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SCOPE AND CONTENTS: 

The polymerization of styrene initiated with gamma radiation 

as well as thermal initiation was studied at temperatures, 150, 155, 

160, 165, 180 and 200°C and dose rates of 0.072-0.1836 M Rads/hour. 

In all cases the reactions were studied up to 100% conversion and the 

following results were obtained. 

(1) Rate of polymerization was independent of dose rate. 

(2) 165°C was considered to be the temperature at which the 

radiation poi:ymerization system in the case of styrene 

reaches a limiting rate of initiation caused by high 

temperature and dose rate. 

(3) Self-pr~duction of ethynylbenzene in the syste~ at 200°C 

probably caused retardation of the initial rate of 

polymerization. 

(4) No significant gel effect was obse:rved in the investigated 

temperature range. 

(5) Polystyrene produced by radiation at high temperatures 

has a ve~J low average molecular weight. 

(6) A general medrranism was proposed based on the characteristics 

of the reactions. 

(7) A temperature range ~vas proposed as an optimal reaction 

temperature for radiation polymerization of styrene. 
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CHAPTER 1 

INTRODUCTION 

Styrene is the trade name of the versatile chemical vinyl 

benzene. The reactivity of styrene monomer and its generally desirable 

properties, availability at low price and ease of handling, have resulted 

in a variety of uses being found for the monomer. The wide applicability 

of its polymer, polystyrene, has generated a good deal of research into 

the reaction characteristics of the monomer, method of production of the 

polymer and modification of polymer properties. The stimulus given to 

styrene production by the synthetic rubber program led to the installation 

of large scale, efficient, processing equipment, establishing styrene 

monomer as one of the most available low-priced industrial chemicals. 

Some of the uses of styrene are: 

1) Production of synthetic rubber, 

2) Production of polystyrene, 

3) Copolymertzation of styrene with other monomers, 

4) Formulation of protec.tive coatings, 

5) As a casting and impregnad.ng material, 

6) As a modifying additive for laminating and casting resins, 

7) As a chemical intermediate, and 

8) As an aromatic. 

The total production of styrene monomer in 1969 of the U.S. 

chemical comran~.es (1) aiilounted to approximately 13,200,000,000 pounds. 

1 



2 

By far, the largest amount of styrene produced was utilized in the 

production of synthetic rubber. The total production of polystyrene 

in 1969 tvas about (1) 7,200,000,000 pounds (in the U.S.A.). The total 

production figures for styrene and polystyrene in 1970 are nearly 1.2 

times the 1969 production (2). 

The increase in the production of styrene and polystyrene 

produced over the past two decades (1949 production figures (8) are 

Styrene 391,000,000 pounds, polystyrene 203,486,014 pounds) which is 
. 

nearly 40 times the total production in 1949 is indicative of the 

remarkable degree of market acceptance of the material. The increase 

in plant facilities for producing styrene and polystyrene that are 

in the process of construction or announced by chemical industries 

(69, 12, 13) is tangible evidence of the long range confidence in the 

potentialities of these products. Dr. John Grebe of the Dow Chemical 

Company has called polystyrene the "cast iror," of the plastic industry. 

Like cast iron it is cheap, plentiful and satisfactory in a wide variety 

of applications. However, it possesses, like all.materials, certain 

limitations which are inherent in its physical structure. The most 

significant factor influencing the physical structure of polymers is 

the technique of production. There are a number of polymerization 

methods which can be readily employed for the conversion of styrene 

and styrene mixtures to their corresponding polymers. The exact 

method to be used for polymerization ~.;ill be dictated in part by the 

scale of operations and in part by the intended use of the polymer. 

There are four conventional polymerization techniqu~s. Batch o~ 



continuous mass polymerization uses pure styrene monomer, in solution 

polymerization styrene monomer diluted with solvent is used. 

The suspension and emulsion poly~erization techniques use water as a 

carrier along with a stabilizing agent such as starch to keep the 

material in suspension in the former, and in the latter an emulsifying 

agent to give extremely small particles. 

Each of these methods has its advantages and disadvantages. A 

detailed discussion of these methods is available in f67). 

Not only is the technique of production important in deter

mining physical properties, but the rate of polymerization also 

influences the physical characteristics. It is well known that the 

polymerization rate of styrene can be accelerated considerably by 

the use of various catalysts such as light, metallic halides, organic 

peroxides, ozonides, pre-acids and other compounds which decompose 

readily to form free radicals. Heat and y radiation are two other 

3 

means of increasing the rate of polymerization. A similarity can be 

noted in the effects of temperature and catalyst upon the polymerization 

reaction since an increase in either of them will result in an increased 

rate) and a lowering of the molecular weight of the polymer formed. 

Catalysts offer certain advantages in bulk polymerizations from the 

stand-point of control of the exothermic reaction and reduction of 

the volatile material in the finished polymer. Polymerization reaction 

proceeds rapidly at the start, it slm-1s down when the solid state is 

reached, so after it is 90% complete the 10% remaining polymerization 
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proceeds at slow rate. This has an important bearing on the final 

product, since any unpolymerized monomer remaining in the polymer has 

a detrimental effect on optical properties, flov7 characteristics, 

chemical stability, electrical properties; it also reduces its heat 

distortion temperature because the remaining monomer acts to plasticize 

the polymer and what is more disturbing, it eventually produces 

blushing and crazing of the sample through evaporation of the monomer • 

. 
Finally, it promotes discolouration of the product at elevated temper-

atures and in the sunlight because of the sensitivity of the remaining 

monomer to oxygen, also the presence of more than 0.1% of monomer in 

the final product is prohibited, if the finished product is to be used 

for food packaging because styrene mcnomer is a toxic substance ~2, 8, 10). 

Rubens et al (67) have shown the slowness of the final 

polymerization stage by showing the analytical data for a series of 

samples polymerized for as long as 60 days at 125°C. The volatile 

content (by vacuum extraction) levels off at about 1% whtle the monomer 

content (determined by U.V. absorption) levels off around 0.5%. 

In general, it is impractical to continue a polymerization for such 

long periods of time, and fortunately a brief finishing treatment at a 

high temperature is equivalent to a much longer period at a low 

temperature. 

The design of the polymerization reactor is the ultimate 

objective of our group. This group is divided into ttvo sub-groups. 

The work of the first sub-group is concerned with thermal polymerization 

kinetics and reactor modelling. 
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Studies of the second sub-group are mainly involved with the 

investigation of the use of gamma radiation as an initiator for the 

polymerization of vinyl monomers, such as styrene and methyl-methacrylate. 

The first study of gamma induced polymerization of styrene in this group 

was conducted by Dean (14). He studied the gamma-initiated polymerization 

of commercial styrene. Conversions up to 50% were obtained and the mol

ecular weight distribution, intrinsic viscosity, bulk viscosity and 

osmotic pressure of several samples were measured and a theoretical 

kinetic model was developed (14). The post irradiation annealing of a 

highly converted styrene-polystyrene system was investigated by 

Elaraby (15) of this group. He also studied the experimental conditions 

necessary for the entrapment of a high concentration of free radicals. 

These conditions were found to bear a relation to the glass transition 

temperature of the system. The free radicals decay was examined at 

va~ied temperatures above and below glass transition temperatures (15). 

A comprehensive study of the radiation induced polymerization of styrene 

at a series of_temperatures above ambient and at several dose rates 

was carried out by Sood (16). In all cases reactions \vere studied up 

to 100% conversion wj_th the objective of developing kinetic models for 

the polymerization of styren.e at high conversions. Close examination 

of the early stages of polymerization has led to the following conclusions: 

1) There exists a critical temperature (109°C) above 

which the rate of p9lymerization is independent 

of dose rate, over a wide range of gamma Intensities 

(about 16-fold) . 



2) This dose rate independence is ascribed to a 

limitin~~ rate of initiations, characteristic of 

the intensity range. 

3) A consequence of this is that at a given temperature 

above the critical temperature the degree of polymer

ization is also dose rate independent. 

4) The above phenomena can be expected in apy vinyl 

monomer, where the monomer is fairly active, and 

produces relatively stable radicals (16). 

In undertaking the present study the following reasons l-7ere considered: 

A) In the first phase we 'tvanted to see whether dose 

rate independence after 109°C persists up to 200°C. 

B) Secondly, we wanted to see \vhether the radiation 

initiation contributes to the rate of polymerization 

as the thermal reaction becomes increasingly 

significant. 

C) To get a preliminary idea of the physical nature of 

the product, e.g. , Y\r 

D) To find a temperature at which convt::rsion rate is 

optimal consistent with 100% conversion. 

High energy gamma radiation was selected as the polymerization 

initiator and the e~tperi!'lents >ven: carried ou: at temperatures 150, 155, 

160, 165, 180 and 200°C. In most cases the reactions were carried out 

up to 1001; conversion. All of these reactions were studied under two 

6 



different dose rates. The results of this investigation vrould be 

elements in the design of a commercial radiation polymerization 

process which is presently a project of this group. 

7 



CHAPTER 2 

PROBLEM BACKGROUND 

2.1 History of Radiation Polymerization 

Although research into the effect of radiation on materials has 

been in progress fc,r many years, interest in the subject has been greatly 

stimulated recently by a number of factors, both technical and scientific. 

In the deve!lopment of power from nuclear energy there is a 

constant search for radiation-resistant materials capable of use in 

the intense radiation field present in reactors and associated plants. 

In the chemical industry there has arisen the possibility of inducing 

useful changes in structure by the use of such radiation fields. 

Exposure to high energy radiation can promote drastic changes in the 

physical and chemieal properties of solids and this in a quantitative 

manner which can be readily studied. 

The rapid growth of scientific interest in radiation effects 

can be readily traced in the increasing number of papers, scientific 

and technical, published on the subject, in the formation of radiation 

research societies and in the appearance of specialist scientific 

journals. Industrial applications have also emerged and this is in 

a relatively few years after the initial fundamental discoveries were 

made. 

One often :Einds that the: most rapid ad•J"ances occur when two 

apparently diverse branches of science first converge, and this is 

8 
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2.1 History of Radiation Polymerization 

Although research into the effect of radiation on materials has 
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In the development of power from nuclear energy there is a 

constant search for radiation-resistant materials capable of use in 

the intense radiation field present in reactors and associated plants. 

In the chemical industry there has arisen the possibility of inducing 

useful changes in structure by the use of such radiation fields. 

Exposure to high energy radiation can promote drastic changes in the 

physical and chemical properties of solids and this in a quantitative 

manner which can be readily studied. 

The rapid growth of scientific interest in radiation effects 

can be readily traced in the increasing number of papers, scientific 

and technical, published on the subject, in the formation of radiation 

research societies and in the appearance of specialist scientific 

journals. Industrial applications have also emerged and this is in 

a relatively few years after the initial fundamental discoveries were 

made. 

One often finds that the most rapid advances occur when two 

apparently diverse branches of science first converge, and this is 

8 



certainly true in the case of irradiated polymers. Polymer science 

has only recently become recognized as a distinct branch of science 

with its own methods, opinions and outlook. Although a few scattered 

studies describe the utilizing radiation in polymer chemistry before 

World War II, the extensive development of radiation chemistry of 

polymeric systems took place during the last three decades, after it 

appeared that some of the reactions discovered in this field could 

9 

lead to commercial applications in the near future. ·These findings 

have stimulated numerous studies in many laboratories all over the 

world. Known present commercial radiation processes which are reported 

in literature are (17): 

1) Cross linking of polyethylene films 

2) Preparation of special copolymers for battery 

operators 

3) Synthesis of new graft copolymer fibers with 

improved crease-resistance and soil-release 

properties 

4) Production of wood plastic co~inations with 

improved surface properties and high esthetic 

appeal. 

5) Synthesis of ethyl bromide 

6) Controlled degradation of polyox, a polyethylene 

oxide polymer. 



7) Curing ··'Jf surface coatings by irradiation of 

specially formulated monomer-based lacquers 

and paints. 

10 

The annual gro<..rth rate in recent years for radiation processing 

of chemicals and plastics has been 20 to 25% . 

. . 



CHAPTER 3 

PJrniATION CHEMISTRY 

3.1 Various Types of Radiation 

The terms 'Ionizing Radiation' or 'High Energy Radiation' usually 

cover a large number of different types of radiation, some of which are 

beams of charged particles which directly ionize the molecules of the 

irradiated medium. The same term also is used to designate other types 

of radiation such as photons or fast moving uncharged particles. 

The second group of radiation comprises electromagnetic waves 

of high energy, gamma rays and neutrons. According to their definition 

'Ionizing Radiations' are capable of producing ions either directly or 

indirectly in a medium composed of common elements such as air, or 

water. This implies that the energy of the radiation is higher than 

the ionization potential of N2 , 02 or H20 (i.e., 10 to 15 e.V.). This 

defines the lower limit of the energy range covered by high-energy 

radiations. The effective upper limit depends upon the type of 

radiation and its source. Among all the radio-active isotopes, cobalt 60 

is by far the most widely used as gamma ray source in radiation-chemical 

studies (25$ 66). 

The practical importance of this isotope has arisen partly 

because of the ease of its preparation and its fairly long half-life 

(5.3 years), and partly because of the beam of gamma rays emitted is 

similar in penetrating power to the radiation emitted by radium (26J66). 

A good deal of information a.bout different types of radiation is given 

in (28, 33, 64, 66). 

11 
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3.2 Interaction of Radiation with Matter 

When electromagnetic radiation traverses _ matter, the absorbed 

photons are rapidly converted into the fast moving electrons. These 

electrons produce most of the observed ionizations and are responsible 

for nearly all the chemical changes that have taken place. 

