, 96, 83, 

66 

C8H8O2Cl2 

(2, 4-dichloro- 3, 5,7-octatrienoic acid) 

 

2 

 

4.338 

 

41, 86, 39, 40, 

28, 45 

C4H6O2 

(methacrylic acid) 

3 5.41 -- Not identified 

4 6.285 41, 69, 100, 39, 

99, 59, 40 

C5H8O2 

(methyl methacrylate) 

5 8.171 235, 221, 193, 

167, 139, 234 

C10H12O2Cl2 

(5-chloro-5-formyl-7-chlorocarbonyl-1, 3-

octadiene) 
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Table 5.11 Horizontal burning rate for neat polymer (A) and A1 to A5 blends 

Polymer/Blend  

code number 
A A1 A2 A3 A4 A5 

Time to burn 

(sec) 
11 35 37 41 48 57 

Length of strip 

(mm) 
75 75 75 75 75 75 

HBR  

(mm/sec) 
6.8 2.1 2.0 1.8 1.5 1.3 

mm = millimeter, sec = second 

 

 

 

 

Table 5.12 Horizontal burning rate for polymer (A) and B1 to B5 blends 

Polymer/Blend 

code number 
A B1 B2 B3 B4 B5 

Time to burn 

(sec) 
11 39 43 49 58 65 

Length of strip 

(mm) 
75 75 75 75 75 75 

HBR  

(mm/sec) 
6.8 1.9 1.7 1.5 1.29 1.15 

 

 

Table 5.13 Horizontal burning rate for  polymer (A) and C1 to C5  blends 

Polymer/Blend  

code number 
A C1 C2 C3 C4 C5 

Time to burn 

(sec) 

11 35 39 44 51 58 

Length of strip 

(mm) 

75 75 75 75 75 75 

HBR  

(mm/sec) 

6.8 2.14 1.92 1.70 1.47 1.29 
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Fig.5.30 Horizontal burning rate of polymer (A) and its blends, A1 to A5 

 

 

Fig. 5.31 Horizontal burning rate of polymer (A) and its blends, B1 to B5 
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Fig. 5.32 Horizontal burning rate of polymer (A) and its blends, C1 to C5 
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5.2 Thermoanalytical Sifting of AlBr3, PBr3 and SnCl4 Additive’s Presence on the 

Pyrolysis of Poly(styrene-co-methyl methacrylate) [P(S-co-MMA] 

 The thermal degradation of copolymer, poly(styrene-co-methyl methacrylate) 

(P(S-co-MMA) is examined in the presence of  additivesaluminum tribromide(X), 

phosphorus tribromide(Y) and tin(IV) chloride(Z) with varying ratiosusing 

thermoanalytical, infrared  and pyrolysis-gas chromatography-mass spectrometry 

techniques. The various ratios of polymer and additives are mixed using common 

solvent, i.e., acetone. The procedure has already been mentioned in Chapter 4 (4.3.1). 

The samples are coded as D1, D2, D3, D4 and D5 for polymer when blended with 

aluminum tribromide, E1, E2, E3, E4 and E5, with phosphorus tribromide and F1, F2, 

F3, F4 and F5 when mixed with tin(IV) chloride.  The code D, represents the neat 

copolymer, poly(styrene-co-methyl methacrylate). The additives, AlBr3, PBr3 and 

SnCl4, have already been designated with the code, X, Y and Z, respectively (Table 

5.1). The codes along with various ratios of both polymer and additives to form 

blends are presented in Table 5.14. The apparent activation energies for the 

degradation of polymer-additives samples are determined from the results of 

thermogravimetric traces. IRs of neat polymer, additives and polymer-additives are 

obtained to gain useful information regarding their interaction. Futhermore, IRs of 

blends are also taken after heating them at different temperatures to seek information 

about degradation products. The pyrolysis of blends is conducted to investigate the 

products produced using IR spectroscopy and GC coupled with MS technique. 

Mechanistic pathways are established to show the thermal degradation reactions of 

the blended system. 

5.2.1 Thermoanalytical (TG-DTG-DTA) Curves of P(S-co-MMA) and Blends 

 The TG, DTG and DTA studies for neat copolymer and copolymer in the 

presence of three additivesAlBr3, PBr3 and SnCl4were carried out under dynamic 

nitrogen atmosphere at a heating rate of 10
o
C/min. The thermoanalytical data for the 

present series (D1-D5, E1-E5 and F1-F5) are reported in Tables 5.15, 5.16 and 5.17, 

whereas TG, DTG, DTA traces are presented in figures 5.33-5.35, 5.36-5.38 and 5.39-

5.41, respectively. The thermal curve of neat copolymer is presented along with the 

experimental results of blends (with each series for comparison with the results of 

blends) in the same figures. The thermogravimetic behavior of additives has been 
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studied and results have already been presented separately in  Figs. 3, 4 and 5, 

respectively.  

5.2.2 Effect of Blend Composition on T0, T25, T50, Tmax 

The effect of blend composition on T0, T25, T50 and Tmax values of various 

blends, designated with the codes D1-D5, E1-E5 and F1-F5 are  reproduced in Figs. 

5.42, 5.43 and 5.44,  respectively, whereas the data are reproduced in Tables 5.15, 

5.16 and 5.17. 

5.2.3 Activation Energies and Order of Reactions of Decomposition Reactions 

 The apparent activation energy and order of reaction of decomposition 

reactions of copolymer (D), and their blends (D1-D5, E1-E5 and F1-F5) are 

determined from the results of thermogravimetric (TG) curves using known method 

[211]. The data obtained are reproduced in Tables 5.18, 5.19 and 5.20. The activation 

energies of thermal decomposition reaction calculated from TG curves are based on 

mass-loss and not on the formation of individual products during degradation.  

5.2.4 Infrared Spectra of P(S-co-MMA) and Blends 

Infrared spectra of neat polymer (D) and their blends (D4, E4 and F4, 

representative blend from each series) were performed directly on the Nicolet fourier 

transform infrared spectrophotometer. The results are shown in Figs. 5.45, 5.46 and 

5.47. 

5.2.5 Infrared Spectra of P(S-co-MMA)-additive Blends Taken at Various   

Temperatures 

 The representative blend of each series was chosen and heated at various 

temperatures. After heating at selected temperatures, cooled the remaining content 

(residue) at ambient temperature and IR spectra were recorded. The results are given 

in Figs. 5.48a, 5.49a and 5.50a.  The representative blend (D4, E4 and F4) of each 

series is selected for pyrolytic study. The content (residue and liquid), after pyrolysis, 

was analyzed with IR to determine the types of degraded products. The results are 

shown in Figs. 5.48b, 5.22b (II; for liquid) and 5.50b. 

5.2.6 Py-GC-MS Characterization of Copolymer Blends  

 One representative blend (D4, E4 and F4) from each series (D1-D5, E1-E5 

and F1-F5) was selected to perform the GC-MS analysis. The pyrolysis of 

representative blend was done and recommended quantity of collected content (liquid) 

was dissolved in acetone. The analysis was performed directly by injection of known 

volume of sample. The MS of each GC peak was taken and these results were 
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compared with the data available in the library of the system. The results are shown in 

Figs. 5.51, 5.52 and 5.53, whereas the relevant data are reproduced in Tables 5.21, 

5.22 and 5.23. 

 

 

 

 

Table 5.14 Codes and compositions used for copolymer, and copolymer-additives 

systems 

P(S-co-MMA) = poly(styrene-co-methyl methacrylat

Code Polymer Additive 
Blend composition (%), 

polymer-additive 

D P(S-co-MMA) -- 100-00 

D1 P(S-co-MMA) AlBr3 97.5 - 2.5 

D2 P(S-co-MMA) AlBr3 95 - 5 

D3 P(S-co-MMA) AlBr3 92.5 - 7.5 

D4 P(S-co-MMA) AlBr3 90 - 10 

D5 P(S-co-MMA) AlBr3 87.5 - 12.5 

E1 P(S-co-MMA) PBr3 97.5 - 2.5 

E2 P(S-co-MMA) PBr3 95 - 5 

E3 P(S-co-MMA) PBr3 92.5 - 7.5 

E4 P(S-co-MMA) PBr3 90 - 10 

E5 P(S-co-MMA) PBr3 87.5 - 12.5 

F1 P(S-co-MMA) SnCl4 97.5 - 2.5 

F2 P(S-co-MMA) SnCl4 95 - 5 

F3 P(S-co-MMA) SnCl4 92.5 - 7.5 

F4 P(S-co-MMA) SnCl4 90 - 10 

F5 P(S-co-MMA) SnCl4 87.5 - 12.5 
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Table 5.15 Comparative thermoanalytical results for copolymer (D) and its blends, D1-D5 

 

* = 100 % weight-loss, Max. = Maximum weight-loss, Endo = Endothermic, Exo = Exothermic, Resi. = Residue 

  

Blends’ Code 

P(S-co-MMA)-AlBr3 

Temperature 

range, 
o
C 

Stage 
Weight 

loss, % 

TG, 
o
C DTG, 

o
C DTA, 

o
C 

T0 T25 T50 Tmax I II III Thermal effect 

D 260-440 I 100 260 380 396 440* 355 406 -- 356 (Endo), 418 (Exo) 

D1 

70-170 

170-440 

>440 

I 

II 

Resi. 

4 

94 

2 

70 370 390 440 150 394 -- 
141(Endo), 240 (Exo), 287 

(Exo), 329(Endo), 401(Exo) 

D2 

70-170 

290-440 

>440 

I 

II 

Resi. 

5 

92 

3 

70 380 394 440 170 394 -- 
139 (Endo), 231 (Endo), 280 

(Exo), 317 (Endo), 409 (Exo) 

D3 

70-190 

250-440 

>440 

I 

II 

Resi. 

5 

90 

5 

70 375 390 440 170 396 -- 

125(Exo), 165(Endo), 207(Exo), 

236(Endo), 280(Exo), 310(Exo), 

396 (Exo) 

D4 

70-190 

240-440 

>440 

I 

II 

Resi. 

8 

87 

5 

70 380 395 440 170 408 -- 

123(Endo), 165 (Endo), 210 

(Exo), 238 (Endo), 280 (Exo), 

320(Exo), 408 (Exo) 

D5 

70-180 

220-440 

>440 

I 

II 

Resi. 

8 

85 

7 

70 375 394 440 170 396 -- 

125(Endo), 165(Endo), 209 

(Exo), 236(Endo), 285(Exo), 

320(Exo), 400(Exo) 
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Table 5.16 Comparative TG, DTG and DTA data for copolymer (D) and its blends, E1-E5 

 

 

 

 

 

 

 

 

 

 

 

  

Endo = Endothermic, Exo = Exothermic 

 

  

Blends’ Code 

P(S-co-MMA)-PBr3 

Temperature 

range, 
o
C 

Stage 
Weight 

loss, % 

TG, 
o
C  DTG, 

o
C DTA, 

o
C 

T0 T25 T50 T100 I II Thermal effect 

D 
260-440 

 
I 100 260 380 396 440 355 406 356(Endo), 418(Exo) 

E1 
90-170 

260-440 

I 

II 

3 

97 
90 380 395 440 145 398 

140(Endo), 

260(Endo), 406(Exo) 

E2 
90-190 

250-445 

I 

II 

6 

94 
90 390 405 445 140 410 

145(Endo), 234(Exo),  

279(Endo), 

317(Endo), 413 (Exo) 

E3 
70-230 

230-458 

I 

II 

7 

93 
70 400 420 458 140 421 

130(Exo), 240 (Exo), 

391(Endo), 428(Exo) 

E4 
60-230 

230-458 

I 

II 

8 

92 
60 400 420 458 140 424 

124(Exo), 245(Endo), 

294(Endo), 

390(Endo), 430(Exo) 

E5 
60-230 

230-470 

I 

II 

10 

90 
60 405 423 470 140 425 

120(Exo), 245(Endo), 

290(Endo), 

395(Endo), 438(Exo) 
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Table 5.17 Thermoanalytical results for copolymer (D) and its blends, F1-F5 

 

* = 100 % weight-loss, Endo = Endothermic, Exo = Exothermic 

Blends’ Code 

P(S-co-MMA)-SnCl4 

Temperature 

range, 
o
C 

Stage 
Mass-loss, 

% 

 TG, 
o
C DTG, 

o
C DTA, 

o
C 

T0 T25 T50 Tmax I II III Thermal effect 

D 260-440 I 100 260 380 396 440* 355 406 -- 356 (Endo), 418 (Exo) 

F1 

90-220 

220-460 

460-700 

I 

II 

III 

4 

92 

4 

90 395 420 700 181 448 555 

125(Exo), 170(Endo), 

260(Endo), 340(Endo), 

386 (Endo), 421(Exo) 

F2 

90-215 

215-480 

480-800 

I 

II 

III 

6 

86 

8 

90 390 420 800 190 438 610 

130(Exo), 178(Endo), 

265(Endo), 345(Endo), 

390(Endo), 425(Exo) 

F3 

90-230 

230-460 

460-800 

I 

II 

III 

9 

82 

9 

90 385 420 800 210 428 615 

132(Exo),175(Endo), 

270(Endo), 350(Endo), 

392(Endo), 430 (Exo) 

F4 

90-240 

240-450 

450-800 

I 

II 

III 

10 

80 

10 

90 375 415 800 230 431 618 

135(Exo), 180(Endo), 

273(Endo), 352(Endo), 

395(Endo), 433(Exo) 

F5 

90-245 

245-440 

440-800 

I 

II 

III 

12 

76 

12 

90 370 420 800 235 435 621 

132(Exo), 176(Endo), 

269(Endo), 349(Endo), 

393 (Endo), 440(Exo) 
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Fig. 5.33 TG curves (dynamic nitrogen, heating rate 10

o
C/min) for P(S-co-MMA) 

-AlBr3 blends: D(I), D1(II), D2(III), D3(IV), D4(V) and D5(VI) 

 

 

 

 
Fig. 5.34 Thermogravimetry curves (dynamic nitrogen, heating rate 10

o
C/min) 

for P(S-co-MMA)-PBr3 blends: D(I), E1(II), E2(III), E3(IV), E4(V) 

and E5(VI) 
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Fig. 5.35 TG thermograms of P(S-co-MMA)-SnCl4 blends: D(I), F1(II), F2(III), 

F3(IV), F4(V) and F5(VI), obtained under dynamic nitrogen atmosphere 

at heating rate of 10
o
C/min 

 

 

 
Fig. 5.36 DTG curves (dynamic nitrogen, heating rate 10

o
C/min) for P(S-co-

MMA)-AlBr3 blends: D(I), D1(II), D2(III), D3(IV), D4(V) and D5(VI) 
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Fig. 5.37 Derivative thermogravimetry curves (dynamic nitrogen, heating rate 

10
o
C/min) for P(S-co-MMA)-PBr3 blends: D(I), E1(II), E2(III), 

E3(IV), E4(V) and E5(VI) 

 

 

Fig. 5.38 DTG thermograms of P(S-co-MMA)-SnCl4 blends: D(I), F1(II), F2(III), 

F3(IV), F4(V) and F5(VI), obtained under dynamic nitrogen atmosphere at  

heating rate of 10
o
C/min 
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Fig. 5.39 DTA curves (dynamic nitrogen, heating rate 10

o
C/min) for P(S-co-

MMA)-AlBr3 blends: D(I), D1(II), D2(III), D3(IV), D4(V) and D5(VI) 

 

 

 
Fig. 5.40 Differential thermal analysis curves (dynamic nitrogen, heating rate 

10
o
C/min) for P(S-co-MMA)-PBr3 blends: D(I), E1(II), E2(III), 

E3(IV), E4(V) and E5(VI) 
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Fig. 5.41 DTA thermograms of P(S-co-MMA)-SnCl4 blends: D(I), F1(II), F2 

(III), F3(IV), F4(V) and F5(VI), obtained under dynamic nitrogen 

atmosphere at  heating rate of 10
o
C/min 

 

 
 

 

 

Fig. 5.42 Effect of blend composition on T0, T25, T50 and Tmax values of D and 

D1-D5 blends 

0

50

100

150

200

250

300

350

400

450

500

0 5 10 15

T
e

m
p

e
ra

tu
re

 (
o
C

) 

Additive (Wt%) 

To

T25

T50

Tmax.



84 

 

 

 

Fig. 5.43 Effect of blend composition on T0, T25, T50 and Tmax values of D and 

E1-E5 blend 

 

 

 

 

 

 

Fig. 5.44 Effect of blend composition on T0, T25, T50 and Tmax values of D and 

F1-F5 blends 
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Table 5.18 Activation energies and order of reactions for  

                             copolymer (D), copolymer-additive blends, D1-D5 

Blends’ code  

P(S-co-MMA)-AlBr3 

Ea 

(kJmol
-1

) 

Order of reaction 

(n) 

D 169.46 1 

D1 52.72 1/2 

D2 37.65 1/2 

D3 52.72 1 

D4 27.14 1 

D5 45.18 1 

  

 

 

 

 

Table 5.19 Activation energies and order of reactions for  

                             copolymer (D), copolymer-additive blends, E1-E5 

Blends’ code  

P(S-co-MMA)-PBr3 

Ea 

(kJmol
-1

) 

Order of reaction, 

(n) 

D 169.46 1 

E1 58.47 3 

E2 43.92 1 

E3 43.92 2 

E4 41.09 ½ 

E5 36.98 1 

 

 

 

 

 

Table 5.20 Activation energies and order of reactions for  

                             copolymer (D), copolymer-additive blends, F1-F5 

Blends’ code 

P(S-co-MMA)-SnCl4 

Ea 

(kJmol
-1

) 

Order of reaction 

(n) 

D 169.46 1 

F1 65.74 1 

F2 36.98 1 

F3 32.87 1 

F4 30.09 1/2 

F5 31.05 1/2 
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Fig. 5.45 IR spectra of neat polymer, D(I), Additive, X(II) and blend, D4(III) 

 

 

Fig. 5.46 Infrared spectra of neat polymer, D(I), Additive, Y(II) and blend, E4(III) 
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5.2.6 Flammability of Neat Copolymer and Blends 

The results of flammability test, HBR, for neat copolymers and their blends, 

D1 to D5, E1 to E5 and F1 to F5 are reproduced in Tables 5.24, 5.25 and 5.26, 

respectively. The graph showing the horizontal burning rates of neat polymer and its 

blends are shown in Figs. 5.54, 5.55 and 5.56, respectively. The blends as well as neat 

polymer for HBT are prepared in the same solvent and under the same experimental 

conditions according to the recommended procedure as outlined in chapter four, 

experimental section 4.3.2. 

 

 

 

Fig. 5.47 The IR spectra of neat polymer, D(I), Additive, Z(II) and blend, F4(III) 
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Fig. 5.48a IR spectra of blend, D4, after heated at 300 
o
C (I), 350 

o
C (II) and 400 

o
C 

(III) 

 

 
 

Fig. 5.48b IR spectra of blend, D4, after pyrolysis at high temperatureliquid (I) 

and residue (II) 
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Fig. 5.49a Infrared spectra of blend, E4, after heated at 300 

o
C (I), 350 

o
C (II) and 

400 
o
C (III) 

 

 

 

 
Fig. 5.50a Infrared spectra of blend, F4, after heated at 250

o
C (I), 350 

o
C (II) and 

450 
o
C (III) 
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Fig. 5.50b IR spectra of blend, F4, after pyrolysis at high temperatureliquid (I) 

and residue (II) 

 

 

 
Fig. 5.51 GC-MS results of blend, D4, heated to boiling, cooled and dissolved in 

acetone 
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Fig. 5.52 Gas chromatography—mass spectrometry results of blend, E4, heated to 

boiling, cooled and dissolved in acetone 

 

 

 

 

 

Table 5.21 GC-MS results of blend, D4, after heating to high temperature, cooled the    

fractions and dissolved in acetone 

 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Products Identified 

(name/ formula) 

1 2.514 91, 92, 39, 65 Toluene (C7H8) 

2 2.952 78, 52, 51, 50, 39, 77 Benzene ( C6H6) 

3 4.519 77,156, 158, 51, 50, 74, 78 Bromobenzene (C6H5Br) 

4 6.031 41, 69, 100, 39, 99 
Methyl methacrylate  

(CH2=C(CH3)CO2CH3) 

5 6.908 104, 78, 103, 51, 77 
Styrene  

(CH2=CHC6H5) 

6 7.292 118, 117, 103, 78 
α-Methyl styrene 

(CH2=C(CH3)C6H5) 

7 9.694 91, 106, 92, 77, 51 Ethyl benzene (C8H10) 

8 14.107 69, 41, 39, 94, 65, 162 
Phenyl methacrylate  

  (CH2=C(C6H5)CO2CH3)               

9 16.149 
150, 152, 220, 222, 70, 86, 

134, 136 

‘Brominated’ anhydride ring 

(C7H9O3Br ) 
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Table 5.22 GC-MS results of blend, E4, after heating to high temperature, cooled the  

contents at ambient temperature and dissolved in acetone  

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Product/s Identified 

(condensed formula) 

1 1.683 192, 112, 81, 207, 80, 53, 148 C7H11O2Br 

 

2 

 

4.140 162, 129, 114, 134, 103, 75 
C7H15O2P 

 

3 

 

4.831 

 

176, 99, 150, 148, 133, 56 
C11H12O2, 

4 5.957 
 

146, 69, 54, 131, 117, 40 
C11H14, 

 

5 

 

6.761 

 

218, 141, 113, 82, 190, 175, 

144 

C14H18O2 

 

6 

 

7.494 

 

156, 140, 112, 97, 82, 100, 84 
C8H12O3 

7 12.05 
182, 151, 256, 121, 223, 146, 

176,143 
C11H16PBr 

8 14.484 
245, 168, 278, 153, 138, 110, 

77 
C16H23O2P 

 

 

 

 

 

 

 

Table 5.23 GC-MS results of blend, F4, after heating to high temperature, cooled the  

contents at room temperature and dissolved in acetone 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Product/s Identified 

(condensed formula) 

1 5.298 
133, 175, 160, 145, 210, 

180, 103, 68 
C13H19Cl 

2 7.393 39, 41, 69, 94, 162 C10H10O2 

3 10.249 
191, 114, 79, 268, 64, 

207, 130, 53, 77 
C18H17Cl 

4 10.431 
255, 178, 150, 135, 120, 

272, 195, 148 
C18H24O2 

5 13.728 
196, 119, 104, 89, 301, 

224, 189, 154, 77 
C15H15Cl3 
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Table 5.24 Horizontal burning rate for neat copolymer and P(S-co-MMA)-AlBr3 

blends 

Copolymer/Blend  

code number 
D D1 D2 D3 D4 D5 

Time to burn 

(sec) 
22 68 78 93 109 134 

Length of strip 

(mm) 
75 75 75 75 75 75 

HBR  

(mm/sec) 
3.4 1.10 0.98 0.80 0.68 0.56 

mm = millimeter, sec = second 

 

 

Table 5.25 Horizontal burning rate for neat copolymer and P(S-co-MMA)-PBr3  

blends 

Copolymer/Blend 

code number 
D E1 E2 E3 E4 E5 

Time to burn 

(sec) 
22 54 64 76 90 109 

Length of strip 

(mm) 
75 75 75 75 75 75 

HBR  

(mm/sec) 
3.4 1.38 1.17 0.98 0.83 0.68 

mm = millimeter, sec = second 

 

 

Table 5.26 Horizontal burning rate for neat copolymer and P(S-co-MMA)-SnCl4  

blends 

Copolymer/Blend  

code number 
D F1 F2 F3 F4 F5 

Time to burn 

(sec) 

22 48 58 70 86 101 

Length of strip 

(mm) 

75 75 75 75 75 75 

HBR  

(mm/sec) 

3.4 1.56 1.29 1.07 0.87 0.74 

mm = millimeter, sec = second 
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Fig. 5.53 GC-MS results of blend, F4, heated to boiling cooled and dissolved in 

acetone 

 

 

 

Fig. 5.54 Horizontal burning rate of copolymer (D) and its blends, D1 to D5 
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Fig. 5.55 Horizontal burning rate of copolymer (D) and its blends, E1 to E5 

 

 

 

 

 

 

 

Fig. 5.56 Horizontal burning rate of copolymer (D) and its blends, F1 to F5 
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5.3 The Effects of AlBr3, PBr3 and SnCl4 Additives on the Thermal Behavior of  

Poly(vinyl acetate) (PVAc) 

 The thermal degradation of homopolymer, poly(vinyl acetate)(PVAc), is 

studied in the presence of  additives with varying ratiosaluminum tribromide, 

phosphorus tribromide and tin(IV) chloride employing TG, DTG, DTA, IR and Py-

GC-MS techniques. The various ratios of polymer and additives are mixed using 

common solvent.  The procedure has already been described in chapter 4 (4.3.1). The 

samples are coded as G1, G2, G3, G4, G5 for polymer when blended with aluminum 

tribromide, H1, H2, H3, H4 and H5, with phosphorus tribromide and J1, J2, J3, J4, J5 

when mixed with tin(IV) chloride.  The code, G, represents the neat polymer, 

poly(vinyl acetate). The codes along with various ratios of both polymer and additive 

are presented in Table 5.27. The apparent activation energies for the degradation of 

polymer-additives samples are calculated from the results of thermogravimetric 

experiments using Horowitz-Metzger method. IRs of neat polymer and polymer-

additives are obtained to gain useful information regarding their interaction. 

Furthermore, IRs of blends are also taken after heating them at various temperatures 

in order to get information about degraded products. The pyrolysis of blends is 

conducted to investigate the products produced using IR spectroscopy and GC 

coupled with MS technique. Besides, flammability of neat polymer and blends is 

tested to examine the effectiveness of these additives. Finally, mechanistic pathways 

are proposed to show the thermal degradation reactions of the polymeric and blended 

system. 

5.3.1  Thermoanalytical (TG- DTG -DTA) Studies of PVAc  and its Blends 

 The TG, DTG and DTA studies for neat polymer and polymer in the presence 

of three additivesAlBr3, PBr3 and SnCl4were carried out under dynamic nitrogen 

atmosphere at a heating rate of 10
o
C/min. The thermoanalytical data for the present 

series (G1-G5, H1-H5 and J1-J5) are reported in Tables 5.28, 5.29 and 5.30, 

respectively, whereas TG, DTG, DTA traces are given in Figs. 5.57-5.59, 5.60-5.62 

and 5.63-5.65, respectively. The thermal curve of neat polymer is also presented along 

with the curves of blends in the same figures just for comparison.   

5.3.2 Influence of Blend Composition on T0, T25, T50, Tmax 

The effect of blend composition on T0, T25, T50 and Tmax values of various 

blends, designated with the codes G1-G5, H1-H5 and J1-J5, are reproduced in Figs. 
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5.66, 5.67 and 5.68, respectively, whereas the data are tabulated in Tables 5.28, 5.29 

and  5.30, respectively. 

5.3.3 Activation Energies and Order of Reactions of Decomposition Reactions  

 The apparent activation energy and order of reaction of decomposition 

reactions of polymer, (G), and its blends (G1-G5, H1-H5 and J1-J5) are calculated 

from the results of thermogravimetric (TG) curves using Horowitz-Metzger method. 

The data obtained are presented in Tables 5.31, 5.32 and 5.33. The activation energies 

of thermal decomposition reaction calculated from TG curves are based on mass-loss 

and not on the formation of individual products during degradation.  

5.3.4 Infrared Spectra of Polymer and its Blends 

Infrared spectra of neat polymer (G) and its blends (G4, H4 and J4) were 

recorded directly on the Nicolet fourier transform infrared spectrophometer. The 

results are presented in Figs. 5.69, 5.70 and 5.71. 

5.3.5 Infrared Spectra of PVAc-Additives Blends Taken at Various 

Temperatures 

 The representative blend of each series was selected and heated at various 

temperatures. After heating at planned temperatures the remaining content (residue) 

of each was cooled to ambient temperature and IR spectra were obtained. The results 

are given in Figs. 5.72a, 5.73a and 5.74a. Moreover, one blend from each series such 

as G4, H4, and J4 is chosen for pyrolytic study. The residue as well as liquid fraction 

obtained after pyrolysis was analysed directly on Infrared spectrophotometer. The IR 

spectra are shown in Figs. 5.72b, 5.73b and 5.74b, respectively. 

5.3.6 Py-GC-MS Characterization of PVAc Blends  

 One representative blend from each series (G1-G5, H1-H5 and J1-J5) was 

selected to perform the GC-MS analysis. Each blend was subjected to pyrolysis and 

volatile fraction obtained was cooled to room temperature, dissolved in acetone and 

analysed directly by injecting specified quantity of sample into the instrument. The 

MS of each peak was taken and these results were also compared with the data 

available in the library of the system. The results are shown in Figs. 5.75, 5.76 and 

5.77, whereas relevant data are presented in Tables 5.34, 5.35 and 5.36, respectively. 
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Table 5.27 Codes and compositions used for polymer and polymer-additive 

systems 

PVAc  = poly(vinyl acetate

Code Polymer Additive Blend composition (%), 

polymer-additive 

G PVAc -- 100-00 

G1 PVAc AlBr3 97.5 - 2.5 

G2 PVAc AlBr3 95 - 5 

G3 PVAc AlBr3 92.5 - 7.5 

G4 PVAc AlBr3 90 - 10 

G5 PVAc AlBr3 87.5 - 12.5 

H1 PVAc PBr3 97.5 - 2.5 

H2 PVAc PBr3 95 - 5 

H3 PVAc PBr3 92.5 - 7.5 

H4 PVAc PBr3 90 - 10 

H5 PVAc PBr3 87.5 - 12.5 

J1 PVAc SnCl4 97.5 - 2.5 

J2 PVAc SnCl4 95 - 5 

J3 PVAc SnCl4 92.5 - 7.5 

J4 PVAc SnCl4 90 - 10 

J5 PVAc SnCl4 87.5 - 12.5 
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Table 5.28 Comparative thermoanalytical data for polymer (G) and polymer-additive blends, G1-G5 

Blends’ Code 

PVAc-AlBr3 

Temperature 

range, 
o
C 

Stage 
Weight 

loss, % 

TG, 
o
C  DTG, 

o
C DTA, 

o
C 

T0 T25 T50 Tmax* I II Thermal effect 

 

G 

270-390 

390-550 

>550 

I 

II 

Resi. 

68 

24 

08 

270 330 350 550 341` 470 454(Endo), 514(Endo) 

 G1 

100-170 

170-440 

440-800 

>800 

I 

II 

III 

Resi. 

01 

69 

19 

11 

100 230 260 800 250 470 

139(Endo),190(Exo), 

237(Exo), 292(Endo), 

415(Exo), 485(Endo) 

G2 

70-150 

150-440 

440-800 

>800 

I 

II 

III 

Resi. 

04 

66 

14 

16 

70 190 230 800 190 460 

80(Exo),117 (Exo), 

135(Endo), 214(Exo), 

290(Endo), 410(Endo), 

495(Exo) 

 G3 

70-150 

150-430 

430-800 

>800 

I 

II 

III 

Resi. 

04 

64 

14 

18 

70 195 225 800 209 470 

80(Exo), 115(Exo), 

169(Endo), 224(Endo), 

300(Endo), 410(Exo), 

555(Endo) 

G4 

70-140 

140-440 

440-800 

>800 

I 

II 

III 

Resi. 

04 

63 

13 

20 

70 205 225 800 210 470 

132(Endo), 150(Exo), 

205(Exo), 270(Endo), 

309(Endo), 470(Exo) 

G5 

70-130 

130-450 

450-800 

>800 

I 

II 

III 

Resi. 