The absorption of electromagnetic radiation in matter follows 

the familiar expression 

-px 
I = 1 0 e 

Here I is the intensity of the beam, Io the original intensity, x the 

thickness of the absorbing material and ll the total linear absorption 

coefficient (66). 

The various initial chemical species resulting from the inter

action of radiation with matter depend to a large extent on the type of 

radiation used, and this has an important bearing on the subsequent 

chemical reactions. These various problems are briefly discussed in 

the follo't\'ing: 

(a) Ionization 

When a fast electron or any charged particle passes close to 

a molecule of the absorbing medium, the coulumbic field of the particle 

strongly polarizes the ~olecular electrons in their orbitals. If the 

energy released in this interaction is larger than the binding energy 

of an electron in its parent molecule, such an electron will be 
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expelled from its orbital and a positive ion is left behind; 

+ AB ~AB +e (1) 

If the positive ion AB+ carries an excess of energy, reaction (1) may 

be followed by a dissociation reaction such as: 

(2) 

Here B and A are either free radical fragments or stable molecules. 

The evidence for these processes can be observed in electric discharge 

reactions of gases (20). 

(b) Excitation 

If the energy transferred to a molecular electron is lower 

than its lowest ionization potential, it may still be large enough to 

displace the electron from its ground state to an 'excited state'. 

These excited molecules created through direct radiation-chemical 

interaction such as 

are similar to the corresponding e-g:cited state produced through 

absorption in the same medium of a quantum of light' 

AB + h"V -> AB* 

and it can be assumed that the subsequent reactivity of such excited 



molecules is the same, whether the excitation is brought about by a 

photochemical or radiation Chemical act. 

(c) Neutron Impacts 

Since neutrons do not carry any electric charge, they do not 
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interact with the electronic atmosphere of the molecules in the irradiated 

medium and their energy is dissipated through direct collision with 

atomic nuclei. As a result, neutrons are capable of ejecting atoms 

from their parent molecule, leaving behind a free radical 

Neutron 
RA~RCi +At• 

Here R0 is a free radical, and A0 a free atom may be in an ionized state. 

If the irradiated substance is a crystalline solid) bombardment 

with fast neutrons produces displacements of atoms from the lattice to 

interstitial positions, thereby creating lattice defects. These 

effects can be ignored "Then dealing with liquids or amorphous solids. 

3.3 Ionic and Free Radical Reactions 

There are few basic reactions involving active species produced 

in the primary act. The ~~o most important of these reactions are 

ionic reaction and free radical reaction. 

(a) Ionic Reaction 

In a system under steady irradiation, positive ions are 

generated continuously through primary ionization processes. However, 



since charges are necessarily created in pairs of opposite signs, an 

equivalent number of negative charges (i.e., free electrons and 
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negative ions) builds up in the system and charge neutralization occurs 

by recombination between positively and negatively charged species. 

Accordingly, two different neutralization processes have to be considered: 

ion-electron recombination and positive ion-negative ion recombination. 

In addition ions ere capable of initiating chemical changes by reacting 

with neutral molecules. Finally charge transfer processes may occur 

between ions and neutral molecules and this reaction may lead to specific 

changes in mixturEs of two or more components. Chapiro has given 

detailed information on these reactions in (20). 

One of thE! most important of these reactions is the ion

molecular reaction. Chemical reactions initiated by ions are well 

known in classical organic chemistry, and ionic polymerizations are 

familiar to polymer chemists. The contribution of ionic reactions in 

radiation-chemical processes cannot be answered very clearly at 

present (20). In the early days of radiation chemistry, ions were 

considered to be responsible for most chemical changes since the 

production of ions was the most obvious property of ionizing radiations, 

and the reaction yields were based on ionic yields. In contrast, the 

modern development of radiation chemistry was until recently, based on 

the concept that free radicals are the important species which initiate 

most, if not all, observed reactions. The reason for the lack of 

reactivity of the ions initially created was accounted for by the fact 



that such ions only have a very short lifetime in liquids and are 

rapidly neutralized. 

(b) Free Radical Reactions 

16 

The importance of excited states and free radicals in radiation 

Chemistry was first emphasized in 1936 by Eyring, Hirschfelder and 

Taylor (36), and this view has since gained considerable favour among 

radiation chemists. The departure from the normal behaviour of free 

radicals which are observed in certain systems were usually inter

preted either by assuming that excited molecules or radicals were 

involved or in terms of radical reactions occuring within the tracks 

of the ionizing particles. Chapiro has indicated that the predominant 

radiation chemical changes in many chemical systems are still believed 

to be caused by free radicals. The follo>·Ying observations can be 

taken as proof of this idea: 

1) radiolysis products of organic substances are 

similar to the products arising from photolysis 

of the same compound. 

2) several classical free radical chain reactions 

(polymerization of vinyl monomers. chlorination 

of hydrocarbons, decomposition of hydrogen peroxide) 

have been initiated by ionizing radiation and the 

kinetics show a great similarity to the corresp·onding 

reactions initiated by ultraviolet light or chemical 

initiators (peroxides). 
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3) conventional inhibitors for free radical reactions 

are also effective in many cases where the reaction 

is initiated by ionizing radiation. 

Some of the: most important elementary free radical reactions 

are briefly discuse;ed in this section. 

(a) TransfE!r Reaction 

This type of reaction can be written as follows 

where x is an atom such as H, Cl, Br, Na, etc. Ri and Ri 

are either free radicals or atoms. For normal hydrocarbon radicals 

the activation ene:cgy .for transfer reactions involving H atoms is of 

the order of 8-12 ·{ cal/mole, which is nearly equal to the chain 

transfer activation energy in vinyl polymerization 

(b) Addition to Unsaturated Molecules 

This reaction is the same as propagaticn step in polymerization 

processes 

X y 
I I c ::: c 
j ! 

R-

X 
I 
c -
I 
y 

1 
c-
1 
X 

It requires an activation energy ranging from 4-7 K cal/mole. However, 

as a general rulel the addition of a free radical on to a double bond 

requires a lower activation energy than exchange (transfe·t') reactions 



{c) Destruction Reaction 

A free radtcal can only be destroyed in a given system by 

interaction with another radical. The corresponding reaction in 

polymerization is the termination step. Such radical-radical 

interaction can lead to two distinct processes namely: 

i) Combinadon: 

in which both radicals share their unpaired 

electrons to form a chemical bond. 

ii) Disproportionation: 

Ri + R2 CH2 - CHi ~ R1H + R2 - CH = CH2 

Here a hydrogen atom is transferred from one 

radical to another leaving a double bond. 

Combination merely involves the coupling of the two unpaired 

electrons, and hence does not usually require any activation energy. 

The termination step in the vinyl polymerization by combination of 

two growing chains (poly~er) usually requires an activation energy 

18 

less than 2 K cal/mole. Disproportionation on th~ other hand, usually 

involves slightly higher acti 'Tation energies, con~equently th1.s reaction 

is more likely to take place at higher temperatures (20). 
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It should be noted that free radicals also lose their activity 

if they are embedded in a viscous or a solid medium. Hatvever, the 

free valency remains unaltered and as soon as the physical state of 

the medium is changed (for example by an increase in temperature), 

the radical is again free to react. "Frozen" radicals are formed in 

radiolysis of polymers and other solid material. 

3.4 

3.4.1 

Radiation Units and Chemical Yields 

Radiation Units 

The term "Dose" is used to describe in a quantitative manner 

the radiation received by a given substance placed in the radiation 

field. This concept of dose implies that energy is transferred from 

the radiation to the irradiated substance and dose is therefore 

expressed in ergs per gram of irradiated material. 

Absorbed dose of any ionizing radiation is the amount of 

energy' imparted to matter at the place of interest. It is e'xpresl';ed 

in 'Rads 1 • The 'Rad 1 is the unit of absorbed dose and is 100 ergs 

per gram or 6.25 x 1013 electron volts per gram. 

(a) Intensity of Radiation and Radioactive Source 

Radioisotopes emit high energy radiation by a :rearrangement 

of an unstable nucleus. The intensities of such sources of radiation 

are expressed in 'curies'. 

The 'curie' is the amount of a radioactive element in which 

there are 3.7 x 10! 0 disintegrations per second. Thus a source of 
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C curies emitting gamma radiation of E M.e.V. will emit: 

3.7xlolOxl06 Ex C x e.V./sec. or 5.92x10L~ Ex C ergs/sec. 

In many cases the c.isintegration of a radioactive nucleus gives rise 

to other unstable n.uclei which disintegrate in their turn and contribute 

to the energy emitted. To obtain the total energy produced by such 

isotopes, it is therefore necessary to add together the energy of each 

of those successive radiations. For co60 two gamma photons of energies 

1.33 and 1.17 M.e.V. are emitted. The energy output per curie of 

cobalt 60 is therefore 5.92 x (1.33 + 1.17) = 14.8 milliwatts/curie. 

The intensity of radiation is defined as the energy flowing 

through unit area perpendicular to the beam per unit time and e:l-..-pressed 

in ergs per square centimeter - second. 

There are e.ome other radiation units such as roentgen, Rep, 

pile unit, absorbed dose rate etc., which have been defined completely 

in (29, 34, 66). 

3.4.2 Radiation-Chemical Yields 

The yields of radiation-induced reactions were originally expre

ssed in terms of the ionic "yield M/N, defined as the number of the 

molecules of a spec:ified type changed per ion pa.ir formed irl the meditun. 

Hot.Jever, ionization cannot be measured accurately except in the gas 

phase and consequently the term 'G Value' has been introduced. 



G Value 

The chemical changes which occur for a given amount of absorbed 

energy are now almost accepted as the method for expressing yields. 

Burton (35) has introduced the 'G' symbol for e2-.."'Pressing 

radiation chemical yields and defined 'G Value' for a given irradiated 

system as the absc,lute chemical yield expressed as the number of 

individual chemica.! events occurring per 100 e. V. of absorbed energy. 

When the system of interest involves a chain reaction, G Values 

for G(M) or G(Products) may become extremely large, of the order of 

105 or 106 or even more (20) and in addition the yields strongly depend 

on physical factors such as temperature, dose rate, viscosity of the 

mediun1, etc., which can influence any of the elementary reaction steps 

involved (25). Low G Values signify radiation resistance. 
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CHAPTER 4 

RADIATION INITIATED POLYMERIZATION 

4.1 Introduction 

There are probably few polymers or monomers which have not been 

subjected to high energy radiation in a planned or even speculative 

manner during the past 15 years. 

The radiation-initiated polymerization of vinyl monomers is a 

direct applicatio~ of radiation chemistry to the synthesis of high 

polymers. It is now well established that the initiation step in 

addition polymerization requires the admd.ttance of some external 

energy. In radiation polymerization this energy is supplied by the 

ionizing radiation. However, once the reaction chains are started 

they proceed to grow according to conventional kinetics rules. 

The use of ionizing radiation as a 'catalyst' for initiating 

the chain polymerization of vinyl monomer is not a new application 

since eA~eriments along these lines were reported in 1938 (40). 

The important fact is, however, that radiation has been 

demonstrated to be a competitive initiator system for polymerization 

reactions. Chapiro has gathered a good deal of information on the 

developments in this field covering the period up to 1962. 

Huglin (25) and Ballantine (17) have published more recent 

reviews on radiation as a polymerization tool and process radi2tion 

development respectively. 

22 
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4.2 Mechanism of Radiation Polymerization 

4.2.1 Ionic Mechanism 

The mechanism of production of positive and negative ions through 

primary ionization processes is discussed in Section 3.3. More recently 

experimental evidence has been obtained which shows that ionic chain 

polymerizations can also be initiated by radiations. 

In order to understand why ionic polymerizations are not 

usually initiated by the primary ions at room temperature, it is 

important to take into account the fact that the ions formed in irr-

adiated liquids are believed to have a very short life time, in the 

-13 order of 10 seconds. It should be noticed furthermore, that rather 

crjtical experimental conditions are reQuired for ionic polymerization to 

take place. On the other hand, ionic polymerization mostly occur at very 

low temperatures.· Shimomura et al (37) have shown that the anionic 

polymerization of styrene in tetrahydrofuran has negative apparent 

activation energy around 0°C. The low temperature polymerization of 

styrene dissolved in various chlorinated solvents provides another 

example of radiation-initiated polymerization occurring by a cationic 

mechanism. 

The contribution of the ionic mechanism was found to increase 

with dose rate as expected from the kinetics of these processes. 

Chapiro (23, 55) has considered a first order reaction for the rate of 

ionic polymerization of styrene with respect to dose rate (Leo, 

R a In ~·7hich n "" 1). Katsujiueno et al (9) has studied the radiation 
p 

induced ionic polymerization of bulk styrene under extremely dry 



24 

conditions. They have found that the rate R of polymerization increases 
p 

with more rigorous drying of the monomer and this effect is accompanied 

by a change in the exponent n for the dose rate (I) dependence of R , 
p 

from n values near unity to 0.6. A mechanism involving trimolecular 

termination of free ions is thereby indicated. 

The various results are consistent with the assumption that a 

cationic mechanism is responsible for the radiation-initiated polymer-

ization of styrene under these experimental conditions. The cationic 

reaction is favoured in the presence of solvents having a high dielectric 

constant, and since it exhibits a negative activation energy, it is 

particularly marked at low temperatures. 