10 
57 
15 
18 

 

70 
185 210 800 208 460 

100(Exo), 173 (Exo), 

230(Endo), 315(Exo), 

344(Endo), 559(Endo), 

602(Endo) 
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Table 5.29 Comparative TG, DTG and DTA data for blends, H1-H5 

 

Endo = Endothermic, Exo = Exothermic 

Blends’ Code 

PVAc-PBr3 

Temperature 

range, 
o
C 

Stage 
Weight 

loss, % 

TG, 
o
C DTG, 

o
C DTA, 

o
C 

T0 T25 T50 Tmax I II III Thermal effect 

H1 

70-220 

220-370 

370-610 

>610 

I 

II 

III 

Residue 

12 

56 

18 

14 

70 270 290 610 130 274 460 

150(Exo), 197 (Endo), 

214(Exo), 260(Exo), 

390(Exo), 465(Endo), 

590(Endo) 

H2 

60-170 

170-370 

370-540 

>540 

I 

II 

III 

Residue 

14 

48 

16 

12 

60 235 255 540 135 255 475 

140(Exo), 190 (Endo), 

233(Endo), 300(Exo), 

323(Endo), 404(Exo), 

460(Exo) 

H3 

70-160 

160-420 

420-560 

>560 

I 

II 

III 

Residue 

16 

40 

20 

24 

70 195 280 560 135 203 475 

100(Exo), 147(Exo), 

195(Endo), 290(Exo), 

330(Endo), 410(Exo), 

485(Exo) 

H4 

70-180 

180-400 

400-550 

>550 

I 

II 

III 

Residue 

18 

36 

26 

20 

70 200 240 550 130 218 470 

110(Exo), 151(Exo), 

210(Endo), 295(Exo), 

340(Endo), 415(Exo), 

480(Exo) 

H5 

70-180 

180-430 

430-550 

>550 

I 

II 

III 

Residue 

22 

40 

16 

22 

70 190 250 550 123 208 461 

115(Exo), 155(Exo),  

215(Endo), 305(Exo),  

350(Endo), 420(Exo), 

490(Exo) 
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Table 5.30 Comparative thermoanalytical results for polymer-additive blends, J1-J5 

Blends’ Code 

PVAc-SnCl4 

Temperature 

range, 
o
C 

Stage 
Weight 

loss, % 

TG, 
o
C DTG, 

o
C DTA, 

o
C 

T0 T25 T50 Tmax I II III Thermal effect 

J1 

70-140 

140-430 

430-800 

>800 

I 

II 

III 

Resi. 

04 

68 

16 

12 

70 225 250 800 140 240 450 

115(Endo), 160(Exo), 

225(Endo), 295(Exo), 

450(Endo) 

J2 

70-120 

120-440 

440-800 

>800 

I 

II 

III 

Resi. 

03 

65 

14 

18 

70 165 215 800 153 199 460 

110(Endo), 153(Exo), 

220(Endo), 290(Exo), 

440(Endo) 

J3 

70-110 

110-440 

440-800 

>800 

I 

II 

III 

Resi. 

02 

69 

15 

14 

70 180 205 800 130 198 463 

107(Endo), 132(Exo), 

270(Exo), 420(Endo) 

J4 

70-110 

110-430 

430-800 

>800 

I 

II 

III 

Resi. 

02 

64 

14 

20 

70 155 200 800 118 186 440 

110(Endo), 134(Exo), 

272(Exo), 440(Exo) 

J5 

70-120 

120-430 

430-800 

>800 

I 

II 

III 

Resi. 

02 

66 

14 

18 

70 170 190 800 127 180 460 

110(Endo), 127(Exo), 

200(Endo), 244(Exo), 

286(Endo) 
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Fig. 5.57 TG curves (dynamic nitrogen, heating rate 10

o
C/min) for neat polymer and 

PVAc-AlBr3 blends: G(I), G1(II), G2(III), G3(IV), G4(V)  and G5(VI) 

 

 

 
Fig. 5.58 Thermogravimetry curves (dynamic nitrogen, heating rate 10

o
C/min) for 

PVAc-PBr3 blends: G(I), H1(II), H2(III), H3(IV), H4(V) and H5(VI) 

 



103 

 

 
Fig. 5.59 TG thermograms of PVAc-SnCl4 blends: G(I), J1(II), J2(III), J3(IV), J4(V)  

and J5(VI),  in a dynamic nitrogen atmosphere at heating rate of 10
o
C/min 

 

 

 

 
 

Fig. 5.60 DTG curves (dynamic nitrogen, heating rate 10
o
C/min) for PVAc-AlBr3 

blends: G(I), G1(II), G2(III), G3(IV), G4(V) and G5(VI) 
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Fig. 5.61 Differential thermogravimetry curves (dynamic nitrogen, heating rate 

10
o
C/min) for PVAc-PBr3 blends: G(I), H1(II), H2(III), H3(IV), H4(V) and 

H5(VI) 

 

 
Fig. 5.62 DTG thermograms of PVAc-SnCl4 blends: G(I), J1(II), J2(III), J3(IV), 

J4(V) and J5(VI), in dynamic nitrogen atmosphere at heating rate of 

10
o
C/min 
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Fig. 5.63 DTA curves (dynamic nitrogen, heating rate 10

o
C/min) for PVAc-AlBr3 

blends: G(I), G1(II), G2(III), G3(IV), G4(V) and G5(VI) 

 

 

 
Fig. 5.64 Differential thermal analysis curves (dynamic nitrogen, heating rate 

10
o
C/min) for PVAc-PBr3 blends: G(I), H1(II), H2(III), H3(IV), H4(V) 

and H5(VI) 
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Fig. 5.65 DTA thermograms of PVAc-SnCl4 blends: G(I), J1(II), J2(III), J3(IV), 

J4(V)  and J5(VI),  in dynamic nitrogen atmosphere at  heating rate of 

10
o
C/min 

 

 

 

 

Fig. 5.66 Effect of blend composition on T0, T25, T50 and Tmax values of G and G1-

G5 blends 
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Fig. 5.67 Effect of blend composition on T0, T25, T50 and Tmax values of G and H1-

H5 blends 

 

 

 

Fig. 5.68 Effect of blend composition on T0, T25, T50 and Tmax values of G and J1-

J5 blends 
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Table 5.31 Activation energies and order of reactions for polymer (G),  

     polymer-additive blends, G1-G5 

 

Blends’ code  

PVAc-AlBr3 

Ea 

(kJmol
-1

) 

Order of reaction  

(n) 

G 83.90 2 

G1 13.64 3 

G2 10.10 3 

G3 11.63 4 

G4 13.57 4 

G5 7.75 3 

 

 

 

 

 

Table 5.32 Activation energies and order of reactions for polymer (G),  

     polymer-additive blends, H1-H5 

 

Blends’ code 

PVAc-PBr3 

Ea 

(kJmol
-1

) 

Order of reaction 

(n) 

G 83.90 2 

H1 22.88 4 

H2 18.89 2 

H3 13.57 4 

H4 16.16 4 

H5 15.51 4 

 

 

 

 

 

Table 5.33 Activation energies and order of reactions for polymer (G),  

    polymer-additive blends, J1-J5 

 

Blends’ code  

PVAc-SnCl4 

Ea 

(kJmol
-1

) 

Order of reaction  

(n) 

G 83.90 2 

J1 11.37 2 

J2 7.44 3 

J3 7.44 3 

J4 6.52 5 

J5 6.82 4 
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Fig. 5.69 IR spectra of neat polymer, G(I), Additive, X(II) and blend, G4(III) 

 

 
Fig. 5.70 Infrared spectra of neat polymer, G(I), Additive, Y(II) and blend, H4(III) 
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Fig. 5.71 The IR spectra of neat polymer, G(I), additive, Z(II) and blend, J4(III) 

 

 

Fig. 5.72a IR spectra of blend, G4, after heated at 200
o
C (I), 300

o
C (II) and 400

o
C (III) 
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Fig. 5.72b IR spectra of blend, G4, after pyrolysis at high temperatureliquid (I) and  

residue (II) 

 

 
Fig. 5.73a Infrared spectra of blend, H4, after heated at 300

o
C (I) 400

o
C (II) and  

500
o
C (III) 
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Fig. 5.73b IR spectra of blend, H4, after pyrolysis at high temperatureliquid (I) 

and residue (II) 

 

 

Fig. 5.74a Infrared spectra of blend, J4, after heated at 250
o
C (I), 350

o
C (II) and 

450
o
C (III) 
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Fig. 5.74b IR spectra of blend, J4, after pyrolysis at high temperatureliquid  

(I) and residue (II) 

 

 

Fig. 5.75 GC-MS results of blend, G4, heated to boiling, cooled and dissolved 

in acetone 
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Fig. 5.76 Gas chromatography—mass spectrometry results of PVAc-PBr3 blend, 

H4, heated to boiling, cooled and dissolved in acetone 

 

 

 
Fig. 5.77 GC-MS results of blend, J4, heated to boiling, cooled and dissolved in 

acetone 
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Table 5.34 GC-MS results of blend, G4, after heating to high temperature, cooled the      

fractions and dissolved in acetone 

 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Product Identified 

 

1 2.272 91, 106, 65, 52, 39, 92, 79, 78 Polyene 

2 2.744 43, 15, 42, 79, 81, 14 Acetyl bromide 

3 3.005 17, 18 water 

4 3.360 43, 45, 60, 15, 42 Ethanoic acid (Acetic acid) 

5 4.307 
80, 169, 106, 184, 186, 54, 157, 

79, 81, 66, 68 

Polyene bonded to bromine 

6 5.366 124, 168, 80, 153, 84, 139, 110 
Polyene with pendent acetate 

group 

7 7.507 43, 15, 27, 86, 42 Vinyl acetate 

8 7.650 43, 95, 59, 79, 138, 123, 53, 85 
Polyene with pendent formate 

group 

 

 

 

 

 

 

 

 

 

Table 5.35 GC-MS results of pyrolysis for blend, H4, after heating to high 

temperature, cooled the fractions and dissolved in acetone 

 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Product/s Identified 

(condensed formula) 

1 3.036 177, 208, 149, 90, 193, 165, 106 C6H9O6P 

2 4.193 127, 207, 82, 54, 99, 179, 134, 26 C7H11O2Br 

3 5.335 53, 86, 60, 27, 22 C4H7P 

4 7.484 155, 200, 110, 77, 169, 124, 98 C8H9O4P 

5 8.964 148, 214, 103, 183, 169, 156, 53, 98 C9H12O2P2 

6 10.852 201, 156, 281, 248, 203, 123, 78 C8H10O4BrP 

7 16.545 
357, 298, 239, 390, 180, 324, 213, 
154, 128 

C20H23O6P 
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Table 5.36 GC-MS results of pyrolysis for blend, J4, after heating to high   

temperature, cooled the fractions and dissolved in acetone 

 

Peak 

no. 

Time 

(minutes) 
MS (m/e) 

Product/s Identified 

(condensed formula) 

1 2.260 
149, 208, 232, 267, 173, 114, 88, 182. 
196 

C13H13O4Cl 

2 2.580 117, 172, 127, 207, 134, 147, 102 C8H11O4Cl 

3 3.731 127, 186, 82, 171, 101, 56, 113, 99 C9H14O4 

4 4.753 104, 198, 163, 137, 78, 113, 87, 52 C10H11O2Cl  

5 15.771 
227, 331, 320, 296, 390, 303, 219, 
146, 111, 76 

C17H20O6Cl2 

 

5.3.7 Flammability of Neat PVAc and its Blends 

The results of flammability test, HBR, for neat polymers and their blends, G1 

to G5, H1 to H5 and J1 to J5 are reproduced in Tables 5.37, 5.38 and 5.39, 

respectively. The graph depicting the horizontal burning rates of neat polymer and its 

blends are shown in Figs. 5.78, 5.79 and 5.80. The blends as well as neat polymer for 

HBT are prepared in the same solvent and with the same experimental conditions, i.e., 

according to the recommended procedure as discussed in experimental section 4.3.2.  

 

 

Table 5.37 Horizontal burning rate for polymer (G) and blends, G1-G5 

Polymer/Blend  

code number 
G G1 G2 G3 G4 G5 

Time to burn 

(sec) 
16 40 46 55 68 81 

Length of strip 

(mm) 
75 75 75 75 75 75 

HBR  

(mm/sec) 
4.6 1.87 1.63 1.36 1.10 0.92 

      mm = millimeter, sec = second,  
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Table 5.38 Horizontal burning rate for polymer (G) and blends, H1-H5 

Polymer/Blend 

code number 
G H1 H2 H3 H4 H5 

Time to burn 

(sec) 
16 51 57 67 78 99 

Length of strip 

(mm) 
75 75 75 75 75 75 

HBR  

(mm/sec) 
4.6 1.47 1.31 1.11 0.96 0.75 

      mm = millimeter, sec = second, 

 

 

Table 5.39 Horizontal burning rate for polymer (G) and blends, J1-J5 

Polymer/Blend  

code number 
G J1 J2 J3 J4 J5 

Time to burn 

(sec) 
16 41 48 57 60 79 

Length of strip 

(mm) 
75 75 75 75 75 75 

HBR  

(mm/sec) 
4.6 1.82 1.56 1.31 1.25 0.94 

      mm = millimeter, sec = second, 

 

 

 

Fig. 5.78 HBR of neat polymer (G) and its blends, G1 to G5 
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Fig. 5.79 Horizontal burning rate of neat polymer (G) and its blends, H1 to H5 

 

 

 

 

Fig. 5.80 Horizontal burning rate of neat polymer (G) and its blends, J1 to J5 
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Chapter 6 

 

6. Discussion 

6.1 Pyrolytical Sifting of Poly(methyl methacrylate) in the Presence of Additives 

6.1.1 Thermoanalytical, IR, Py-GC-MS and Flammability Characterization of 

Poly(methyl methacrylate) in the Presence  of Aluminum Tribromide                  

6.1.1.a  Thermoanalytical (TG- DTG- DTA) Behavior 

TG trace of additive, (X), exhibits a two-step degradation process starting to 

decompose around 70
o
C (Fig.5.1). The first weight-loss (about 5-6%) appears to be 

the result of elimination of moisture. The major disintegration step commences at 108 

o
C and ends at 223

o
C indicating an overall weight loss of ~78% (Table 5.2). This part 

of decomposition is believed to be the outcome of Br, Br2 and Br
. 

(free radical) 

production. A DTG peak at 215
o
C marks the temperature of maximum weight-loss for 

this stage. The final stage of degradation shows a very slow rate of weight-loss over a 

temperature range of 223-800
o
C. Up to 660

o
C, the weight-loss is only 6-7% which 

may be assigned to the loss of bromine (either in nascent or radical form). At 660
o
C, 

aluminum metal starts melting and shows a weight-loss of 2.5% due to its 

evaporation. The three DTA peaks at 95, 375 and 588
o
C and one DTG peak at 215

o
C 

support the current degradation behavior of metal halide. The residue is almost 9% of 

the original weight and is pure aluminum metal.  

The thermal curves (TG, DTG and DTA) of pure additive, homopolymer and 

blends (polymer-additive), recorded in inert (nitrogen) atmosphere from ambient to 

800
o
C, are produced in Figs. 5.1, 5.5, 5.9 and 5.12. The relevant data and stages of 

pyrolysis regarding the thermal behavior of additive, polymer and blends are 

presented in Table 5.2. The thermal degradation study on AlBr3 has not been 

performed earlier to the best of our knowledge, though the corresponding salt with 

chlorine was blended with polystyrene to investigate the catalytic effect [225]. 

Thermal degradation of PMMA is well-known both in air and under nitrogen 

atmosphere. The degradation of PMMA proceeds by combination of end-chain and 

main-chain scissions. It is one-step degradation and yields monomeric methyl 

methacrylate with no residue at the end [44, 26, 226, 227]. Our investigation confirms 

the already known thermal degradation pattern of PMMA (Fig.5.5-a) in the nitrogen 

atmosphere. It begins to lose weight around 250
o
C with single stage decomposition 
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terminating around 440
o
C. Two DTA peaks (Fig. 5.12-a) at 318 and 412

o
C and a 

DTG peak (for maximum weight-loss in the only step of pyrolysis) at 396 
o
C (Fig. 

5.9-a) support the well-established thermal degradation of PMMA. The degradation is 

initiated near the chain ends (next to double bonds—DTA peak at 318
o
C) and the 

monomers are furnished by unzipping of chains. Random backbone scission (DTA 

peak at 412
o
C) also contributes towards the production of monomers at some later 

part of degradation.   

The thermal curves of blends, A1-A5, are shown in Figs. 5.5, 5.9 and 5.12, 

whereas   thermoanalytical data are reproduced in Table 5.2.  The blend A1 begins to 

degrade around 50
o
C and the first stage comes to an end at 170

o
C (Fig. 5.5-b). Ten 

per cent weight-loss is observed. The products evolved at this stage clearly indicate 

the interaction between the two components of the system.  It has been seen that neat 

polymer (A) exhibits T0 at 250
o
C whereas additive starts degrading around 70

o
C when 

heated alone in nitrogen atmosphere. This is another clue for interaction. At the end of 

first stage (170
o
C), the intermediate is not stable. Two DTG peaks (Fig. 5.9-b) and 

one DTA peak (Fig. 5.12-b) at 120
o
C, 160

o
C and 124

o
C, respectively, are noted for 

the first stage of decomposition. The second stage which terminates at 440
o
C accounts 

for 88% weight-loss. Two per cent residue is noticeable at the completion of 

degradation process. The first 9% weight-loss for the second step (out of 88%) 

requires heating of 180 
o
C (from 170 to 350

o
C) whereas the remaining larger portion 

(79%) leaves the scene for a heating of 90
o
C (350-440

o
C). This is attributed to the 

strength of the bonds present in the intermediate. One DTG peak at 390
o
C and three 

DTA peaks at 206
o
C, 341

o
C and 400

o
C are indicated for the final (second) stage. The 

sharp fall in TG traces for the second stage manifests the rupture of all types of bonds 

as the rising energy content cannot be resisted. 

The second blend of this series, A2, starts losing weight around 50
o
C and by 

the end of the first stage (180
o
C), accounts for 14% weight-loss (Fig. 5.5-c). It is clear 

now that by increasing the concentration of additive (AlBr3), the T0 does not show 

any change when compared with A1, however, the per cent weight-loss has increased. 

Same type of interaction is believed to have occurred for this blend as was observed 

for A1. The last stage (180-440
o
C) gives a weight-loss of 83%. From 180

o
C to 350

o
C 

the weight-loss is only 10 per cent which is regarded as resistance offered by the 

bonds/interactions developed in the earlier part of the degradation between the 

components of the system whereas the remaining larger portion (73%) leaves the 
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degrading area for a heating of 90
o
C (350-440

o
C). For first stage, two DTG peaks 

(Fig. 5.9-c) at 120
o
C, 170

o
C and one DTA peak at 130

o
C appear (Fig. 5.12-c). For 

second step, one DTG and five DTA peaks are noticed at 390
o
C, 200

o
C, 280

o
C, 

340
o
C, 370

o
C and 406

o
C, respectively. Three per cent residue is found at the 

termination of the degradation process. 

The blend, A3, begins to degrade around 50
o
C and loses 17% of original weight 

in the first stage which terminates at 200
o
C (Fig. 5.5–d). The intermediate formed at 

this stage is not stable, pyrolysis proceeds and the second step shows a weight-loss of 

80 % with three per cent residue at the termination of second stage. The first 8% 

weight-loss for the second step  (out of 80%) requires heating of 150
o
C (from 200 to 

350
o
C) whereas the remaining larger portion (72%) leaves the crucible for a heating 

of 90
o
C (350-400

o
C). This is clearly indicative of the strength of bonds that developed 

during the early part of pyrolysis. Two DTG (Fig.5.9-d) and three DTA peaks 

(Fig.5.12-d) appear for first stage, 125
o
C, 170

o
C, 130

o
C, 150

o
C and 160

o
C, 

respectively. However, for second stage one DTG and four DTA peaks at 393
o
C, 250

 

o
C, 300

o
C, 345

o
C and 408

o
C, respectively, arise. 

The thermal degradation of blend, A4, begins at low temperature (50
o
C) and 

occurs in two stages (Fig. 5.5-e). In the first temperature zone, 50-210
o
C, 21% of the 

blend volatilizes. This portion of pyrolysis is due to the degradation of additive 

(AlBr3). It is noteworthy that AlBr3 commenced to decompose at 70
o
C when heated 

alone (Fig. 5.1). It is also observed that more weight-loss is found for this stage of 

degradation than the overall percentage of additive in the blend. It is believed that 

although additive begins to disintegrate earlier than the temperature at which it started 

to decompose alone, it causes polymer degradation at an early temperature. Similarly, 

in the presence of polymer, the additive (due to interaction with polymer pendant 

groups and heat transfer) exhibited an early splitting. This shows destabilization of 

additive and polymer in this part of heating. However, it certainly gives an indication 

of interaction (physical as well as chemical) between the two components of the 

system. Formation of atomic bromine (Br) and generation of bromine free radicals 

(Br∙) are believed to be the cause of destabilization of polymer. Two DTG peaks (121 

and 170
o
C) and three DTA peaks (131 and 148 and 181

o
C) are found for this stage of 

pyrolysis. The second stage starts soon after the completion of first stage (190
o
C) and 

gives a weight-loss of 76%. The slow rate of decrease in weight of the degrading 

blend from 190
o
C to 360

o
C suggests that  the splitting is being hindered due to the 
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interaction of degrading species (formation of new bonds which prevent quick 

weight-loss cannot be excluded in this zone). Alternatively, the degrading system 

seems stabilized in this region. However, around 360
o
C the energy content overcomes 

the holding forces (binding forces) and the system degrades rapidly. The degradation 

process ends at 440
o
C with the removal of a number of products including those 

which were not found when the components of the blend were pyrolyzed alone. For 

the slower portion of degradation of the final step, two DTA peaks (288 and 335
o
C) 

are observed (Fig. 5.12-e) which give the energy changes occurring due to the 

chemical interaction of blended components. For the faster portion of the final 

degradation step, one DTA peak (400
o
C) and one DTG peak (395

o
C) arise ( Fig. 5.9-

e). The residue is only 4% of the original weight of the blend and is identified as 

aluminum attached with oxygen and carbon, aluminum metal and char [228]. 

 The blend, A5, commences its weight-loss around 65
o
C for first stage which 

comes to an end at 200
o
C. Two DTG and three DTA peaks appear for this step at 

125
o
C, 166

o
C, 130

o
C, 150

o
C and 193

o
C, respectively. Twenty two per cent weight-

loss is evident from TG traces (Fig.5.5-f). The intermediate is not stable at this stage 

and continues to decompose as the energy content increases. The second stage 

terminates at 440
o
C. One DTG and five DTA peaks (Figs. 5.9-f and 5.12-f, 

respectively) are found at 392
o
C, 227

o
C, 272

o
C, 356

o
C, 360

o
C and 399

o
C, 

respectively. The first 7% weight-loss for the second step (out of 72%) requires 

heating of 150
o
C (from 200 to 350

o
C) whereas the remaining larger portion (65%) 

leaves the scene for a heating of 90
o
C (350-440

o
C). This is attributed to the strength 

of the bonds present in the intermediate. Heating the blend above 440
o
C leaves six per 

cent residue. 

The TG traces obtained from blends of 2.5-12.5% AlBr3 in PMMA (A1 to A5) 

compared to that of pure PMMA (Fig.5.5-a) indicate the low-temperature degradation 

in the early stages (Fig.5.5 (b-f)). It has been noticed (Fig. 5.5 (b-f)) that when the 

amount of additive in the blend is increased to 12.5% from 2.5%, (A1-A5) sample 

volatilizes quickly from the temperature range of 50-360
o
C to 50-300

o
C. This may be 

attributed to the higher content of AlBr3 which generates more bromine free radicals 

(Br∙) hastening the decomposition of undegraded part of the blends. The TG data 

indicate that aluminum tribromide initiates the early degradation of PMMA at a lower 

temperature. The degradation begins at a relatively low temperature (50
o
C, except for 

the blend 87.5% PMMA with 12.5% additive, which starts at 65
o
C) as compared to 
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that of pure PMMA (250
o
C). It has also been observed that progressive per cent 

weight-loss increases for 1
st
 stage of degradation, when the amount of AlBr3 in the 

blend is increased (i.e., from 2.5% additive to 12.5% additive in the blend). This 

supports the observation made earlier that both constituents of the system disintegrate 

in the presence of each other at lower temperatures. 

Another system was studied at this stage. The mode of mixing was changed. It 

was thought pertinent to check thermal behaviour of blend in which the components 

were in the form of mixed powders. Thus, PMMA-Al(acac)3, blend was prepared 

(PMMA:Al(acac)3 90:10 (percentage)) as intimate mixture of powders. The system 

appears to be destabilized in the early part of degradation. PMMA alone started to 

lose weight around 250
o
C whereas blend (Fig. 5.6) and additive (Fig. 5.2) showed the 

first signs of weight-loss at 234 and 112
o
C, respectively. The polymer stabilized the 

additive (additive‘s degradation/sublimation was prevented by the presence of 

polymer—interaction from the very early stage is established) while the additive 

destabilized the polymer by 16
o
C. Single stage degradation is evident for individual 

components and blends. Two DTA peaks are observed for PMMA and one each for 

the additive and the blend. Only PMMA leaves no residue at the end of degradation; 

additive gives 30% around 200
o
C (termination of degradation) and blend provides 

4.56% around 400
o
C (completion of degradation). The evidence of interaction 

physical as well as chemical—comes from the identification of degradation products 

and residues [47, 48, 229]. 

6.1.1.b Effect of Blend Composition on Thermal Degradation 

The plots of T0, T25, T50 and Tmax of polymer and its blends are given in Fig. 

5.15. This shows a very clear trend of destabilization when T0 is taken into account. It 

is the temperature corresponding to the start of weight-loss. As the percentage of 

additive in the blends is increased, a slight stabilization of 20
o
C is noted which may 

be attributed to the number of links which are developed between Al and pendent 

oxygens of polymer per unit volume of additive. However, for T25 (temperature at 

which 25% weight-loss occurs), the trend of destabilization is more pronounced when 

weight % of additive goes from 2.5 to 12.5. This seems to be due to the production of 

Br
. 
which causes the accelerated degradation of polymer. At T50 (temperature at which 

50% weight-loss is observed), a very inappreciable stabilization is noted as energy 

content is too great to be resisted by the different types of interactions or bonds 
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between additive and polymer irrespective of the weight percentage of additive. Tmax 

(temperature for maximum weight-loss) is same for polymer and blends which is 

indicative of the region very close to the completion of decomposition process. In this 

zone, almost all kinds of bonds are prone to breakage. This graph, however, does not 

shed any light as to how much residue is left at the termination of disintegration of the 

system. 

6.1.1.c Activation Energy and Order of Reaction 

Activation energy and order of reaction are tabulated in Table 5.5 for polymer, 

additive and blends. The trend confirms the findings from TG curves. PMMA is more 

stable than the blends of all compositions. As the percentage of additive (AlBr3) is 

enhanced, a slight increase in activation energy is noticed. This not only points out the 

early destabilization of the system but also indicates the interaction associated with 

the additive‘s degradation (concentration-based) for the promotion of polymer‘s 

disintegration at lower temperatures. 

6.1.1.d  Infrared Spectroscopy  

IR spectrum of the pure additive [Fig. 5.18-b] gives typical stretchings for 

AlBr3. As additive is hygroscopic so a broad band in the region 3600-3000 cm
-1

 hints 

at the presence of H2O. The other peaks at 1603, 1089, 676, 580, 478 cm
-1

 arise due to 

Al-Br bond. 

The bands in the region 1725-1735 cm
-1

 evidence the presence of ester 

linkages for PMMA [Fig. 5.18-a]. The absence of peaks in the region 1630-1640 cm
-1

 

clearly indicates the conversion to polymeric form of the compound and absence of 

monomeric C=C double bonds. The saturated C-H stretchings appear around 3000 

cm
-1 

[228]. The IR spectrum of the blends—films were produced with different 

percentage ratios of PMMA to AlBr3—gives characteristic peaks for PMMA with 

displaced positions. This may be due to the presence of additive and the physical 

interactions the additive may have developed with the polymer. For instance, the 

peaks for ester linkages of PMMA appear now at lower frequencies, i.e., around 1716 

cm
-1

. On the other hand, Al-Br stretchings either seem suppressed or appear at higher 

frequencies. Peaks at 1616, 686, 593 cm
-1

 are ample proof for the interaction between 

PMMA and AlBr3 [Fig. 5.18-c]. The film cast by common solvent was transparent 

which confirmed the compatibility of the components and mixing at molecular level.  

For PMMA-Al(acac)3 blend,  IR spectroscopy reveals the formation of 

acetone, acetylacetone and methyl methacrylate in case of blend whereas the 
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evolution of gases, i.e., methane, carbon monoxide, carbon dioxide, dimethyl ketene, 

and ethylene appears to have occurred as a logical course of degradation. PMMA 

rendered only monomer while additive either partially sublimed or degraded with the 

evolution of carbon monoxide and acetylacetone [47, 48, 229]. Residue was Al2O3 for 

additive whereas it was Al2O3 and char for blend. The stable residue from the 

decomposition of additive not only acted as heat sink in different temperature zones 

of blend pyrolysis but also changed the nature of degradation products through 

chemical interaction.  

For gaining conclusive evidence regarding the product‘s identification, the 

blends were heated at 300, 400 and 500
o
C for a minute and the residue (in each case) 

was dissolved in acetone. IR spectra of residues were taken directly while the 

dissolved residues were subjected to GC-MS. The IR spectra of residues coupled with 

GC-MS helped in identifying the nature of residues at different temperatures. 

The IR spectrum (Fig. 5.18-c) of the blend, A4, (90% PMMA:10% AlBr3) and 

residue of this blend after heated at 300
o
C (Fig. 5.21-a) are not showing much 

difference thereby revealing that after the initial low-temperature decomposition of 

additive (it is believed that Br∙ (free radical), Br, Br2, HBr, CH4, CO, CO2, CH3Br, 

CH3OH and certain other smaller molecules evolve as the temperature rises to 300 
o
C) 

which also causes a minor degradation of polymer, the system is intact with aluminum 

forming bonds with ester oxygen of several chains, thus, stabilizing the blend in this 

temperature zone. The amount of moisture appears to have diminished which may be 

attributed to its complete elimination by 300
o
C and then reabsorbance by the 

undegraded AlBr3 in the residue. TG curve is in agreement with IR findings as rate of 

weight-loss is slow around 300
o
C.  

GC-MS results (gas chromatograms combined with mass spectra) confirm the 

observations made on the basis of IR spectra. No peaks (chromatograms) are present 

for smaller molecules as these have already left the scene. The products are either 

fractions of degraded polymer, i.e.,  methacrylic acid, cyclic products having few 

carbons, more than trace MMA units forming compounds which are cyclic in nature 

involving unsaturation, etc. or oligomers bonded [61-63]  to aluminum through ester 

oxygen or oligomers with bromine that replaces the –CH3 group other than ester –CH3 

(Fig 5.18). The production of methanol (its identification was made possible through 

Py-GC-MS) clearly shows the involvement of another interaction, i. e., Al…O=C< 

[Schemes 1 and 2]. 
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The IR (Fig. 5.21-b) and GC-MS (Figs. 5.24a and 5.24b, respectively) of 

residue (when the blend was heated at 400
o
C) were markedly different from those 

which were recorded for the residue when the blend was heated at 300
o
C (Table 5.8). 

As the major and quick (sharp fall in TG traces, Fig. 5.5) weight-loss is observed in 

this region (300 to 400
o
C), the products seem to be those which are expected prior to 

completion of degradation process, i.e., undegraded portion of polymer end chains, 

Al-O linked with smaller carbon moieties, [Fig. 5.21-b] absence of ester linkages, 

branched hydrocarbons with limited chain length, etc. (Schemes 3 and 4). However, 

some C-H stretchings of –CH3 and -CH2- can still be observed (3749, 3675 & 3648 

cm
-1

). The bromine content has almost vanished. Few bromine atoms are believed to 

be still bonded to aluminum which, in turn, appears to have developed true bonds with 

oxygen of ester linkages [135, 230, 231]. 

The heating of blend to 500
o
C was carried out to study the nature of residue 

only. The degradation of the blend completed around 440
o
C (Fig. 5.5). The IR 

spectrum of the residue (Fig. 5.21-c) gives evidence for Al-O-C linkages (900-1200 

cm
-1

), C-C bonds (1300-800 cm
-1

 which may be ascribed to char) and Al-C linkages 

(400-900 cm
-1

 that may be attributed to Al4C3). The presence of aluminum metal 

cannot be excluded on visual inspection-basis. The GC-MS studies only confirm the 

Al-O-C bonds in the form of Al(HCOO)3 [230]. 

IR of Liquid Portion after Heating the Blend to High Temperature 

 The blend was heated to high temperature and the volatile products were 

collected at -196
o
C. The liquid portion was subjected to IR spectroscopy (Fig. 5.21b). 

 A broad peak at 3394 cm
-1 

is noticed which arises due to moisture. During 

heating the blend, the ‗residual‘ AlBr3 may have absorbed it or it may be a product of 

blend itself as IR of the blend (Fig. 5.18-c) shows water presence. The bands in the 

region 2930-3000 cm
-1

 are attributed to C-H stretching (aliphatic). Small peaks 

around 2900-2880 cm
-1

 are assigned to branched chain alkane C-H vibrations. The 

frequencies noticed at 1798 cm
-1

 and 1733 cm
-1

 are ascribed to C=O of  X-C=O and 

C=O of ester, respectively. C-O vibrations for ester are found around 1160-1210 cm
-1

. 

Monomer (MMA) appears to have formed in meagre quantity as the peak size at 1733 

cm
-1

 reveals so. Vinyl type unsaturation (C=C) is inferred from the band observed at 

1640 cm
-1

 and presence of CH2 in this un-saturation is confirmed by the peaks around 

1412-1420 cm
-1

. C-Br stretchings are noted in the region 515-680 cm
-1

. 
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6.11.e  Py-GC-MS Investigations 

The IR and GC-MS investigations of residues at 300, 400 and 500
o
C helped 

monitor the progress of degradation (Table 5.8). These studies provided enough 

insight which suggests that apart from earlier low-temperature degradation, the blend 

is stable around 300
o
C (the nature of products found around this temperature is a 

convincing clue). In the region around 400
o
C, the energy content is so high that the 

links between Al and O (both ester as well as carbonyl) cannot block the unzipping of 

main chain. The presence of Al-O and Al-C linkages in residue at 500
o
C indicates the 

role played by aluminum of the additive in modifying the overall degradation 

mechanism of polymer. Bromine (free radicals) was thought to initiate the early 

decomposition of the PMMA. In later part of the degradation, it is Al which interacts 

with disintegrating polymer, thus, modifying the pattern of pyrolysis and mode of 

formation of degradation products. 

6.1.1.f  Flammability of Polymer and Blends 

Figure 5.30 depicts the burning rate of PMMA-AlBr3 blends (Table 5.11) 

determined by horizontal burning test. The burning rate of blend with 12.5% of 

additive (Mix F) decreases to 5 times when compared with that of neat polymer 

whereas the effectivity, in this connection, is very pronounced even for the lowest 

proportion (Mix B). This attributes to the retarding effect caused by AlBr3 additive to 

PMMA. The trend is clearly linear one, i. e., higher the concentration of additive, 

lower is the rate of burning and vice versa. This also confirms the uniform distribution 

of additive in the polymer. 

6.1.1.g Degradation Mechanism   

The findings from thermogravimetry, differential thermal analysis, derivative 

thermogravimetry, infrared spectroscopy and pyrolysis-gas chromatography and mass 

spectroscopy techniques furnish an insight into the degradation   mechanism of 

poly(methyl methacrylate) in the presence of aluminum tribromide. Four schemes (1 

to 4) are devised which provide routes for the formation of different degradation 

products and their details may be found elsewhere. 
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6.1.2 Thermoanalytical, IR,  Py-GC-MS  and Flammability Characterization of 

Poly(methyl methacrylate) in the Presence of Phosphorous Tribromide 

6.1.2.a  Thermogravimetry, Derivative Thermogravimetry and  Differential 

Thermal Analysis  

The TG curve of neat additive, (Y), gives a single step weight-loss. This 

additive begins to lose weight around 60
o
C and the whole process completes around 

178
o
C [Fig. 5.3]. The first fifty per cent of the original weight requires heating of 

105
o
C to disappear whereas the remaining fifty per cent leaves the crucible within a 

temperature range of just 15
o
C. A DTG peak is found at 178

o
C while DTA peak is 

noted at 176
o
C. When additive (Y) approaches its boiling point (175

o
C), the weight-

loss (evaporation) becomes brisk. This is also evident from the preceding observation. 

At the termination of weight-loss step, no residue is encountered.  

The blend, B1, begins to degrade around 81
o
C and the first stage comes to an 

end at 169
o
C (Fig. 5.7-II). Nine per cent weight-loss is observed (Table 5.3). The 

products evolved at this stage clearly indicate the interaction between the two 

components of the system.  The neat polymer exhibits T0 (temperature corresponding 

to the detection of first weight-loss) at 250
o
C (Fig. 5.7-I), whereas additive starts 

losing weight around 60
o
C when heated alone. This is another clue for interaction. 

From 169
o
C to 279

o
C the system remains intact thereby showing the stability of the 

intermediate. For first stage, one DTG peak (110
o
C) and one DTA peak (130

o
C) 

appear. The intermediate is not pure PMMA as neat polymer commences to 

decompose around 250
o
C. So it is believed that bonds between PBr3 and PMMA are 

formed which result in the stabilization of intermediate (169-279
o
C). The second 

stage which terminates at 430
o
C accounts for 91% weight-loss. No residue is 

noticeable at the completion of degradation process. One DTG peak at 393
o
C 

(Fig.5.10) and two DTA peaks at 350
o
C and 408

o
C are (Fig. 5.13) noted for the final 

(second) stage. The sharp fall in TG traces for the second stage manifests the rupture 

of all types of bonds as the rising energy content cannot be resisted. 

The second blend of this series, B2, starts losing weight around 8 
o
C and by 

the end of the first stage (16 
o
C), accounts for 12% weight-loss (Fig. 5.7-III). It is 

clear now that by increasing the concentration of additive (PBr3), the T0 does not 

show any change, however, the per cent weight-loss has increased. Same type of 

interaction is believed to have occurred for this blend as was observed for B1. The 

range of temperature for stable residue (165-262
o
C) in this case exhibits a reduction 
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when compared with the same range for the first member of this series (B1). It may be 

due to less number of bonds/links formed between the constituents of the system 

despite the presence of relatively higher concentration of additive. The last stage 

(262-440
o
C) gives a weight-loss of 88%. From 262

o
C to 360

o
C the weight-loss is only 

7% which is regarded as resistance offered by the bonds/interactions developed in the 

earlier part of the degradation between the components of the system. For first stage, 

one DTG peak (111
o
C) and one DTA peak (120

o
C) appear (Figs. 5.10-III and 5.13-

III, respectively). For second step, one DTG and two DTA peaks are noticed at 396
o
C, 

363
o
C and 407

o
C, respectively. No residue is found at the termination of the 

degradation process. 

The blend, B3, begins to degrade around 70
o
C and loses 14% of original 

weight in the first stage which terminates at 175
o
C (Fig 5.7-IV). The intermediate 

formed at this stage is stable up to 280
o
C after which the pyrolysis again starts and the 

second step shows a weight-loss of 86% with no residue at the completion of the 

decomposition (445
o
C). From 280

o
C to 338

o
C only 6% weight-loss is observed which 

is indicative of the strength of bonds that developed during the early part of pyrolysis. 

One DTG (Fig. 5.10-IV) and one DTA peak appear (Fig. 5.13-IV) for first stage (115 

and 118 
o
C, respectively), however, for second stage one DTG and two DTA peaks at 

397
o
C , 350

o
C and 404

o
C, respectively, arise. No residue is noticeable at the 

completion of degradation process. 

B4 shows a weight-loss of 16% for first stage. It commences to decompose 

around 70
o
C and stops losing weight around 190

o
C (Fig. 5.7-V). Single DTG and 

DTA peaks are found at 110
o
C and 124

o
C, respectively. The intermediate withstands 

a temperature of 70
o
C (190-260

o
C) before the inception of second stage of 

degradation. The second step comes to an end at 441
o
C marking a weight-loss of 

84%. The first 6% weight-loss of second stage requires heating of 96
o
C which is 

attributed to the resistance offered by strong bonds/links produced during the early 

part of the pyrolysis. One DTG and two DTA peaks are observed at 393, 365 and 

406
o
C, respectively (Figs. 5.10-V and 5.13-V, respectively). No residue is found at 

the completion of degradation process.  

Blend, B5, commences its weight-loss around 62
o
C for first stage which 

comes to an end at 192
o
C. One DTG and one DTA peak appear for this step at 123

o
C 

and 136
o
C, respectively. Eleven per cent weight-loss is evident from TG traces (Fig. 

5.7-VI). The intermediate that is stable up to 243
o
C starts decomposing as the energy 
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content increases. The second stage terminates at 448
o
C. One DTG (Fig. 5.10-VI) and 

two DTA peaks (Fig. 5.13-VI) are found at 397
o
C, 365

o
C and 415

o
C, respectively. 

The first 8% weight-loss for the second step (out of 89%) requires heating of 109
o
C 

(from 243 to 352
o
C) whereas the remaining larger portion (81%) leaves the scene for 

a heating of 96
o
C (352-448

o
C). This is attributed to the strength of the bonds present 

in the intermediate. There was no residue at the end of pyrolysis of this blend. 

The interaction is clear between the components of the system throughout the 

series, i.e., B1-B5. The nature of interaction is same for all members of the series. The 

percentage of degradation for first stage is higher than the total percentage of additive 

in the blends B1-B4. The molecular level mixing of the constituents favours the 

development of links between them which, in turn, gives way to early degradation of 

both parts. The evolution of new product (GC-MS results) in the early part of 

pyrolysis confirms the chemical interaction and mutual influence of the ingredients on 

each other‘s decomposition. 

6.1.2.b Blends Composition Effect on Thermal Behavior 

 Figure 5.16 shows the graph between temperature and weight % of 

additive. The results reveal a very clear trend of destabilization when T0 is considered 

(Table 5.3). It is observed that, as the percentage of additive in the blends is increased, 

a slight stabilization of 20
o
C is noted which may be attributed to the number of links 

which are developed between phosphorous and pendent oxygens of polymer per unit 

volume of additive. For T25 (temperature at which 25% weight-loss occurs), the trend 

in destabilization is not so different for blends when weight percentage of additive 

goes from 2.5 to 12.5. This seems to be due to the interaction of phosphorous. 
 
 At T50 

(temperature at which 50% weight-loss is observed), a very inappreciable stabilization 

is observed as energy content is too great to be resisted by the different types of 

interactions or bonds between additive and polymer irrespective of the weight 

percentage of additive. Tmax (temperature for maximum weight-loss) is little bit 

different for polymer and blends which is indicative of the region very close to the 

completion of decomposition process. In this zone, almost all kinds of bonds are 

prone to breakage. 

6.1.2.c Activation Energy and Order of Reaction Determination 

 Table 5.6 presents the activation energy and order of reaction of thermal 

decomposition of polymer, additive and polymer-additive systems. A decreasing trend 

of activation energy is noticed with the increasing percentage of additive (2.5-12.5%) 
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in the blends. These results were computed from TG curves. It is believed that 

decrease in the activation energy is due to the destabilization of the blended system, 

observed in the earlier part of pyrolysis keeping T0 in view. The interaction at the 

outset of degradation between the components of blends triggers an early loss of 

weight which is attributed to the decreasing trend of this parameter down the series 

(B1-B5). The shifting of T0 to lower temperatures from B1-B5 is quite evident in the 

current thermal investigation.  

6.1.2.d UV Findings 

It is well-known fact that PMMA does not absorb in UV region. On the contrary, 

PBr3 gives a distinct peak at 325 nm (in acetone) whereas its blend with PMMA also 

absorbs in UV range (Figs. 5.19a). The shift in wavelength for PMMA-PBr3 (330 nm) 

clearly indicates interaction between the components of the system. This shift is 

attributed to the establishment of links between phosphorus of additive and carbonyl 

oxygen of polymer and bromines of additive and carbons of polymer backbone (main 

chain).  

6.1.2.e  IR Spectra 

Poly(methyl methacrylate) is a widely-studied polymer and its IR spectrum 

(Fig. 5.19b-I) gives the characteristic peaks for the presence of ester linkages (1730-

1735 cm
-1

). The absence of peaks in the region of 1630-1640 cm
-1

 confirms the 

formation of polymer. The stretchings attributed to C-H bonds can be observed 

around 3000 cm
-1

. 

 The IR of PBr3 (Fig. 5.19b-II) shows a broad band at 3362 cm
-1

 which is due 

to water absorption (all our endeavors to save PBr3 from taking moisture from 

surroundings failed as the humidity was high at the time of IR run). The remaining 

peaks (485, 476, 458, 442, 418, 407 cm
-1

) assigned to P-Br bond [232]. The IR peaks 

for blend (B4-PMMA 90%:PBr3 10% -selected arbitrarily to represent the whole 

series) exhibit (Fig. 5.19b-III) some interesting features. ―Free‖ PBr3 is either 

completely absent or if present, is only at trace levels. The absence of peaks around 

3362 cm
-1

 (O-H stretching for water) overrules the presence of free PBr3. The shift 

observed for ester linkages of PMMA (IR peak at 1718 cm
-1

) and appearance of some 

sharp peaks at 1434, 1386, 1141 cm
-1

 suggest formation of a ‗complex-type‘ 

arrangement (it is not ‗true‘ complexation as observed in case of transition elements) 

involving carbonyl oxygen of PMMA pendent groups (either of the same chain or two 

different chains) and phosphorous of PBr3. The following structures are proposed:  
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A few more peaks at 1238, 564, 599, 667 cm
-1

 indicate that Br of P-Br bond 

‗experiences‘ a pull from nearby carbons (backbone as well as ester carbons) [232]. 

For true C-Br and CH3-Br, the stretchings are found at 515-680 and ~1230 cm
-1

, 

respectively. This may result in the weakening of this bond (P-Br) or Br ‗moves‘ 

closer to the more electropositive carbon atoms. The results of GC-MS point towards 

these types of developments.  

IR Spectra at Different Temperatures 

 IRs were recorded of two residues (when blend, B4, was heated to 250
o
C, 

300
o
C and 400

o
C and on cooling the solid portion was subjected to IR spectroscopy) 

to gain more information on the nature of intermediates at three different 

temperatures. The temperatures were selected for studying the second stage (major) of 

degradation (TG results) in more definite terms. 
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At 250
o
C 

 The IR (Fig. 5.22a-I) when compared with the IR of the blend (Fig. 5.19b-III) 

at room temperature, reveals very interesting changes that may have taken place 

during first stage of degradation (TG findings). This temperature (250
o
C) signifies the 

zone in which stable residue (intermediate) persists in almost all blends. 

 C-H vibrations (aliphatic) are present at around position, i.e., 2940-3000 cm
-1

, 

however, some new peaks have appeared around 2800-2900 cm
-1

 which are attributed 

to C-H (aldehydic). More new peaks are noticed in the region 2460-2240 cm
-1

 which 

are believed to have arisen due to P-H vibrations. Carbonyl peak at 1719 cm
-1

 (for 

esters) accompanied by two shoulder peaks at 1695-1700 cm
-1

 confirms the 

involvement of phosphorus (from the additive) with the C=O of MMA pendent 

groups resulting in a stronger ‗complex-type‘ situation. Different chains in the vicinity 

may also ‗experience‘ the impact of this ‗framework‘, i.e., phosphorus, being 

trivalent, may ‗spread‘ the ‗network‘. Aldehydic C=O vibrations are found for the 

first time at 1738 cm
-1

. Not only P-H (stretching around 2460-2240 cm
-1

) seems to 

form part of the backbone but –PH2 also appears at the ends of same chains (new 

vibrations at 1100-1082 cm
-1

, 1065-1040 cm
-1

 and 940-910 cm
-1

). Attachment of P 

with C stems from the appearance of fresh frequencies around 795-750 cm
-1

. Bromine 

bonded to carbon has the place in 560-680 cm
-1

 region. 

At 350
o
C 

 This IR (Fig. 5.22a-II) shows C-H (aliphatic) stretchings around 2945-3000 

cm
-1

 with additional vibrations at 2800-2900 cm
-1

 (may be attributed to aldehyde). 

The size of the peaks exhibits little reduction when this IR is compared with the IR of 

the blend‘s residue taken at 250
o
C. Few new peaks are observed in the region 2455-

2265 cm
-1

 which may have arisen due to P-H vibrations. The bands around 1100-

1085, 1065-1040 and 940-910 cm
-1

 may be ascribed to –PH2 stretchings. The 

frequencies thought to arise because of P-C are found around 795-650 cm
-1

. The 

carbonyl (C=O) vibrates at 1719 cm
-1

 and bands at 1700 cm
-1

 and 1695 cm
-1 

suggest 

its (C=O) involvement with P of additive (‗complex-type‘ framework, i.e., P-O-C 

linkages. Phosphorus may not ‗coordinate‘ or ‗complex‘ with pendent groups of the 

polymer (as it is not a transition element). A shoulder peak to 1719 cm
-1

 at 1738 cm
-1

 

may be due to aldehyde C=O.  P-Br stretchings are observable at 482, 463, 445, 425 

cm
-1

 which means P-Br bonds are intact (not all) and the shifts noticed in relevant 
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frequencies may be assigned to the ‗environment‘ of phosphorus (‗attraction‘ of 

carbonyl oxygen). The vibrations for real C-Br noted at 680-550 cm
-1

. 

At 400
o
C 

 When compared with the IR taken at 350
o
C (Fig. 5.22a-II), this IR (Fig. 5.22a-

III) gives diminishing peak sizes and disappearance of certain bands. C-H frequencies 

are observed (aliphatic as well as aldehydic) between 3000-2800 cm
-1

. The vibrations 

for P-H and –PH2 are found at the same positions as were observed in IR recorded at 

350
o
C. No change is noticed for C=O stretchings (phosphorus ‗bound‘ and 

aldehydic), i.e., these are present at their normal locations (sizes are reduced). Small 

peaks in the region 1810-1795 cm
-1

 may have appeared due to C=O bonded to Br. P-

Br vibrations are not present at this stage, however, peaks around 1050-970 cm
-1

 are 

assigned to P-O-C linkages. Few peaks in the region 680-560 cm
-1

 may be attributed 

to C-Br stretchings. 

IR of Liquid Portion after Heating the Blend to High Temperature 

 For further information on the products formed during degradation of this 

blend, IR was taken of the liquid portion which was obtained by heating the blend to 

high temperature and trapping the escaping volatiles at -196 
o
C. 

 The IR (Fig. 5.22b-I) gives C-H stretchings (aliphatic) around 3000-2930 cm
-1

 

along with the bands in the region 2900-2800 cm
-1

 (C-H attributed to aldehyde). 

Frequencies around 2450-2240 cm
-1

 are thought to have arisen due to P-H vibrations. 

Aldehydic C=O and ester C=O stretchings are found at 1738 cm
-1

 and 1731 cm
-1

, 

respectively. Another peak in the region 1795-1810 cm
-1

 may be assigned to C=O of 

X-C=O type compounds. Bands in three ranges, i.e., 1100-1085 cm
-1

, 1065-1040 cm
-1

 

and 940-910 cm
-1

 are ascribed to –PH2 vibrations. Finally, few peaks are noticeable 

around 515-680 cm
-1

 which point towards presence of C-Br bonds. Band size of 1731 

cm
-1

stretchings suggests that monomer (MMA) is produced in small quantity. 

6.1.2.f  Pyrolysis-Gas Chromatography-Mass Spectrometry Behavior 

The blend B4 (PMMA:PBr3, 90%:10%) was heated to 250
o
C for a minute and 

after bringing the residue to room temperature, GC-MS was taken in acetone to check 

the nature of degrading blend around this temperature. B4 was selected arbitrarily to 

represent the present series. Since the blends show stability at or around 250
o
C (TG 

traces, Figs. 5.7), the identification of products is expected to shed light on the 

interactions developed by the constituents of blends at this stage (Table 5.9). 
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 GC-MS of this blend (Fig. 5.25) shows a number of peaks. The products 

identified clearly indicate the interaction between the components of the system from 

an early stage of degradation. The absence of ‗free‘ PBr3 in the degradation up to 

250
o
C suggests its involvement with the pendent groups of the neat polymer or even 

with the backbone of the PMMA. However, the early weight loss is attributed to the 

decomposition of some ‗free‘ PBr3 which initiates the degradation of polymer. The 

formation of Br
.
 (free radicals) may result in the products of peaks at 1, 3, and 4. Peak 

number 7, gives the bromine radicals replacing the methyls attached to the backbone 

carbons. The other peaks hint at either the contacts developed by one constituent (P) 

of the additive (PBr3) or both. The product at peak 8 provides the convincing clue for 

the stability of the system in the region unfolded by TG curves (Fig. 5.7). The 

interactions proposed as per IR studies (Fig. 5.19b) may be taken as proved based on 

GC-MS studies. The ‗binding‘ of pendent groups of PMMA by phosphorus of 

additive may stop the degradation of polymer in certain temperature range furnishing 

stability to the system. The strength of the overall system lies in the ‗engagement‘ of 

various chains by undegraded or partially degraded additive. The mechanism of the 

production of these compounds is presented in Schemes 5 to 8. Peak no. 9 provides a 

clue (which may also be regarded as the reason of stability of the system around this 

temperature, i.e., 250
o
C) whereby phosphorus is found part of the backbone. It is 

worth-noting that phosphorus present in backbone of polymer is attached to carbon 

and hydrogen whereas bromine replaces either the –OCH3 of pendent group or CH3 

attached to backbone carbons. The formation of –PH2 and –PH- from PBr3 appears to 

have taken place along the degrading polymer. This also explains the ―blockades‖ 

experienced by the degrading polymer [226]. 

 The GC-MS taken after heating the blend (B4) up to 300
o
C  is to get insight 

into the nature of products arisen after the decomposition of stable intermediate (Fig 

5.26). The product identified (Table 5.9) at peak number 5 does provide enough 

information about the stable intermediate. Phosphorus seems to be linked to two 

separate chains (Scheme 9). Another product (peak no. 6) suggests as if Br
.
 (free 

radicals) blocks the depolymerization of the chains (Scheme 10). 

 The products identified after heating the blend (B4) to 400
o
C also furnish 

evidence of the mechanism of degradation close to the completion of decomposition 

process (GC-MS, Fig. 5.27). Despite inclusion of phosphorus in the chain (peak 3), 
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replacement of some of the part of pendent group by phosphorus (peak 6) and 

presence of bromine (peak 6) at the end of few modified MMA units, the breaking of 

bonds takes place owing to the energy content of this temperature zone (at or around 

400
o
C). Unzipping of the chains cannot be hindered by phosphorus or bromine. 

Oligomers of neat MMA are absent which is another indication of interaction between 

the components of the system. 

 Another GC-MS (Fig. 5.28) of this blend was recorded after heating to boiling 

for two minutes, cooling and then dissolving it in acetone. This was performed to 

check the overall behavior of the blend subjecting it to high temperature for short 

time. 

 Peak 1 reveals a compound that is aldehydic in character. It is believed that 

additive (PBr3) facilitates the removal of –OCH3 from the pendent unit of MMA. P 

and Br appear to be the integral part of completely broken unit of MMA. 

 The compound at peak 2 bears aldehydic functional group. This is attributed to 

the presence of additive. Bromine is connected to the ‗backbone‘ as the complete 

pendent group (-COOCH3) is detached. Only two adjacent MMA units appear to have 

undergone these changes, i.e., conversion of ester to aldehyde and attachment of 

bromine. 

 The MMA unit remains intact in the compound identified at peak 3. For 

adjacent part, only unsaturation is observed with bromine bonded to terminal carbon. 

–CH3 and –COOCH3 may have rendered CH4 and CO2. 

 All bromines of PBr3 are found replaced by –COOCH3 from MMA unit (peak 

4). For the compound at peak 5, it is of interest to note that two esters (–OCH3) have 

been substituted by Br and -PH2 while one methyl of remaining –OCH3 by H. One of 

the methyls of backbone seems to have been substituted by Br. All these changes are 

effected by the presence of the additive. The conversion of –PBr2 to –PH2 suggests 

the ease with which hydrogens diffuse through the system and replace the Br‘s of 

phosphorus. Table 5.9a shows the formulae and e/m of all identified compounds. 

 The interaction between additive and polymer is established. The GC-MS 

studies help in understanding the mechanism of degradation of the blended system. 

This interaction imparts stability to the system in certain regions (TG curves). The 

orientation of PBr3 in the system appears to have pronounced impact on the formation 

of the products identified during degradation at different temperatures. The cross-

linking of adjacent chains by the presence of phosphorus gives stability to the system. 
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In addition to this, phosphorus and bromine when terminate the degrading polymer 

also play role in the formation of those products which ‗block‘ further degradation in 

the regions of stability.  

6.1.2.g  Flammability Behavior of Neat Polymer and Its Blends 

 Horizontal burning rate (HBR) and time to burn neat polymer and its blends 

are tabulated in Table 5.12. The trend is clearly a linear one (Fig. 5.31). Higher the 

concentration of additive in the blend, lower is the rate of burning obtained. It has 

been observed that burning rate of blend (B5) decreases to 6 times compare to neat 

polymer (A). Reduction in burning rate is much more pronounced even with the 

lowest proportion of additive (B1) and this is easily explained by the retardancy 

caused by the additive towards polymer. The uniform distribution of all 

concentrations of additive throughout polymer is also confirmed.   

 

6.1.2.h Mechanism of Thermal Degradation 

The results obtained from thermoanalytical (TG-DTG-DTA), IR and Py-GC-

MS, provide information about the behavior of degradation products, when PMMA is 

degraded in the presence of phosphorus tribromide. The mechanism for the formation 

of various products has been proposed and Schemes 5 to 10 are being presented below 

to show the pathways for the degradation.  
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6.1.3  Thermoanalytical, IR,  Py-GC-MS  and Flammability Characterization of 

Poly(methyl methacrylate) Blended with Tin(IV) Chloride   

6.1.3.a  TG-DTG-DTA Investigations 

 This compound (Z) starts degrading (Fig. 5.4) around 10
o
C (the compound is 

unstable; conspicuous evolution of Cl2 is noticeable even at room temperature; 

minimum possible time was taken to transfer the compound from bottle to crucible; 

TG was conducted in winter when the ambient temperature was ~ 10
o
C). The first 

stage comes to an end at about 25
o
C releasing first chlorine out of four. Fourteen per 

cent weight-loss is observed for this stage. Both DTA and DTG peaks appear at 22
o
C. 

The second stage begins soon after as the intermediate shows no stability. 
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Termination of second step is noted around 80
o
C which exhibits a weight-loss of 

28%. This stage is attributed to the loss of two chlorines with DTG and DTA peaks 

found at 60 and 70
o
C, respectively. It seems that these two chlorines are different 

from the first chlorine as far as bond strength is concerned. The last stage (third and 

final)it commences at 80
o
C as the intermediate is unstablealso reveals the 

expulsion of chlorine which is most strongly bonded to the metal (Sn) since higher 

temperature range (80-160
o
C) and longer time span (8 minutes) are required for its 

complete removal from the decomposing compound when compared with the 

detachment of preceding three chlorines. DTG and DTA peaks are indicated at 134 

and 120
o
C, respectively. Weight-loss is 13% for this stage. Residue is identified as tin 

(45% of the original weight) which is stable till the completion of this run, i.e., 800
o
C. 

Around 233
o
C, a DTA peak refers to the melting point of the metal. 

The thermal decomposition curves for the neat polymer (A) and the series, C1 

to C5, are given in Figs. 5.8, 5.11 and 5.14, while the TG, DTG and DTA data for 

polymer and blends are presented in Table 5.4. The thermal decomposition of blend, 

C1, occurs in the temperature range of 60 to 170
o
C for the first step amounting to 4% 

(Fig. 5.8-II) as observed from TG traces. For first stage, the decomposition process is 

accompanied by one DTG peak at 140
o
C and one DTA peak at 150

o
C.  The products 

evolved at this stage clearly indicate the interaction between the two components of 

the system (GC-MS findings).  It is interesting to note (Fig. 5.8-I) that neat polymer 

(A) shows T0 (temperature at which weight-loss begins) at 250
o
C whereas additive 

starts losing weight around 10
o
C when both are heated alone in inert atmosphere. This 

is another clue for interaction. From 170
o
C to 195

o
C, the system remains intact 

thereby showing the stability of the intermediate. This intermediate is not pure 

PMMA as neat polymer commences to decompose around 250
o
C and pure additive 

starts losing weight around 10
o
C. So, it is believed that links between SnCl4 and 

PMMA are developed which result in the stabilization of intermediate (170-195
o
C).  

The second stage which starts at 195
o
C and terminates at 445

o
C, accounts for 89% 

weight-loss. Seven per cent residue is noticeable at the completion of degradation 

process. The first 10 per cent weight-loss for the second step (out of 89% weight-loss) 

requires heating of 135
o
C (from 195 to 330

o
C) whereas the remaining larger portion 

(79%) leaves the crucible for a heating of 115
o
C (330-445

o
C). This is attributed to the 

strength of the bonds present in the intermediate. One DTG peak at 404
o
C (Fig. 5.11-
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II) and five DTA peaks (Fig. 5.14-II) at 210, 232, 275, 380 and 420 
o
C are observed 

for the final (second) stage. The sharp fall in TG traces for the second stage manifests 

the rupture of all types of bonds as the rising energy content is sufficient to break all 

types of bonds. 

The second blend (C2) begins losing weight around 60
o
C and by the end of the 

first stage (165
o
C), accounts for 6 per cent weight-loss (Fig. 5.8-III). It is observed 

now that by increasing the concentration of additive (SnCl4), the T0 does not show 

any change, however, the percent weight-loss has increased. Same type of interaction 

is believed to have occurred for this blend as was observed for C1. The range of 

temperature for stable intermediate (165-180
o
C) in this case exhibits a reduction when 

compared with the same range for the first member of this series (C1). It may be due 

either to less number of links formed between the constituents of the system or less 

effectives binding ―of the blended‖ components despite the presence of relatively 

higher concentration of additive or the nature of links have changed. The last stage 

(180-445
o
C) gives a weight-loss of 84 per cent. From 180

o
C to 350

o
C the weight-loss 

is only 13 per cent out of 84 per cent, which requires heating of 170
o
C whereas the 

remaining large portion (71%) leaves the scene for a heating of 95
o
C (350-445

o
C), 

which is regarded as resistance offered by the bonds/interactions developed in the 

earlier part of the degradation between the components of the system.  One DTG peak 

at 120
o
C and one DTA peak at 150

o
C appear for first stage (Figs. 5.11-III and 5.14-

III, respectively). For second step, one DTG peak at 419
o
C and six DTA peaks are 

noticed at 210
o
C, 260

o
C, 300

o
C, 322

o
C, 383

o
C and 430

o
C. Heating of blend above 

445
o
C leaves 10 per cent residue which has higher percentage than blend C1. 

The blend, C3, starts to degrade around 60
o
C and loses 7 per cent of original 

weight in the first stage which terminates at 170
o
C (Fig 5.8-IV). The intermediate 

formed at this stage is not stable, the pyrolysis re-starts at 170
o
C and the second step 

shows a weight-loss of 80 per cent with 13 per cent residue at the completion of the 

decomposition (455
o
C). From 170

o
C to 330

o
C, only 14 per cent weight-loss out of 80 

per cent weight-loss is observed, which requires heating of 160
o
C, whereas the 

remaining portion (66%) leaves the scene for a heating of 125
o
C (330-455

o
C). These 

observations are indicative of the strength of bonds that developed during the early 

part of pyrolysis. One DTG and one DTA peak appear (Figs. 5.11-IV and 5.14-IV) for 

first stage (130 and 120
o
C, respectively), besides one DTG and four DTA peaks at 

408
o
C, 220

o
C, 300

o
C, 364

o
C and 422

o
C, respectively, for the second stage. 
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Blend, C4, shows a weight-loss (in the temperature range 70-220
o
C) of eight 

per cent for first stage (Fig. 5.8-V). One DTG and two DTA peaks are found (Figs. 

5.11-V and 5.14-V, respectively) at 120
o
C, 130

o
C and 200

o
C, respectively. The 

intermediate is not stable and starts decomposing as the temperature increases. The 

second step begins at 220
o
C and comes to an end at 460

o
C indicating a weight-loss of 

77%. Subsequently, as the temperature is raised further, a residue of fifteen per cent at 

the completion of degradation process is yielded. The first 14% weight-loss of second 

stage requires heating of 110
o
C which is attributed to the resistance offered by 

bonds/links produced along the pyrolysis. In the second stage one DTG and three 

DTA peaks are observed at 406, 260, 340 and 437
o
C, respectively.  