At higher temperatures the free radical process is usually 

much more pronounced, hcwever, a significant contribution of the ionic 

mechanism is also found at room temperature (71). It should be noted that 

since the order of the ionic process with re·spect to the radiation 

dose rate is nearly 1 , while that of the free radical reaction is ~' 

one can expect that the importance of the ionic contribution to the 

reaction will depend strongly upon dose rate. Thus the ionic 

contribution should be negligible at very low dose rates ";hereas if 

radiations of very ::1igh dose rate are used, such as for the electron 

beams produced by accelerators, the polymerization of styrene should 

occur almost exclusively by the ionic mechanism, even at room 

temperature. This .last conclusion is further supported by the fac.t 
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that long chain fr,~e radical polymerizati~m cannot occur at very high 

dose rates owing to the recombinations involving primary radicals (4). 

It should be pointE~d out that ~he rate of most of the ionic reactions 

are unaffected by t:he presence of oxygen or other free radical scavengers. 

4.2.2 Free Radical Mechanism 

The radiaUon-initiated polymerization of vinyl monomers leads 

to high molecular-v.reight products having properties almost identical 

to those of the corresponding polymers obtained when using conventional 

methods of initiati.on. It can thus be concluded that radiation 

polymerization proceed by a long-chain reaction process similar to 

ordinary polymeriz.s.tion. 

From the considerable amount of experimental data now available, 

it becomes apparent that in most cases radiation polymerization can be 

fully accounted for by free radical processes. Some evidence of free 

radical mechanisms are as follows: 

1) action of free radical inhibitors: 

The earliest experiments in the field of radiation 

polymerization showed that compounds which are known 

to inhibit free radical reactions, also inhib:i..t 

radiatio:~-initiated polymerizations. 

2) studies :tn copolymerization: 

The che~Lcal composition of a compolymer A B is a 
p q 

function of the relative reactivities of the DNO 

monomers with respect to the active end groups 



of the growing chains (55). rt has been shovm that 

an equimolar mixture of styrene and methyl:-methacrylate 

when polymerized by free radical initiators led to a 

copolymer containing 50% styrene, 50% methyl-methacrylate, 

with anionic initiators the resulting polymer is 

essentially pure methyl-methacrylate. In all cases 

the copolymer obtained by irradiating an equimolar 

mixture of styrene and methyl-methacrylate at room 

temperature contained approximately 50% of each of the 

two components (55). 

3) Temperature coefficients: 

Ballantine et al have shown the overall activation 

energies for styrene and methyl-methacrylate 

polymerized by gamma-rays are 7.15 and 4.9 K cal/mole 

respectively. Positive activation energies tvere also 

observed by some other workers (55) in gamma-ray 

initiated polymerization of styrene. The absolute 

values of these activation energies were of the 

expected order of maguitude for free radical poly

merization in which the initiation step is temperature 

independent. In contrast ionic polymerizations 

usually exhibit either very lo'iT or even negative overall 

activc:tion energies (37). 
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4) Kinetic analysis: 

The rate of polymerization of numerous monomers is 

found to be proportional to the square root of the 

radiation dose rate at low temperatures. Such a 

behaviour conforms to free radical initiation. From 

the data presented above, the general conclusion 

can be derived that radiation polymerizations of 

most vinyl monomers proceed via free radical 

mechanisms above room temperature. 

4.3 Kinetics of Radiation-Initiated Free Radical Polymerization 

The study of the radiation-initiated polymerization of those 

~~nyl monomers which polymerize in homogeneous media is of particular 

interest since the3e r~actions have been investigated with conventional 

means of initiation and full quantitative treatments are available for 

the kinetics of a number of specific systems. The radiation initiated 

polymerization of styrene was extensively investigated by numerous 

workers who used gamma-rays. 

It is now generally accepted that the free radical addition 

polymerization proceed via a classical chain reaction involving the 

three major elementary steps of initiation, propagation and 

termination (31). 

In radiation polymerization absorption of radiation energy 

finally leads to the production of free radicals. The free radicals 

adds on to a double bond of a monomer molecule in propagation steps 

and generate another free radical.This process goes on until the 
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activity of the growing polymer chain is destroyed. This process 

is kno·wn as termination. 

In homogen:ous liquid phase polymerization, chain termination 

occurs almost excl<Jsively by mutual interaction of two radicals, leading 

either to combinat:Lon with the formation of a single polymer molecule 

or to disproportionation by the transfer of a hydrogen atom from one 

radical to the other, the latter process giving rise to one saturated 

and one unsaturated molecule. The steps can be shown as follows: 

INITIATION 

If only pure monomer is subjected to the radiation, initiation step is 

limited to: 

and the rate of this reaction is: 

where ~M[M] is the :rate of production of free radicals in the monomer, 

expressed in moles per liter per unit radiation dose, and I is the 

dose rate. 

PROPAGATION ~~TE 

R• + M----+ RM• 

RM
8 + M--+ RM~+l K [RM•] [M] 

p 



TERMINATION 

By Combination 

RM0 + RM6 
-+ P 

n m m+n 

By Disproportionation 

FM.. + R.H0 + p + p 
n m n m 

RATE 

K IRW' ]2 
t 

A, is any molecule in the reacting mixture, Re radical, :H is the 

monomer, RM 0 growing chain, and P is the dead polymer. Another n n 

elementary step of importance is the chain transfer 

RM0 + sx + RM X + s 0 

n n 

SX is either the mono~er or any added substance such as a solvent. 

Since a growing chain is stopped in the process, chain transfer 

necessarily lowers the average molecular we"ight (31). This happens 

when s• is a reactive radical. If it is not then it is called 

degradative chain transfer. 

Assuming a stationary state, then 

If the kinetic chain is long, the overall rate is 

(1) 

This was a classical kinetic equation for polymerization where R is 

proportional to the square root of the R .• 
~ 
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In the case of pure monomer subjected to ionizing radiation, 

the overall rate of polymerization is equal to 

R = K K -1/2 $ 1/2 Il/2[M]3/2 
p t M 

or 
R = K K -1/2 ($ I)l/2[M]3/2 

p t M 

If the rate of initiation increased by the u.se of higher dose rates, 

the simplified kinetic scheme no longer applied to the system. In 

this case the following detailed kinetic scheme which is proposed by 

Chapiro is applicc;ble. 

A. INITIATION 

A VVV\1""""+ 2R • 

B. RECOMBINATION OF FREE RADICALS 

R• + R0 -+ R2 

c. ADDITION TO HONOHER 

R• + M->- RH" 

D. PROPAGATION 

&"'1• + M -+ RH~+l n 

E. MUTUAL TERI1INATION 

RM" + RM 11 -+ p or (P +P ) 
n m m+n m n 

RATES 

K [RH"] [M) 
p 
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F. TERMINATION BY PRIMARY RADICALS RATES 

K , Kt and Kt all pertain to mutual interaction of t~,ro free radicals. 
00 0 

Such reactions prot:!eed very rapidly and only require a low energy of 

activation, if any, The absolute values of these rate ccnstants are 

usually of the order of 106 or 109 liter mole-l sec-1 • The order of 

these rate constants are 

K > K > K 
oo to t 

The second group of rate constants comprises K and K which both 
po P 

correspond to addition reactions of a free radical to vinyl double 

bond. The required energy of activation is about 5 to 8 K cal/mole 

and the absolute values of these rate constants at room temperature 

are of the order of 10 to 103 liter/mole sec. (55). 

Assuming stationary state then 

d[R0
] 

dt = 0 

1 
K [M]+K [RW•] 

po to [ {1+ 
4K Ri 2 oo 

(K [M]+K [R"H]2)} - l] 2K 
00 po to 

Kt
0

[R•] 4K K [M] }_ 
po t , 2 

2K [(l + K 2rRo]J - 1] 
t to L 

(2) 

(3) 

31 



The overall reaction rate 

R = K [RMe ][M] 
p 
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cm1not be expressed explicitly in terms of known reagent concentrations. 

Equations (1) and (2) can be simplified for various limiting cases 

which arise according to the magnitude of the dose rate. For very low 

dose rates, concentration of R0 and p~· are very low so the overall 

reaction rate can be written 

R = K K -1/2 R l/2[M] 
p t i 

(4) 

This result shows that all primary radicals are trapped by the monomer 

or reaction (B) and (F) do not occur to appreciable extents. At higher 

dose rate the rate of reaction can be written as follows 

K 
R = __ p=o-

(2K )1/2 
00 

K 
p 

K 1/2 
t 

4K R 
[M]2 [(l + oo i )1/2 _ l]l/2 

K 2[M]2 
po 

(5) 

This equation shov7S that if the dose rate reaches such a magnitude that 

Ri << (K 2[M] 2/4K ) po oo 

fails to apply, the classical dependence of reaction rate on the square 

root of rate of initiation no longer holds and the overall rate rises 

] 1 , n_.l/2. more s .ow y tnan ~~ 
.... 
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The last limiting case which can be considered is in a very 

high dose rate, one can assume 

Ri >> K 2 [M] 2/4K po 00 

[R•] = R.l/2/K 1/2 
]. 00 

Then 

and (RM~>) = K [M]/K po to 

The overall rate of reaction becomes 

R = K K [M] 2/K p po to 
(6) 

This equation shows that for very high rates of initiation, the 

polymerization rate reaches a limiting value ~vhich does not increase 

further when the rate of initiation rises (55). This situation 

corresponds to a system in which all grot·ling chains are terminated 

by primary radicals, i.e., in which reaction (E) does not occur to 

appreciable extent. It should be noted that this last limitation 

only arises if the stationary .concentration of radicals R0 is very 

large. It follows that the molecular weight of the polymer formed 

in such a system is necessarily low. If the average degree of poly-

merization only corresponds to a small number of monomer units, one 

can no longer assume that the overall reaction rate is equal to the 

rate of chairi prc,pagation, since the rate of monomer consumption 
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through step (C) may then become appreciable. The overall rate of monomer 

consumption is given by (55): 

or R = K [M] 2 
po 

K R.l/2 
(___£_ + ~ ) 
Kto K l/2[M] 

00 

But if the rate of initiation increases to such an extent that 

R.l/2 
~ 

>> K K l/2[M]/K 
p oo to 

R = K K -l/~ R. 112 LM] 
po oo ~ 

(7) 

(8) 

Equation (S) is formally the same as the classical equation (1), but 

here the rate constants K and K appear instead of K and Kt po oo p 

respectively. Hence it can be concluded that when the above situation 

arises any chain that is initiated by step (C) ·is immediately terminated 

by step (F) and no true chain propagation can occur. The reaction 

product obtained in this situation have a very low molecular w·eight. 

4.3.1 Influence of Dose-Rate 

The radiation-initiated polymerization of styrene has been 

studied over an extremely broad range of dose rate. Almost all of the 

published results (16)have led to the classical square-root relationship 
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beu..reen the reaction rate and activity of the source at temperatures 

below 75°C. Manowitz et al (40) who worked with Cobalt 60 and Tantalum 

182, gamma-rays reported a first order relationship between the rate 

of polymetization and dose rate in the range of 38 to 90 Rads/sec. 

The experimental rates reported by this group of investigators were 

much lower than the values reported by other workers on the basis of 

square-root law. 

The results showed that the square-root relationship held down 

to the lowest dose rate investigated, but at higher dose raues, the 

exponents decreased to slightly less than 1/2 (4, 41). The degree of 

polymerization of the polymer showed similar deviations from the inverse-

JT""f ., • • • . • ., 1 . - - • -
.L11t:: .l.C:0\.1..1.&.. Wd.O ..LL1Lt;;J.p.LCLCU uy Cl~.:>UUL.J..115 

that the monomer could not react with all the primary radicals formed 

at the higher dose rates and that some of these free radicals recombined 

"tvithout initiating polymerization (4). 

The data obtained by Sood (16) and Srinivasan (43) at temperatures 

below 75°C confirms the square-root relationship. Ho\o1ever, above 74°C, 

the values of (n) decreases linearly with rising temperature, until 

above about 109°C the rate of conversion becomes independent of dose 

rate, A similar trend of the temperature dependence is also reported 

by these authors for the average degree of polymerization P • This 
n 

dose rate independence :i.s ascribed to a "limiting rate of initiation", 

characteristic of the intensity range. They have predicted that this 

phenomenon can be expected in any vinyl monomer where the monomer is 



fairly active, and produces relatively stable radicals. For further 

information the reader is referred to reference (16). 

4.3.2 Influence of Reaction Temperature 

36 

In order to normalize the various results it has been implicitly 

assumed that the initiation step in radiation polymerization does not 

require any energy of activation and that the activation energies of 

propagation and teL~ination are identical with those determined with 

conventional means of initiation. This assumption s~ems justified in 

view of the similarities found for general kinetic features of the 

polymerization of styrene "torhen initiated either by radiation or by 

conventional means. Cohen (42) has mentioned that with a change in 

temperature of reaction the rates of all different stages of polyme·rization 

will change and it is not clear which of these steps is most important 

in leading to the observed effects of temperature change on polymerization 

reactions. As the temperature is raised in thermal polymerizations the 

rate increases and the molecular weight or degree of polymerization 

of the product decreases. 

However, in radiation induced polymerization of styrene the 

temperature dependence may be more complicated at high dose rates, when 

the various reactions involving primary free radicals effectively compete. 

In such an event, an increase in the temperature is expected to favour 

the addition of free radicals to the monomer with respect to radical

radical interactions and accordingly the overall reaction rate is 
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expected to rise more rapidly with temperature than at lower dose rates. 

Chapiro has considered the three reaction steps involving 

primary radicals R) as foll~ws: 

{B) 

{C) 

(F) 

The general features of the overall process are determined to a large 

extent by the results of the competition of these three reactions. 

If reaction step (C) dominates, all primary radicals will be used to 

initiate polymerh:ation. It can be seen that since the rate of 

reaction (C) is 

R(C) = K [Re] [H] 
po 

this reaction is Blowed down independently of (B) and (F) if either 

K is very small or [H] is low. K is the rate constant of the 
po po 

elementary reacti•Jn and is closely related to the propagation step in 

vinyl polymerization, so step (C) should require an energy of actbration 

of the order of 5 to 8 l< cal/mole and that its magnitude will depend 

on the reactivities of both the radical R• and the double bond of 

monomer M. 

The other avo reaction steps (F) and (B) involve free radical 

combination (or disproportionaticn) reactions. They only require a 



very low activation energy and are not related whatsoever to the 

reactivity of the double bond of the monomer. ·So 

i) For a given monomer system, an increase in temperature 

should chiefly favour reaction (C) in its competition 

with (I;) and (F). 

ii) For a given reaction temperature, reaction (C) will be 

favoured if a highly reactive monomer is used. 

On the other hand, in simplified kinetic schemes the overall 

activation energy of the reaction can be easily calculated 

Here E is the ove::all activation energy, E., E and Et are partial 
l. p 

activation energi,~s for initiation, propagation and termination 

respectively. 
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Ep is approximately 5-8 K cal/mole for most monomers, Et ranges 

from 0 to 2-3 K cal/mole. The magnitude of E. depends upon the type of 
l. 

initiation involv~d. For thermal or chemical means of initiation, Ei 

is usually of the order of 25 to 30 K cal/mole, while for photochemical 

or radiation-chemical initiation Ei = 0.0. So, the overall activation 

energies are as follows: 

E = 14 + 7 - 1 = 20 K cal/mole 'Thermal 

E = 0 + 7 - 1 ~ 6 K cal/ mole 
RAD. 
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The results clearly show that the rates of radiation polymerization and 

photo-polymerization rise much more slowly with temperature than the 

rate of the thermal initiated reaction. When applying the same reasoning 

to the molecular weight, it immediately appears that in thermal temperature, 

whereas in radiation polymerizations the molecular weight rises in the 

same ratio as the overall rate, provided however, that chain transfer 

is negligible. If this last condition is not fulfilled, the molecular 

weight of radiation polymer may either rise or drop with temperature 

or even show a maximum at a given temperature depending on the relative 

importance of transfer and propagation (55). 

As a general rule, however, one can expect that au increase in 

temperature will increase the mobility of, and the accessibility to 

the grc:·:ing ch~in~, ar..d if ten'.in:1tian is the cont!"0lling 8tPp t-hP 

overall rate is expected to decrease. If however, propagation is the 

controlling step an increase in temperature should lead to a very fast 

increase in the overall rate (55). 

4.3.3 Degree of Polymerization 

Assuming the number-average degree of polymerization P is 
n 

identical to kinetic chain length, i.e., that chain transfer reaction 

can be neglected, the following expressions are obtained for P in 
n 

the various situations. 
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l) If the kinetic chain length is equal to the amount 

of polymer produced divided by the total number of 

polymer chains started, this ratio is equal to the 

ratio of the overall reaction rate to the rate of 

chain initiation, 

Assuming that termination occurs exclusively by 

disproportionation 

P = R/R = K K, -l/2 R.-l/ 2 [M] 
n i p t ~ 

(9) 

or if termination occurs by combination of two 

growing chains 

p 
n 

2 K K -1/2 R.-l/2[M] 
p t ~ 

(10) 

If transfer by the monomer or solvent becomes 

operative 

K 1/2 R.l/2 K K 
1/P = t ~ + trm + trs [S] 

n K [N] K K [M] 
p p p 

(11) 

The above situation will be encountered for very 

low dose r.ate. 

2) At higher dose rates the degree of polymerization 

in the case of termination by disproportionation 

is given by 



hence 

p 
n 

(2K )1/2 
p = _ _::.o.::.o __ 

n K 
po 

K 
p 

K 1/2 
t 

4Koo Ri 1/2 _ 
11

-112 
[(l+K 2[M]2) 

po 
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(12) 

If termination occurs by combination P is twice as great. 
11 

3) At very high dose rate tvhere termination occurs exclus-

ively by reactions involving primary radicals Re 

(reaction F) 

P = R/K [R8 ][M] 
n po 

hence 

P = K (K l/Z/K ' R -l/2[M] 
n p oo to' i 

(13) 

This equation shmvs that when this situation arises 

although the overall rate becomes independent of the 

rate of initiation (55) the deg:::-ee of polymerization 

of the resulting polymer still decreases proportionately 

to the square root of the rate of initiation (55). 

As is clear from Equation (9), the molecular weight of the 

radiation polymer is expected to increase with rising temperature. 

The increase of molecular weight with temperature is clearly apparent 

from Table V .II (l:.). It can be seen hm-1ever the.t this effect is much 

less pronounced Han the corresponding increase of the reaction rates, 
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a result which is presumably caused at least in part by the increased 

importance of chain transfer by the monomer as the temperature: rises (4). 

Cohen (42) has mentioned the same point for catalyzed polymerization 

of styrene. He has concluded that when radicals are generated at 

equal rates at several temperatures both the rate of polywerization and 

the molecular weight of the product are greatest at the highest temp-

erature. He has pointed out that there should not be any chain transfer 

reaction, and numbers of chains started at three temperatures shovld be 

equal. Ballantine et al (44) and Srinivasan (43) also have found the 

same results in radiation initiated polymerization of styrene and 

methyl-methacrylate.'Ib.ey expressed the view that since the initiation 

---......... ;,_ .... 4-..f -
~--1:'-o-----·· 

and termination rates are affected, so the molecular weight increase 

with increasing temperature. Nearly almost all of these data are 

gathered from experiments conducted at temperatures below 100°C" 

4.4 High Conversion·Kinetics of Radiation Polymerization of Styrene 

Most theoretical approaches and experimental studies on the 

polymerization of styrene are directed to the region of low conversion, 

whereas the commercial preparation of polystyrene usually involves 

carrying the polymerization reaction almost to completion. This gives 

rise to a number of complex but practical questions, which have not 

even received adequate experimental attention. 

One question about high conversion concerns molecular weight 

as a function of conversion. Early studies indicated a tendency for 
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the molecular weight to remain constant if the monomer was pure (67). 

Roche (67) finds that there is usually a maximum in the molecular weight 

conversion curve fc,r thermal polymerization. The height of the maximum 

is definitely related to the purity of the monomer. He finds that l-Tith 

peroxide catalyzed polymerization the molecular weight remains constant 

until the peroxide is consumed and then increases at high conversions. 

Hui (18) has given a good deal of information and references on this 

subject in the case of conventional polymerization of styrene. 

In the case of radiation polymerization of styrene the poly

merization rate curve exhibits three distinct phases, the nature of 

which are determin~d by the polymerization conditions. 

1) An initial slow period at the beginning of the reaction 

which according to Ballantine and Srinivasan (43, 44) 

for styrene at 25°C this section will continue up to 

50 to 60% conversion. This phenomenon has been 

observed by the other workers in the field (14, 16). 

2) A peric•d of relatively rapid polymerization l-7hich 

persists almost to the end of the reaction, and for 

which the rate is exponentially dependent upon 

temperature. This may be explained on the basis of 

a 'Trommsdcrf' effect in which the termination is 

diffus:ton dependent, as viscosity increases the 

diffusion and termination rate decreases. A good 

deal of information on this scbject has been collected 

by Boundy ,;;.nd Boyer (6 7). 



3) A final slo~<ling down in rate as the reaction approaches 

completion and the monomer becomes exhausted. This 

slowness of the rate of polymerization at conversions 

above 90% has an important bearing on the nature of the 

finished product since any monomer remaining in the 

polymer acts first to plasticize the polymer and 

reduce its heat distortion temperature, and secondly 

to produce blushing and crazing with age ~s the monomer 

evaporates. In the case of styrene an 'S' shaped 

curve was reported by a number of "t>.Torkers (16, 44). 
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The temperature of the reacting medium was measured by several 

investigators in the course of the reaction and it was noted that the 

acceleration period is accompanied by considerable overheating of the 

system. This increase was measured by Ballantine (44) and in the 

case of styrene was 7°C at room temperature and 14° at 72°C. Such 

a small increase could not account for the rapid increase in the 

rate observed. During the methyl-methacrylate polymerizations increases 

of 40° at -l8°C and 100° at 25°C were observed, and in this case the 

higher temperature undoubtedly contributed to the increased rate. 

As it is mentioned by Chapiro (4) this critical conversion 

depends on both the dose rate and the reaction 1:emperature. There 

are some complications which will be created by non-isothermal conditions 

arising in the gel effect, because as it ~an be seen, the increase in 
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the reaction rate is concomitant with an increase in molecular weight 

of the polymer. These various facts could indicate that a conventional 

gel effect is operating in the system. The interpretation of a 

simultaneous increase of the reaction rate and the molecular weight 

of the resulting polymer can be based in ·principle on the assumptions 

of either an acceferated propagation or a reduced termination rate. 

The second assumption seems more likely on theoretical grounds and can 

be readily accounted for when considering that termination by mutual 

interaction of high molecular weight growing chains becomes diffusion 

controlled in the highly viscous medium. According to Chapiro (55) 

once the reaction medium in polymerization reactions at high conversions 

in the gel-like phase and termination by interaction of two active 

chain ends becomes highly unlikely or even impossible. 

For a given monomer this critical viscosity is reached for a 

degree of conversion which depends upon various physical factors of tae 

reaction. But the controlling factors seem to be the molecular weight 

of the polymer formed during the first part of the reaction and the 

temperature. A still different unsolved question arising at high 

conversion concerns the effect of existing polymer. In the case of 

radiation the observed acceleration can be attributed partially to an 

increase in the rate of initiation as the reaction proceeds. Chapiro (4) 

has predicted a greater sensitivity of polystyrene to radiolysis than of 

styrene monomer.(because of less resonance stabilization of polystyrene), 



consequently expecting the total rate of initiation to be appro~1ately 

1. 5 times higher than the rate of initiation in the pure monomer. 

Dean (14) and Elaraby (15) have shown conclusively that 

,._ "' G 
-rolymer Monomer 

which contradicts Chapiro's prediction. Dean (14) argues that if the 

concentration of free radicals which will actively result in the 

consumption of monomer molecules has a maximum limiD, then this limit 

would also apply to free radicals generated in the polymer. It is 

also mentioned that if the assumption of limiting free radical concen-

tration is true, then increasing the dose rate should not give higher 

conversions. In other words, increasing the dose rate should not 

result in an increase of effective GR, but should decrease it, in 

order to keep the product of GR and dose rate relatively constant. 

Elaraby's data (15) has shown good agreement with the assumption of 

Gi ~ ~~ In the course of initiation by polymeric radicals the polymer 

is itself radiolyzed and the polymeric free radicals thus generated 

and contribute to the chain initiation 

RATES = Gp [P] 
R 

Here Fe is a polymeric radical. 'P' usually has a chemical structure 

similar to that cf 'H' and hence energy transfer processes should be 

minimized. However, since the monomer molecule contains a double bond, 

it may be more strongly stabilized by resona~ce than the corresponding 
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polymer and accordingly G~ may be larger than G~. It follows that in 

such systems the rate of initiation should steadily increase with 

conversion, and this effect may become very important at high 
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conversions, when most chains initiated by radicals generated from the 

polymer (55). For polystyrene the G~ has been reported by Chapiro (24), to be 

in between 1.5 and 3. This value is between two and one-half to four 

and one-half times GM value for the monomer. R 

The polymer molecule resulting from chain initiation by a 

polymeric radical will have a much higher molecular weight then if 

small radical R0 are involved. Furthermore, if P0 is formed through 

scission of a side-group of the polymer molecule, the resulting polymer 

will huvc a brunched Gtructurc. 

It can be concluded that the simplified classical radiation 

polymerization kinetics do not apply at high conversions. No attempt 

was made, however, to develop the complete polymerization kinetics. 

4.5 High Temperature Radiation Polymerization of Styrene 

Thermal polymerization of styrene was reported as early as 

1845 (3). Then many workers studied the thermal polymerization of 

styrene with various theories being proposed. Gamma radiation 

polymerization of styrene and some other monomers were conducted by 

several workers up to 72.0°C (44, 43). 

Only recently, the work has been done up to ll0°C on styrene (16). 

Thermal polymerization data before 1952 are compiled by Boundy and Boyer 
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and radiation polymerization dated up to 1962 are collected by Chapiro, 

Hui (18) has reported some thermal data at temperatures above ·150°C. 

His results indicated the rate of thermal polymerization followed the 

Arrhenius type relationship ldth temperature and that the molecular 

weight of polymer decreases significantly with rise of reaction 

temperature (18, 42). 

There have been, however, few attempts to discuss quantitatively 

the equilibrium distribution that must exist beu~een polymerized and 

unpolymerized material as a function of temperature. It has generally 

been tacitly assurred that in a certain temperature range polymers lvill 

keep growing in size, restricted only by the kinetic situation, until 

all the monomer ar.d short polymers are incorporated into one giant 

molecule. It is t.owever well known that polymers, such as polystyrene 

and many other chain polymers will break down at high temperature and 

give a large percentage of monomeric material (45). It: is also know--n 

that polymers forned at high temperatures generally have a lower 

average molecular lveight than those formed at lo"117 temperatttres (18, 45). 

It is reported by Stull (22) that at high temperature styrene 

might be dehydrogenated and give ethylnylbenzene (phenyl acetylene) 

plus ethylbenzene. 