The blend, C5, begins its weight-loss around 70
o
C for first stage which comes 

to an end at 225
o
C (Fig. 5.8–VI). It is inferred that as the additive percentage is 

increased to 12.5%, the completion of first stage weight-loss is shifted to higher 

temperatures when compared with other members of the series, assuming that 

interaction between polymer and additive are developed. One DTG and one DTA 

peak appear (Figs. 5.11-VI and 5.14-VI, respectively) for this step at 125, 132, 210
o
C, 

respectively. Ten per cent weight-loss is evident from TG traces. The intermediate 

does not withstand further rise in temperature and starts decomposing immediately. 

The second stage terminates at 462
o
C exhibiting one DTG and three DTA peaks at 

408
o
C, 265

o
C, 360

o
C and 430

o
C, respectively. The first 14% weight-loss for the 

second step (out of 74%) requires heating of 110
o
C (from 225 to 335

o
C) whereas the 

remaining larger portion (60%) leaves the scene for a heating of 127
o
C (335-462

o
C). 

This is attributed to the types of bonds present in the intermediate. There was sixteen 

per cent residue at the end of pyrolysis for this blend. 

For this series, C1-C5, the interaction is evident between the components of 

the system from the very start of decomposition process. The nature of interaction is 

same for all members of the series. The percentage of degradation for first stage is 

higher than the total percentage of additive in the blends (C1 and C2). The molecular 

level mixing of the constituents favors the development of such links between them 

which, in turn, give way to early degradation of both parts. The evolution of new 

products (GC-MS findings) in the early part of pyrolysis confirms the chemical 

interaction and mutual influence of the ingredients on each other‘s decomposition. 

Polymer imparts stability to additive and percentage of residue at the completion of 
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pyrolysis while moving from C1 to C5 increases pointing towards the stability of the 

system.  

6.1.3.b Blends’ Composition Effect on Thermal Behavior 

The Fig. 5.17 presents the plots of T0, T25, T50 and Tmax of the polymer and its 

blends. When T0 is considered, a clear trend of destabilization is observed. T0 is the 

temperature which corresponds to the start of weight-loss. As the percentage of 

additive in the blends is raised, the trend of increased stabilization is noticeable which 

may be attributed to the number of links developed between tin (Sn) and oxygens of 

the polymer‘s pendent groups per unit volume of additive. It appears that the trend of 

destabilization becomes pronounced when weight per cent of additive is increased 

from 2.5 to 12.5 taking T25 (temperature at which 25% weight-loss occurs) into 

account. It is attributed to the generation of free radicals (Cl
.
)
 
by the additive, which 

promotes degradation of polymer. At T50 (temperature at which 50% weight-loss is 

observed), a marked increase in stabilization is noted with increasing concentration of 

additive. Similar increase of stabilization for Tmax (temperature for maximum weight-

loss) is observed with the rise in additive‘s concentration at the completion of 

decomposition process. However, in this zone, almost all kinds of bonds are liable to 

break. This graph, on the other hand does not shed any light as to how much residue is 

left at the termination of disintegration of the system but provides a thorough 

understanding of stabilization and destabilization regions indicating the role played by 

varying concentrations of additive.   

6.1.3.c Activation Energy and Order of Reaction  

 Table 5.7 presents the activation energy and order of reaction of polymer, 

additive (Z) and blends, C1 to C5. In this case, neat polymer is more stable (possesses 

the highest activation energy) than its blends. These findings are based on TG curves. 

A linear trend of decrease in activation energy is observed as the concentration of 

additive varies from 2.5% to 12.5%. The results confirm the early destabilization of 

the system. It is also confirmed that the interaction associated with the additive‘s 

degradation is concentration-based for the prevention of polymer disintegration at 

lower temperatures. Activation energy deals with the stability of the systems; 

however, mechanistic pathways of pyrolyzing materials cannot be inferred from the 

values of this important parameter. For checking overall stability of the substances, 

other factors may also be taken into account, e. g., the amount of char/residue 

produced at the completion of degradation process, development of such 
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bonds/interactions (complex formation) which may stabilize the system at some later 

stage during decomposition, duration of degradation, etc. Although in the present 

studies, systems (blends) have shown destabilization on the basis of activation energy 

(when compared with that of neat polymer), the subsequent stabilization observed is 

based on the arising of new interactions/bonds—IR studies—and production of 

increased char (TG findings). Moreover, formation of new compounds (less toxic, less 

flammable, etc.) as a result of interaction between the constituents of blends does not 

fall under the ambit of activation energy. So it is concluded that despite the 

importance of activation energy as a yardstick for judging the stability (overall 

including thermal) of the systems in question, other parameters are invariably required 

for complete study (current endeavor furnishes the gamut). 

6.1.3.d Infrared Studies of Blends at Various Temperatures 

IR of Tin(IV) Chloride 

The IR of SnCl4 (Z) shows a broad peak (Fig. 5.20-II) at 3394 cm
-1

 which 

arises due to water. All our efforts to keep SnCl4 anhydrous met little success. Few 

typical peaks at 769, 505 and 406 cm
-1

 are attributed to Sn-Cl bonds. 

IR of the Blend, C4 

 The broad peak for water (as found in the IR of neat SnCl4) is absent thereby 

confirming the absence of ―free‖ SnCl4. Bands in the region 3000-2922 cm
-1

 are 

assigned to C-H stretchings. The peaks for C=O stretchings are found at 1717-1699 

cm
-1

 clearly indicating the coordination of SnCl4 with the polymer. The usual C=O 

stretchings for PMMA appear around 1730-1735 cm
-1

. The shifting of peaks 

attributed to Sn-Cl bonds (769, 505, 404 cm
-1

 from IR of SnCl4) indicates that 

chlorides are being ―attracted‖ by the carbons and hydrogens in their vicinity. These 

bands are now found at 748, 509 and 419 cm
-1

. Some additional peaks at 1435, 1396, 

1240, 1145, 962, 636, 578, 485, 459 and 443 cm
-1

 may be assigned to the overall 

‗pull‘ of the chains (backbones) exerted by chlorines of SnCl4 (Fig. 5.20-III). The 

most important point to note at this stage is the co-ordination of ‗Sn‘ with the 

carbonyl oxygens of PMMA pendent groups (as noted by J. A. Chandrasiri and C. A. 

Wilkie [51, 58]). 

IR Spectrum of PMMA 

 IR of PMMA is without any peak in the region 1630-1640 cm
-1

 which 

indicates polymerization of monomers. Ester linkages are present (Fig. 5.20-I) which 
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the region 1730-1735 cm
-1

 signifies. Saturated C-H stretchings are found around 3000 

cm
-1

.  

IR of Residue  

 From the appearance of residue, presence of tin and char was easily detected 

(Fig. 5.23b-II). When the same was subjected to IR assay, it was noticed that peaks in 

the region 1200-940 cm
-1

 appeared and were attributed to C-O-Sn bonds. Frequencies 

in the region 900-400 cm
-1

 were assigned to Sn-O bond whereas peaks for the 

absorbance of Sn-Cl bond could not be detected. It may be argued at this stage that 

the degradation of polymer (PMMA) in the presence of SnCl4 progressed differently 

when compared with the earlier studies [51, 58]. In the present case, it is suggested 

that chlorine free radicals were generated even at a higher temperatures (close to the 

completion of degradation process from coordinated framework) and either displaced 

–CH3 from backbone, replaced –OCH3 from pendent groups or formed H3C-Cl and 

HCl (GC-MS studies). Tin, on the other hand, interacted with the carbonyl oxygens of 

four different chains as proposed in Scheme 12. It can be concluded that residue 

consisted of char, tin bonded to carbon via oxygen and some free tin.   

IR Studies at Different Temperatures 

 The blend, C4, was further studied through IR in order to get the progress of 

pyrolysis at three different temperatures, i.e., 250
o
C, 350

o
C and 450

o
C (Fig. 5.23a). 

These temperatures were selected to check the region of stability of the blend, the 

point prior to or very near to restart of degradation after the stabilization zone and the 

region close to the completion of pyrolytic process, respectively (TG curves). The 

blend was heated to the temperature mentioned and the IR of the residue was 

recorded. At or around 250
o
C (second stage of degradationFig. 5.8 for TG curves), 

the shape of bands, attributed to the coordination, becomes sharper and larger when 

compared with IR of undegraded blend film (1717-1699 cm
-1

), thus, confirming the 

formation of bonds (a slight shift is also observed, i.e., found at 1719 cm
-1

. Water 

(3394 cm
-1

) is absent at this stage which is an indication of absence of anhydride rings 

(1800, 1750, 1030 cm
-1

). No carboxylic acids (isobutyric acid3300-2500 cm
-1

 broad) 

are detectable at this stage, however, there is some inkling found about Sn-C bond 

(1190 cm
-1

). 

 When blend was heated to 350
o
C (second and third stage degradation, TG 

curves), a change in the shape and sharpness of the band (1721 cm
-1

) assigned to the 



151 

 

coordination of Sn with carbonyl oxygen was observed (Fig. 5.23a-II). The shift is 

attributed to the loss of chlorines from Sn as well. Chlorines also appear to have 

formed bonds with backbone carbons (1238, 1142, 616, 599, 585, 569 cm
-1

). 

Although water is absent but indication for the anhydride rings is noticed (1030, 1759, 

1800 cm
-1

). It may be due to the formation of very few anhydride rings which do not 

produce enough water to be detected at this stage. The peak for Sn-C bond (1190 cm
-

1
) is also observed at this stage which may be assigned to the presence of H3C-SnCl3 

(this compound could not be detected in GC-MS studies). 

 Heating the blend at 450
o
C (Fig. 5.23a-III) was only meant to ascertain the 

changes occurring near the completion of pyrolytic process. Presence of 3325 cm
-1

 

(broad peak) is attributed to water. It is interesting finding that when blend heated at 

350
o
C, a clear evidence for the production of anhydride rings without any proof about 

the formation of water was observed. It may be contended that either water produced 

at that stage (350
o
C) was present at trace levels or the anhydride rings were formed 

through an alternate route (Scheme 11). There is no indication of anhydride rings at 

this stage. C-H stretching for –CH3 and branched chain alkanes can be observed at 

2953 cm
-1

 and 2921-2852 cm
-1

, respectively. No chlorines were traceable on heating 

the blend at this temperature either attached to metal (Sn) or linked to carbons 

(backbones and pendent groups alike). The increase in sharpness and length of peak at 

1716 cm
-1

 points to the strong coordination of Sn with carbonyl oxygens. It may be 

considered as a clue to the absence of Sn-Cl bonds. The absence of peak at 1190 cm
-1

 

may hint at the disengagement of the metal with any kind of carbons (whether 

backbone or carbonyl in the pendent groups). It is clear that H3C-SnCl3 is not 

produced close to the completion of degradation process. The residue may be 

visualized as the mixture of free metal (Sn), metal attached to carbons through O and 

char when inferences are made on the basis of IR studies of blend heated at 450
o
C. 

The corroboration comes from the IR spectrum of residue.  

IR of Liquid Portion after Heating the Blend at High Temperature 

 This IR (Fig. 5.23b-I) shows a broad peak at 3394 cm
-1

 for water. C-H 

stretchings (aliphatic) can be noticed around 3000-2940 cm
-1

 and for branched chain 

alkanes (possibly, aldehydic also) at 2900-2800 cm
-1

. The vibrations for C=O is being 

represented by a number of peaks, i.e., major peak is for ester at 1732 cm
-1 

and the 

other are small and on the other side of the scale. The bands at 1738 may be attributed 

to aldehyde, at 1745 cm
-1 

to carboxylic acid, at 1759 cm
-1 

and 1800 cm
-1

 to six-
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membered anhydride ring and at 1808 cm
-1

 to acid halide. The concentration of MMA 

appears to have diminished as the size of the peak at 1732 cm
-1

 is smaller in 

proportion. The presence of carboxylic acid, acid halide, etc. explains this 

phenomenon. The frequencies in the regions 1210-1160 cm
-1

 and 1190-1075 cm
-1

 are 

assigned to C-O vibrations for ester and carboxylic acid, respectively. A peak at 1030 

cm
-1

 is linked with six-membered anhydride ring. The bands at 1640 cm
-1

 (C=C) and 

1420-1412 cm
-1

 (vinyl type CH2) may suggest the presence of monomer (MMA) 

along with some other similar stretchings such as methacrylic acid. It is also apparent 

from the IR that compounds exist with Cl bonded to carbon in the liquid portion as 

peaks are observed in the region 830-560 cm
-1

.  

6.1.3.e  Py-GC-MS Analysis 

 One of the blends, C4, was heated at higher temperature for one minute and 

then cooled at room temperature. The liquid portion was dissolved in acetone and its 

GC-MS was recorded (Fig. 5.29). Six peaks appeared and the products identified are 

mostly those which were reported by Chandrasiri and Wilkie [51, 58]. The 

mechanism proposed by them holds well, however, some additional compounds were 

identified (Table 5.10). Apart from the coordination of SnCl4 with C=O of PMMA 

pendent groups, it is believed that chlorines from the additive also alter the mode of 

degradation of PMMA. It is observed that chlorine free radicals not only replace the –

CH3 attached to backbone (peak 1) (Scheme 13) but also substitutes the –OCH3 of 

pendent groups (peaks 5 and 6) (Scheme 14). This clearly indicates that, in addition to 

coordination, the presence of additive ‗close‘ to backbone and pendent groups also 

modifies the degradation mechanism of the polymer. This ‗positioning effect‘ of 

additive assumes important role in the production of some new compounds. 

Therefore, another route is conceived for the formation of anhydride rings (Scheme 

13). Moreover, SnCl2 could not be detected at any stage during or after pyrolysis. This 

also shows change in the mode of decomposition.  

In earlier studies (JA Chandrasiri and CA Wilkie), PMMA [51, 58] (1.00 g 

sample) was mixed with various amounts of SnCl4 (from 0.1 to 1.50 g) in break-seal-

equipped evacuated sealed tubes which were heated at 375 
o
C for 2 h in a muffle 

furnace. For thermolysis of tetraphenyltin and PMMA, 1.0 g of each material was 

used. The products identified were water, methacrylic acid, isobutyric acid, methyltin 

trichloride, methyl methacrylate, methyl isobutyrate, hydrogen chloride, tin(II) 

chloride and six-membered cyclic anhydride functionalities (no figures were 
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provided, one table for LOI values and schemes—two for PMMA-SnCl4/PMMA-

Ph4Sn and three for PMMA-PhxSnCl4-x—were included in the cited work). In case of 

PMMA-Ph4Sn [51], a number of compounds were given; namely, benzene, toluene, 

monomeric methyl methacrylate, methyl isobutyrate, and methyl-2-methylbutyrate. 

For PMMA-PhxSnCl4-x (x=1-3) [58], SnCl4 was found among the degradation 

products. It was proposed that two 
.
SnCl3 radicals react to afford SnCl2 and SnCl4. It 

was concluded by Chandrasiri and Wilkie that Sn (IV) chloride coordinates to the 

carbonyl oxygens of the polymer and the degradation proceeds by a route which has 

some resemblance to the degradation in the presence of transition metal halides. The 

blend of tetraphenyltin and PMMA degrades in a mutually-assisted manner with 

radicals from one material promoting degradation of the other. During the degradation 

of PMMA-PhxSnCl4-x (x=1-3), methylated benzenes were encountered along with 

methacrylic acid. Their production has been explained. It was also claimed that 

polymeric PMMA fragments did contain phenyl groups. The loss of a chlorine atom 

from phenyltin trichloride resulted in phenyltin dichloride radical which led to the 

incorporation of phenyl into polymeric char. The formation of SnCl2 kept on 

decreasing as the content of phenyl increased in the additive. 

In present studies, it was observed that SnCl4 had clearly-defined degradation 

route (in a previous study [51], it was maintained that SnCl4 did not degrade when 

heated alone). Current investigation did exhibit the formation of methacrylic acid, 

methyl chloride, water, anhydride ring (six-membered cyclic), etc., however, some 

products were identified which hinted at the replacement of methyls of backbone by 

chlorines. The absence of SnCl2 from the degradation products is based on the 

coordination of Sn of SnCl4 with carbonyl oxygens of pendent groups of more than 

one chains of PMMA. Under the influence of SnCl4, formation of methanol and 

absence of chlorine from the residue were noticed. The presence of chlorine in the 

pendent groups of PMMA indicates the formation of methoxy radical. It would be fair 

to contend that the course of degradation of PMMA in the presence of SnCl4 has been 

modified and HBR (horizontal burning rate) analysis confirms that SnCl4 is a useful 

flame retardant even if the counter-ion (chloride) may not be tagged as ―environment-

friendly‖. 
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6.1.3.f Flammability of Polymer and Blends 

 The results of HBR for neat polymer and its blends, C1 to C5, are reproduced 

in Table 5.13. The burning rate of blend (C1) with lowest percentage of additive 

(2.5%) is three times less than the neat polymer (A), whereas with 12.5% additive, 5 

times decrease in burning rate is observed. This clearly demonstrates the effectiveness 

of additive regarding flame retardance. A linear trend (Fig. 5.32) of HBR is obtained 

which indicates that higher the concentration of additive in the blend, lower is the 

burning rate and this also confirms the homogeneous spread of additive in the 

polymer. This gives a convincing clue for the interaction of additive with the studied 

polymer at molecular level  

6.1.3.g  Mechanistic Behavior of Thermal Degradation 

On the basis of the results of TG, DTG, DTA, IR and Py-GC-MS various 

schemes (11 to 14) are proposed, which indicate that homopolymer has shown 

destabilization and stabilization in the presence of different concentrations of tin(IV) 

chloride in different  temperature zones. Consequently, different products are formed 

during the course of degradation. Detailed explanation has already been described.  
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6.2 Scrutiny of Poly (styrene-co-methyl methacrylate) in the Presence of 

Inorganic Additive 

6.2.1 Thermoanalytical, IR, Py-GC-MS and Flammability Characterization of 

Poly(styrene-co-methyl methacrylate) in the Presence of Aluminum 

Tribromide 

6.2.1.a  Thermal Analysis (TG-DTG-DTA) 

The thermal decomposition of neat copolymer (D) (Fig. 5.33-I) in nitrogen 

atmosphere shows a single step weight-loss in the temperature range 260-440
o
C 

(Table 5.15). The copolymer starts to degrade around 260
o
C and the disintegration 

comes to end at 440
o
C. Two DTG curves at 355

o
C and 406

o
C, indicate loss in weight 

(Fig.5.36-I) The DTA curves show two peaks at 356
o
C and 418

o
C (Fig. 5.39-I) 

corresponding to the single-step TG curve. The copolymer furnishes mostly 

monomers styrene and methyl methacrylate and others, which is in agreement with 

the findings of other contributors [160, 164, 166, 167, 177]. There is no residue at the 

termination of single stage thermal decomposition process.  

The thermal curves of blends, D1-D5, are presented in Figs. 5.33, 5.36 and 5.39 and 

thermoanalytical data are reproduced in Table 5.15.  The blend (D1) begins to 

degrade around 70
o
C and the first stage comes to an end at 170

o
C (Fig 5.33-II). Four 

per cent weight-loss is observed. One DTG peak at 150
o
C (Fig 5.36-II) and one DTA 

peak at 141
o
C (Fig 5.39-II) are noted for the first stage.  The products evolved at this 

stage clearly indicate the interaction between the two components of the system.  The 

neat copolymer (D) exhibits T0 at 260
o
C whereas additive starts degrading around 

70
o
C when heated alone in nitrogen atmosphere. This is another clue for interaction. 

At the end of first stage (170
o
C), the intermediate is not stable and starts degrading. 

The second stage which terminates at 440
o
C accounts for 94% weight-loss. Two per 

cent residue is noticeable at the completion of degradation process. One DTG peak at 

394
o
C and four DTA peaks at 240, 287, 329 and 401

o
C are indicated for the final 

(second) stage. The sharp fall in TG traces for the second stage manifests the rupture 

of all types of bonds as the rising energy content cannot be resisted. 

The second blend of this series, D2, starts losing weight around 70
o
C and by the end 

of the first stage (170
o
C), accounts for 5% weight-loss (Fig. 5.33-III). It is clear now 

that by increasing the concentration of additive (AlBr3), the T0 remains unchanged, 

however, the per cent weight-loss has increased. Same type of interaction is believed 

to have occurred for this blend as was observed for D1. The last stage (290-440
o
C) 
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gives a weight-loss of 92%. From 290
o
C to 360

o
C, the weight-loss is only 7% which 

is regarded as resistance offered by the bonds/interactions developed in the earlier part 

of the degradation between the components of the system. For first stage, one DTG 

peak (170
o
C) and three DTA peak (139

o
C, 231

o
C, and 280

o
C) appear (Figs. 5.36-III 

and 5.39-III, respectively). For second step, one DTG and two DTA peaks are noticed 

at 394
o
C, 317

o
C and 409

o
C, respectively. The three per cent residue is found at the 

termination of the degradation process. 

The blend, D3, begins to degrade around 70
o
C and loses 5% of original weight in 

the first stage which terminates at 190
o
C. The intermediate formed at this stage is 

stable in the temperature range, 190-250
o
C, after which the pyrolysis again starts and 

the second step shows a weight-loss of 90 % with 5% residue at the completion of the 

decomposition (440
o
C) (Fig. 5.33-IV). The range of temperature for stable 

intermediate (190-250
o
C) in this case exhibits a reduction when compared with the 

same range for the first member of this series (D2). It may be due to less number of 

bonds/links formed between the constituents of the system despite the presence of 

relatively higher concentration of additive. From 250
o
C to 360

o
C only 9% weight-loss 

is observed, which requires heating of 110
o
C. This is clearly indicative of the strength 

of bonds that developed during the early part of pyrolysis. One DTG (Fig. 5.36-IV) 

and four DTA peaks (Fig. 5.39-IV) appear for first stage (170
o
C, 125

o
C, 165

o
C, 207

 

o
C and 236

o
C, respectively), however, for second stage one DTG and three DTA 

peaks at 396
o
C, 280

o
C, 310

o
C and 396

o
C, respectively, arise. 

The blend, D4, gives a weight-loss of 8% for the first stage (Fig. 5.33-V). It starts 

to decompose around 70
o
C and stops losing weight around 190

o
C. One DTG (Fig. 

5.56-V) and four DTA peaks (Fig. 5.39-V) are found at 170
o
C, 123

o
C, 165

o
C, 207

o
C 

and 238
o
C, respectively. The intermediate withstands a temperature of 50

o
C (190-

240
o
C) before the inception of second stage of degradation. The second step comes to 

an end at 440
o
C marking a weight-loss of 87%. The first 6% weight-loss for 

temperature zone 240-370
o
C of second stage (240-440

o
C) requires heating of 130

o
C 

which is attributed to the resistance offered by strong bonds/links produced during the 

early part of the pyrolysis. One DTG and three DTA peaks are observed at 408
o
C, 

280
o
C, 320

o
C and 408

o
C, respectively. The weight-loss value from TG analysis shows 

that residue is 5% of the original weight of the blend.  

The blend, D5, commences its weight-loss around 70
o
C for the first stage which 

comes to an end at 180
o
C (Fig. 5.33 -VI). One DTG and two DTA peak appear for 
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this step at 170
o
C, 125

o
C and 165

o
C, respectively (Figs. 5.36-VI and 5.39-VI). Eight 

per cent weight-loss is evident from TG traces. The intermediate that is stable up to 

220
o
C (stable in the temperature range, 180-220

o
C) starts decomposing subsequently 

as the energy content increases. The second stage terminates at 440
o
C. One DTG and 

five DTA peaks are found at 396
o
C, 209

o
C, 236

o
C, 285

o
C, 320

o
C and 400

o
C, 

respectively. The first 8% weight-loss for the second step (out of 85%) requires 

heating of 140
o
C (from 220 to 360

o
C) whereas the remaining larger portion (77%) 

leaves the crucible for a heating of 80
o
C (360-440

o
C). This is attributed to the strength 

of the bonds present in the intermediate. The residue formed after decomposition of 

blend is 7 per cent of the original blend in weight. 

The interaction is clear between the components of the system throughout the 

series, i.e., D1-D5. The nature of interaction is same for all members of the series. 

The percentage of degradation for first stage is higher than the total percentage of 

additive in the blends D1-D4. The molecular level mixing of the constituents favors 

the development of links between them which, in turn, gives way to early degradation 

of both parts. The evolution of new product in the early part of pyrolysis confirms the 

chemical interaction and mutual influence of the ingredients on each other‘s 

decomposition. 

6.2.1.b Effect of Blends’ Compositions on Thermal Degradation 

Figure 5.42 gives the plots of T0, T25, T50 and Tmax of copolymer and its blends. 

Considering T0, a very clear trend of destabilization is seen. As the percentage of 

additive in the blends is increased, no stabilization is noted and almost similar trend of 

destabilization is observed, which may be attributed to the decomposition of the 

additive (generation of free radicals (Br
.
)). However, for T25 (temperature at which 25 

% weight-loss occurs), the trend of destabilization is almost the same when weight per 

cent of additive changes from 2.5 to 12.5. This seems to be due to the production of 

free radical (Br
.
)

 
by the degradation of additive, which causes the accelerated 

degradation of polymer. At T50 (temperature corresponding to 50% mass-loss), a very 

inappreciable stabilization is observed as energy content is too great to be resisted by 

the different types of interactions or bonds between additive and copolymer 

irrespective of the weight percentage of additive. Tmax (the temperature at which 

maximum weight-loss occurs) is same for polymer and blends which is indicative of 

the region very close to the completion of decomposition process. In this zone, almost 

all kinds of bonds are prone to breakage. This plot, however, does not furnish the 
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information as to how much residue is left at the end of disintegration process. It is 

also clear from Tmax that neither the presence of system units (number seems to be 

very low) hinders the unzipping of polymer chains nor the formation of free radicals 

(Br
.
) nor the metal (Al) from degraded additive (AlBr3) checks the degradation of 

polymer, thus, behaving independently of each other. 

6.2.1.c Activation Energy and Order of Reaction  

Activation energy may be construed as the measure of thermal stability of a 

system. It is, however, not an absolute criterion. Other factors such as amount of 

residue, nature of products formed, type of interaction, duration of pyrolysis, 

atmosphere, etc. invariably affect the overall stability of the material being degraded 

thermally. The values of activation energy for virgin copolymer and blends indicate 

that the copolymer is more stable than the blends. TG curves furnish this experimental 

verification.    

The activation energies and order of reactions of neat polymer (D) and its 

blends (D1 to D5) were determined from TG curves [211]. It is pertinent to state at 

this stage that activation energies of degradation calculated from TG curves are based 

on mass-loss and not on the formation of individual products during degradation. 

Activation energies and order of reaction for the pyrolysis of this copolymer and its 

blends are presented in Table 5.18. It is inferred that P(S-co-MMA) is more stable 

than the blends of all compositions under investigation. The copolymer is also much 

more stable than neat PMMA. With the increase of additive‘s (AlBr3) percentage in 

the blend, a decrease in activation energies is observed, although the trend is not a 

linear one. The results not only show the early destabilization of the system but also 

indicate the interaction associated with the additive‘s degradation, which is 

concentration-based. The data also unfold the promotion of blends‘ disintegration at 

lower temperatures when compared with that of neat copolymer.  

6.2.1.d Infrared Spectroscopy  

The IR spectrum of the copolymer (Fig. 5.45-I) gives typical stretchings of 

MMA ester groups around 1725 cm
-1

. The slight displacement is assigned to the 

presence of styrene units. C-H stretchings are noticeable for saturated and aromatic 

moieties around 3000-2940 cm
-1 

and 3040-3010 cm
-1

, respectively. Characteristic 

overtones are observed in the region 2000-1660 cm
-1

. For aromatic unsaturation 

(C=C), bands are observed at 1606, 1495, 1460 cm
-1

. No peaks are found around 

1640-1630 cm
-1

 which means polymerization is complete. 
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The IR spectrum of AlBr3 has already been discussed in chapter no. 6 (section 

6.1.1) [233]. Briefly, moisture was found and a broad band to this effect was noticed 

in the region 3600-3000 cm
-1

. The peaks at 1603, 1089, 676, 580 and 478 cm
-1

 were 

linked with Al-Br bond (Fig. 5.45-II). 

The blend, D4 (Fig. 5.45-III), shows a broad band around 3600-3200 cm
-1

 

which may be attributed to water. This also points towards the presence of some ‗free‘ 

AlBr3. It may be interesting to note that when blended with pure PMMA, AlBr3 

homoganized with the polymer in such a way that absorbance of moisture by this 

additive virtually became impossible. This is an indication of less number of ester 

linkages present per unit volume of the copolymer and per unit chain length, hence, 

more chances of AlBr3 to remain ‗free‘. The C-H stretchings, both aliphatic and 

aromatic, are found in the region as already described for the IR spectrum of pure 

copolymer. The C=O stretching has shifted to lower frequency, i.e., 1716cm
-1

, thereby 

showing a sort of co-ordination between the metal (Al) of additive and carbonyl group 

(it is not like the real co-ordination observed in case of transition elements). Al-Br 

bonds also exhibit some shifting as these appear now at 699, 550, 470 cm
-1

. This may 

be attributed to the surroundings of this additive, i.e., styrene and MMA units. It is 

clear that all MMA units will not be available for ‗co-ordination‘. The other bands 

(related to benzene ring) are found at their normal positions with slight displacements 

(this seems to be due to AlBr3 as it also affects the phenyl part of the styrene units, 

particularly Br).  

IR Spectra of Blend at Different Temperatures  

 The blend, D4, was heated at three different temperatures (300, 350 and 400
o
C 

for a minute, cooled to room temperature and then IR of residues was run to check the 

changes occurring during the course of degradation). These temperatures were 

selected for the regions showing some stability, middle of whole decomposition 

process and close to the pyrolysis of the system, respectively. 

When heated to 300
o
C, the IR (Fig. 5.48a-I) shows some developments which 

are different from the IR of the blend (Fig. 5.45-III). Moisture is completely absent 

(no peaks in the region 3600-3200 cm
-1

) which may be attributed to the absence of 

‗free‘ AlBr3. A slight displacement for C=O stretching (1719 cm
-1

) is observed and it 

clearly reveals the ‗coordination‘ Al has developed with the carbonyls of MMA units. 

Peaks around 680-515 cm
-1

 indicate the formation of C-Br bonds. A band at 1191 cm
-

1
 may be assigned to Al-C bond, however, no such bond could be detected in GC-MS 
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studies. A slight indication for the presence of anhydride rings (1800, 1760, 1030 cm
-

1
) can be noticed. As the styrene units form the overall structure along with MMA, the 

framework for the production of anhydride rings may not be an obvious choice. Some 

Al-Br bonds still exist as peaks at 698, 571, 484 cm
-1 

appear with diminished 

intensities. C-H stretchings are present as such, i.e., 3110-2940 cm
-1 

 (aliphatic and 

aromatic). 

On heating the blend, D4, to 350
o
C, the IR (Fig. 5.48a-II) of residue assumes 

drastically different appearance from the IR obtained at 300
o
C. The intensities of 

almost all stretchings have reduced showing the evaporation of many products at this 

stage. There are no signs (peaks) of anhydride rings (no bands at 1800, 1760, 1030 

cm
-1

). Some peaks around 1200-900 cm
-1

 give indication of C-O-Al bonds along with 

shifting of peak around 1715 cm
-1

 (reduced intensity) and appearance of a new peak at 

1698 cm
-1

. The number of Al-Br bonds also appear to have decreased owing to the 

intensity of corresponding peaks (695, 573, 479 cm
-1

) and the participation of Br in 

the formation of other compounds. C=C unsaturation (aromatic) is, however, present 

at its normal position. 

The IR of the remnant, recorded after heating the blend, D4 to 400
o
C (Fig. 

5.48a-III), produces those peaks which may be expected close to the completion of 

degradation process as bonds are breaking quickly and the products are leaving the 

scene. Only those compounds which can resist such a high temperature are found at 

this stage. Few peaks for C-H vibrations (much reduced in size are observable at 

3000-2940 cm
-1

) Some undegradad portion of copolymers with limited chain lengths 

is giving indication at 1465, 1380, 720 cm
-1
. The peaks for the ‗co-ordination‘ have 

decreased in size which is clear indication of the change this arrangement is 

undergoing. The numbers of MMA units have been consumed for the formation of 

different products. The remaining units (carbonyl oxygens) are in the process of 

forming true bonds with Al. Peaks at 1080, 1100 and 1142 cm
-1

 may be taken as a 

clue to the presence of preceding structure.  