2 Styr·~ne t ethynylbenzene + ethylbenzene. 

~H0 of this reaction at 227°C is 9.581 K cal/mole, ~F0 = 11.876 K cal/mole 

-6 
and K = 6.45 x 10 atmosphere {equilibrium constant) Figure 3-13 

p 

of Page 72 (22) shows the equilibrium composition for this reaction as 
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a function of temperature. As one can see the curve indicates that 

even at room temperature the equilibrium calls for 1 or 2 parts of 

phenyl acetylene per million of styrene and that this amount increases 

as the temperature is raised. On the other hand, this substance is a 

good inhibitor for polymerization of styrene as is mentioned in (46). 

Since its boiling and freezing points are so near to those of styrene, 

it will not be removed by the usual purification procedures of 

distillation and crystallization. 

The contribution of thermal polymerization in the radiation 

polymerization of styrene was accounted for by Sood et al (16) assuming 

the rates of initiation thermally and from irradiation were additive, i.e., 

Ri(total) = Ri(y) + Ri(TH) 

and the rate of polymerization can be calculated from the following 

equation introduced by Srinivasan (43) 

~ is the rate of blank reaction or rate of thermal reaction. Calculations 

indicated that the contribution of thermal polymerization was not 

significant for temperatures 74°C and below (14, 16). 

The rate of initiation for radiation was far greater than the 

thermal initiation rate. It has been mentioned elsewhere in this 

report that the rate of radiation polymerization is very sensitive to 

the presence of impurities (experimental section) as well as atmospheric 



oxygen (for styrene polymerization). The ~ignificance of thermal 

polymerization in radiation polymerization is belie•ed to be dependent 

on the relative contribution of rates of initiation, which in turn 

depends on the monomer and the dose rate under consideration. 

4.6 Degradation and Depolymerization 
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As the double bond disappears to form polymer heat is evolved 

and this favours polymerization. On the other hand, when the free 

monomer molecules are linked into long polymer chains the entropy 

decrea&es and this tendency favours depolymerization. While long chains 

can be formed at law temperatures, yet the same polymer will split off 

monomer units when taken to a much higher temperature. 

In spite of the complex sequence of events which occur in 

irradiated polymers betweeD the initial event (ioniz$tlon or excitation) 

and the final crosslinked or degraded product, the overall reactions 

are surprisingly simple. 

It is reported by Charlesby. (69) that both the degree of cross

linking and degree of degradation are directly proportional to the 

radiation dose and are independent of its intensity. Most polymers 

appear to fall into two distinct classes, those which crosslink and 

those which degrade. 

Polystyrene is considered to be in the first class (i.e., 

crosslinked). Any theory of the mechanism of crosslinking and 
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degradation must a<!count for phenoreena such as the· temperature dependence 

of cross·linking and degradation, and for the reduction in these effects 

when certain additives are incorporated. In the case of degradation, 

the lack of an intensity dependence offers no serious difficulty, but 

for crosslinking wnere eaCh crosslink involves two polymer molecules, 

it imposes certain restrictions on the type of reaction. Charlesby (61) 

has given a good discussion about this subject. For the polymerization 
. 

of styrene at higher temperature, both forward polymerization and the 

reverse depolymerization processes have to be considered. The 

significance of depolymerization will be dependent on temperature (18). 

For. styrene-polystyrene systems, it has been indicated that the rate 

of depolymerization is not significant below 150°C, but increases with 

increase in temperature until the ceiling temperature is reached at 

which the free ene:rgy of formation of polymer from the reactants is 

zero, hence 

where 8~ and 8SX are the increments of TX of heat content and entropy 

per mole of monomnr polymerized. The ceiling temperature, which 

presumably marks the reversal of the propagation reaction is calculated 

at 276eC for gaseous styrene monomer to condensed polymer (67). 

Most of the published data on degradation or crosslinking of 

polystyrene ca:3sed by radiation are at low temperA.tures (47), and there 

are no a1.railable data at tempe:::-atures above 150°C where the cont:ribut:i.on 

of therma.l ini.tia:ion in radiation polymerization becomes significant. 



CHAPTER 5 

EXPERIMENTAL 

For details of sample preparation and analysis see Appendix A. 

5.1 Reagents and Analytical Techniques 

Uninhibited styrene which was provided by Polymer Corporation Ltd., 

Sarnia, Ontario, ~..ras used. This styrene monomer was used for all poly

merization reactions without further purification, since the applicability 

of this ~wrk to industrial practice was considered of importance. 

The monomer analysis which was provided by Polymer Corporation 

is given in Table 5.1.1. 

All the solvents used in the courses of different analyses were 

purchased and were again used directly without further purification. A 

list of these solvents is given in Table 5.1.2. 

5.2 Reactor 

All polymectzation reactions lvcre carried out :tn double sealed 

pyrex glass vials. Fottr sj_zes of vials (5 MM, 7 }fM, 8 M11 and 18 l-lM O.D.) 

were tested and fin.:..lly the 7 HN O.D. size was chosen as the most 

satisfactory. 

The vials ',·:ere held in circular slots w·hich -:·1ere welded to the 

outer cylinder of th.e source holder illustrated in Figures A.l.3.1 

and A.l.3.2 of Appendix A. The source consisted of 12 pencils of Co60 

and has been fully described in (!;.8) and Figure A.l.l.l. The entire 

assembly r,.ras enclos,=d in an oi:L bath, with the sample in direct contact 

52 



TABLE 5.1.1 

.Analysis of Styrene Monomer 

COMPONENTS 

Styrene 

Ethyl Benzene 

Isopropyl Benzene 

N-Propyl Benzene 

Sec-Bi.lthyl Benzene 

a-Met::1yl Styrene 

Sulph~r 

Chlor.ides 

Benzaldehyde 

Polym·~r 

Water 

'WEIGHT % 

99.630 

0.032 

0.123 

0.090 

0.039 

0.037 

0.0004 

0.0001 

0.0012 

0.0016 

Saturated (500 ppm) 
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TABLE 5 .1. 2 

Solvents Used in Analysis 

SOLVENTS 

1-4 Dioxane 

Methanol 

Methanol 

Chloroform 

Tetrahydrofuran 

Sulphuric Acid 

NACL 

Ferrous Amonium Sulphide 

Terphenyl 

GRADE 

Reagent 

II 

II 

II 

" 
II 

" 
If 

II 
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USED IN 

Gravimentric Analysis 

Gravimentric Analysis 

Spectropbotometry 

Spectrophotometry 

G.P.C. 

Fricke Dosimetry 

Fricke Dosimetry 

Fricke Dosimetry 

Heating Bath 
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with the heat transfer medium, terphenyl. For a normal experimental 

run, the vials were put in place, and the radiation source positioned 

with remote handling slave manipulators. At predetermined time intervals 

the samples were taken out of the radiation field and put in a shielded 

ice bath. Then the co60 source was temporarily retracted while the 

vials were exchanged and then the process was restarted. Samples were 

polymerized thermally and also by a combination of thermal and radiation 

reaction. The latter polymerizations were conducted at tv1o different 

dose rates. 

5.3 

5.3.1 

!!!alysis 

G.P.C. 

Some of the samples were analyzed by gel permeation chromato

graphy. The data were read directly from the chr0matograph in digital 

form and processed on the CDC 6400 Computer (See Appendix A.4). Peak 

elutj.on heights for each sample were obtained to the nearest 0.05 of an 

elution count and Mn' Mw were found with the assumption of infinite 

resolution. The results are not corrected for imperfect resolution. 

5.3.2 Gravim~try 

For conversions of styrene monomer up to about 95%, the 

determination of conversion 't•Tas done gravinetrically. The polymer 

sample was weighed, d~ssolved in 1-4 Dioxane and was poured very 

slo~N'ly into a ten-f::>1d eYcess methanol. The prectpj.tated polymer was 

filtered on fine porous glass cr'.tcibles, dried under vacuum and weighed. 



The amount of dried polymer, expressed as. a percentage in the total 

weight of polymer sample gave the percent conversion. 

5.3.3 Ultraviolet Spectrophotometr! 
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U.V. Spectrophotometry was employed in the determination of 

conversion above 95% with a demonstrated accuracy of better than 0.1%. 

Accurately weighed samples of approximately 0.12 grams of each polymer 

were dissolved in ehloroform and polystyrene precipitated in methanol. 

The clean filtrate containing unreacted styrene was used for the 

measurement of absorbance at 245 ~m by a Beckman Model DK-1 Spectro

photometer. Percentage conversion was then calculated from the 

calibration curve of absorbance versus styrene concentration. 



CHAPTER 6 

EXPERil1ENTAL CONDITIONS AND RESULTS 

6.1 Effects of Variables on the Experimental Results 

Since 1839 when Edward Simonin first converted styrene to poly

styrene and called it 'Styrol Oxide' the subject of styrene polymerization 

has been advanced by a surprisingly large number of individuals. 

The amount of knowledge gained is r.ot only abundant but also 

highly specific and exact--the kind of information that is necessary for 

the making of polystyrene into an attractive, useful and marketable 

plastic. The polymerization reaction is affected by many variables, 

some of which will be discussed as background for our experimental plan. 

6.1.1 Puritv of Reagents 

Small quantities of impurities can exert a powerful influence 

on radiation-induced reactions. In purely organic systems, 'energy 

transfer' effects of various kinds can take place, so that minor 

constitutents can assume a disproportionate importance. 

In the course of styrene polymerization, one of the most 

important matters of concern is the purity of styrene monomer. As is 

the case with most of the plastic monomers, this material is quite active 

and unless proper steps are taken, the properties of the product are 

significantly effected. 

Styrene monomer now commercially available analyzes better 

than 99.5/;, the major impurity being ethyl benzene and water. Hinor 
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impurities include parts per million of chloride, sulfur, aldehydes, 

divinylbenzene, peroxides, phenyl acetylene and polymer. The large 

scale production o£ extremely pure styrene moncmer represents a 

technical achievement of remarkable significance in view of the reactive 

nature of styrene ·toward polymerization. Further attempts to purify 

styrene monomer frequently lead to disappointing resultst especially 

when the work is carried out on a small scale. For all practical 

purposes, the foreign substances exert only a minor influence on the 

course of polymerization. Nevertheless, for a careful research work 

it may be desirable to trace these effects in some cases, and jn general, 

it may account for many peculiarities which accompany the polymerization 

of styrene. 

The polymerization of styrene is a chain reaction in which cce 

styrene molecule becomes activated, pi~ks up another styrene molecule, 

which in turn picks up a third, etc (14, 16, 32, 43, 55, 67). In this 

manner a long-:-chain molecule conta:!.ning perh<:.ps as many as 2. thousand 

monomer units can be formed in a small fraction of a second. The chain 

finally stops grovling for one or more reasom;. It has frequently be.en 

found that impurities are vet.y efficient ch<tin ::; i:oppeis ailJ oirLCi: one 

molecule of an impurity could conceivably terminate a chain containing 

a thousand monome~ units, it is understandable that small amounts of 

impurities may influence molecular weight considerably. Because of the 

chain nature of polymerization re2.ction, :i_t is !:ather difficult to assign 

definite roles to the variom::. impurities wh:tch have beer. detected in 
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styrene monomer. The following outline identifies sources of trouble 

which result from impurities. 

AIR (OA.'YGEN) : 

One important impurity which affects nearly every radiation 

induced reaction is air. Molecular oxygen is shown to be an effective 

inhibitor by Kalthoff et al (49) and has been demonstrated to account 

for much of the induction period for polymerizations carried out in 

the presence of oxygen. Also there are some reasons to believe that 

the so-called thermal polyxr.erization of styrene without addition of 

catalyst is chiefly caused by the presence of small amounts of peroxides 

formed by the reaction of styrene with dissolved oxygen (62, 67). It 

is also suggested that oxygen in the polymer chain constitutes a weak 

link, facilitating thermal degradation of polystyrene (11). More 

detail can be found in (39). 

ETHYL BENZENE 

The molecular weight of polystyrene will be depressed markedly 

by the p!"esence c.f a large amount of ethyl benzene. The evaporation of 

small amounts of this impurity ~from polystyrene may promot<> <"!razing or 

blushing. For further detail the reader is referred to (67). 

DIVINYLBENZENE 

Pr.esen~e of more than 0. 04% of this material in styrene 'tvill 

form crosslink polymer 'tvhich tends to be insoluble (51). 



WATER 

The manner in which water in styrene n1onomer affects its 

polymerization has not been fully determined. Styrene monomer as 

supplied normally contains from 80 to 200 PPH of water, although 

direct contact with water or exposure to air of high humidity will 

raise the moisture content to an equilibrium water content of styrene 

at various temperatures (22). There is some indication that a small 

amount of water soluble in the monomer may produce ~ slight haziness 

in the polymer formed and impair the good electr5.c properties of 

polystyrene. If the monomer is stored at lmver than room temperature 

the container should be warmed to ambient temperature before the 

opening in order to avoid the absorption of water by cold styrene. 

ALDEHYDES 
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Styrene on exposure to air rapidly forms certain aldehydes and 

ketones. Styrene containing these does not behave like high-purity 

type styrene. There is a marked d:Uference in the rate of polymer

ization and in the induction period which precedes it. These oxidation 

products have significant dipole moments, so that the dielectric 

constant of the monomer and polymer formed is not as low as the aigher 

purity material. Also, it has been observed that the presence of 

aldehydes will promote the attack of styrene monomer on metals, 

especially copper and brass. They can also oxidize to peroxides during 

polymerization, Discolouration and lov:ering of the molecular weight 

of polyrr.er can be counted as some other effects of aldehydes (62). 



61 

POLYMERS 

There is no existing evidence to indicate that the presence of 

small amounts of polymer in the styrene monomer interferes with subse

quent polymerization. In fact, a comnon practice in some applications 

is to dissolve polystyrene in styrene monomer so as to reduce shrinkage 

and heat evolution during polymerization. But in any kinetics measure

ment such as the determination of the initial rate of polymerization or 

percent conversion the amount of polymer initially present in the system 

should be known accurately. 

PEROXIDES 

These materials are usually good polymerization catalysts and 

some of the variations in the rate of polymerization from one sample 

of monomer to another may be attributed to this impurity. Most peroxide 

catalysts are decomposed at elevated temperatures, liberating carbon 

dioxide. This is offered as an explanation for some of the bubbles 

occasionally observed in polystyrene (these bubbles were observed in 

samples polymerized at 180°C and 200°C in this work). 

PHENYL ACETYLENE 

In the early days of styrene manufacture, phenyl acetylene was 

frequently present to the extent of 2 or 3%. Titrations on such styrene 

;yould therefore show over 100% because of the extra bond in phenyl acetylene 

molecules. This compound hns been identified as a fairly active polymer

ization inhibitor for styrene (46). 



As it is mentioned in (22) this substance also can be formed 

at very high temperatures as a result of dehydrogenation of styrene 

or disproportionation of two moles of styrene:. In the present work 

the effects of phenyl acetylene were observed in polymerization of 

styrene at 200°C and will be discussed in a later chapter of this 

report. However, present day styrene monomer will contain only a few 

PPM (4 to 5 PPM) of this impurity. 

SULFUR 

Free sulfur may sometimes occur in styrene monomer because of 

its use during distillation. Even a few PPM of sulfur produces an 

easily measurable reduction in molecular weight and a marked impairment 

in the light stability of the resulting polystyrene. However organic 

sulfur compounds which are present in small amounts in styrene has a 

relatively slight influence on polymerization of styrene (51). 

CHLORIDES 

The presence of any chloride traces in s '~rene monomer could 

probably be counted as a result of aluminum chloride catalyst used in 

Friedel aad Craft's reaction in the manufacture of ethyl benzene. Any 

chloride present is probably in the ring and while there are no known 

effects that can be traced directly to chloride in the ring, chlorides 

in the side chain do tend to affect polymerization. So it seems 

advisable to keep the chloride content in monomer to a minimum. 

Based on all of the above considerations one has to be careful 

about the amounts and types of different impuriti.es present in styrene 
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monomer which can be used for different areas of research and investigations. 

6.1. 2 Pressure and TemQerature Effects 

6.1.2.1 Pressure Effects 

Since the polymerization of styrene involves a reduction in specific 

volume it might be anticipated that pressure w·ould accelerate the reaction. 

The data which has been published by Gillham (50) indicate a 15-fold 

increase in rate accompanied by a 1.7-fold inc.rease in molecular weight 

on going to 4000 atmospheres at lOO"C. Similar results were obtained in 

suspension polymer~.zation":"- a 50% increase in rate up to 1000 atmospheres. 

The following Antoine-Type equation can be used for the calculation of 

styrene vapour pressure at different temperatures (22). 

log10 PM.H.Hg = 6.95711 - 1445.58/(t-1-209.43) 

Table 6.1.2.1 shows a series of vapour pressures at different temperatures. 

6.1.2.2 Temperature ~ffects 

One of the most significant factors in the polymeri~?.'.:lon "'f 

styrene monomer :is temperature. Temperature effects on numerous.· poly

merization techniques aave been investigated for d long time and the 

literature is croKded with numerous papers a:1d results concerning these 

effects. 

In thernie.lly-initiated polymerizations changes in temperature 

will affect the initiation, propagation and t-ermination gtages (32). 



TABLE 6 .1. 2 .1 

Styrene V.P. at Different Temperatures 

Temperature 
oc 

150 

155 

160 

165 

180 

200 

V.P. of Styrene Monomer 
at indicated temperatures 

N:.M.Hg 

861.5 

978.2 

1115 

1248 

1758 

2669 



Increase in temperature gives rise to an increased number of primary 

radicals, it also increase the rate of polymerization, but it may 

lead to a reduced average molecular weight (42). In some special cases 
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if the temperature rises the rate of polymerization increases but the 

change-in molecular weight will be independent of rate of polymerization-

that is independent of change in temperature (emulsion polymerization). 

Furthermore, even the physical and chemical behaviour of polymer will 

be dependent on the temperature at which polymerization was conducted. 

For any kinetics E:tudy one has to trace the changes in temperature 

during the course of polymerization and this leads to the use of proper 

and accurate methods for temperature measurements. 

Because the styrene polymerization reaction is exothermic, it 

behaves much like auto-catalytic reactions. A temperature rise 

accelerates the r.1te of polyrr,erizat:l.on ¥7hich in turn liberates heat 

and further raise.:; the temperature. This can result in a runa:'..v~y 

reaction with resulting high temperatures and accompanying high pressure. 

MorP. detail about the effects of temperature on polymerization ~£ styrene 

monomer can be found in the literature review of this 1·eport. 

6.1.3 Geometry of Reactor 

The study of the kinetics of styrene polymerization has tc be 

accomplished in ;;:n isothernal condition. Since the reaction is an 

exotherndc one, thus the geometry of the reactor is very iiil.portant 

from the point of hea.t dissipation. 



66 

It is well knmvn that styrene and polystyrenehave a very low 

thermal conductivity. In order to achieve the isothermal conditions in 

reaction vials, one has to choose the optimum size consistent with the 

highest rate of heat dissipation and this can be fulfilled by conducting 

the experiments irr a vial of smallest possible diameter. A large 

diameter vial mig,Jt give a misleading result due to inconsistency in 

reaction temperature measured and actual temperature at ~vhich the 

reaction has taken place. More details about the s~ze of vial can be 

found in the Appendices of this report and (5). 

6.1.4 Methods of Analysis 

6.1.4.1 Gravimetric Method 

This method has been recommended by most of the workers in this 

field (14, 15, 16, 18, 51). The method is intended to determine apprec

iable quantities of polymer in styrene monomer. A complete procedure 

·can be found in .Appendix A.4 of this report. The efficiency of this 

method fs good for the percentage of conve'!'sion up to 95%. Beyond this 

limit the accuracy of the method is doubtful. 

The only inefficiency which has been observed with this method 

in the present study was inaccuracy of the results at very low conver

sions. The solubility of low molecular weight polystyrene~ such as 

dimer, trimer, tetramer etc., in the methanol could be one of the 

reasons. The overall accuracy of this method can be considered in 

ben~een (± 0.5% to± 1.3% conversion). 



6.1.4.2 U .V. Spectrophotometric Hethoq_ 

Conversion beyond 95/~ was measured by ultraviolet spectrophoto

metric methods. The absorbance of samples lo7ere read at 245 m11 and then 

converted to concentration by use of a calibration curve (57) and 

Figure A.5.3.1. Because of the high degree of sensitivity the ultra

violet absorption method is particularly useful for the determination 

of extremely small amount of styrene monomer in polymer samples. It 

has been claimed that by this method it is possible to detect the 

styrene monomer in concentrations as low as 0 .000011~ (51), which 

seems extreme. The precision of this method is better than 0.1%. Full 

details are given in Appendix A.S. 

6.1.4.3 Fricke DosimetE,Y 

The intensity of radiation was measured by this technique. 

Samples of ferrous ammonium sulfate were irradiated for a definite 

amount of time and the absorption due to ferric ions in the irradiated 

samples was measured at 304 m11 by a U.V. spectrophotometer. The 

relationship between dosage and optical absorption of the solution is 

given in Appendix B.2. 

Extreme precautions were taken in order to avoid the very 

probable errors due to co1~te.minations. The results are subject to 

about ± 5% error. 

6.1.4.4 G.P.C. Ana.!YPi~ 

Gel permeatior.. chrm11atography was used for the det:ermination 

of "tleigh t average ·i!lol~c~!J;.u: t·'ei.gh t and munber average molecular t-migh't. 
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This method is one of the most rapid and accurate techniques for 

molecular.weight deter~inations and has been used by numerous 

:i.nvestigators (e.g., 14, 18, 52). Tt.renty-eight samples were analyzed 

of which 10 were done in the department's G.P.C. and 18 in the 

laboratories of Polymer Corporation at Sarnia. The results are 

different because of the difference in column packing materials. The 

accuracy of the results can be counted in the =ange of ± 10 to ± 15%. 

For more explanations and ffiethod of analysis the reader is referred to 

Appendix C.l and (18, 52). 

6.1.5 General Conditions of Experiments 

(a) Purity of Reagents 

Styrene monomer was supplied by Polymer Corporation, Sarnia, 

Ontario. No further purifications were made since it was planned to 

apply the results to conventional industrial techniques. Reagent 

grade solvents and solutes were used in all experiments. The complete 

list of solvents, solutes and impurity of sty.cene n;onomer is given 

in Tables 5.1.1 and 5.1.2 of this report. 

(b) Temp,;;rature 

The experiments were conducted at six different temperatures 

as follows: 150°C, 155°C, 160°C, 165°C, 180°C and 200°C. The 

temperature of the oil bath was recorded by 4 thermocouples simul

taneously. These four thermocouples ~vere located around the sample 

holder in the oil bath and the temperature registered on a recording 
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potentiometer. In ·this way the temperature outside the vials was 

measured to an accuracy better than ± 0.3°C. 

(c) Dose Rates 

Most of the eJcperiments \>!ere carried out at two different dose 

rates of 51 and 20 Rads/sec., by positioning the vials at two different 

slots in the sample holder. 3 These slots were at a di.stance of JS 
inches and 6 inches from the axis of the source. 

(d) Vial Size 

Almost all of the experiments were carried out in a vial size 

of 7 MM outside diameter. Each vial was filled up to 3 inches and 

-6 sealed at 4 inches under 10 mm H.g. vacuum. 

Over 350 samples were prepared, polymerized and have been 

analyzed by different methods 

6.2 Sample De~ignation 

The designations for thermal polymerized samples are composed 

of 3 parts, and the radiation polymerized samples have a four-part 
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identification. Each part of the number shows a different specification 

for the experimenc. The characters are shown in Table 6.2.1. 

EXAMPLES 

Sample No. A1Rl8 means this sample was irradiated at 200°C with a 

dose rate of 51 Rads/sec. and has the sequence number of 18 in the 

conversion titr..e table. 
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TABLE 6.2.1 

Sample Desi~ation 

. 
CHARACTER POSITION MEANING 

A First 200°C 

B First 180°C 

c First 165°C 

D First 160°C 

E First 155°C 

F First 150°C 

R Third Radiated Sample 

T Second Thermal Polymerized Sample 

1 Set:o~d Dose Rate of 51 Rads/sec. 

" ... Second Dose Rate of 20 Rads/sec. 
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Sample No. DT12 means this sample was a thermal polymerized 

sample at 160°C and has a sequence number of 12 in the conversion 

time table. So as it can be noted, in any sample nuniber the first 

Character is temperature designation, 2nd character for dose rate, 

3rd character for thermal polymerized or radiation polymerized design-

ation, and the 4th character which will be a number would show the 

sequence number in conversion time tables. 

6.3 ponversion Time Data of Thermal Polymerized Samples 

Nearly half of the samples were used for thermal polymerization 

studies at indicated temperatures. Percent conversion was obtained by 

the use of gravimetric (below 90% conversion) and spectrophotometric 

(beyond 90% conversion) techniques of analysis. The results of this 

set of experiments are shown in Tables 6.3.1, 6.3.2, 6.3.3 and 6.3.4, 

respectively. 

6.4 Conversi_~ Time Data of (Ra~2J:ion +.Thermal) ~olymerized 
SampleE!. 

Tables 6.4.1 to 6.4.10 will show the results of samples 

t,olymerized with t""...rc different dose rates and at indicated temperatures. 
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TABLE 6.3.1 

Conversion Time Data for Thermal Polymerized 
at [160°C ± 0.2°C] 

SAMPLE NO. TIME (Min.) % CONVERSION RATE (%/Min.) 

DTl 2 5.1 2.6 

DT2 4 9.1 2.3 

DT3 8 15.7 1.9 

DT4 12 21.8 1.8 

DTS 18 30.8 1.7 

DT6 2l~ 39.1 1.6 

DT7 30 42.3 1.4 

DT8 l~O 53.5 1.3 

DT9 60 6i .5 1.1 

DTlO 90 79.5 0.9 

DTll 120 85.2 0.7 

DI12 180 93.8* 0.5 

DT13 240 95.3* 0.4 

DT14 300 96.2* 0.32 

DT!S 360 96.4* 0.3 

DT16 420 97 .3* 0.2 

* %Conversion obtain<.:'!d by U.V. spectrophocometric method 



TABLE 6.3.2 

· ·conversion "Time Data. for Thermal Polymerized 
At 165°C ± 0.2°C 

S.AMPLE NO. TIME (Min.) % CONVERSION RATE (%/Min.) 

CT1 2 8.9 4.4 

CT2 3 12.3 4.1 

CT3 4.2 14.6 3.5 

CT4 6 18.9 3.1 

CT5 8 22.5 2.8 

CT6 12 28.6 2.4 

CT7 18 

CT8 24 45.6 1.9 

CT9 30 

CTlO 40 75.1 1.88 

CTll 60 89.6 1.5 

CT12 90 92.2* 1.0 

CT13 120 94.3* 0.8 

CT14 1.80 96.7* 0.5 

CT15 240 97.9* 0.4 

CT16 300 98.4* 0.3 

* % Conversion obtained by U.V. spectrophotometric technique 

73 



TABLE 6.3.3 

Conversion Time Data for Thermal Polymerized 
At 180°C ± 0.2°C 

SAMPLE NO. TIME (M.1n.) % CONVERSION RATE (%/Min.) 