IR of Residue After Pyrolysis  

After complete pyrolysis, residue was subjected to IR. This IR (Fig. 5.48b-II) 

is very simple and is very similar to the IR of residue recorded for PMMA-AlBr3 

blends. Peaks at 2945, 2987 and around 3000 cm
-1

 arise due to C-H stretchings 

(aliphatic). The bands in the region, 1200-900 cm
-1

 [233], indicate the presence of Al-

O-C linkages whereas for CC bonds, the stretchings are found around 900-400 cm
-1

. 
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It may be concluded that residue consisted of char, aluminum attached to some 

carbonaceous material through oxygen (Scheme 20) and aluminum metal.  

IR of Liquid Portion After Heating the Blend to High Temperature 

For further information and getting conclusive proof about the products of 

degradation of the blend, [P(S-co-MMA) + AlBr3], one of the blends was heated at 

high temperature for one minute and then cooled to ambient temperature. IR was 

taken (portion collected at -196
o
C) and studied (Fig. 5.48b-I). Water is present as a 

broad peak at 3394 cm
-1

 is visible. C-H stretchings (aliphatic and aromatic) are 

observed at 3000-2940 cm
-1

 and 3040-3010 cm
-1

, respectively. The peaks for 

anhydride rings are present, though diminished in intensity, around 1800 cm
-1

, 1759 

cm
-1

 and 1027 cm
-1

. The frequency at 1745 cm
-1

 is attributed to C=O of carboxylic 

acid with its related C-O stretchings located at 1190-1075 cm
-1

. The carbonyl (C=O) 

vibration for ester is found at 1732 cm
-1 

whereas its accompanied C-O stretchings are 

observed at 1210-1160 cm
-1

. Benzene ring C=C vibrations arise at 1606, 1498 and 

1455 cm
-1

. Monosubstituted benzene is present as bands are observed at 727 and 693 

cm
-1

. The peaks around 1640-1630 cm
-1

 suggest the presence of unsaturation and 

vinyl type unsaturation is also clear from the bands appearing at 1415 and 1420 cm
-1

. 

C-Br vibrations appear in their normal range, i.e., 680-515 cm
-1

.  

6.2.1.e  Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-MS) 

Thermal degradation of P(S-co-MMA) has been studied by Grassie et al [162, 

163] and I.C. McNeill [161] in detail and their findings reveal that although the 

behavior of the copolymer is intermediate between that of the individual 

homopolymers, the presence of styrene is found to have a disproportionate stabilizing 

effect on the methyl methacrylate polymer chain owing to 1) the presence of fewer 

unstable chain ends in copolymers than PMMA because of a favored cross-

termination step in the copolymerization and 2) the operative cage effect (advanced 

by McNeill) results in the production of a pair of polystyryl  radicals after an initial 

scission between a pair of MMA units in the copolymer chain, thus, preventing 

further unzipping. On the basis of preceding observations, the thermograms for 

S/MMA are not simply an ‗average‘ of the thermograms for the corresponding 

homopolymers. 

During present study, the copolymer of S/MMA in the presence of AlBr3 was 

heated at high temperature for two minutes and then cooled to room temperature. The 

liquid, thus obtained, was subjected to GC-MS. This resulted in a number of peaks 
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and the products identified are tabulated in Table 5.21. The GC is given in Fig. 5.51. 

The nature of products clearly shows that AlBr3 has not only interacted with MMA 

but also made compounds with styrene units. A number of new products are formed 

which were never found in the studies conducted earlier with neat S/MMA thermal 

decompositions. Oligomers of styrene (tetramers, trimers, dimers) were absent when 

compared with the results of Grassie et al. Monomeric amounts have decreased 

significantly as styrene and MMA are modified in the presence of AlBr3.The presence 

of bromobenzene, -methyl styrene and phenyl methacrylate suggests the answer to 

the reduced amounts of monomers produced. The mechanisms of the formation of 

preceding compounds are proposed in Scheme 15 and 16. These products also 

indicate the effect of styrene and MMA units on each other‘s degradation. It is argued 

that AlBr3 binds the pendent groups of MMA units in such a way as to facilitate the 

effect of monomeric units on each other (styrene units flanked by MMA units which 

are further ‗pulled‘ by Al of AlBr3 ‗trapping‘ styrene monomers in ‗cyclic‘ type 

structure). The production of   -methyl styrene and phenyl methacrylate may be 

taken as proof. The anhydride rings appear ‗brominated‘ as one of the methyls is 

replaced by bromine (Scheme 17). The anhydride rings were, however, absent when 

PMMA was degraded in the presence of AlBr3 (chapter no. 6, section 6.1) [233]. 

Toluene is also found among the products identified   Scheme 18. Moreover, ethyl 

benzene and benzene  are observed (Scheme 19), which may arise due to the presence 

of additive.  

6.2.1.f Flammability of Polymer and Blends 

Horizontal burning rate and time to burn neat copolymer and its blends, D1 to 

D5 are tabulated in Table 5.24. A clearly linear trend is obtained (Fig. 5.54) depicting 

that higher the concentration of additive in the blend, lower is the rate of burning 

occured. It is observed that burning rate of blend (D5) decreases to 6 times as 

compared to neat polymer (D). It has also been noticed that reduction in burning rate 

is much more pronounced even with the lowest proportion of additive (D1) and this is 

easily explained by the retardency caused by the additive towards polymer. The 

uniform distribution of all concentrations of additive throughout polymer is also 

confirmed.  
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6.2.1.g  Degradation Mechanism 

 In the light of the results obtained from thermoanalytical (TG-DTA-DTG), IR 

and Py-GC-MS methods, it becomes apparent that presence of aluminum tribromide 

has affected the degradation mechanism of copolymer. Schemes 15 to 20 have been 

proposed and these relate the formation of various products during degradation.    
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Scheme -20
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6.2.2 Thermoanalytical, IR, Py-GC-MS and Flammability Characterization of 

Poly (styrene-co-methyl methacrylate) in the Presence of Phosphorus 

Tribromide 

6.2.2.a Thermogravimetry, Derivative Thermogravimetry and  Differential 

Thermal Analysis  

The thermal curves of blends, E1-E5, are shown in Figs. 5.34, 5.37 and 5.40 

and thermoanalytical data are reproduced in Table 5.16.  The blend, E1, begins to 

degrade around 90
o
C and the first stage comes to an end at 170

o
C (Fig.5.34-II). Three 

per cent weight-loss is observed. The products evolved at this stage clearly indicate 

the interaction between the two components of the system.  It has been seen that neat 

copolymer (D) exhibits T0 at 260
o
C whereas additive starts degrading around 70

o
C 

when heated alone in nitrogen atmosphere. This is another clue for interaction. At the 

end of first stage (170
o
C) the intermediate is stable up to 260

o
C. One DTG peak at 

145
o
C (Fig. 5.37-II) and two DTA peaks (Fig. 5.40-II) at 140

o
C and 260

o
C are noted 

for the first stage of decomposition. The second stage which terminates at 440
o
C 

accounts for 97% weight-loss. No residue is noticeable at the completion of 

degradation process. The first 6% weight-loss for the second step (out of 97%) 

requires heating of 110
o
C (from 240 to 350

o
C) whereas the remaining larger portion 

(91%) leaves the scene for a heating of 90
o
C (350-440

o
C). This is attributed to the 

strength of the bonds present in the intermediate. One DTG peak at 398
o
C and one 

DTA peak at 406
o
C are indicated for the final (second) stage. The sharp fall in TG 

traces for the second stage manifests the rupture of all types of bonds as the rising 

energy content cannot be resisted. 

The second blend of this series, E2, starts losing weight around 90
o
C and by 

the end of the first stage (190
o
C), accounts for 6% weight-loss (Fig. 5.34-III). It is 

clear now that by increasing the concentration of additive (SnCl4), the T0 does not 

show any change when compared with E1, however, the per cent weight-loss has 

increased. Same type of interaction is believed to have occurred for this blend as was 

observed for E1. The last stage (250-445
o
C) gives a weight-loss of 94%. From 250

o
C 

to 370
o
C the weight-loss is only 6 per cent which is regarded as resistance offered by 

the bonds/interactions developed in the earlier part of the degradation between the 

components of the system,  whereas the remaining larger portion (88%) leaves the 

degrading area for a heating of 75
o
C (370-445

o
C). For first stage, one DTG peak (Fig. 
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5.37-III) at 140
o
C and one DTA peak at 145

o
C appear (Fig. 5.40-III). For second step, 

one DTG and four DTA peaks are noticed at 410, 234, 279, 317
 
and 413

o
C, 

respectively. No residue is found at the termination of the degradation process. 

The blend, E3, begins to degrade around 70
o
C and loses 7% of original weight 

in the first stage which terminates at 230
o
C (Fig.5.34–IV). The intermediate formed at 

this stage is not stable, pyrolysis proceeds and the second step shows a weight-loss of 

93% with no residue at the termination of second (last) stage (458
o
C). The first 7% 

weight-loss for the second step  (out of 93%) requires heating of 140
o
C (from 230 to 

370
o
C) whereas the remaining larger portion (86%) leaves the crucible for a heating 

of 88
o
C (370-458

o
C). This is clearly indicative of the strength of bonds that developed 

during the early part of pyrolysis. One DTG (Fig. 5.37-IV) and one DTA peak (Fig. 

5.40-IV) appear for first stage, 140
o
C and 130

o
C, respectively. However, for second 

stage one DTG and three DTA peaks at 421, 240, 391 and 428
o
C, respectively, arise. 

The blend, E4, presents a weight-loss of 8% for first stage (Fig. 5.34-V). It 

starts to decompose around 60
o
C and stops losing weight around 230

o
C. One DTG 

and one DTA peaks are observed at 140
o
C and 124

o
C, respectively (Figs. 5.37-V and 

5.40-V, respectively). The intermediate does not show stability before the inception of 

second stage of degradation. The second step comes to an end at 458
o
C marking a 

weight-loss of 92%. The first 7% weight-loss for temperature zone, 230-370
o
C of 

second stage (230-458
o
C), requires heating of 140

o
C which is attributed to the 

resistance offered by strong bonds/links produced during the early part of the 

pyrolysis. One DTG and four DTA peaks are observed at 424, 245, 294, 390 and 

430
o
C, respectively. No residue is found at the end of this decomposition.  

The blend, E5, commences its weight-loss around 60
o
C for first stage which 

comes to an end at 230
o
C. One DTG and one DTA peaks appear for this step at 140

o
C 

and 120
o
C, respectively. Ten per cent weight-loss is evident from TG traces (Fig. 

5.34-VI). The intermediate is not stable at this stage and continues to decompose as 

the energy content increases. The second stage terminates at 470
o
C. One DTG (Fig. 

5.37-VI) and four DTA peaks (Figs. 5.40-VI) are found at 425, 245, 290, 395 and 

438
o
C, respectively. The first 6% weight-loss for the second step (out of 90%) 

requires heating of  140
o
C (from 230 to 370

o
C) whereas the remaining larger portion 

(84%) leaves the scene for a heating of 100
o
C (370-470

o
C). This is attributed to the 

strength of the bonds present in the intermediate. Heating the blend above 470
o
C 

leaves no residue. 
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The interaction is clear between the components of the system throughout the 

series, i.e., E1-E5. The nature of interaction is same for all members of the series. The 

percentage of degradation for first stage is higher than the total percentage of additive 

in the blends, E1-E2. The molecular level mixing of the constituents favors the 

development of links between them which, in turn, gives way to early degradation of 

both parts. The evolution of new product in the early part of pyrolysis confirms the 

chemical interaction and mutual influence of the ingredients on each other‘s 

decomposition.  

6.2.2.b Blends Composition Effect on Thermal Behavior 

Figure 5.43 exhibits the plots of T0, T25, T50 and T100 of copolymer and its 

blends. When T0 is considered, a very pronounced trend of destabilization is 

indicated. A destabilization of 30
o
C (at maximum percentage of additive) of the 

blended system is observed, as the percentage of additive is increased from 2.5 to 

12.5. The result may be attributed to the production of Br
. 

free radical from the 

additive degradation which, in turn, is responsible for the accelerated degradation of 

copolymer. For T25 the trend of stabilization is clear when weight per cent of additive 

varies from 2.5 to 12.5. Here a palpable trend of stabilization of 25
o
C of blend occurs 

when highest percentage of additive (12.5) is compared with the lowest one (2.5). 

This may be due to the number of links which are developed between P and pendent 

oxygens of copolymer per unit volume of additive. A similar linear trend of increasing 

stabilization of the system is also seen when observation is made on the basis of T50 

(temperature at which 50% weight-loss occurs) with varying concentrations of 

additive. Thus, it is concluded that energy content is too great to be resisted by the 

different types of interactions or bonds between additive and copolymer which is not 

dependent on the weight percentage of additive. T100 (temperature for 100% weight-

loss) gives the highest stabilization of 30
o
C down the series which is in increasing 

order. The increasing trend in stabilization is same as it was in the case of T50.  The 

blend with highest percentage of additive shows stability of 30
o
C when compared 

with the neat copolymer as well as with the lowest percentage of additive in the blend.     

6.2.2.c  Kinetic Parameters 

Activation energies along with order of reactions of neat polymer (D) and its 

blends, E1 to E5, are shown in Table 5.19. Copolymer furnishes about three times 

higher activation energy of decomposition reaction as compared to blend possessing 

minimum (2.5%) percentage of additive. Although the blends, E2 and E3, have the 
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same activation energy of decomposition reaction but exhibit low values compared to 

blend, E1. These results show a linear decreasing trend of activation energies and high 

destabilization of polymeric systems. These observations are clearly indicative of the 

additive-polymer interaction and degradations are concentration-based, in turn, the 

same intermediate is responsible for the early disintegration of polymer at lower 

temperature. The activation energies of degradation have been calculated from TG 

curves. These are based on mass-loss and not on the formation of individual products 

during degradation process. 

6.2.2.d  IR Spectroscopic Investigations 

Copolymer 

 It has already been discussed in section 6.2.1.d. MMA ester group stretchings 

appear around 1725 cm
-1

. The slight shift observed may be attributed to the vicinity of 

styrene units. The aliphatic and aromatic C-H bands are noticed around 3000-2940 

and 3040-3010 cm
-1

, respectively. The overtones in the region 2000-1660 cm
-1

 are 

characteristic to the preceding stretchings. The peaks around 1640-1630 cm
-1

 clearly 

indicate the absence of monomeric form of styrene and MMA units (Fig. 5.46-I). 

Additive (PBr3) 

A broad peak appears at 3362 cm
-1

 pointing towards the presence of water 

(PBr3 could not be prevented from taking moisture owing to high humidity at the time 

of IR run). Other bands at 485, 476, 458, 442, 418 and 407 cm
-1

 are refered to P-Br 

stretchings [228, 230, 231, 233]. The IR of this additive has been produced in Fig. 

5.46-II. 

Blend 

 The blend, E5 [P(S-co-MMA) + PBr387.5% + 12.5% arbitrarily chosen to 

represent the series], gives characteristic IR peaks (Fig. 5.46-III) which reveal some 

interesting facts. The broad band around 3341 cm
-1

 shows the presence of water. It is 

attributed to ‗free‘ additive which can absorb moisture from atmosphere. Despite the 

compatibility of the blended components (the film was transparent), it is believed that 

the ‗complex‘ type structure of carbonyl oxygen with phosphorus does not exist as 

completely and comprehensively as it appeared in case of PMMA+PBr3 blend 

(section 6.1.2e). It is thought that this may be linked to less number of MMA units 

present per unit volume of copolymer and the ‗closely tailored‘ styrene units. The C-

H stretchings, aliphatic as well as aromatic, appear at their usual places as outlined for 
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the IR of copolymer. The ester peak at 1717 cm
-1

 seems shifted and this is attributed 

to the assumption of complex-type structure by phosphorus of additive and the 

carbonyl oxygen of pendent groups. As the styrene units are also the ingredients of 

the copolymer and these may provide gaps or intervals for MMA units to appear again 

along the chains, it can easily be understood that the ‗regions‘ of complex-type 

structure would be restricted. Presence of moisture may be taken as convincing clue. 

The P-Br stretchings appear to be displaced, i.e., these are now found at 480, 470, 

452, 413, and 403 cm
-1
. This may be due to the ‗complex-type‘ milieu in which 

phosphorus is being attracted by oxygens (C=O) and P-Br bonds may be less strong. 

It may also be a result of bromine attraction towards CH3 and benzene ring. Two 

bands near 1600 cm
-1 

and 1500 cm
-1

 having variable intensities are assigned to 

stretching vibrations of the carbon-carbon double bonds of the aromatic ring. 

IR of blend heated at different temperature 

The blend was heated at 300, 350 and 400
o
C to get maximum information 

about the progress of pyrolysis. These temperature zones were selected as to check the 

mode of degradation during second stage (TG curves).  

 In the first case, the blend was heated to 300
o
C for a minute and then cooled 

down. The residue was subjected to IR (Fig. 5.49a-I). This IR provides some valuable 

information. The broad peak for water (3600-3200 cm
-1

) is absent thereby confirming 

the unavailability of free PBr3. C-H stretchings for aliphatic and aromatic moieties are 

present in the normal range. C=O stretchings for carboxylic acid are observed at 1740 

cm
-1

. The confirmation for the acid is attained by noticing peaks around 1190-1075 

cm
-1 

which appear due to C-O vibrations for carboxylic acid. Some of the pendent 

MMA groups have undergone attractions and now seen (at 300
o
C) converted to acidic 

form ester functionality. The frequencies at 480, 470, 452, 413 and 403 cm
-1

 are 

attributed to the presence of P-Br bonds. The two peaks in the region 1717-1695 cm
-1

 

unmistakenly underline the presence of ester linkages which may be taken as ‗bond‘, 

i.e., complex formation between phosphorus and ester linkages. The ‗complex‘ is not 

the one which is observed in case of transition metals and in some non-transition 

metals. C-Br stretchings are observed at 515-680 cm
-1

. Anhydride rings (six-mem-

bered) are not present at this stage as there are no peaks at 1800, 1760, 1030 cm
-1

.  

 When the blend was heated to 350
o
C and its IR (Fig. 5.49a-II) was taken 

(residue after cooling), the overall spectrum appeared different from that which was 
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taken after heating the blend at 300
o
C. No peak (broad) for water (3600-3200 cm

-1
) is 

visible. The intensity of C-H stretchings for aliphatic and aromatic segments has 

diminished, thus, hinting at the evaporation of many low boiling products. Some 

peaks in the region 2350-2240 cm
-1

 have appeared which may be attributed to P-H 

stretchings. These are believed to be due to those P-H groups which terminate the 

depolymerizing copolymer at this temperature. The ester peaks at 1733 cm
-1

 (may be 

due to some ‗free‘ MMA units) and between 1697 and 1717 cm
-1

 (the complex-type 

framework of phosphorus and C=O) exhibit the strength of these bonds at this high 

temperature. Anhydride rings (1803, 1759, 1027 cm
-1

) are present. Very small peaks 

in the region 400-490 cm
-1

 are observed which may be assigned to P-Br forming the 

part of complex type structure. The number and size of these bonds have decreased 

tremendously. The bands at 1600, 1500 and 1460 cm
-1

 are assigned to C=C vibrations 

(aromatic) whereas for C-Br stretchings, the sizes of peaks appear reduced when 

comparison is made with the IR of residue obtained at 300
o
C. The region remains 

same, i.e., 680-515 cm
-1

. The presence of carboxylic acid (the modified MMA 

pendent groups) is observed as smaller peaks at 1747 cm
-1

 (for C=O) and around 

1190-1075 cm
-1

 (for C-O).   

 The heating of blend at 400
o
C (the IR taken of the residue after cooling it to 

ambient temperature) produced very informative IR (Fig. 5.49a-III). Water (3600-

3200 cm
-1

) is absent in the products which is plain to understand. Small peaks for C-H 

stretchings (2940-3000 cm
-1

) for aliphatic are pointing towards the diminishing 

quantities of relevant compounds. The ester linkages have also shown reduction in the 

peak areas (1733 cm
-1

) and those which are attributed to the complex-type structure 

(between 1717 and 1697 cm
-1

) are behaving in the same fashion. Unsaturated ends 

involving P-H may also be present at this stage as bands in the region 2350-2240 cm
-1

 

can be noticed. Some anhydride rings are still observed (1800, 1760, 1030 cm
-1

). Few 

bromines (peaks in the region 515-680 cm
-1 

for C-Br stretchings) are believed to be 

attached to undegraded backbone. These are the changes which are expected near the 

completion of degradation process. The residue at 400
o
C breaks down completely to 

evolve more products as it cannot withstand the rise in temperature, i.e., increase of 

40-58
o
C (completion of pyrolysisTG results). 

 Another IR of the blend (liquid portion trapped at -196
o
C) (Fig. 5.22b-II) was 

taken when it was heated to high temperature for a couple of minutes and brought to 
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room temperature. This was carried out to get an overall picture of the degradation 

process. Water is not present. This may be due to the absence of PBr3. The peaks for 

P-H stretchings are observed (2350-2250 cm
-1

). C-H vibrations are noticed around 

3000-2940 cm
-1

 (for aliphatic) and 3040-3010 cm
-1

 (for aromatic). A band in the 

region 2930-2920 cm
-1

 shows the presence of aromatic –CH3 (toluene is thought to 

have arisen due to the influence of PBr3). C=O stretchings for carboxylic acid are 

noticed at 1745 cm
-1

 along with C-O (same acid) vibrations around 1190-1075 cm
-1

. It 

is believed that modified MMA units are present attached with short chain 

hydrocarbons. Ester C=O frequencies are found at 1725 cm
-1

. The aromatic C=C 

vibrate at their usual positions, i.e., 1600, 1500 and 1460 cm
-1

. Two peaks at 1640 and 

1413 cm
-1

 are assigned to vinyl type unsaturation. These signify the presence of 

monomers, i.e., styrene and MMA in addition to substituted styrene (vinyl part 

substituted). Two regions, i.e., 710-690 cm
-1

 and 770-730 cm
-1

 contain peaks which 

are recognized as C-H bending (out of plane) for monosubstituted ring (overtones 

around 2000-1650 cm
-1

). Bromobenzene and toluene may fall under this category. 

The C-Br vibrations appear as before, i.e., 680-515 cm
-1

 and bromine is believed to be 

attached with short chain segments of hydrocarbons along with other modified and 

non-modified MMA units including benzene rings.  

6.2.2.e  Pyrolysis-Gas Chromatography-Mass Spectrometry  

 Thermal degradation of P(S-co-MMA) has already been studied by some 

workers [160-164] and its main features were outlined in chapter no. 2. Briefly, due to 

1) the presence of fewer unstable chain ends in copolymers than PMMA because of a 

favored cross termination step in the copolymerization and 2) the operative ‗cage 

effect‘ which results in the production of a pair of polystyryl radicals after an initial 

scission between a pair of MMA units in the copolymer chain, prevents further 

unzipping. It was concluded that the thermograms for S/MMA were not simply an 

‗average‘ of the thermograms for the corresponding homopolymers. 

 Pyrolysis of S/MMA copolymer was carried out in the presence of PBr3. The 

blend was heated at high temperature for two minutes and then cooled to room 

temperature. The liquid was studied through GC-MS. GC is presented in Fig. 5.52 and 

the products identified are tabulated in Table 5.22. 

 The compound at peak 1 reveals the interaction of PBr3 with MMA units of 

the copolymer. One of the units (out of two MMA) loses 
.
COOCH3 along with 

.
CH3 
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of backbone to yield brominated product with unsaturation. Peak 2 gives the 

indication of involvement of phosphorus with MMA units of the system. Bromine 

does not form the part of this compound. Phosphorus is found attached to carbon of 

backbone and hydrogens. The availability and mobility of hydrogen dominates that of 

bromine free radicals.  

Direct effect of PBr3 on the compound identified for peak 3 does not seem 

validated; however, indirect influence is quite evident. One of the constituents, i.e., 

MMA has been transformed into acidic form (-CH3 from backbone is also lost during 

this process) while the second component, viz., styrene remains intact. 

The additive does not react with the copolymer as the compound at peak 4 

gives substituted benzene ring of styrene unit (methyl replaces one of the hydrogens). 

A couple of carbons extend the ethylene part of styrene. This product substantiates the 

impact of the additive on the degradation of the copolymer.  

The product at peak 5 shows substitution of hydrogen with methyl at terminal 

carbon of styrene unit. The linked MMA unit only loses unsaturation. It is believed 

that 
.
CH3 free radical which breaks under the influence of PBr3 either from the 

pendent group of MMA unit or from the backbone, attacks styrene unit. The presence 

of anhydride ring at peak 6 may be regarded as the degradation product of MMA 

units; however, considering the concentrationof MMA per uint volume of the system, 

the effect of the additive in bringing about this reaction appears more convincing. 

Both parts of the additive, i.e., P and Br seem to have reacted with degrading 

system (compound at peak 7). Br
.
  replaces 

.
COOCH3 of MMA unit and P along with 

two hydrogens terminates the depolymerization process. No unsaturation is found in 

the main backbone of this compound.  

Peak 8 contains a compound which displays loss of phenyl rings from adjacent 

styrene units and conversion of ester to acid of MMA unit. With single unsaturation 

(C=C), -PH2 is observed as the terminating agent. After the decomposition of PBr3, H
.
  

combines with P blocking the unzipping of the degrading copolymer (Schemes 21-

25).  

6.2.2.f  Flammability Behavior of Neat Copolymer and its Blends 

Figure 5.55 shows the burning rate of P(S-co-MMA)-PBr3 blends (Table 5.25) 

determined by HBT (horizontal burning test). The burning rate of blend with 12.5% 
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of additive (E5) decreases to 5 times when compared with that of neat copolymer 

whereas the effectivity, in this connection, is evident even for the lowest proportion 

(2.5%), i.e., E1. This ascribes to the retarding effect caused by PBr3 additive to P(S-

co-MMA). The trend is linear, i.e., higher the concentration of additive, lower is the 

rate of burning and vice versa. From this study it has also been confirmed that the 

blend is thoroughly homogeneous. 

6.2.2.g  Mechanism of Thermal Decomposition 

The data obtained from thermoanalytical (TG-DTG-DTA), IR and Py-GC-MS, 

furnish the information about the behavior of degradation products, when P(S-co-

MMA) is studied in the presence of phosphorus tribromide. A thorough explanation 

has already been given regarding the degradation products. The mechanisms for the 

formation of various products have been proposed and Schemes 21 to 25 are being 

presented to show the routes for the degradation to form various products in the 

following manners:  
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6.2.3 Thermoanalytical, IR, Py-GC-MS and Flammability Characterization of 

Poly (styrene-co-methyl methacrylate) in the Presence of Tin(IV) Chloride   

6.2.3.a  TG-DTG-DTA Investigations 

The thermoanalytical curves of blends, F1-F5, are presented in Figs.  5.35, 

5.38 and 5.41, whereas the TG, DTA and DTG data are summarized in Table 5.17. 

The blend (F1) starts to degrade around 90
o
C and the first stage comes to an end at 

220
o
C (Fig. 5.35-II). Four per cent weight-loss is observed. The products evolved at 

this stage clearly indicate the interaction between the two components of the system.  

The neat copolymer exhibits T0 at 260
o
C whereas additive starts losing weight around 

10
o
C when heated alone. This is another clue for interaction. From 220

o
C to 460

o
C 

the system goes on degrading (the second stage) as the intermediate is not stable. This 

intermediate is not pure P(S-co-MMA) as neat polymer commences to decompose 

around 260
o
C. So it is believed that bonds between decomposing SnCl4 and P(S-co-

MMA) are formed. The second stage which terminates at 460
o
C accounts for 92% 

weight-loss. From 220
o
C to 350

o
C, only 6% weight-loss out of 92% (for the second 

stage), requires heating of 130
o
C, whereas remaining 86%  need temperature of only 

110
o
C, which is indicative of the strength of bonds that developed during the early 

part of pyrolysis. One DTG peak at 181
o
C (Fig. 5.38-II) and two DTA peak at 125

o
C 

and 170
o
C (Fig. 5.41-II) are noted for the first stage, on the other hand, one DTG peak 

at 448
o
C and four DTA peaks at 260, 340, 386 and 421

o
C appear for second stage. 

The sharp fall in TG traces for the second stage manifests the rupture of all types of 

bonds as the rising energy content cannot be resisted. The third stage starts at 460
o
C 

and terminates at 700
o
C with the weight-loss of 4%. Only one DTG peak at 555

o
C 

appears. No residue is noticeable at the completion of degradation process. 

The second blend of this series, F2, starts losing weight around 90
o
C and by 

the end of the first stage (215
o
C), accounts for 6% weight-loss (Fig. 5.35-III). It is 

clear now that by increasing the concentration of additive (SnCl2), the T0 does not 

show any change, however, the per cent weight-loss has increased. Same type of 

interaction is believed to have occurred for this blend as was observed for F1. The 

second stage (215-480 
o
C) gives a weight-loss of 86 %. From 215 

o
C to 350 

o
C, the 

weight-loss is only 10% which is regarded as resistance offered by the 

bonds/interactions developed in the earlier part of the degradation between the 

components of the system. For first stage, one DTG peak at 190
o
C (Fig. 5.38-III) and 

two DTA peaks at 130
 o

C and 178
o
C appear (Fig. 5.41-III). For second step, one DTG 
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and four DTA peaks are noticed at 438, 265, 345, 390 and 425
o
C, respectively. The 

third stage starts at 480
o
C and terminates at 800

o
C with a weight-loss of 8%. One 

DTG peak at 610
o
C supports the result of TG. No residue is found at the termination 

of the degradation process. 

The blend, F3, begins to degrade around 90
o
C and loses 9% of original weight 

in the first stage which terminates at 230
o
C (Fig 5.35–IV). The intermediate formed at 

this stage is not stable, so pyrolysis continues and the second step shows a weight-loss 

of 82% in the temperature range of 230-460
o
C.  One DTG and two DTA peaks appear 

for first stage at 210, 132 and 175
o
C, respectively, however, for second stage one 

DTG and four DTA peaks at 428, 270, 350, 392 and 430
o
C, respectively, arise (Figs. 

5.38-IV and 5.41-IV, respectively). From 230
o
C to 350

o
C, only 10% weight-loss is 

observed which is indicative of the strength of bonds that developed during the early 

part of pyrolysis. The third stage starts at 460
o
C and ends at 800

o
C with a weight-loss 

of 9%. One DTG peak at 615
o
C supports the result of TG. No residue is found at the 

termination of the degradation process. 

The blend, F4, indicates a weight-loss of 10% for first stage. It commences to 

decompose around 90
o
C and stops losing weight around 240

o
C (Fig. 5.35-V). One 

DTG (Fig. 5.38-V) and two DTA peaks (Fig.5.41-V) are found at 230, 135 and 

180
o
C, respectively. The intermediate does not remain stable at 240

o
C. The second 

step comes to an end at 450
o
C marking a weight-loss of 80 %. The first 10% weight-

loss of second stage requires heating of 90
o
C in the temperature range, 240-350

 o
C, 

which is attributed to the resistance offered by strong bonds/links produced during the 

early part of the pyrolysis. One DTG and four DTA peaks are observed for second 

stage at 431, 273, 352, 395 and 433
o
C, respectively. The third stage begins at 450

o
C 

and ends at 800
o
C with a weight-loss of 10%. One DTG peak is observed at 618

o
C. 

No residue is noticeable at the completion of degradation process.  

The blend, F5, commences its weight-loss around 90
o
C for first stage which 

comes to an end at 245
o
C. One DTG and two DTA peaks appear for this step at 

235
o
C, 132

o
C and 176

o
C, respectively. Twelve per cent weight-loss is evident from 

TG traces (Fig. 5.35-VI). The intermediate that is not stable at 245
o
C starts 

decomposing as the energy content increases. The second stage terminates at 440
o
C 

with a weight-loss of 76%. One DTG and four DTA peaks are found (Figs. 5.38-VI 

and 5.41-VI, respectively) at 435, 269, 349, 393 and 440
o
C, respectively. The first 

10% weight-loss for the second step (out of 76%) requires heating of 105
o
C (from 245 
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to 350
o
C) whereas the remaining larger portion (66%) leaves the scene for a heating 

of 90
o
C (350-440

o
C). This is attributed to the strength of the bonds present in the 

intermediate. The third stage starts at 440
o
C and ends at 800

o
C with a weight-loss of 

12%. One DTG peak at 621
o
C is observed to support the TG trace. There was no 

residue at the end of pyrolysis of this blend. 