BTl 2 13.3 6.6 

BT2 4 21.2 5.3 

BT3 8 34.7 4.3 

BT4 12 46.3 3.9 

BTS 18 58.3 3.2 

BT6 24 67.4 2.8 

BT7 30 7lhl 2.5 

BT8 40 80.0 2.0 

BT9 60 86.5 1.4 

BTlO 90 90.4 1.0 

F·Tll 120 94.1* 0.8 

BT12 190 S5.5* 0.5 

BT13 240 96. z:r, 0 .l~ 

BT14 300 97 .1* 0.32 

BT15 360 98.0* 0.30 

BT16 421 98.5* 0.2 

* % Conversion obtained by U.V. spectrophotomP.tric technique 
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TABLE 6.3.4 

Conversion Time Data for Thermal Polymerized 
At 200°C ± 0.2°C 

SAMPLE NO. IIME (Min.) % CONVERSION RATE (%/Min.) r 
AT! 1 7.0 7.0 

AT2 1.5 12.6 8.4 

AT3 2 17.1 8.5 

AT4 2.5 23.3 9.3 

ATS 3.0 27.0 9.0 

AT6 4 34.8 8.7 

AT7 5 41.4 8.2 

AT!O 8 56.3 7.0 

ATll 9 59.1 6.6 

AT13 12 67.2 5.6 

AT15 16 77.1 4.8 

AT17 24 83.7 3.5 

AT18 30 90.3 3.0 

ATlS t,o 8~.1 2.2 

AT20 50 90.9 1.8 

AT21 60 93.6* 1.6 

AT22 90 97 .0* 1.1 

AT23 120 98.0* 0.8 

AT24 180 99.0* 0.6 

AT25 240 99.2* 0.4 
----

* % Con\Tersion obtained by U. V. Spectrophotometric Technique 



TABLE 6.4.1 

Conversion Time Data of R.+T. Polymerized at 
Dose Rate. = 51 Rads/Sec. & 20 Rads/Sec. 

(ISO~+ 0.2°C) 

SAMPLE NO. TIME (Min.) % CONVERSION RATE 

FlRl 2 3.0 

FlR2 4.2 7.4 

FlR3 6.2 11.4 

F1R4 8 12.0 

F2Rl 2 3.1 

F2R2 4 7.2 

F2R3 6 10.0 

F2R4 8 12.0 
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(%/Min.) 

1.5 

1.7 

1.8 

1.5 

1.6 

1.8 

1.6 

1.5 



TABLE 6.4.2 

Conversion Time Data of R.+T. Polyreerized at 
Dose Rate = 51 Rads/Sec. & 20 Rads/Sec. 

(155°C ± 0.2°C) 

SAMPLE NO. TIME (Min.) % CONVERSION RATE 

ElRl 2 l1.0 

ElR2 4 8.5 

ElR3 6 11.5 

E1R4 8 14.1 

E2R1 2 3.8 

E2R2 4 9.3 

E2R3 6 11.5 

E2R4 8 14.0 
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(%/Hin.) 

2 

2.1 

1.9 

1.8 

1.9 

2.1 

1.9 

1.8 

I --



TABLE 6.4.3 

Conversion Time Data of R.+T. Polymerized at 
Dose Rate = 51 Rads/Sec. 

(160.,c ± 0.2°C) 

SAMPLE NO. TIME (Min.) % CotNERSION RATE 

D1R1 2 5.8 

D1R2 4 10.8 

D1R3 8 16.8 

D1R4 12 22.1 

D1R5 18 30.0 

D1R6 24 38.5 

D1R7 30 45.8 

D1R8 40 54.0 

D1R9 60 68.5 

D1R10 90 90.2* 

D1Rll 120 96.4* 

D1Rl2 180 99.2* 

D1Rl3 240 99.9* 

DlR14 300 99.93* 

DlRlS 360 100.0* 

DlR16 420 100.0* 

-----

(%/Min.) 

2.9 

2.7 

2.1 

1.8 

1.7 

1.6 

1.5 

1.4 

1.1 

1.0 

0.8 

0.6 

0.4 

0.33 

0.30 

0.2 

* % Conversion obtained by u. v-. spectrophotometric tecru1.ique 
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TABLE 6.4.4 

Conversion Time Data of R.+T. Polymerized at 
Dose Rate = 20 Rads/Sec. 

(160°C ± 0.2°C) 

SAMPLE NO. TIME (Min.) % CONVERSION 

D2Rl 2 5.75 

D2R2 4 10.8 

D2R3 8 16.7 

D2R4 12 22.2 

D2RS 18 32.1 

D2R6 24 38.0 

D2R7 40 55.4 

D2R8 60 68.0 

D2R9 90 90. 8* 

D2R10 120 96.3* 

D2R11 180 99.2* 

D2R12 240 99.91* 

D2Rl3 300 99.92* 

D2Rl4 360 99.95* 

D2Rl5 420 100.0* 
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RATE (?;/Hin.) 

2.9 

2.7 

2.1 

1.9 

1.8 

1.6 

1.4 

1.1 

1.0 

0.8 

0.6 

0.4 

0.33 

0.30 

0.20 

* %Conversion obtained by U.V. spectrophotometric technique 



TABLE 6.4.5 

Conversion Time Data of R.+T. Polymerized at 
Dose Rate = 51 Rads/Sec. 

(165°C ± 0.2°C) 

SAMPLE NO. TIME (Min.) % CONVERSION 

ClRl 2 8.8 

C1R2 3 12.5 

ClR3 4.2 14.5 

ClR4 6 18.9 

ClRS s 22.6 

ClR6 12 29.7 

ClR7 18 36.9 

ClR8 2l• 47.6 

C1R9 30 56.8 

ClRlO 40 75.1 

ClRll 60 93.4* 

C1Rl2 90 98.8* 

ClR13 120 98.8* 

C1Rl4 180 99.6* 

ClR15 240 99.8* 

C1R16 300 99.9* 

RATE 

j __ CJ3.17 ----- 360 ___ 22_.J:) 1 * --

!<: % Conversion obtained by U. V. spectrophotometric tec:h:rd.q ue 
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(%/Min.) 

4.4 

4.1 

3.5 

3.1 

2.8 

2.5 

2.1 

2.0 

1.9 

1.88 

1.6 

1.1 

0.8 

0.6 

0.4 . 

0.33 

0.3 



TABLE 6.4.6 

Conversion Time Data of R.+T. Polymerized at 
Dose Rate = 20 Rads/Sec. 

(165°C ± 0.2°C) 

SAMPLE NO. TIME (Min.) % CONVERSION 

C2Rl 2 8.9 

C2R2 3 12.3 

C2R3 4 14.6 

C2R4 7.8 21.9 

C2R5 8 22.3 
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RATE (%/Min.) 

4.~ 

4.1 

3.6 

2.8 

I 2.8 

__ _j 



TABLE 6.4.7 

··conversion Time Data of R.+T. Polymerized at 
Dose Rate = 51 Rads/Sec. 
. (180°C ± 0.2°C) 

----------------
SM1PLE NO. riME (l1in.) % CONVERSION 

BlRl 2 13.1 

BlR2 4 21.4 

BlR3 8 33.9 

BlR4 12 45.9 

BlR5 18 57.6 

BlR6 24 67.4 

BlR7 30 74.6 

BlR8 ~0 80.9 

BlR9 60 91.6* 

BlR10 90 96.2* 

BlRll 120 98.3* 

BlR12 190 99 .4* 

BlR13 270 99.5* 

BlR11+ 300 99.7* 

B1Rl5 360 99.8* 

RATE (%/Min.) 

6.6 

5.3 

4.2 

3.8 

3.2 

2.8 

2.5 

2.0 

1.5 

1.1 

0.8 

0.5 

0 .l~ 

0.33 

0.30 

* ~{, Conversion obtained by U. V. spectrophotooetric technique 
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TABLE 6 .l1 • 8 

Conversion Time Data of R.+T. Po1vmerized at 
Dose Rate = 20 Rads/S~c.-

(180°C ± 0.2°C) 

.SAMPLE NO. TIME (Min.) % CONVERSION 

B2R1 2 13.2 

B2R2 4 21.3 

B2R3 8 34.3 

B2R4 11.6 44.4 

B2R5 18 58.6 

B2R6 24 67.2 

B2R7 30 74.3 

B2R8 40 80.5 

B2R9 60 91.5* 

B2R10 90 95.5* 

B2R11 120 98.1* 

B2R12 190 99.4* 

B2R13 270 99.5* 

B2R14 300 99.75 

B2Rl5 360 99.9* 

RATE (%/Hin.) 

6.6 

5.3 

4.3 

3.8 

3.3 

2.8 

2.5 

2.0 

1.5 

1.1 

0.8 

0.5 

0.4 

0.33 

0.3 

* % Conversion obtained by U.V. spectrophotometric technique 

83 



84 

TABLE 6.4.9 

Conversion Time Data of R.+T. Polymerized at 
Dose Rate = 51 Rads/Sec. ~ 

·(200°C ± 0.2°C) 

.. SAMPLE NO. ~~!ME (Min.) % CONVERSION RATE (%/Min.) 

AlRl 1 7.3 7.3 

AlR2 1.5 12.0 8.0 

A1R3 2 17.0 8.5 

AlR4 2.5 22.3 8.9 

A1R5 3 26.9 9.0 

- AlR6 4 35.4 8.9 

AlR7 c; 
J l.J.. i 8.3 

A1R8 6 45.7 7.6 

AlR9 7 52.7 7.5 

AlRlO 8 56.7 7.1 

AlR11 9 59.9 6.7 

A1Rl2 10 63.1 6.3 

A1Rl3 12 67.3 5.6 

A1R14 14 70.4 5.0 

A1R15 16 74.4 4.7 

A1Rl6 18 75.2 4.2 

AlR17 2l~ 83.1 3.9 

AlR18 30 87 .4"1: 2.3 

AlR19 40 93.2* 2.3 

AlR20 50 96.8* 1.9 

AlR21 60 99.3* 1.7 

AlR22 90 99.4* 1.0 

AlR23 120 99.5* 0.8 

AlR24 180 99.7* 0.6 

AlR25 240 99 .8* 0.4 

I: . % Conversion obtained by 1J. V. spectrophotometric technique 



TABLE 6.4.10 

Conversion Time Data of R.+T. Polymerized at 
Dose Rate = 20 Rads/Sec. 

(200°C ± 0.2°C) 

SAMPLE NO. TIME (Min.) % CONVERSION 

A2Rl 1 7.7 

A2R2 2 17.6 

A2R3 3.7 34.3 

A2R4 6 46.6 

A2R5 10 65.8 

A2R6 16 77.1 

A2R7 24 82.1 

A2R8 30 86.3* 

A2R9 40 94.1* 

A2R10 50 96.8* 

A2Rll 60 99.2* 

P.2Rl2 98 99.3* 

A2Rl3 122 99.5* 

A2Rl4 130 99.7* 

A2R15 2•W 99. 8* 

RATE (%/Min). 

7.7 

8.8 

9.3 

7.8 

6.6 

4.8 

3.4 

2.9 

2.3 

1.9 

1.7 

1.0 

0.8 

0.6 

0.4 

<:\: 1; Conversion cbtaineci by U. V. spectrophotometric technique 
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6.5 I-nitial Rates of Reaction for Themal and (Radiation plus 
· ·Thermal) Polymerized Samples 

Initial rates of reaction at diffe:.ent temperatures and dose 

·rates were obtained in (%/Hin.) for conve·rsions up to 10%. 

These initial rates are the average of rates of reaction in 

%/Min. of a number of samples which have conversions below 10%. The 

results are shown in Table 6.5.1. 

TABLE 6.5.1 

Initial Rate of Reaction i./Min. 

Average Average Average No. of 
Temp. Initial T. Rate Initial R.+T. Rate Initial R.+T. Rate Poin.ts 

oc %/Min. %/Min. %/Min. Used 
51 Rads/Sec. 20 Rads/Sec 

150 1.17* 1.6 1.6 3 

155 1.6* 2.0 1.96 3 

160 2.5 2.8 2.8 2 

165 4.3 4.3 4.3 2 

180 6.6 6.6 6.6 2 

200 7.7 7.7 7.7 L_ 
I • 

* Data obtained from Figure 7.lg Page 220 of Boundy & Boyer. 

At 200"C th~ presence of phenyl acetylene probably caused some 

:induction period which consequently reduced the initial rate of poly-

merization. This special section will be discussed in detail in the 

~Discussion of the Results' section. 
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·6.6 Polymerization Rate Curves for Different Temperatures 

The general features of thermal (T.) and radiation + Thermal 

(R.+T.) polymerized styrene monomer are shown in Figures 6.6.1, 6.6.2, 

6.6.3, and 6.6.4, wherein the amount of styrene polymerized has been 

plotted as a function of time at several temperatures using the data of 

previous tables. 

These polymerization rate curves exhibit two distinct phases, 

the nature of which are determined by the polymerization conditions. The 

first phase is a period of rapid polymerization at the beginning of the 

reaction which persists almost to the end of the rea<:!tion and for ~.rhich 

the rate is exponentially dependent upon temperature. The second phase 

represents slowing down in rate as the reaction approaches completion 

and the monomer becomes exhausted. 

The rate of polymerization varied with conversion from the early 

stage up to complete conversion. Figures 6.6.5, 6.6.6, 6.6.7, 6.6.8, 

6.6.9, 6.6.10, 6.6.11 and 6.6.12 show this variation, fo~ different 

temperut:urc.3, both radiated and thermal polymerized samples. 

6.7 G.P.C. Data 

Weight average and number average molecular vreights <i\~' Y~) 

of thermal and (Radiation + Thermal) polymerized samples are shown 

in Section C.6 o£ the Appendices. 