It is inferred that the interaction is clear between the components of the system 

throughout the series, i.e., F1-F5. The T0 value and the nature of interaction is same 

for all members of the series. The weight-loss for the first stage goes on increasing as 

the percentage of additive is increased in the blend, F1 to F5. The percentage of 

degradation for first stage is higher than the total percentage of additive in the blends, 

i.e., F1-F3. The molecular level mixing of the constituents favors the development of 

links between them which, in turn, gives way to early degradation of both parts. The 

evolution of new product in the early part of pyrolysis confirms the chemical 

interaction and mutual influence of the ingredients on each other‘s decomposition. 

6.2.3.b  Blends Composition Effect on Thermal Behavior 

A trend of destabilization is encountered (Fig. 5.44) when T0 (temperature at 

which first weight-loss is detected) is pursued for copolymer and its blends‘ 

degradation. No further destabilization is observed with the increase of additive‘s 

percentage. Almost similar trend of stabilization is noted for all the blends which is 

independent of additive‘s concentration. It may be argued that a number of links are 

developed between Sn and pendent oxygens of copolymer per unit volume of additive 

and this is independent of the concentration of additive. For T25, a slight stabilization 

of 5 to 10
o
C is noticed as the concentration of additive is increased, which may be 

ascribed to the number of links which are created between copolymer and degraded 

additive. However, with further increase in additive‘s concentration in blends, 

inappreciable destabilization of the blended system becomes evident. This seems to be 

due to the production of free radicals (Cl
.
) from the degradation of additive in this 

region, which hastens early degradation of copolymer. At T50 (temperature at which 

50  weight-loss is noticed), a very appreciable stabilization of    25
o
C is observed 

with varying additive percentage as high energy content is resisted by the variety of 

interactions or bonds between the constituents of the system.  Tmax (temperature for 

maximum weight-loss) is lower for copolymer when compared with its blends, which 

is a clear indication that either metal from additive develops very strong bonds with 

the disintegrating copolymer or gives rise to such compounds that only decompose at 
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higher temperatures. This trend shows an increased stabilization of the blends as the 

percentage of additive is enhanced.  

6.2.3.c  Ea and n Investigations 

Table 5.20 shows the activation energy and order of reaction of the blends, F1 

to F5. The activation energies of degradation calculated from TG data are purely on 

mass-loss basis and not on the individual products formed during degradation. In this 

case, neat copolymer is also more stable (possesses the highest activation energy) than 

its blends. The blend, (F1), with least concentration of additive, possesses higher 

activation energy value of decomposition reaction, when compared to the blends, D1 

and E1, of the same copolymer with different additives. A very clear linear trend of 

decrease in activation energy of decomposition reactions is observed as the 

concentration of additive varies from 2.5% to 12.5%. The results confirm the early 

destabilization of the system, confirming the interaction associated with the additive 

degradation which is concentration-based for the promotion of polymer disintegration 

at lower temperatures.  

6.2.3.d  Infrared Spectroscopic Studies 

Copolymer  

  This has already been produced in section (6.2.2.d) along with the 

findings. In short, the peak for ester group of MMA is observed at 1725 cm
-1

 (Fig. 

5.47-I). The presence of styrene in close proximity may have caused the slight shift 

noticed in the preceding stretching. The bands in the regions 3000-2940 and 3040-

3010 cm
-1

 are assigned to aliphatic and aromatic C-H stretchings, respectively. For 

these, overtones appear in the region 2000-1660 cm
-1

. Aromatic C=C stretchings are 

found at 1606, 1495 and 1460 cm
-1

. As peaks in the region 1640-1630 cm
-1

 are absent, 

it is believed that copolymerization has taken place. 

Additive 

Its IR is given in Fig. 5.47-II. Abroad band at 3394 cm
-1

 is assigned to the presence of 

water. Moisture absorbance by SnCl4 could not be prevented despite all precautions. 

Typical peaks at 769, 505, and 406 cm
-1

 are believed to have arisen from Sn-Cl bonds. 

Blend 

The IR of the blend F4 (P(S-co-MMA) + SnCl4) lacks broad band at 3394 cm
-1 

for water. This is a clear manifestation that the additive has co-ordinated 

comprehensively with the copolymer (in all terms with MMA units) and, thus, not 
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available as a ‗free‘ and separate entity. This obviates absorption of water from 

surroundings.  

 The peaks for C-H stretchings (aliphatic and aromatic) are present in their 

normal region, i.e., 3040-2940 cm
-1

 (Fig. 5.47-III). The bands for ester linkage are 

now found around 1721-1695 cm
-1

 clearly indicating the ‗co-ordination‘ of SnCl4 

with carbonyl oxygen. The usual carbonyl stretching frequency for MMA units appear 

around 1735-1730 cm
-1

. Sn-Cl bonds also show some shifting as Sn is involved in co-

ordination and chlorines are being ‗attracted‘ by methyls attached to backbone 

carbons and phenyls of the styrene units. These are now shown at 757, 519, and 420 

cm
-1

. The C=C (aromatic) stretchings appear displaced as these are found at 1603, 

1490 and 1450 cm
-1

 which may be regarded as the effect of surroundings. The bands 

in the region 560-830 cm
-1

 may be assigned to the ‗link‘ between chlorine of additive 

and methyl and phenyls attached to carbon backbone. 

IR of Blend Heated at Different Temperatures 

 The blend was heated at three temperatures, viz., 250, 350 and 450
o
C to get 

more information on the pattern of the degradation process. The monitoring of the 

progress of pyrolysis of the blend is expected to improve the understanding of 

mechanism of decomposition. These temperatures were selected to check the mode of 

interaction of the blended material in the second stage of degradation or close to the 

start of third stage of disintegration (TG curves). 

 When heated to 250
o
C (it was cooled to room temperature and IR of solid 

portion was recorded), the IR (Fig. 5.50a-I) shows peaks around 3110-2940 cm
-1

 for 

C-H stretchings (aliphatic as well as aromatic). The intensities are low and the sizes 

diminished. This may be attributed to the evaporation of low boiling products 

including H3C-Cl. The bands which show the coordination of Sn with C=O are shifted 

to lower frequencies (1716-1690 cm
-1

). It is also noticed that size and intensity of 

these peaks have decreased. This can be attributed to the decrease in MMA uints 

either due to their degradation or the formation of new bonds with Sn. It is pertinent 

to note that the amount of MMA units per unit volume of additive is much less as 

compared to the blends of PMMA and SnCl4. Bands for the existence of anhydride 

rings are present (1803, 1759, 1026 cm
-1

), however, broad peak for water (3394 cm
-1

) 

is absent. Water is thought to have evaporated immediately after its production. Small 

sizes of the peaks for anhydride rings are an indication that very small number of such 

rings is formed at this temperature. There is no peak around 1190 cm
-1

 which may be 
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assigned to the absence of Sn-C bond. For C=C (aromatic) stretchings, peaks with 

diminished sizes appear around 1600, 1497 and 1456 cm
-1

. Compounds involving 

benzene ring (chloro benzene, dichlorobenzene, etc.) would have evaporated by this 

temperature which may be the reason of reduced peak sizes for C=C (aromatic) 

stretchings. Sn-Cl peaks arise around 755, 511 and 415 cm
-1

. 

  Upon heating the blend to 350
o
C (second stage of degradationTG curves), 

the IR (Fig. 5.50a-II) of the solid portion revealed the presence of C-H stretchings in 

the region 3110-2940 cm
-1

(both aliphatic and aromatic) with comparatively reduced 

sizes and intensity (further reduction is observed when compared with IR taken at 

250
o
C). Same diminution for co-ordination of Sn with C=O seems to have occurred 

when IR at two temperatures are compared, i.e., 250 and 350
o
C. For C=C (aromatic) 

stretchings, bands are noticeable at 1600, 1500 and 1455 cm
-1

. The amount of 

anhydride rings has further gone down (1800, 1760, 1030 cm
-1

). Water, 

understandably so, is absent (broad peak at 3394 cm
-1

). A peak has appeared at 1190 

cm
-1

 hinting at the presence of Sn-C, however, no compound involving this bond 

could be detected in GC-MS investigations. Sn-Cl stretchings appear at the normal 

positions, i.e., 753, 509 and 412 cm
-1

. 

 Heating the blend to 450
o
C and then cooling the remaining contents to room 

temperature shed lighter on the nature of products present at this temperature. The IR 

(Fig. 5.50a-III) reveals that C-H stretchings for aliphatic and aromatic fragments are 

still noticeable, though with reduced intensity and size when compared with the C-H 

stretchings of the blend heated at 350
o
C. The diminished intensity of C=O stretchings 

may be attributed to the formation of Sn-O-C type bonds (peaks in the region 1200-

900 cm
-1

) since the current temperature is very close to either the completion of 

second stage of degradation or the start of third stage, i.e., formation of residue (TG 

traces). No anhydride rings are present as the characteristic peaks for these rings are 

absent. Few Sn-Cl bonds are believed to exist even at this temperature (bonds at 765, 

509 and 410 cm
-1

). The disappearance of peak at 1190 cm
-1

 indicates the absence of 

any compound with Sn-C bond. Very few peaks signifying the presence of aromatic 

C=C bond are found around 1600-1450 cm
-1

. The appearance of non-aromatic 

unsaturation (peak in the region 1630-1620 cm
-1

) suggests that some segments are 

present which have developed unsaturation at this temperature (fragments with 
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limited chain length). The bands for C-Cl stretching are also observed (830-560 cm
-1

) 

which may be linked to the attachment of Cl with undegraded carbon backbone. 

IR of Residue after Pyrolysis 

 The IR of residue (Fig. 5.50b-II) is very simple with very few peaks. Bands in 

the region 3000-2922 cm
-1

 are assigned to C-H stretchings of aliphatic nature. The 

peaks found around 1710-1697 cm
-1

 point towards the existence of coordinated 

structure for Sn-O-C bonds, the stretchings may be observed in the region 1200-900 

cm
-1

. The bands for Sn-Cl (765, 509 and 410 cm
-1

) stretchings are absent indicating 

complete involvement of Sn with undegraded part of copolymer via oxygen resulting 

in char. It can be concluded that residue consists of char and metallic Sn. 

IR of Blend Heated at High Temperature 

 This was carried out to have an overall glimpse of the mode of degradation 

and the nature of products. The blend was heated at high temperature for a couple of 

minutes, cooled and the liquid portion was subjected to IR (Fig. 5.50b-I). 

 The peaks for aliphatic and aromatic C-H stretchings are noticeable at their 

normal positions (3000-2940 cm
-1

 and 3040-3010 cm
-1

, respectively). Co-ordination 

is evident as before (1715-1695 cm
-1

) [51, 58], however, a small peak at 1732 cm
-1

 

suggests that few C=O are not involved in the co-ordination process (presence of 

styrene units among MMA ‗blocks‘ may be the reason). It seems a rare situation as in 

none of the IR taken at other temperatures (at 250, 350 and 450
o
C) exhibited ‗free‘ 

C=O; even the blend‘s IR was devoid of this stretching. Bands at 1803, 1758 and 

1026 cm
-1 

(anhydride rings), at 1600, 1500 and 1457 cm
-1

 (C=C stretchings for 

aromatic moeities), around 830-560 cm
-1

 (C-Cl) and at 767, 511 and 409 (Sn-Cl) 

confirm the presence of functionalities that have already been observed where the 

blend was heated to 250, 350 and 450
o
C and IRs were recorded of liquids, thus 

obtained, at these temperatures. GC-MS results lend support to current findings.  

6.2.3.e  Pyrolysis-Gas Chromatography-Mass Spectrometry Characterization 

 The thermal degradation of copolymer [P(S-co-MMA)] has already been 

discussed in the previous section (6.2.2.e). Very briefly, it was reported by some 

workers [160-164, 166, 167, 177] that fewer unstable chain ends are present in the 

copolymer because of a favored cross-termination step (as compared to PMMA) in 

the copolymerization and the ‗cage effect‘ which results in the production of a pair of 

polystyryl radicals after an initial scission between a pair of MMA unit in the 

copolymer chain, prevent further unzipping. In this way, presence of styrene units 
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among MMA units caused stability of the system. Oligomers of styrene were 

produced and identified. Consequently, thermograms for S/MMA were not simply an 

‗average‘ of the thermograms for the corresponding homopolymers. 

 P(S-co-MMA) was pyrolyzed in the presence of SnCl4. The blend was heated 

to high temperature for nearly two minutes and then cooled. The liquid portion was 

studied by GC-MS. GC is reproduced in Fig. 5.53 and the identified products are 

given in Table 5.23. 

 At peak 1, it seems that after the detachment of two 
.
COOCH3 from adjacent 

MMA units (under the influence of the additive), phenyl (from styrene unit) and 

chlorine (from the splitting of SnCl4) make the new bonds. 2, 2-chloro, methyl-4, 4-

methyl, phenylpentane results as the preceding re-shuffling occurs. 

 Phenyl methacrylate‘s presence (peak 2) clearly indicates the impact of the 

constituents of the copolymer on each other‘s degradation. Despite this, it is 

contended that the replacement of –CH3 by –C6H5 in the pendent group of MMA 

certainly hints at the involvement of the additive.  SnCl4 makes it ‗easier‘ to split and 

join in the manner just outlined. 

 One of the Cl
.
 replaces phenyl groups of three adjacent styrene units (peak 3). 

Additive furnishes this Cl
.
 which hinders unzipping as unsaturation persists in the 

backbone. 

The replacement of ester CH3 by H in the pendent group of one of the MMA 

units may be ascribed to the presence of SnCl4 in the vicinity (peak 4). The removal 

of 
.
COOCH3 and subsequent development of unsaturation in the backbone suggest 

that elimination of H2 is faster than the attack of Cl
.
 free radical. The breaking of 

C6H5 from the styrene unit and random scission in backbone also result in terminal 

unsaturation. 

Peak 5 gives the compound which displays three chlorines attached to 

backbone directly. One chlorine appears linked to MMA unit base after the splitting 

.
COOCH3. Two chlorines have replaced phenyl groups of styrene units. Unsaturation 

in the main chain can still be observed. The evolution of H2 or 2H
.
 may have taken 

place parallel with the removal of 
.
COOCH3 and 

.
C6H5. The additive not only 
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facilitates these reactions but also takes part in the formation of final product 

(Schemes 26-29). 

6.2.3.f  Flammability of Copolymer and Blends 

The results of HBR for neat copolymer and its blends, F1 to F5, are 

reproduced in Table 5.26. It is observed that the burning rate of blend (F1) with 

lowest percentage of additive (2.5%) is three times less than the neat copolymer (D), 

whereas with 12.5% additive, 5 times decrease in burning rate is noted (Fig. 5.56). 

This unfolds the effectiveness of additive regarding flame retardance. A linear trend 

of HBR is obtained which indicates that higher the concentration of additive in the 

blend, lower is the burning rate and this also confirms the homogeneous spread of 

additive in the copolymer. This gives a convincing clue for the interaction of additive 

with the studied copolymer at molecular level.  

6.2.3.g  Degradation Mechanism 

The findings from thermogravimetry, differential thermal analysis, derivative 

thermogravimetry, infrared spectroscopy, pyrolysis-gas chromatography and mass 

spectroscopy techniques provide an insight into the degradation mechanism of 

poly(styrene-methyl methacrylate) copolymer in the presence of tin(IV) chloride.  

Schemes 26 to 29 are proposed which provide course for the formation of different 

degradation products encountered and their details have already been described in this 

section.  
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Scheme -29
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6.3 Thermal Effect of Poly(vinyl acetate) in the Presence of Inorganic Additives 

6.3.1 Thermoanalytical, IR,  Py-GC-MS  and Flammability Characterization of 

Poly(vinyl acetate) in the Presence  of Aluminum Tribromide            

6.3.1.a  Thermoanalytical Study 

 The thermal curves of neat polymer (G) and blend series i.e., G1 to G5 are 

shown in Figures 5.57, 5.60 and 5.63, respectively, whereas thermal data for neat 

polymer, additive (Table 5.2) and blends are presented in Table 5.28. On the basis of 

thermoanalytical (TG-DTA-DTG) measurements, it is observed that thermal 

decomposition of neat polymer, G, under given experimental conditions (see 4.3.1) 

takes place in two distinct steps (Fig.5.57-I). In the first stage of decomposition, 

polymer starts to degrade at about 270
o
C (T0) and ends at 390 

o
C. This stage gives 

mostly acetic acid (GC-MS results). Our results are in well agreement with the 

previous findings [180, 181, 188]. In the first step, 68 % weight-loss is recorded (Fig. 

5.57-I).  One DTG peak at 341
o
C (Fig. 560-I) supports the result of TG. The second 

stage commences at 390
o
C and terminates at 550

o
C showing a weight-loss of 24%. It 

is believed that above 390
o
C, besides acetic acid, small quantities of CH4 and CO2 are 

also formed and it is assumed to be the product of pyrolysis of acetic acid. It is 

evident that acetic acid is pyrolysed at the temperature of 500
o
C to either ketene and 

water or CO2 and methane, but the amounts are very small as compared to acetic acid 

[183, 234]. The DTA curve displays the first endothermic peak at 454
o
C and second 

at 514
o
C (Fig. 5.63-I) due to the decomposition of intermediate. One DTG peak 

appears at 470
o
C supporting second stage of pyrolysis (390 to 550

o
C). Further heating 

of the system above 550
o
C leaves 8% residue which is identified as char.   

The thermal degradation of blend, G1, occurs in the temperature range of 100 

to 170
o
C for the first step which accounts for 1 % weight-loss (Fig 5.57-II) as 

observed from TG traces. For first stage, the decomposition process is accompanied 

by one DTA peak at 139
o
C.  It has been noted (Fig. 5.57-I) that neat polymer shows 

T0 (temperature at which first weight-loss begins) at 270
o
C whereas additive starts 

losing weight around 70 
o
C when both are heated alone in nitrogen atmosphere. The 

products evolved at this stage clearly indicate the interaction between the two 

components of the system (GC-MS results). This is another clue for interaction. From 

170
o
C, the system does not show any stability of the intermediate and proceeds to 440

 

o
C for second stage pyrolysis. The intermediate is not pure PVAc as neat polymer and 

pure additive start losing weight around 270 and 70
o
C, respectively.  The second stage 
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terminates at 440
o
C and accounts for 69% weight-loss. The 63% weight-loss for the 

second step (out of 69% weight-loss) requires heating of 130
o
C (from 170 to 300

o
C) 

whereas the remaining portion (6%) leaves the scene for a heating of 140
o
C (300-440 

o
C). On the contrary, the neat polymer (G) in second step (390-550

o
C)  accounts for 

only 24% weight-loss.  This is attributed to the strength of the bonds present in the 

degrading system in this temperature zone for G1.  One DTG peak at 250
o
C (Fig. 

5.60-II) and four DTA peaks (Fig. 5.63-II) at 190, 237, 292 and 415
o
C, are observed 

for the second stage. The sharp fall in TG traces for the second stage manifests the 

breaking of bonds as the rising energy content is too great to be resisted. The third 

stage starting at 440
o
C and ending at 800

o
C accounts for 19% weight-loss. One DTG 

peak and one DTA peak at 470
o
C and 485

o
C, respectively, confirm the weight-loss 

and energy changes of third stage. Eleven per cent residue is noticeable at the 

completion of degradation process which points towards stability of the system. 

The second blend (G2), starts losing weight around 70
o
C and by the end of the 

first stage (150 
o
C), accounts for 4% weight-loss (Fig. 5.57-III). It is observed that by 

increasing the concentration of additive (AlBr3), the T0 shows a decrease of a 

temperature of 30
o
C and an increase in per cent weight-loss for this step. Less 

stringent interaction is believed to have occurred for this blend when compared with 

G1. The intermediate is not stable at this stage and continues to degrade further. The 

second stage ends at 440
o
C with a weight-loss of 66%.  Three DTA peaks at 80, 117 

and 135
o
C, appear for first stage. For second stage, one DTG peak (Fig. 5.60-III) at 

190
o
C and three DTA peaks (Fig. 5.63-III) at 214, 290 and 410

o
C, are noticed. From 

150
o
C to 300

o
C, the weight-loss is 62% out of 66 %, which requires heating of 150

o
C, 

whereas the remaining portion (4%) leaves the scene for a heating of 140
o
C (300-

440
o
C), which is regarded as resistance offered by the bonds/interactions developed in 

the later part of the degradation of the 2
nd

 step between the components of the system.  

The last stage (440-800
o
C) gives a weight-loss of 14%. One DTG peak at 460 and one 

DTA peak at 495 are observed. Heating of blend above 800
o
C leaves 16% residue 

which has greater percentage compared to blend G1. 

The blend, G3, begins to decompose around 70
o
C and loses four per cent of 

original weight in the first stage which terminates at 150
o
C (Fig 5.57-IV). The 

intermediate formed at this stage is not stable and the second step shows a weight-loss 

of 64% with the termination at 430
o
C. From 150

o
C to 300

o
C, 59% weight-loss is 

observed, out of 64%, which requires heating of 150
o
C, whereas the remaining 
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portion (5%) leaves the scene for a heating of 130
o
C (300-430

o
C). These observations 

are indicative of the strength of bonds that developed along the pyrolyzing system. 

Two DTA peaks appear for first stage at 80
o
C and 115

o
C, however, for second stage 

one DTG (Fig. 5.60-IV) and four DTA peaks (Fig. 5.63-IV) at 209, 169, 224, 300, 

and 410
o
C, respectively, arise. The third stage begins at 430

o
C with intermediate 

showing no stability and giving 14% weight-loss. Eighteen per cent residue remains at 

the completion of the decomposition (800
o
C). One DTG peak at 470

o
C and one DTA 

peak at 555
o
C supply information about the weight-loss and energy changes of the 

decomposition reaction. It can also be inferred that increase in the percentage of 

additive results in enhanced stability of the system (residue percentage goes up). 

The blend, G4, produces a weight-loss of 4% for first stage (Fig. 5.57-V). It 

commences to decompose around 70
o
C and stops losing weight around 140

o
C. One 

DTA peak is found at 132
o
C. The intermediate is not stable at this stage and continues 

to degrade as the temperature rises. The second step comes to an end at 440
o
C 

indicating a weight-loss of 63%. In the second stage, one DTG peak (Fig. 5.60-V) is 

observed at 210
o
C while four DTA peaks (Fig. 5.63-V) are noticed at 150, 205, 270 

and 309
o
C. The first 57% weight-loss of second stage (out of 63%), requires heating 

of 160
o
C for the temperature range, 140-300

o
C, whereas the remaining 6% requires 

heating of 140
o
C for the temperature range, 300-440

o
C.  This is attributed to the 

resistance offered by strong bonds/links produced during the last part of 2
nd

 step 

pyrolysis. Thirteen per cent weight-loss is indicated for the third stage, 440-800
o
C. 

One DTG peak and one DTA peak, both at 470 
o
C, support the decomposition of third 

stage.  As the temperature is raised further, no weight-loss is observed and a residue 

of twenty per cent is yielded, which is higher as compared to G3. 

In the temperature range 70-130
o
C, blend G5 completes its weight-loss 

process for first stage (Fig. 5.57–VI). It is clear that as the additive percentage is 

increased, the end of first stage weight-loss is shifted to lower temperature when 

compared with G1, G2, G3 and G4, assuming that destabilization of the system in this 

temperature range is caused by the generation of bromine free radicals.  One DTA 

peak appears for this step at 100
o
C. Ten per cent weight-loss is evident from TG 

traces. The intermediate does not withstand further heating and the second stage 

terminates at 450
o
C with the weight-loss of 57%. One DTG (Fig. 5.60-VI) and four 

DTA peaks are found at 208
o
C, 173

o
C, 230

o
C, 315

o
C and 344

o
C, respectively. The 

first 51%  weight-loss for the second step (out of 57%) requires heating of 170
o
C 
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(from 130 to 300
o
C) whereas the remaining  portion (6%) leaves the scene for a 

heating of 150
o
C (300-450

o
C). This is attributed to the strength of the bonds present 

in the degrading blend found in the last part of the second stage. The third stage 

begins at 450
o
C and ends at 800

o
C with the weight-loss of 15%. One DTG peak at 

460
o
C and one DTA peak at 602

o
C appear (Fig. 5.63-VI) for the last step of 

decomposition. There appears eighteen per cent residue at the end of pyrolysis of this 

blend. 

In this series, G1-G5, the interaction is evident between the components of the 

system right from the start. The nature of interaction is same for all members of the 

series. The percentage of degradation for first stage is less than the total percentage of 

additive in the blends G1-G5. The molecular level mixing of the constituents favors 

the development of such links between them which, in turn, gives way to early 

degradation of both parts. The formation of new products in the early part of pyrolysis 

confirms the chemical interaction and mutual influence of the ingredients on each 

other‘s decomposition.  

6.3.1.b Effect of Blend Composition on Thermal Degradation 

Figure 5.66 exhibits a very clear trend of destabilization when T0 (temperature 

at which first weight-loss occurs) is considered for polymer and its blends. No 

noticeable linear destabilisation is observed with increasing of additive‘s percentage 

except for the blend with the additive concentration of 10%. This blend shows a slight 

stabilization effect on the blend. It may be assumed that a number of links are 

developed between Al and polymer per unit volume of additive. In case of T25, a 

slight stabilization of 10
o
C is seen for increasing concentration of additive (10%), 

which may be attributed to the number of links appeared between polymer and 

degraded additive, however, with further increase in additive concentration, the 

blends show appreciable destabilization. This is due to the production of Br
.
 free 

radicals from the degradation of additive in this region, which in turn, promotes 

degradation of polymer. At T50 (temperature at which 50% weight-loss is noticed), a 

very appreciable destabilization of 50
o
C is observed for blends while moving from 

lower additive concentration to higher one. In this region, energy content is too great 

to overcome, so breakage of different types of interactions or bonds takes place.  Tmax 

(temperature for completion of degradation process) is higher for blends than for neat 

polymer clearly showing the development of interactions/bonds (chemical in nature) 

which resist the disintegration of the blends even at a temperature as high as 800
o
C. It 
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is noteworthy that the kind of interactions/bonds present near completion of 

decomposition process for all blends is same irrespective of the percentage of 

additive.  

6.3.1.c Activation Energy and Order of Reaction 

 The activation energies and order of reactions of degradation reactions of neat 

polymer (G) and its blends, G1 to G5, with varying concentration of additive, from 

2.5 to 12.5%, were calculated from TG data by Horowitz and Metzger method as 

described in section 4.99.  The activation energy and order of reaction for this 

polymer-additive series are given in Table 5.31. The activation energies of 

degradation reactions calculated from TG data are purely on mass-loss basis and not 

on the individual products formed during degradation. The polymer (G) possesses less 

activation energy as compared to PMMA and P(S-co-MMA) and the latter has high 

whereas the former has least, when their stabilities are taken into account.  The blend 

(G1) with minimum percentage of additive has seven times less activation energy 

value as compared to neat polymer. Twelve time less activation energy is calculated 

for the blend (G5) having highest percentage of additive. This not only shows a clear 

trend of increased destabilization of the systems as the percentage of additive is 

enhanced (which is concentration-based), but also predicts the links developed 

between  polymer and additive which are, in turn, responsible for enhancing early 

disintegration of the polymer, which starts degrading at lower temperature when To is 

considered.  

6.3.1.d Infrared Spectroscopy  

Additive 

 It has already been presented before [233]. Briefly, a broad band in the region 

3600-3000 cm
-1

 is attributed to water. It was virtually impossible to prevent this 

additive from taking moisture from the surroundings. Al-Br stretchings are present at 

1603, 1089, 676, 580 and 478 cm
-1

. 

Polymer 

 This IR (Fig.5.69-I) gives C-H (aliphatic) stretchings around 3000-2930 cm
-1

. 

The carbonyl (C=O) for ester is indicated by the presence of sharp peak at 1731 cm
-1

. 

The frequency around 1260-1230 cm
-1

 is assigned to the C-O stretchings (for acetate 

only). The absence of peaks around 1640-1630 cm
-1

 marks the completion of 

polymerization. C-C (saturated) stretchings are noticed in the region 1200-800 cm
-1

. 
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Blend 

 The IR of blend, G4 (Fig. 5.69-III), exhibits C-H (aliphatic) stretchings at 

3000-2940 cm
-1

. The peak for ester carbonyl has shown a shift and now it appears at 

1726 cm
-1
. This is attributed to Al (from additive) which ‗attracts‘ oxygen of C=O. A 

peak at 1694 cm
-1

 may be thought as the confirmation of Al...O=C type 

attraction.‗Complex-type‘ structure may not be present as Al is not a transition metal. 

Also, the other oxygen (non-carbonyl) is attached to backbone carbons. The bands in 

the region 1260-1230 cm
-1

 (for C-O stretchings, acetate-specific) show displacement. 

Al-Br stretchings appear at 1595, 1080, 670, 575 and 472 cm
-1

 which may be 

attributed to the nature of ―neighborhood‖.  Some peaks in the region 680-515 cm
-1

 

may have arisen due to the mutual ‗pull‘ of carbon of methyls (attached to carbonyl) 

and backbone chain and bromine. A very small broad peak at 3455 cm
-1

 is assigned to 

moisture absorbed by additive. 

IR Recorded at Different Temperatures 

 IRs of residues at 200, 300 and 400
o
C were taken to get more information 

about the intermediates produced at different stages. These temperatures were chosen 

to study the second stage of degradation (TG curves). 

At 200
o
C 

 The residue shows an IR (Fig. 5.72a-I) which is not very different from that of 

the undegraded blend. Very small broad peak at 3393 cm
-1

 signifies water presence 

which means AlBr3 has not decomposed completely and can still absorb moisture. 

Peaks at 1726 cm
-1

 and 1696 cm
-1

 are for C=O (ester) having additive in its vicinity. 

The Al attractions are very clear. C-H stretchings are observed at their normal 

positions with diminished sizes along with new peaks around 3140-3020 cm
-1

 

indicating ‗unsaturation‗ (conjugated type). Al-Br vibrations show the effect of 

‗neighborhood‘ and peaks for bromine‘s ‗attraction‘ for carbons (methyl attached to 

carbonyl and backbone) appear in the same region. Their sizes have reduced, 

however. 

At 300
o
C 

 This IR (Fig. 5.72a-II) seems to have given major changes the blend has 

undergone at this temperature. Broad peak for water (around 3393 cm
-1

) has 

disappeared which may be attributed to additive‘s disintegration. C-H stretchings 

(3000-2940 cm
-1

) are close to disappearance. C-H (unsaturated) around 3140-3020 

cm
-1

 have reduced in size. The shape and intensity of C=O band have changed and 
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now one more peak appears at 1700 cm
-1

along with ester carbonyl at 1732 cm
-1

. This 

may be regarded as bond-making with Al apart from some free carbonyls. Some 

‗acetates‘ are still attached to backbone as peaks for C-O are present around1260-

1230 cm
-1

, though diminished in size. Bands are present around 1640cm
-1

 which may 

be attributed to C=C conjugation. The peaks in the region 1200-900 cm
-1

 may be 

assigned to Al-O-C type bonds. The vibrations around 680-515 cm
-1

 have shown a 

shift which is believed to be the development of bonds between bromine and 

backbone carbons. 

At 400
o
C 

 The IR (Fig. 5.72a-III) gives very few peaks at this temperature. Bands for C-

H (unsaturated) are observed with reduced size (close to vanishing) at 3140-3037 cm
-

1
. The C=O (ester) stretchings are assigned to very small peaks around 1715-1695 cm

-

1
 (bonded to Al). A small peak at 1640 cm

-1
 may be considered as C=C stretchings 

(conjugated). Peaks around 1200-900 cm
-1

 are attributed to above-mentioned 

stretchings, i.e., Al-O-C. Some bromines are still believed to be attached to carbons as 

peaks are observed in the region 680-515 cm
-1

.  

IR of Residue 

 The IR of residue (Fig. 5.72b-II) is very simple containing few peaks. C-H 

stretching (aliphatic) are found around 3000-2910 cm
-1

 (very small in size). The 

region 1200-900- cm
-1

 gives few peaks which may be thought as belonging to Al-O-C 

bonds. C-C stretchings may be found in the region 1300-800 cm
-1

. It may be 

concluded that residue consists of char and aluminum metal (the visual inspection 

confirmed the presence of the latter). 

IR of the Liquid Fraction Collected after Heating the Blend at High 

Temperature 

This was carried out to have more clues about the non-volatile products at 

room temperature. The IR (Fig. 5.72b-I) shows peaks for both C-H stretchings, i.e., 

olefinic as well as aliphatic at 3037-3135 cm
-1

 and 3000-2910 cm
-1

, respectively. 

Ester C=O band is observed at 1723 cm
-1

 which is attributed to the presence of 

formate. Conjugation (C=C stretchings at 1640 cm
-1

) is also apparent. This may also 

be due to the existence of dimeric form of vinyl acetate [228, 230, 231]. The –CH2 (in 

conjugation) stretchings appear around 1420-1412 cm
-1

. The bands at 669, 621, 529 

cm
-1

 are attributed to C-Br vibrations. A peak at 1220 cm
-1

 (C-O, ester) may be due to 

formate structure. Vibrations in the region 1810-1795 cm
-1

 seem to have arisen due to 
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C=O of acid halide. Carboxylic acid carbonyl is indicated by the peak at 1745 cm
-1

. 

C-O stretchings for the acid are found around 1190-1075 cm
-1

.   

6.3.1.e  Py-GC-MS Investigations 

  Thermal degradation of PVAc has been reported by many workers [180, 

181,183, 188] with similar findings. All agree on the quantitative deacetylation of the 

polymer resulting in a polyene type structure. The polymer started to degrade around 

250
o
C and from 250 to 350

o
C, acetic acid is the most abundant component (90-95%) 

of the degraded products analyzed consisted of acetic acid [180, 181, 182, 183, 188, 

191].  

The blend, G4 (PVAc + AlBr3, this was selected arbitrarily as a representative 

for the whole series), was heated to high temperature to collect the volatile matter 

(liquid portion) in a trap at -196
o
C (Fig. 4.2). The condensed phase was brought to 

room temperature and then subjected to GC-MS technique to identify the products of 

degradation (Table 5.34).  

 Fig.5.75 (GC) gives a number of peaks. Peak 1 reveals the fragmentation 

pattern of polyene which results from the unzipping of degrading polymer (Scheme 

30). It is surprising that Servotte et al (183) could not find grounds for the existence of 

polyene segments whereas Gardner et al (191) successfully confirmed the presence of 

the same using UV spectroscopy. Other workers (180, 188, 196) have also reported 

the formation of polyene. In one of the studies, polyene was identified consisting of 

12 carbon units. During present investigation, polyene with 8 carbon units was 

pinpointed. This may be attributed to the presence of AlBr3 which is believed to 

hinder the unzipping of the polymer by ‗locking‘ the adjacent or non-adjacent pendent 

groups, by degrading (furnishing bromine free radicals) to establish bonds with just-

formed polyene and by ‗attracting‘ the carbons of backbone (main chain). The 

complex-type structure (encountered in earlier studies with ZnBr2 (195, 196)) may not 

exist as Al is not a transition metal, however, it may initiate similar ‗crosslinking‘ 

depending on its orientation. Acetyl bromide is found on peak 2. Its formation seems 

to be the result of reaction between newly-formed ethanoic acid and AlBr3 (degraded 

or undegraded). This interaction between additive and one of the degradation products 

of the polymer reduces the concentration of ethanoic acid among the degradation 

products (Scheme 31). The formation of water (peak 3) may be attributed to either its 

absorption by the additive (prior to pyrolysis) or as proposed in Scheme 31. Another 
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mode may follow the decomposition of H3CCOO
.
  (acetate free radicals) which first 

produces ketene [196] as under:  

H3CCOO
.
  H2C=C=O + 

.
OH (H2O) 

 It is generally accepted that ketene is produced by the decomposition of ethanoic acid 

on the basis of studies carried out by Bamford et al (234) and Scotney (235).  McNeill 

et al (196) and Jamieson et al (187) came up with the evidence which corroborated the 

above-quoted equation, i. e., ketene was produced directly from the polymer side 

chain, possibly from the degradation of acetate radical. The amount of ethanoic acid 

(peak 4) appeared low. This is assigned to: i) its conversion to acetyl bromide, ii) 

hindrance offered by the additive to the depolymerisation of the polymer, iii) the 

emergence of polyene framework with attached pendent groups and iv) alteration of 

acetate side groups to formate under the influence of the additive (Scheme 31-33). 

Bromine-bonded polyene (peak 5) may be formed by the attack of bromine free 

radical (decomposition of additive) on polyene chain (substitution of one hydrogen). 

Faster mobility of polyene and slower diffusion of bromine free radicals may have 

blocked further substitutions, therefore, more substituted products could not be 

detected (Scheme 30). Intact pendent group of the polymer is found attached to 

polyene chain (peak 6). It is clear indication that the additive plays a vital role in 

‗binding‘ the pendent groups of the degrading polymer in such a way that these resist 

disintegration. This ‗binding‘ also checks further depolymerization (Scheme 32). The 

presence of monomer (peak 7) clearly suggests that additive modifies the 

depolymerisation pattern of the polymer. This product was absent when polymer was 

degraded alone. Polyene with pendent formate groups (peak 8) may be regarded as the 

interaction of additive with acetate groups for the removal of methyl radical. 

Subsequent hydrogen (H

) abstraction changes the ‗form‘ of pendent groups.  

Schemes 30 to 33 are proposed for the mechanisms involved for the formation 

of products mentioned above. The products found during present study appear to be 

the result of AlBr3. Although it starts degrading at a lower temperature as compared to 

neat polymer (TG studies) yet its presence till high temperatures (partially or 

completely degraded) provides enough chances for interaction and this can be 

observed in the form of those products which contain bromine as a part or those 

compounds that consist of degrading polymer part with partially pyrolyzed pendent 
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groups. Acetic anhydride could not be detected; hence, water found does not result 

from the condensation of two acetic acid molecules.  

6.3.1.f Flammability of Polymer and Blends 

Horizontal burning rate and time to burn neat polymer (G) and its blends, G1-

G5, are presented in Table 5.37. Figure 5.78 shows the trend which is linear. It is 

inferred that higher the concentration of additive in the blend, lower is the rate of 

burning obtained. It is perceived that burning rate of blend (G5) decreases to 5 times 

as compared to neat polymer (G). Reduction in burning rate is much more prominent 

even with the lowest percentage of additive (G1) and this is linked with the effective 

retardency caused by the additive towards polymer. The uniform distribution of all 

concentrations of additive throughout polymer is also confirmed.  

6.3.1.g Mechanistic Pathway of Thermal Degradation  

On the basis of the results of thermogravimetry, derivative thermogravimtry, 

differential thermal analysis, infrared spectroscopy and pyrolyis-gas chromatography- 

mass spectroscopy, various schemes are proposed which indicate that homopolymer 

has shown destabilization and stabilization in the presence of varying concentrations 

of aluminum tribromide in different temperature zones. Different products are formed 

during the course of degradation. A thorough interpretation has already been 

mentioned. The Schemes 30 to 33 derive the following mechanisms:      
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6.3.2 Thermoanalytical, IR,  Py-GC-MS  and Flammability Characterization of 

Poly(vinyl acetate) in the Presence  of  Phosphorus Tribromide 

6.3.2.a  Thermogravimetry, Derivative Thermogravimetry and  Differential 

Thermal Analysis  

The thermal curves of blend series, i.e., H1 to H5 are shown in Figs. 5.58, 5.61 

and 5.64, (the curve I in each figure is for neat polymer), whereas the thermal data for 

neat polymer and blends are presented in Table 5.29. The thermal degradation of 

blend, H1, occurs in the temperature range 70 to 220
o
C for the first step weight-loss. 

It starts losing weight around 70
o
C (T0) and by the end of the first stage (220

o
C), 

accounts for 12% weight-loss (Fig. 5.58-II) as observed from TG traces. For first 

stage, the decomposition process is accompanied by one DTG peak (Fig. 5.61-II) and 

three DTA peaks at 130, 150, 197 and 214
o
C, respectively.  It has been observed (Fig. 

5.58-I) that neat polymer shows T0 (temperature at which first weight-loss begins) at 

270
o
C whereas additive starts losing weight around 60

o
C when both are heated alone 

in the presence of inert atmosphere. The products evolved at this stage clearly indicate 

the interaction between the two components of the system. From 220
o
C the system 

does not show any stability of the intermediate and proceeds further up to 370
o
C for 

second stage pyrolysis. The intermediate is not pure PVAc as neat polymer 

commences to decompose around 270
o
C and pure additive starts losing weight around 

60
o
C.  The second stage which starts at 220

o
C terminates at 370

o
C, accounts for 56% 

weight-loss. The first 46% weight-loss for the second step (out of 56% weight-loss) 

requires heating of 80
o
C (from 220 to 300

o
C) whereas the remaining portion (10%) 

leaves the crucible for a heating of 70
o
C (300-370

o
C). This is attributed to the strength 

of the bonds present in the intermediate.  One DTG peak at 274
o
C and one DTA peak 

at 260
o
C are observed for the second stage. The sharp fall in TG traces for the second 

stage manifests the rupture of bonds as the rising energy content cannot be resisted. 

The third stage starts at 370
o
C and ends at 610

o
C exhibiting 18% weight-loss. One 

DTG peak and three DTA peaks at 460, 390, 465 and 590
o
C, respectively, confirm the 

weight-loss and energy changes of third stage. Fourteen per cent residue is noticeable 

at the completion of degradation process. 

The second blend (H2) begins losing weight around 60
o
C and by the end of 

the first stage (170
o
C), accounts for 14% weight-loss (Fig 5.58-III). It is observed now 

that by increasing the concentration of additive (PBr3), the T0 shows a decrease of 

10
o
C and increase in percent weight-loss for this step. Same type of interaction is 
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believed to have occurred for this blend as was the case with H1. The intermediate is 

not stable at this stage and continues to degrade further. The second stage commences 

at 170
o
C and ends at 370

o
C with a weight-loss of 48%.  One DTG peak at 135

o
C (Fig. 

5.61-III) and one DTA peak at 140
o
C (Fig.5.64-III) appear for first stage. For second 

stage, one DTG peak at 255
o
C and four DTA peaks at 190, 233, 300 and 323

o
C are 

noticed. The last stage (370-540
o
C) gives a weight-loss of 16%. From 170

o
C to 300

o
C 

the weight-loss is 44% out of 48%, which requires heating of  130
o
C,  whereas the 

remaining portion (4%) leaves the scene for a heating of 70
o
C (300-370

o
C), which is 

regarded as resistance offered by the bonds/interactions developed in the earlier part 

of the degradation between the components of the system.  One DTG peak at 475
o
C 

and two DTA peaks at 404
o
C and 460

o
C are observed. Heating blend above 540

o
C 

leaves residue of twelve per cent. 

The blend, H3, starts to degrade around 70
o
C and loses 16% of original weight 

in the first stage which terminates at 160
o
C (Fig 5.58-IV). The intermediate formed at 

this stage is not stable, the pyrolysis starts immediately at 160
o
C and the second step 

shows a weight-loss of 40%  ending at 420
o
C. From 160

o
C to 300

o
C, 34% weight-loss 

is observed, which requires heating of 140
o
C (from 160-300

o
C) out of 40 % weight-

loss, whereas the remaining portion (6%) leaves the crucible for a heating of 120
o
C 

(300-420
o
C). These observations are indicative of the strength of bonds that 

developed during the early part of pyrolysis. One DTG peak at 135
o
C (Fig. 5.61-IV) 

and two DTA peaks (Fig. 5.64-IV) appear for first stage at 100
o
C and 147

o
C, 

however, for second stage one DTG and four DTA peaks at 203, 195, 290, 330 and 

410
o
C, respectively, arise. The third stage begins at 420

o
C due to stability of 

intermediate giving a loss of 20% weight with 24% residue at the completion of the 

decomposition (560
o
C). One DTG peak at 475

o
C and one DTA peak at 485

o
C govern 

the decomposition reaction. It is also inferred that increase in the percentage of 

additive results in increase of the residue percentage as well as the first stage weight-

loss. 

The blend, H4, depicts a weight-loss (in the temperature range 70-180
o
C) of 

18 % for first stage (Fig. 5.58-V). It commences to decompose around 70
o
C and stops 

losing weight around 180
o
C. One DTG peak at 130

o
C (Fig. 5.61-V) and two DTA 

peaks (Fig. 5.64-V) at 110
o
C and 151

o
C are recorded. The intermediate is not stable at 

this stage and continues to decompose as the energy content increases. The second 

step starts at 180
o
C and comes to an end at 400

o
C indicating a weight-loss of 36%. In 
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the second stage, one DTG peak is observed at 218
o
C and three DTA peaks are 

observed at 210
o
C, 295

o
C, and 340

o
C. The first 30% weight-loss of second stage 

requires heating of 120
o
C in the temperature range, 180-300

o
C, whereas the 

remaining 6% requires only heating of 100
o
C for the temperature range, 300-400

o
C.  

This is attributed to the resistance offered by strong bonds/links produced during the 

early part of the pyrolysis. Twenty six per cent weight-loss is indicated for the third 

stage, 400-550
o
C. One DTG peak at 470

o
C and two DTA peaks at 415 and 480

o
C 

support the decomposition at third stage.  As the temperature is raised further, the 

blend finally yields a residue of twenty per cent at the completion of degradation 

process. 

In the temperature range 70-180
o
C, blend H5 begins its weight-loss around 

70
o
C for first stage which comes to an end at 180

o
C (Fig. 5.58-VI). It is inferred that 

as the additive percentage is increased, the end of first stage weight-loss is shifted to 

lower temperature when compared with H1, assuming that more free radicals ( Br
.
) 

generate causing early  degradation of polymer. Moreover, first stage weight-loss is 

also increased with the additive‘s percentage. One DTG peak at 123
o
C (Fig. 5.61–VI) 

and two DTA peaks appear (Fig. 5.64–VI) for this step at 115
o
C and 155

o
C. Twenty 

two per cent weight-loss is evident from TG traces. The intermediate does not 

withstand any temperature. The second stage terminates at 430
o
C with the weight-loss 

of 40%. One DTG and four DTA peaks are found at 208, 215, 305, 350 and 420
o
C, 

respectively. The first 34% weight-loss for the second step (out of 40%) requires 

heating of 120
o
C (from 180 to 300

o
C) whereas the remaining smaller portion (06%) 

leaves the crucible for a heating of 130
o
C (300-450

o
C). This is attributed to the 

strength of the bonds present in the intermediate.  The third stage begins soon after 

(430
o
C) and ends at 550

o
C with the weight-loss of 16%. One DTG peak at 461

o
C and 

one DTA peak at 490
o
C favor the last step weight-loss. There appears twenty  per cent 

residue at the end of pyrolysis of this blend. 

In this series, H1-H5, the interaction is evident between the components of the 

system. The nature of interaction is same for all members of the series. The 

percentage of degradation for first stage is higher than the total percentage of additive 

in the blends H1-H5. The molecular-level mixing of the constituents favors the 

development of links between them which, in turn, gives way to early degradation of 

both parts. The evolution of new product in the early part of pyrolysis confirms the 
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chemical interaction and mutual influence of the ingredients on each other‘s 

decomposition.  

6.3.2.b Blends Composition Effect on Thermal Behavior 

Figure 5.67 shows the plots of T0, T25, T50 and Tmax of polymer and its blends. 

When T0 is taken into account, a very clear trend of destabilization is met with. As the 

percentage of additive in the blends is increased, a slight stabilization of 10
o
C is 

observed which may be ascribed to the number of links which are developed between 

phosphorus and carbonyl oxygen of polymer per unit volume of additive. In case of 

T25 (temperature at which 25% weight-loss arises), the trend of destabilization is more 

pronounced and goes on increasing, when weight percent of additive varies from 2.5 

to 12.5. This appears to be due to the production of Br
. 

(free radicals) from the 

degradation of additive in this region, which enhances the degradation of polymer. At 

T50 (it is the temperature at which 50% weight-loss is noted), a very inappreciable 

destabilization trend is observed as energy content is too great for the interactions or 

bonds developed between additive and polymer to resist breakage and the same seems 

to be dependent on the weight percentage of additive. Tmax (temperature that indicates 

maximum weight-loss) is higher for blends. As it points to the region very close to the 

completion of decomposition process, so almost all kinds of bonds are prone to 

splitting. In this zone, stabilization of the blend with the most effective concentration 

of additive, i.e, 2.5%, is observed. The other blend composition showing stabilization 

is with 7.5% additive. The strength of bonds originated in these blends (between 

phosphorus and carbonyl oxygen, between oxygenother than carbonyl oxygenand 

phosphorus) plays vital role due to networking and cross-linking as compared with 

remaining counterparts.  

6.3.2.c Determination of Activation Energy and Order of Reaction  

The results of activation energies and order of reactions of degradation 

reactions for neat polymer (G) and its blends (H1 to H5) are presented in Table 5.32.  

The results reveal a clear trend of decrease in activation energy for the blends as the 

concentration of additive is increased. With the minimum concentration of additive, 

i.e., 2.5%, the results indicate nearly four times less activation energy compared to 

blended polymer, whereas the higher concentration of additive (12.5%) of this 

blended series gives nearly six times less value from the neat polymer. This clearly 

hints at the destabilization of the polymeric system. It is believed that links develop 
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between polymer and additive, which are responsible for disintegration and system 

starts disintegrating at lower temperature. It is also concluded that higher the 

concentration of additive in the blend, higher is the destabilization of polymeric 

system. The activation energies of degradation reactions calculated from TG traces 

are purely on weight-loss basis and not on the individual products formed during 

degradation.  

6.3.2.d  FT-IR Characterization 

IR of Additive 

 The IR (Fig. 5.70-II) has already been discussed (section 6.1.1.d). Briefly, a 

broad band appears at 3362 cm
-1

 marking the presence of water (it was practically not 

possible to prevent PBr3 from absorbing moisture from atmosphere). The peaks at 

485, 476, 458, 442, 418 and 407 cm
-1 

are attributed to P-Br vibrations [228, 230-233]. 

IR of Blend 

 The IR (Fig. 5.70-III) shows C-H stretchings around 3000-2924 cm
-1

. The 

ester carbonyl peak appears at 1731 cm
-1

 indicating the acetate group. A shoulder 

peak to this around 1692 cm
-1

 may be attributed to the ‗attraction‘ between 

phosphorus of additive and carbonyl oxygen. The C-O ester stretching is found 

around 1280 cm
-1

. The peaks for P-Br vibrations are displaced owing to C=O….P 

interaction and C….Br ―attractions‖. These appear now at 490, 480, 462, 445, 424 

and 412 cm
-1

. The bands which are present in the region 680-515 cm
-1

 may be due to 

the ‗closeness‘ between carbons (methyls as well as backbone) and bromines of 

additive. 

IR of polymer 

 It was reported in section 6.3.1.d (Fig. 5.69-I). Briefly, C-H stretchings are 

found around 2930-3000 cm
-1

. Ester carbonyl is noticed at 1731 cm
-1

. The peaks in 

the region 1260-1230 cm
-1

 are due to C-O vibrations (acetate specific). As the 

material is polymeric in nature, the bands are absent around 1640-1630 cm
-1

. The 

saturated C-C frequency is observed in the region 1200-800 cm
-1

. 

IRs of Residues at Different Temperatures 

 The blend, H4, was heated at three different temperatures, i.e., 300, 400 and 

500
o
C to monitor the changes taking place in residues. 

At 300
o
C 

 The IR (Fig. 5.73a) shows modifications when compared with the IR of neat 

polymer (Fig. 5.70-I). Shifts in the position of certain peaks and changes in intensities 
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are observed. Some new peaks appear which clearly indicate the presence of new or 

modified structures. Small broad peaks at 3390 cm
-1

 may have arisen due to O-H 

stretchings of water.  C-H stretchings are found around 2980-2916 cm
-1

. The 

appearance of peaks around 3120-3060 cm
-1

 may be attributed to C-H (unsaturated) 

stretchings. Ester carbonyl vibrates at 1733 cm
-1

. More peaks at 1716 cm
-1

 and 1698 

cm
-1

 may be attributed to carbonyl having some sort of ‗linkage‘ with phosphorus of 

additive. Bands around 1647-1636 cm
-1

 are believed to have arisen due to conjugated 

C=C. Some PBr3 seems to exist even at this temperature which may not be considered 

‗free‘ (P-Br stretchings at 476, 458, 418 cm
-1
). However, it still ‗manages‘ to absorb 

moisture. Bands at 616, 652, 683 cm
-1

 may be attributed to C-Br stretchings. New 

peaks in the region 2350-2240 cm
-1

 are found that may be indicative of P-H 

vibrations. P-C vibrations are observed around 1320-1280 cm
-1

. 

At 400
o
C 

 The IR (Fig. 5.73a-II) exhibits the reduced sizes of peaks when compared with 

IR (Fig. 5.73a-I) that was studied after heating the blend at 300
o
C. P-Br stretchings 

are about to disappear. The volatile products are leaving the scene and the residue is 

becoming deficient in the amount of those structures which were present in the 

residue obtained after heating the blend at 300
o
C. 

At 500
o
C 

 This IR (Fig. 5.73a-III) gives clear differences when compared with the IR of 

residue obtained at 400
o
C. The C-H stretchings (olefinic as well as aliphatic) are 

absent. No more ‗free‘ (acetate-type) C=O is present at this stage as there is no peak 

present at 1733 cm
-1

, however, the band at 1716 cm
-1

 and 1698 cm
-1 

suggest that 

phosphorus may be ‗linked‘ to carbonyl oxygen in some way. PBr3 has degraded 

completely. C-Br stretchings are noticed at 677, 650 and 612 cm
-1

. The size for P-H 

peaks has reduced significantly. C=C (conjugated) vibrations are present around 

1647-1635 cm
-1

. Frequences around 1320-1280 cm
-1

 mark the presence of P-C bonds. 

IR of Residue after Heating Blend, H4, at High Temperature 

  Residue‘s IR is reproduced in Fig. 5.73b-II. Peaks around 2350-2240 cm
-1

 

with reduced intensity are present. It represents the P-H stretchings and it may be 

thought of as being attached to carbonaceous matter. C=O vibrations are that of C-O-

P type (1716 cm
-1

, 1698 cm
-1

). Unsaturation (C=C) may be found at 1648-1638 cm
-1

. 

Very few C-Br bonds are present as very small peaks at 679, 650 and 610 cm
-1

 are 

noticeable. 
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IR of Liquid Portion 

 Blend, H4, was heated to high temperature and the volatile products were 

collected in a trap kept at -196
o
C (Fig. 4.2). It was brought to room temperature. IR 

(Fig. 5.73b-I) of this portion was recorded for getting more information about the 

products. 

 A small broad peak appeared around 3522 cm
-1

 which is assigned to O-H 

stretchings of water.
 
Saturated and unsaturated C-H stretchings are noticed at 3000-

2940 and 3140-3020 cm
-1

, respectively. Few peaks in the region 2370-2240 cm
-1

 may 

be attributed to P-H stretchings. A small peak at 1735 cm
-1

 suggests the presence of 

ester carbonyl vibrations (very few such units are present). The carboxylic acid 

carbonyl vibrations are present at 1746 cm
-1

. It finds support by the peaks noted 

around 1190-1075 cm
-1 

(C-O stretchings for carboxylic acid). C-O (ester) frequencies 

are found between 1230 and 1260 cm
-1

. Peaks around 1795-1810 cm
-1

 are attributed 

to C=O of acid halide. Some unsaturation, C=C, is signified by the stretchings at 1640 

cm
-1

 (most probably conjugated type). The bands at 622, 669 and 680 cm
-1

 are 

believed to have arisen from C-Br vibrations. 

6.3.2.e  Pyrolysis-Gas Chromatography-Mass Spectrometry Investigation 

The thermal studies of PVAc have been reported by many workers [180, 193] 

and also in the presence of additive [196]. According to former results, the major 

product is acetic acid. This ends in the formation of polyene type arrangement. Some 

researchers, however, could not detect the latter structure [191]. Furthermore, few 

workers believe that ketene production is a free radical phenomenon arising from 

acetate radical [234, 235] whereas others consider it as a regular molecular reaction 

which produces ketene from the decomposition of acetic acid [196]. 

When the liquid portion (this was obtained when the blend, H4, was heated 

and the products of pyrolysis were trapped at -196
o
C) was subjected to GC-MS assay 

during present studies, a number of peaks were noticed (GC is given in Fig. 5.76). 

Their MS revealed some interesting structures. The first peak unveils a compound 

which highlights the chemical nature of interaction between the additive and the 

polymer. Phosphorus loses all its bromines and acetates (instead of splitting into CO2 

and CH4 or ketene and water), after detaching from the main chain, replaces all 

bromines of phosphorus. 

At peak 2, one of the acetates appears transformed into formate under the 

influence of the additive. The ‗backbone‘ consists of six carbons only with terminal 
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unsaturation (C=C). Bromine is found attached to ‗saturated‘ carbon, i.e., taking the 

place of one of the acetates. 

A small polyene chain (comprising 4 carbons) is identified at peak 3 with 

phosphorus blocking further growth of unsaturation. The bromines of phosphorus 

have been substituted by hydrogens. The larger size of bromines (free radicals) and 

faster mobility of hydrogens (small size and greater chances of production and 

availability) cause this substitution. 

For fourth peak, a compound with conjugated polyene (six carbons) is 

observed. Two pendent groups (formate) are present. This transformation (acetate to 

format) is due to the effect of additive. –PH2 is again encountered at the end of the 

chain, thus, indicating the blocking action of phosphorus with its bromines replaced 

by hydrogens. 

The polyene (conjugated) found at this peak, i.e., 5, consists of eight carbons. 

It is interesting to note that –PH2 not only restricts the length of the ‗backbone‘ chain 

but also forms pendent group. One ‗formate‘ points towards the involvement of 

additive in the conversion (acetate to formate). 

Peak 6 gives a compound which shows terminal attachment of –PH2. Two 

‗formates‘ are attached to the six-membered chain along with one bromine. The 

mechanism appears same as proposed for the compound identified at peak 5 (Scheme 

36). 

The longest polyene (conjugated) chain is detected at peak 7.  Fourteen 

carbons constitute the chain. –PH2 is noticed at the end of the chain. Three acetates 

are pendent (Scheme 37). Additive may hinder the conversion (acetate to formate) 

due to its placement close to pendent groups. Additive may also facilitates the same 

conversion depending upon its position in the degrading blend (Schemes 34-37). The 

formulae for all compounds along with m/e are presented in Table 5.35. 

6.3.2.f  Flammability Study of Neat Polymer and Its Blends 

Figure 5.79 depicts the burning rate of neat polymer, G, and blends, H1-H5, 

determined by horizontal burning test. The data for time to burn and rate of burning 

for both are shown in Table 5.38. The burning rate of blend with 12.5% of additive 

(H5) decreases to 6 times when compared with that of neat polymer (G) whereas the 

effectivity, in this connection, is very pronounced even for the lowest proportion 

(H1). This attributes to the retarding effect caused by PBr3 additive to PVAc. The 

tendency is linear, i. e., higher the concentration of additive, lower is the rate of 
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burning and vice versa. This also confirms the uniform distribution of additive in the 

polymer. 

 

6.3.2.g Mechanism of Thermal Degradation 

The results obtained from thermoanalytical (TG-DTG-DTA), IR and Py-GC-

MS, give information about the nature of degradation products, when PVAc is 

examined thermally in the presence of phosphorus tribromide. The mechanism for the 

formation of various products is proposed and Schemes 34 to 37 are being presented 

to show the following routes, the new compounds adopt for emergence:    
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6.3.3 Thermoanalytical, IR,  Py-GC-MS  and Flammability Characterization of 

Poly(vinyl acetate) in the Presence  of  Tin(IV) Chloride 

6.3.3.a  TG-DTG-DTA Investigations 

TG, DTG and DTA traces of blend series i.e., J1 to J5 are shown in Figs. 5.59, 

5.62 and 5.65, respectively. The curve which is designated as I in each trace is for 

neat polymer, whereas the thermal data for neat polymer and blends are tabulated in 

Table 5.30.  

The thermal decomposition of blend, J1, takes place in the temperature range 

of 70 to 140
o
C for the first step and accounts for 4% weight-loss (Fig. 5.59-II) as 

observed from TG traces. For first stage, the decomposition process is accompanied 

by one DTG peak (Fig. 5.62-II) and one DTA peak (Fig. 5.65-II) at 140
o
C and 115

o
C, 

respectively.  It has already been noted (Fig. 5.59-I) that neat polymer shows T0 

(temperature at which first weight-loss begins) at 270
o
C whereas additive starts losing 

weight around 10
o
C when both are heated alone in nitrogen atmosphere. The products 

evolved at this stage clearly indicate the interaction between the two components of 

the system. From 140
o
C, the system does not show any stability of the intermediate 

and proceeds further up to 430
o
C for second stage pyrolysis. The intermediate is not 

pure PVAc as neat polymer commences to decompose around 270
o
C and pure 

additive starts losing weight around 10
o
C.  The second stage which starts at 140

o
C 

and terminates at 430
o
C, accounts for 68% weight-loss. The first 61% weight-loss for 

the second step (out of 68% weight-loss) requires heating of 160
o
C (from 140 to 

300
o
C) whereas the remaining  portion (7%) leaves the scene for a heating of 130

o
C 

(300-430
o
C). This is attributed to the strength of the bonds present in the intermediate.  

One DTG peak at 240
o
C and three DTA peaks at 160

o
C, 225

 o
C, and 295

o
C, are 

observed for the second stage. The sharp fall in TG traces for the second stage 

manifests the rupture of bonds as the rising energy content cannot be withstood. The 

third stage which starts at 430
o
C and ends at 800

o
C accounts for 16% weight-loss. 

Both DTG and DTA peaks (one each) appear at 450
o
C and confirm the weight-loss 

and energy changes for third stage. Twelve per cent residue is noticeable at the 

completion of degradation process. 

The second blend (J2) starts losing weight around 70
o
C and by the end of the 

first stage (120
o
C), accounts for 3% weight-loss (Fig. 5.59-III). Same type of 

interaction is believed to have occurred for this blend as was observed for J1. The 

intermediate is not stable at this stage and continues to degrade further. The second 
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stage commences at 120
o
C and ends at 440

o
C with a weight-loss of 65%.  One DTA 

peak (Fig. 5.65-III) at 110
o
C appears for first stage. For second stage, two DTG peaks 

(Fig. 5.62-III) at 153
o
C and 199

o
C and four DTA peaks at 153, 220, 290 and 440

o
C, 

are noticed. The last stage (440-800
o
C) gives a weight-loss of 14%. From 120

o
C to 

300
o
C the weight-loss is 56% out of 65%, which requires heating of 180

o
C, whereas 

the remaining portion (9%) leaves the scene for a heating of 140
o
C (300-440

o
C), 

which is regarded as resistance offered by the bonds/interactions developed between 

the components of the system in the earlier part of the degradation.  One DTG peak at 

460
o
C is observed. Heating of blend above 800

o
C leaves residue of 18%. 

The blend, J3, commences to decompose around 70
o
C and loses 2% of 

original weight in the first stage which terminates at 110
o
C (Fig. 5.59-IV). The 

intermediate formed at this stage is not stable, the pyrolysis continues and the second 

step shows a weight-loss of 69% with the termination at 440
o
C. From 110

o
C to 300

o
C, 

64% weight-loss is observed, which requires heating of 190
o
C, whereas the remaining 

portion (7%) leaves the scene for a heating of 140
o
C (300-440

o
C). These observations 

are indicative of the strength of bonds that developed during pyrolysis. One DTA 

peak appears for first stage at 107
o
C, however, for second stage two DTG (Fig. 5.62-

IV) and three DTA peaks (Fig.5.65-IV) at 130, 198, 132, 270 and 420
o
C, respectively, 

arise. The third stage begins at 440
o
C as the instability of intermediate submits to the 

15% weight-loss and heating further renders 14% residue at the completion of the 

decomposition (800
o
C). One DTG peak at 463

o
C furnishes the decomposition 

reaction. It is also inferred that increase in the percentage of additive results in 

increase of the residue percentage as well. 

The blend, J4, depicts a weight-loss (in the temperature range 70-110
o
C) of 2 

% for first stage (Fig. 5.59-V). One DTA peak is found at 110
o
C (Fig. 5.65-V). The 

intermediate is not stable at this stage and continues to decompose as the energy 

content goes up. The second step starts at 110
o
C and comes to an end at 430

o
C 

indicating a weight-loss of 64%. For second stage, two DTG peaks are observed at 

118
o
C (Fig. 5.62-V) and 186

o
C and two DTA peaks at 134

o
C and 272

o
C. The first 

56% weight-loss of second stage requires heating of 190
o
C for the temperature range, 

110-300
o
C, whereas the remaining 8% requires heating of 130

o
C from 300 to 430

o
C.  

This is attributed to the resistance offered by strong bonds/links produced during early 

part of the pyrolysis. 14% weight-loss is indicated for the third stage, 430-800
o
C. One 

DTG peak and one DTA peak, both at 440
o
C, support the decomposition at third 
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stage.  As the temperature is raised further, it finally yields a residue of 20% at the 

completion of degradation process, which is higher than J1, J2 and J3. 

In the temperature range, 70-120
o
C, blend, J5, completes its weight-loss for 

first stage (Fig. 5.59-VI). It is inferred that as the additive‘s percentage is increased, 

the percentage of final residue is shifted to higher concentration when compared with 

J1, J2, J3 and J4. One DTA peak appears for this step at 110
o
C (Fig. 5.65-VI). Two 

per cent weight-loss is evident from TG traces. The intermediate does not withstand 

further increase in temperature. The second stage (120-430
o
C) exhibits a weight-loss 

of 66%. Two DTG (Fig.5.62-VI) and four DTA peaks are found at 127, 180, 127, 

200, 244 and 286
o
C, respectively. The first 60% weight-loss for the second step (out 

of 66%) requires heating of 180
o
C (from 120 to 300

o
C) whereas the remaining portion 

(6%) leaves the scene for a heating of 130
o
C (300-430

o
C). This is attributed to the 

strength of the bonds present in the intermediate.  The third stage begins at 430
o
C and 

ends at 800
o
C with a weight-loss of 14%. One DTG peak at 460

o
C favors the last step 

of decomposition. There appears eighteen per cent residue at the end of pyrolysis of 

this blend. 

It has been observed that the interaction is evident between the components of 

the system throughout the series, i.e., J1-J5. The nature of interaction is same for all 

members of the series. The percentage of degradation for first stage is less than the 

total percentage of additive in the blends J1-J5 (exception being J1). The molecular- 

level mixing of the constituents favors the development of links between them which, 

in turn, give way to early degradation of both parts. The evolution of new products in 

the early part of pyrolysis confirms the chemical interaction and mutual influence of 

the ingredients on each other‘s decomposition.  

6.3.3. b Blends Composition Effect on Thermal Behavior 

Figure 5.68 represents the plots of T0, T25, T50 and Tmax of polymer and its 

blends. When T0 is considered, a very clear trend of destabilization is observed while 

going down the series, i.e., J1-J5. Addition of higher percentage of additive in the 

blends has no effect on the systems as all blends start decomposing at the same 

temperature and this seems to be independent of additive percentage and this may be 

ascribed to the nature of links developed between Sn and carbonyl oxygens of the 

polymer which may be regarded as similar. However, for T25 (temperature that tells 

about the 25% weight-loss), the trend of destabilization goes on increasing with the 

increase of additive‘s percentage from 2.5 to 12.5%. This may happen due to the 
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production of chloride free radicals 
by

 the degradation of additive, which causes the 

accelerated degradation of polymer. A similar trend in case of T50 (temperature 

corresponding to 50% mass-loss) is noticed, whereby increase in destabilisation of 

blends occurs as the concentration of additive enhances.The release of free radicals 

along with higher energy content is responsible for the breakage of different types of 

interactions or bonds between additive and polymer and this trend is based on 

increaing weight percentage of additive. Higher is the additive‘s percentage in the 

blend, higher is the destabilization. Tmax (temperature for maximum weight-loss) is 

same for all blends, but different from polymer. This shows a high trend of 

stabilization of blends at this temperature as compared to neat polymer.  The nature of 

interaction clearly indicates that in the temperature region very close to completion of 

decomposition, the bonds developed along the degradation process require very high 

energy to pyrolyze. This plot, however, does not furnish the information that how 

much residue is left at the end of disintegration of the blended system. 

6.3.3.c Kinetic Parameters, Eo and n  

 Table 5.33 shows the results of activation energy and order of reaction for 

polymer (G) and its blends (J1 to J5). The trend confirms the findings from TG 

curves, calculated using Horowitz and Metzger method. The behavior marks higher 

instability of this polymer with additive (Z) as compared to the blend of the same 

polymer with additives, X and Y. As the percentage of additive (Z) is increased, 

appreciable decrease in activation energy is observed, which points out the early 

destabilization of the polymeric system. This also indicates the interaction associated 

with the additive‘s degradation, which is concentration-based, for the promotion of 

polymer disintegration at early stage (at lower temperature than polymer). 

6.3.3.d Infrared Studies of Blends at Ambient and Various Temperatures 

Additive 

 The IR appears in Fig. 5.71-II. It contains a broad band at 3394 cm
-1

 which is 

attributed to moisture. It was practically not possible to keep the additive anhydrous. 

Other peaks at 769, 505 and 406 cm
-1

 arise due to Sn-Cl stretchings. 

Polymer 

 IR of PVAc has already been given in Fig. 5.71-I. Briefly, the peaks in the 

region 3000-2930 cm
-1

 are present due to C-H (aliphatic) vibrations. The carbonyl 

(ester) stretchings are marked by a sharp peak at 1731 cm
-1

. The bands found around 

1260-1230 cm
-1

 are attributed to C-O bonds (for acetate only). The proof for 
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polymerization comes from the absence of frequencies around 1630-1640 cm
-1

. The 

region 1200-800 cm
-1

 shows the peaks for C-C (saturated) vibrations. 

Blend 

 This, (J4), IR (Fig. 5.71-III) exhibits a broad peak at 3455 cm
-1

 for O-H 

stretchings (water) and the presence of C-H (saturated) stretchings around 3000-2920 

cm
-1

. The C=O (ester carbonyl) vibration appears with a slight shift at 1725 cm
-1

 

which may be assigned to the C=O....Sn ‗interaction‘. This, however, cannot be 

considered as ‗co-ordination‘ type relationship. The lack of ‗co-ordination‘ is clearly 

due to the attachment of oxygen (other than carbonyl) with main chain which 

precludes any such ‗linking‘. The bands for Sn-Cl bonds are found displaced, i.e., 

these appear at 794, 520 and 420 cm
-1

. C-O stretchings (for acetate only) are noticed 

in the region pointed out earlier in the IR for PAVc. C-C (saturated) frequencies are 

observed in their normal positions. 

IR of Residues When Blend, J4, was Heated at Different Temperatures 

 Blend was heated at three different temperatures, i.e., 250, 350 and 450
o
C and 

their residues were subjected to IR to fathom the types of bonds present in the 

intermediates. 

At 250
o
C 

 This IR (Fig. 5.74a-I) is different from the IR of blend (Fig. 5.71-III) in many 

respects. The peaks for C-H stretchings have grown less in size revealing the 

evolution of compounds involving C-H bonds. The number of peaks has also reduced. 

The range squeezes to 3000-2950 cm
-1

. Fresh peaks in the region 3100-3040 cm
-1

 

linked with olefinic C-H stretchings, make their appearance for the first time.   

Shifting of C=O stretching from 1725 cm
-1 

to 1716 cm
-1

 and introduction of a new 

peak at 1699 cm
-1

 suggest the formation of bond between oxygen of carbonyl and Sn. 

C=C stretchings (conjugated) are noticed around 1638 cm
-1

. Sn-Cl bonds are present 

as the relevant vibrations are observed at 797, 515 and 418 cm
-1

, though with 

diminished sizes. Frequencies at 673, 689, 739, 752, 820 cm
-1

 (830-560 cm
-1

) may be 

assigned to C-Cl stretchings. C-O (ester) vibrations are noticeable around 1260-1230 

cm
-1

. 

At 350
o
C 

 IR of residue recorded after heating the blend at 350
o
C is presented in Fig. 

5.74a-II. This IR shows further reduction in peak sizes attributed to C-H (aliphatic 

and olefinic), thus, indicating the evolution of more compounds with C-H bonds 
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(when the two IRs, i.e., at 250
o
C and 350

o
C are compared). The position of C-H 

bands (aliphatic) does not show further narrowing. The bands at 1716 and 1698 cm
-1

 

confirm the presence of Sn-O bonds involving carbonyl oxygen. A peak at 1732 cm
-1

 

may be assigned to ‗free‘ carbonyl stretchings (acetate type). C-O stretchings around 

1260-1230 cm
-1

are observed arising due to acetates. A new band at 1723 cm
-1

 is 

assigned to C=O vibrations for formate. The peaks in the region 1210-1160 cm
-1

(C-O) 

confirm the presence of formate. Conjugation (C=C) is observed at 1638 cm
-1

 

(reduced intensity). Sn-Cl stretchings are still observable at 797, 515 and 418 cm
-1

. 

The bands for C-Cl vibrations at 672, 688, 741, 751 and 815 cm
-1

are still present with 

decreased intensities. 

At 450
o
C 

 This IR (Fig. 74a-III), when compared with that IR of residue at 350
o
C, gives 

further reduction in some peak sizes and disappearance of certain bands. The C-H 

stretching (olefinic and aliphatic) have almost disappeared, i.e., very small peaks are 

visible. The peaks at 1716 cm
-1

 and 1698 cm
-1

persist, thus, are indicating the 

existence of bonds between Sn and carbonyl oxygen. The stretchings observed at 

1732 cm
-1 

reveals carbonyl (C=O) of acetate pending groups. C-O vibrations are 

found in their normal position, i.e., 1260-1230 cm
-1

. No signs of C=O stretchings are 

visible for formate (absence of peak at 1723 cm
-1

). Relevant C-O frequency is also 

absent around 1210-1160 cm
-1

.
 
Some unsaturation (C=C, conjugated is still present as 

peak at 1638 cm
-1

 (reduced size) can be noticed. Bands at 766, 511 and 410 cm
-1

 

evidence Sn-Cl vibrations (diminutive) and C-Cl stretchings (no more prominent) are 

found in their usual range, i.e., 830-560 cm
-1

.  

Pyrolytic Study of Blend at High Temperature 

IR of Residue  

  The IR (Fig. 5.74b-II) is very simple comprising very few peaks. No 

indication is found for any type of C-H stretchings, i.e., bands are absent around 

3110-2920 cm
-1

. Few peaks (very small) are present in the region 1715-1697 cm
-1

 to 

mark Sn bonding with carbonyl oxygen. C-Cl frequencies appear around 830-560 cm
-

1
, though not very appreciable. Char seems to be dominant along with Sn bonded to 

carbonaceous matter via oxygen at this stage. Possibility of free tin‘s existence cannot 

be excluded. It is believed that very few Cl may be attached to carbon‘s network and 

higher temperatures are required to break the bonds. 

IR of Liquid Portion 
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 This IR (Fig. 5.74b-I) was recorded to further the understanding about the 

presence of functionalities that are non-volatile or less volatile at room temperature. 

The liquid portion was obtained by heating the blend at high temperature and trapping 

the evolving products at -196
o
C. 

The broad peak in the region 3580-3500 cm
-1

 may be attributed to O-H 

stretchings (carboxylic). Aliphatic and olefinic C-H vibrations are noticed around 

3000-2920 cm
-1

 and 3140-3020 cm
-1

, respectively. Bands at 1731 cm
-1

, 1800-1740 

cm
-1

 and 1810-1795 cm
-1

 are assigned to C=O frequencies belonging to acetate, 

carboxylic acid and acid halide, respectively. Some unsaturation may be inferred from 

the bands in the region 1648-1638 cm
-1

 (conjugated and vinyl type inclusive). C-O 

stretchings for acetate are observed around 1260-1230 cm
-1

 whereas same stretchings 

for carboxylic acid are noticeable in the region 1190-1075 cm
-1

. C-Cl stretchings 

(830-560 cm
-1

) may be construed as chlorines attached to backbone carbons 

(conjugated) having short chain length. A peak in the region 1725-1720 cm
-1

 is 

thought to have arisen due to formate C=O vibrations. Bands in the region 1210-1160 

cm
-1

 may be assigned to C-O stretchings related to formate.  

6.3.3.e  Py-GC-MS Analysis 

 Pyrolysis of PVAc has been reported [180, 193] and it was concluded that 

acetic acid is the major product of thermal degradation. Even in the presence of ZnBr2 

[196], the major product remained the same. Some workers [191] found polyene-type 

structures whereas it could not be detected by others [183]. The production of ketene 

was attributed to the decomposition of acetate radicals by one group [140, 196], 

however, another group linked the phenomenon to the disintegration of acetic acid 

[234, 235]. 

 The GC of blend, J4, is produced in Fig. 5.77. The blend was heated to high 

temperature and the volatile products were collected at -196
o
C (Fig. 4.2). The GC of 

this liquid portion was recorded. Table 5.36 contains the m/e of identified compounds 

(formulae inclusive). 

 The compound at peak 1 is polyene (10 carbons) with three pendent groups, 

viz, formate, acetate and chlorine. Chlorine, furnished by the decomposition of 

additive, attacks the new-formed polyene chain. It is believed that the additive 

facilitates the conversion of acetate to formate. Some acetates resist decomposition as 

additive ‗surrounds‘ and makes them ‗invulnerable‘ to pyrolysis. 
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 Second peak gives six-membered chain with minor unsaturation. Three 

pendent groups are attached to the chain, i.e., two formates and one chlorine. The 

additive provides the chlorines and effects the conversion of acetate to formate. 

 The ‗backbone chain‘ identified for peak 3 consists of six carbons. 

Conjugation is absent. Only one double bond (C=C) is present in this chain. One 

formate and one acetate are detected pendent. It is contended that all acetates are not 

prone to conversion. The ‗positioning‘ of the additive close to pendent groups decides 

the direction of this change.  

 Peak 4 unfolds the formation of polyene ‗backbone‘ comprising eight carbons. 

One chlorine (result of additive‘s decomposition) is found attached to the chain 

(conjugated) along with one intact acetate. The additive may hinder (due to its 

position) its (acetate‘s) conversion into formate or its detachment leading to the 

formation of acetic acid (Scheme 38). 

 Twelve carbons are detected for the ‗main chain‘ of the compound identified 

at peak 5. It is not a conjugated one, however, a few C=C are present. Two chlorines, 

two acetates and one formate are pendent to the chain. The free radicals (generated 

from the disintegration of the additive) attack the semi-unsaturated chain replacing 

some of the acetates (Schemes 38-41).   

6.3.3.f Flammability Characterization 

The result for time to burn and rate of burning determined by horizontal 

burning test for neat polymer, G and its blends, J1-J5, are presented in Table 5.39.  

Figure 5.80 outlines the burning rate of neat polymer and its blends. Linear tendency 

results explaining that higher the concentration of additive, lower is the rate of 

burning and vice versa.  The burning rate of blend with 12.5% of additive (J5) 

decreases to 5 times when compared with that of neat polymer (G) while the 

effectiveness, in this regard, is very prominent even for the lowest proportion (J1). 

This stems from the retarding effect of SnCl4 additive towards PVAc. This also 

establishes the homogeneity of the blends.  

6.3.3.g  Mechanistic Pathways of Thermal Degradation 

The results from thermogravimetry, differential thermal analysis, derivative 

thermogravimetry, infrared spectroscopy, pyrolysis-gas chromatography and mass 

spectroscopy  furnish an insight into the degradation mechanism of poly(vinyl 

acetate) in the presence of tin(IV) chloride, Schemes 38 to 41 are advanced on the 
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basis of gathered data which provide pathways for the formation of different 

degradation products.  The details have already been included in this section.  
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CH3C

O

O

CH3C

O

OH

H

abstraction

H

abstraction

(From the side chain scission of PVAc under the influence of SnCl4)

Cl

from SnCl4

CH3C

O

Cl + OH H2O

 

 

  

 



229 

 

Chapter 7 

 

Conclusions 

Based on the preceding results obtained by characterization of polymers (PMMA, 

PVAc), copolymer, P(S-co-MMA) and their blends (PMMA-AlBr3, PMMA-PBr3, 

PMMA-SnCl4, P(S-co-MMA)-AlBr3, P(S-co-MMA)-PBr3, P(S-co-MMA)-SnCl4, 

PVAc-AlBr3, PVAc-PBr3 and PVAc-SnCl4),  with various analytical techniques in the 

present investigation, following conclusions can be drawn: 

PMMA-AlBr3 System 

 The system—PMMA/AlBr3showed interaction between both components, 

when polymer and additive are mixed at molecular level. 

 IR results shed convincing light on chemical interaction between the 

components of the blend. 

 In the early stages of degradation of blends, destabilization dominates which is 

attributed to the decomposition/partial sublimation of the additive. However, as 

the pyrolysis progresses and the interaction binds the degrading members of the 

systems, the stabilization can be observed in different temperature zones. 

 Aluminum may also act as heat sink, hence, providing evidence for physical 

interaction. 

 Activation energies also substantiate the destabilization factor for blends in the 

initial stages of degradation when compared with the degradation of neat 

PMMA. 

 Emergence of new degradation products can be ascribed to the chemical 

interaction between the components of blend. The path of decomposition of 

polymer has certainly been changed in the presence of additive.   

 Pure PMMA is the most stable of the polymer-blend systems when T0 is taken 

into account, however, as the concentration of additive is increased, T0 shifts to 

higher temperatures for blends. T25 shows a destabilization effect for higher 

additive concentration in the blends whereas T50 follows the trend observed for 

T0. Tmax exhibits identical behavior for PMMA and blends. By and large, 

stability prevails and interactions strengthen. 

 The effective flame retardance of AlBr3 is proven beyond all doubts. As the 

concentration of additive goes up in the blends, the rate of burning goes down.  



230 

 

 The two systems—PMMA/AlBr3 and PMMA/Al(acac)3—exhibited interaction 

despite the difference in the mode of preparation; one (PMMA/AlBr3) was 

mixed at molecular level while the other was studied as physical mixture, i.e., 

the component powders were mingled in agate mortar. 

 IR results provided convincing evidence for chemical interaction between the 

components of both blends. 

 In the early stages of degradation of blends, destabilization becomes evident 

which is attributed to the decomposition/partial sublimation of the additives. 

However, as the pyrolysis progresses and the interaction starts between the 

components of the systems, the stabilization can be observed in different 

temperature zones. 

 Aluminum in case of PMMA/AlBr3 and Al2O3 (stable residue from the 

degradation of Al(acac)3) from PMMA/Al(acac)3 may also act as heat sinks, 

hence, providing evidence for physical interaction. 

 Activation energies also confirm the destabilization of blends in the initial stages 

of degradation when compared with the degradation of PMMA alone. 

 Formation of new degradation products can be linked with the chemical 

interaction between the components of the blends. The decomposition routes of 

polymer have certainly been altered in the presence of additives. 

PMMA-PBr3 System 

 The blends (PMMA-PBr3) lose weight at lower temperatures than neat polymer. 

 Despite early destabilization, the blends reveal stabilization zones. 

 The interaction between the components appears to be purely chemical. 

 The earlier decomposition is attributed to the splitting of PBr3 releasing bromine 

free radicals (Br
.
). 

 The formation of products involving phosphorus as part of degrading polymer 

imparts stability to the blends. 

 The ―engaging‖ of separate polymer chains by phosphorus is another reason of 

stabilization of the binary system. 

 It seems that free radicals (Br

 ) not only start the early depolymerization of the 

polymer but also inhibits this process, thus, providing one more base for 

stabilization. 
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 The pendent groups of polymer or a part of them are equally liable to 

replacement by phosphorus and bromine. 

 The production of monomer has decreased significantly furnishing ample 

evidence for chemical interaction between the constituents of the blend. 

PMMA-SnCl4 System 

 Despite early destabilization of the blends, C1-C5, the stabilization zone close to 

completion of pyrolytic process is evident when Tmax is compared of neat 

polymer (PMMA) with that of the blends. 

 The increase of char produced is also an indication of stabilization imparted to 

PMMA by the additive (SnCl4). 

 The low-temperature degradation of the blends is attributed to the generation of 

chlorine free radicals. 

 The anhydride rings are not only produced by the elimination of water but also 

by the elimination of HCl. 

 Only C1 and C2 show areas of stabilization after the completion of the first 

stage of degradation (TG curves) which may be assigned to the effectiveness of 

two percentages of the additive, i.e., 2.5 and 5. 

 The present studies conducted are different from the studies reported earlier [51] 

as the modes of mixing of the components were not same, hence, formation of 

few new products encountered. 

 The per cent weight-loss for the first stage decreases down the series (while 

moving from C1 to C5) which is another indication of chemical interaction and 

stability. 

P(S-co-MMA)-AlBr3 System 

 Pure copolymer shows more stability when T0 is taken into account. 

 The early degradation of the blends is attributed to the low-temperature 

degradation of   the additive generating free radicals (Br
.
). 

 T0 (temperature corresponding to detection of weight-loss) and Tmax 

(temperature after which further weight-loss is not observed) seems to be 

independent of the additive‘s concentration in the blends, i.e., these 

temperatures remain unaffected when the additive‘s amount increases from 

2.5% to 12.5%. 
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 Thermal stability zone can be identified for D2 to D5, however, reduction in 

temperature ranges (based on stability zone) is observed down the series. 

 On the basis of residue left at the end of pyrolytic process, stability appears to 

have gone up while moving from D1 to D5. 

 The interaction is chemical in nature for which the proof is provided by the 

products identified. 

 Bromine free radicals which cause the early degradation of the blends, attack 

both the monomeric units (styrene and MMA) to form new compounds with 

them. 

 The intermediates (for D2-D5) display resistance to further degradation as the 

second stage starts and the temperature soars (TG results). This clearly indicates 

the development of bonds between the copolymer and the additive, especially 

metallic part (Al) of the additive. 

 Although Tmax  is same for copolymer and blends, yet the course of degradation 

exhibits a sure change. 

 The absence of oligomers of styrene and presence of new compounds not only 

point towards the chemical interaction between the constituents of the system 

but also reveal the change in the way the two monomers (styrene and MMA) 

affect each other‘s disintegration when the copolymer is heated alone. 

P(S-co-MMA)-PBr3 System 

 Copolymer degrades in one step whereas blends follow two-stage pyrolysis. 

Additive exhibits one-step decomposition. 

 The early disintegration, in case of blends, is attributed to the low-temperature 

splitting of additive furnishing Br
.
 (free radicals) which initiate depolymeriza-

tion of the copolymer. 

 As the concentration of additive increases in the blends, T0 (temperature 

corresponding to first weight-loss) shifts towards lower temperatures, however, 

T100 (temperature at which 100% weight-loss is recorded) moves towards higher 

temperatures. 

 The first two members of the series, E1 and E2, show stable intermediate after 

first stage of degradation. 

 Apart from degradation products expected from the copolymer, i.e., benzene, 

ethyl benzene, -methyl styrene, etc., some new products such as bromo 
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benzene, 1-bromo ethyl benzene, diphenyl phosphine, etc. are also identified. 

This is ample evidence for chemical interaction. 

 The ‗coordination‘ and ‗complex formation‘ may not be the factors that could 

modify the degradation paths as phosphorus is not a transition metal, 

nevertheless, the ‗positioning effect‘ assumes prime importance when 

degradation of copolymer (in the presence of additive) and production of new 

components are taken into consideration. 

 It is believed that depolymerization of copolymer is hampered and even blocked 

by the additive. It is interesting point to note that at the end of ‗depolymerized 

fragments‘, –PH2 is identified insted of –PBr2. It may be due to ‗progressive 

degradation of PBr3 to –PBr2 and then to =PBr and finally to P attached to two 

hydrogens (via hydrogen abstraction) and one ‗depolymerized‘ segment. 

 Bromine free radicals not only initiate the degradation of copolymer but also 

stop the depolymerization process. 

 Oligomers of styrene (trimer, tetramer, etc.) are absent. This may be attributed 

to the number of styrene units present per unit chain length and hindrance 

offered by MMA units and PBr3 to the chain transfer reactions.  

P(S-co-MMA)-SnCl4 System 

 Thermal degradations proceed with two-stage for neat copolymer and three-

stage for blends and additive alike. Residue is observed only for additive. 

 The low-temperature degradation of the blend is thought to occur due to the 

decomposition of additive releasing chlorine free radicals. 

 By comparing T0‘s (temperature at which first weight-loss is detected) of blends 

and additives, it can be noted that additive shows stabilization in the presence of 

copolymer. 

 From T0‘s of blends, it can be inferred that early destabilization of the 

copolymer is independent of additive‘s concentration, i.e., as the concentration 

of the additive is enhanced from 2.5% to 12.5%, no change in T0 is observed.  

 Tmax for blends does not alter if concentration of additives varies from 5% to 

12.5%. 

 A number of degradation products identified can be taken as having arisen from 

the decomposition of individual monomer units and due to the mutual impact of 

the monomer units, i.e., styrene and MMA. For instance, phenyl methacrylate, 
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benzene, ethyl benzene, -methyl styrene, toluene, etc. On the other hand, few 

products including chlorobenzene, 1,2-dichlorobenzene, 1-chlorostyrene, 2-

chloro toluene, etc. are definitely the outcome of interaction between the 

copolymer and the additive. 

 Chlorine (free radical) initiates the early degradation of the copolymer (after 

being generated by the decomposition of the additive) and also appears a 

‗pendent element‘ to the compounds consisting of few carbon units (short chain 

substances). 

 The degradation of styrene units does not end in oligomers. It is easy to 

understand as the number of styrene units per unit chain is low and secondly, 

the chances of chain transfer reactions are remote owing to the presence of 

MMA units and SnCl4. 

 The last stage (third) of degradation for blends requires higher temperatures to 

break Sn-O-C bonds and remove the material from crucible. The nature of these 

bonds allows a slow removal from the scene. The number of such linkages 

would be small in view of the less number of MMA units per unit length of the 

chain.  

PVAc-AlBr3 System 

 Two-step degradation is noticed for neat polymer whereas blends pyrolyze in 

three stages. Additive follows the pattern of polymer when stages of 

disintegration are compared. 

 The overall T0 does not change for blends while going down the series, i.e., 

from lower concentration to higher concentration of additive (exception being 

G12.5% AlBr3:97.5%PVAC). 

 The initial degradation of blends is attributed to the decomposition of the 

additive at lower temperature. This results in the release of bromine free radicals 

which initiate the pyrolysis of the polymer. 

 The per cent weight-loss for the first stage, in case of blends, reveals that 

additive is stabilized in the presence of the polymer. 

 Highest amount of residue for blends is observed for G4 (PVAc 

90%:AlBr310%). When T0 is considered for blends, G1(PVAc 97.5%: AlBr3 

2.5%) is the most stable. 
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 Acetic acid does not give the dominant yield. It may be due to the formation of 

new compounds such as acetyl bromide, acetate units which remain attached to 

polyene backbone, conversion of acetate to formate under the influence of 

additive, etc. 

 The production of methyl bromide, bromine attached to polyene framework, etc. 

indicates the ‗chemical interaction‘ between the components of the blends. 

 Water is formed when either acetic acid is converted to acetyl bromide (Scheme 

I) or acetate radical renders ketene during the pyrolysis of blends. 

 Residue comprises carbonaceous matter (char) in case of polymer, aluminum 

and char for blends and aluminum for additive. 

PVAc-PBr3 System 

 PVAc degrades in two steps, blends in three and additive in one. Only additive 

decomposes completely, i.e., leaves no residue at the end of pyrolytic process. 

 On the basis of T0, the polymer is more stable than the blends. The T0 of blends 

exhibit no change (in general terms) when percentage of additive varies from 

2.5 to 12.5. Slight stabilization is observed for blends when their T0 is compared 

with that of the additive. 

 The comparison between Tmax of the polymer and the blends marks H1 (PVAc 

97.5%:PBr3 2.5%) as the most stable substance. It is believed that the lowest 

concentration of the additive (among blends) ends in thorough mixing and the 

development of P-O-C bonds which impart stability to the system. The 

remaining members of the series, i.e., H2 to H5 may not attain the right level of 

mixing despite appearing compatible. 

 The per cent weight-loss for the first stage of degradation (blends) increases 

down the series, i.e., from H1 to H5 which may be regarded as the promotion of 

degradation of the polymer by the additivehigher the concentration of the 

additive, more rapid is the disintegration of the polymer. 

 Low-temperature degradation of the blends is attributed to the generation of free 

radical (Br
.
) by the pyrolysis of additive which causes the early decomposition 

of the polymer. 

 Acetic acid production is suppressed either through the conversion of acetic acid 

to acetyl bromide or on-backbone modification of ‗acetate‘ to ‗formate‘ or 
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resistance to breakage by ‗acetate‘ pendent groups late in the degradation 

process. 

 Since -PH2 is found at the end of the polyene structure and also as pendent 

group, its formation is thought to originate from –PBr2 which may stop the 

unzipping to check the length of polymer. However, no product could be 

identified with –PBr2 ends or as pendent groups. 

 Polyene with maximum carbon content of 10 is also observed. 

 Bromine appears attached to polyene in the same fashion as noticed for –PH2 

(as mentioned above). PBr3 is the source of bromine free radicals (Br
.
) which 

not only block the growing length of polyene but also attack the double bond. 

 Water is produced through the decomposition of acetate radical and via 

conversion of acetic acid to acetyl bromide. 

 In one of the degradation products, phosphorus seems to have got replaced all 

its bromides with acetates. It is believed that acetate radicals ‗occasionally‘ 

approach phosphorus after the removal of bromine free radicals. 

PVAc-SnCl4 System 

 Neat polymer degrades in two steps whereas blends pyrolyze in three stages. 

 T0 (temperature corresponding to detection of first weight-loss) for PVAc is 

270
o
C and for blends, 70

o
C. This low-temperature decomposition is attributed 

to the disintegration of additive which releases chlorine free radicals. 

 The low-temperature pyrolysis of blends is independent of the additive‘s 

percentage. 

 The first stage weight-loss (TG results) clearly manifests the mutual influence 

exerted by the constituents of the blends from the beginning of the 

degradation. Pure polymer prevents the pyrolysis of additive which may be 

due to chemical interaction. 

 Tmax (temperature at which maximum weight-loss is recorded) and the amount 

of residue left at the end of degradation process reveal the stability of the 

blended system when the same parameters are compared with those of neat 

PVAc. 

 Substituted polymers are identified in the degradation products which may be 

regarded as chemical effect the components of the blended system have on 

each other‘s decomposition. 
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 Acetic acid does not appear to be the major product of degradation from PVAc 

in the presence of SnCl4.  

 The maximum length of unsubstituted polyene structure was found with 

carbon content of 10. 

 The production of 1-chloroacetic acid and acetyl chloride is sufficient 

evidence about the chemical nature of interaction between the constituents of 

blends.  
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Future plans 

 
 

 

Based on present endeavor, following projects are proposed for those who would 

like to pursue their higher studies in this field: 

1. The same additive may be blended with poly (allyl methacrylate), poly (phenyl 

methacrylate), polystyrene,  poly (glycidyl methacrylate), etc. on molecular level 

to establish the mode of interaction during pyrolysis by subjecting them to TG, 

DTG, DTA, TVA, SATVA, Py-GC-MS, etc. techniques. 

2. POSTC-PET—Post-consumer poly (ethylene terephthalate); a thermoplastic 

polyester— may be mixed with those ingredients (polysaccharides, etc.) so as to 

render this non-biodegradable polymer, biodegradable. Its pollution can be 

checked as it is extensively used in bottles (resulting in huge scrap/waste) and no 

substitute of this inexpensive stuff is available so far. 

2. Different copolymers may also be decomposed thermally in the presence of 

polymers to determine the influence of these constituents on each other.  The 

effect of microbes on the degradation of these systems may also be monitored. 
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