The effect of teoperature on molecular weight of styrene 

polymerized by thenr.al and radiation + thermal is shmm in Figure 6. 7 .1 
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(semi-logarithmic plots of molecular weight against reciprocal absolute 

ten~erature). The results of G.P.C. analysis are not corrected for 

imperfect resolution (i.e., infinite resolution). 
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CHAPTER 7 

DISCUSSION OF THE RESULTS 

7.1 pose Rate Inde:eendency of Rate of Polymerization 

The regresGed data giving percent conversion as a function of 

time showed that the rate of polymerization (%/Min.) was not affected 

by the close rate i::1 the temperature range of 150 to 200°C and dose 

rates of 0.1836 M J.ads/hour and 0.072 M Rads/hour. The data points 

were paired for th: two different dose rates and tested to determine if 

the differences between thec1 were significant. ~he 't' test with null 

hypothesis of 11 = J was used for the analysis. This test will determine 

whether there is a significant difference betw·een the two sets of data 

under test in terms of the measurement involved (i.e., whether the 

mean difference is significantly different from zero). The results 

show the hypothesis that the mean of the differences is equal to zero 

is rejected at the confidence level of 98% but can be accepted at the 

99% level. For mor·.~ details about the 't' test the reader 'i.s referred 

to (6). 

Therefore, if the ccmfi.d.?.t:ce li;n:i_t on the plotted data are 

expanded to the 99% level, the rate of polymerization can be considered 

independent. of ::he dose ·rate. 

Chapi.ro (4) has noticed that the square-t·o:>t relationship held 

dO'tm to the lowest dose rate i<lvestigated, but that a.t the higher dose 

rates the e::.:pon:::nt 1 de.crE!ase.::; ~.Ughtly below i~ also the degree of 
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polymerization of the polymer showed a s~milar deviation from the 

inverse square-root relationship. To explain this phenomenon Chapiro 

suggests that a pcrtion of the free radicals produced are recombining 

with each other without initiating polymer chains, thus a limiting 

free radical concentration must exist. Some other evidence gathered 

by Chapiro would suggest that this limiting free radical concentration 

is temperature dependent and that at higher temperatures more free 

.radicals would propagate polymer chains than at lowE\r temperatures. 

However, the temperature dependence is more complicated at very high 

dose rates when the various reactions involving primary free radicals 

compete. 

Sood et al (16) has investigated the temperature effects in 

gamma-initiated polymer5zation of styrene. His studies were conducted 

in the temperature range of 50 to 109°C and at dose rates from 0.09 -

0.64 M Rads/hour. In the range of 50-74°C his data agree with the 

literature, but above 74°C he found that the dose rate exponent 

decreased as a linear function of temperature, becoming zero at 109°C. 

In other words. he has found that at 109 "G the rate of po.Lymerizad.on ~ 

R , and the degree of polymerization P are independent of the dose 
P n 

rate. It was also predicted that this independency of R and P 
p n 

would hold at higher temperatures and at radiation intensity as high 

as twenty-fold for those studj_ed. For more information about the 

proposed mechanism of this phenomenon the reader is refe:rred to (16). 
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Horak et al have done a series of experiments in the temperature 

range of 119 to 140°C, and at dose rates of 0.1863 to 0.072 M Rads/hour. 

The results are shown in Table 7.1.1 (63). 

His data showed that the prediction of Sood et al was correct 

and it is to be expected that the rate of polymerization of styrene 

is independent of the dose rate above 109°C. In the present study 

this same trend was apparent up to 200°C. 

. 
7.2 The Contribution of Radiation to Rate of Polymerization at 

High Temperatures 

A c-omprehEnsive study of the polymerization of liquid styrene 

was conducted by t.wo means; thermally, and by thermal plus radiation, 

with the objective· of investigating the· contribution of radiation 

to the rate of polymerization of styrene at high temperatures. 

The experiments were carried on at temperatures in the range 

of 150 to 200°C and at two dose rates of 0.1836 and 0.072 M Rads/hour. 

In almcst all caSt!S the reactions were studied up to 100~~ ccnversion. 

The conversion time data are reported in Tables 6.3.1 to 6.3.4 

(thermal data) and in 6.4.1 to o.4.i0~ aLso Figures 6.6.1 to 6.6.4 

show conversion versus tiffie data. The results shm-1 that the initial 

rate of (radiation + thermal) polymerizatj_on is rising with temperature 

in the range 150 :o 165°C and is higher than the initial rate of 

thermal polymerization alone C'l:Jtained in this investigation and reported 

in literature (o7). At :i..65°C it becomes evident that both of these 
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Temperature 
"c 

119° 

125° 

130° 

140° 

TABLE 7 .1.1 

Initial Rate of Reaction %/Min. Reported by Horak 

---

Average 
Initial T.+R. Rate 

o//M~n 
~ ... , ....... ,.,_ ....... 

51 Rads/Sec. 

0.25 

0.42 

0.66 

0.87 

Average 
Initial T.+R. Rate 

%/M.in. 
20 Rads/Sec. 

0.24 

0.42 

0,65 

0.87 

No. of 
Points 

Used 

9 

7 

7 

6 

1-' 
0 
VI 
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initial rates (rates of radiation + thermal and rate of thermal polymer-

ization) are equal and this was evident at 180°C and 200°C. Each pair 

of data points were tested satistically (by the 't test' method with 

null hypothesis of ~ = 0) in order to see if the differences between 

them are significantly different from zero, the hypothesis of ~ = 0 

is rejected at 98% confidence level but accepted at the 99% level. 

This test was conducted for conversion up to about 75%. 

After about 75% conversion as it can be observed from the 

Figures 6.6.1 to 6.6.4, the rate of (radiation+ thermal) polymerization 

is noticeably higher than the rate of thermal polymerization. This 

effect is more pronounced at very high conversions of >95,?. In other 

wo~da, th~ r~3idual otjt~cnc n1on.om~r '1 "".C.J- """"" .....,,.- ................... ~ --·"' _,_ --·w- nr:aJ 
.J..C.L ..._ e11.- -....vu.VC.LO.J..V1L.::. a.uvvc ..IJ/o 

is converted at a much higher ra·te than in the case of thermal poly-

merization. This last few percent of monomer has a great bearing on 

the finished polystyrene products. These effects are discussed in 

details by Rubens and Boyer (67) and also has already been mentioned in 

other parts of this report. Figures _6 . 6. 5 to 6'. 6 .12 are conversion 

versus rate in %/Min. for both experimental conditions, radiation~-

thermal and thermal polymerization. It is evident from these curves 

that the rate of polymerization is decreasing as the ccnversion increases. 

The same curves have been illustrated in (67, ~.218 & 219) for lower 

temperatures. It is shown that the rate of thermal polymerization is 

decreasing from the start at 140°C but at lmver temperatures the rate 

remains constant for some period and then decreases. Figures 6.6.5, 



6.6.7, 6.6.9 and 6.6.11 show that the rate of (radiation+ thermal) 

polymerization at conversions above 95% are approaching 100% conversion 

muCh faster than the thermal rate at the same temperature, or the 

consumption of monomer at high conversions can be accelerated by the 

use of radiation. It is also reported by Melville et al (27), that 

the rate of polymerization decreases rather suddenly after about 2% 

conversion, although the rate gradually declines throughout the 

reaction. The essential difference beuveen these curves is the initial 

increase in rate up to 30% conversion at 200°C thermally or (radiation + 

thermal). This unexpected phenomena has not been pre·viously reported 

and apparently does r1ot occur at other temperatures. This effect is 

probably·due to the presence :Jf sorue retarders which are produced in 

the system under the conditions of the experiment. Another feature of 

the results which can be related to the contribution of radiation at 

high temperature polymerization is the shape of the polymerization 

rate curves. As can be seen from Figures 6.6.1 to 6.6.4 they exhibit 

two distinct phase.s. 

It has been reported (14, 15, 16, 43, 44) that polymerization 

rate curves in the case of radiation are usually 'Sigmoidal' or in 

other words, they have three distinct regions. The present curves 

show: 

1) A period of relatively rapid polymerization which 

persist:.:: alffiost to the end of the reaction and for 

which Li.e rate :;i.s expc-n~ntia.lly tenpe.ratnre dependent. 
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2) 
~ 

A final slowing down in rate as the reaction 

approaches completion and the monomer becomes 

exhaustt~d. This effect is particularly apparent 

at lowe::- te~r.peratures. 

Because of' the lack of data in the literature for high temperature 

radiation polymeri~:ation of styrene, it is not possible at this time 

to discuss completely the reasons for the above events. 

For the caE:e of (radiation + thermal) polymerization of 

styrene in the ranE;;e of temperatures below 15U°C and above 109°C the 

only available date=, are reported by Horak (63). These data are shown 

in Table 7 .1.1. Ftom these data and the present data at 150, 155, 

160°C (Table 6.5.1) it is evident that the thermal contribution is 

increasing with temperature rise above 109°C. The effects of temper-

ature rise are more pronounced at temperatures above 150°C, and the 

rate of thermal polymerization alone is so significant that the cont-

ribution of gamma radiation is negligible. This situation is the 

:::everse of the situation gt lf"W<>r. re!!lp<:>:r~t.llre"l T>There the coTttribution 

of thermal polymerization can be neglected. Probably there is a 

temperature beaveen 109°C and 120°C at which these ~NO contributions 

(gamma aud thermal) are approximately equal. 

Kinetically it seems feasible to assume that as the temperature 

rises more and more free radicals are produced by both sources of 

e:.1ergy (gamma and thermal) until even·tually the population cf free 



radicals becomes so great that they do not initiate chains. This 

situation is similar to the case which CHAPIRO has predicted (55). 

His high rates of initiation are accomplished by the combination of 

high temperature and high dose rate. Probably this is the limiting 

value for the rate of polymerization. It can be expected that in this 

system most of the growing chains are terminated by primary free 

radicals; or in other words, mutual termination by combination or 

disproportionation does not occur to any appreciable.extent. Another 

point which supports this supposition is that when the stationary 

concentration of primary free radicals becomes very large in a system 

the molecular weight of the polymer formed will be lm·T. This is because 

in this system one can no longer assume that the overall reaction rate 

is equal to the rate of chain propagation since the rate of monomer 

consumption through the following step 

is becoming appreciable. 

Above 165°C one might assume tl:e same situation so that probably 

~he presence or absence of a radiation source does not result in an 

ir1crease in the rate of polymerization at lm1er conversions. No 

attempts were made ':c measure the rate of initiation at 165°C and higher 

temperatures to confirm that the initiation step at this temperature 

and higher is dependent upon temperature alone. A plot of 1/T-versw.s 

.itn R (initial rate of polymerization in %/Hin.) is further evidence 
r~ 
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for this change of mechanism. As can be seen in Figure 7.2.1, the 

slope of the line is changing at 165°C and becoming smaller in the 

temperature range of 165 to 200°C. f....s was mentioned earlier, the 

rate of destruction of residual styrene monooer at conversions above 

95% in the case of (radiation + thermal) polymerization was higher 

than the thermal 1~ate alone. A justifiable explanation is that, at 

high conversions ~~hen the system becomes viscous only penetrating 

radiation can be transferred through the polystyrene to reach the 
. 

trapped monomer ar'd excite the monomer. These free radicals either 

attack the polymer chains and cause scission or might cause some 

crosslinking or pcssibly combine with an inactive polymeric radical. 

Also, production of polymeric free radicals will consume some of its 

neighbour monomers. 

The fine details of Figures 6.6.5 to 6.6.12 which relate to 

the exact manner in which rate drops off tvith increasing conve:-.:sion 

should not be taken too seriously, except perhaps in the case of 200°C. 

The initial r~te of polymerization at 200°C should presumably be about 

10%/Min. but as the data shows in Tables 6.3.4, 6.4.9 and.6.4.10, the 

initial rate first increases t7ith conversion and .then decreaRes. It 

is reported in (51) and it has also been discussed :Lu secLlu11 

where it is sugges~ed that the amount of phenyl acethylene or ethynyl-

benzene produced in styrene at 200°C is enough to function as a retarder 

for u short time. This substance has been used in industL~' as a 

good inhibitor (46). No attempts werr,.>. made tc. measure the quantity of 

this substance. 
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For an explanation of the last features of conversion time data 

which shows 2 distinct phases instead of 3, it is evident from the 

curves that the rat:e of polymerization is very high at the start. This 

rate of polymerization is nearly equal to the rate in the gel effect 

region during the radiation pol:ymerization of styrene at much lower 

temperatures (109°C and lmver). This effect should not be considered 

as a gel effect or Trammsdorff effect, however, because the viscosity 

of the medium is presumably not very high at these t~mperatures (165 to 

200°C) so the termination rate is probably not diffusion controlled. As 

Hui (18) reported, the gel effect is moderate and less significant 

with high temperatures and more significant towards low temperatures 

7.3 Physical Nature of Polvstyrer:e Produced 

Weight average and number average molecular w·eights of the 

(radiation + thermal) and thermal polymerized samples were determined. 

These results are shown in Table B.4.1 (Append:tx B). The samples 

tested were chosen deliberately at equal conversions from both thermal 

ann (radiation+ thermal) polymerized specimens, in order to facilitate 

-:;vw.l?arl~:>un. Two types of G.P.C. column packing were used in obtaining 

t:he results so that the results ~muld not be expected to be t~e same. 

- -The results of ~·~ and Hn determinations at high temperatures (180°C 

and 2oo·~c) obtained from thermal and (radiation + thermal) polymerized 

samples were not significantly different. 

Any differences which occurred were within the ra.nge of 

r!ltper:lmental error and accuracy of the G.P.C. equipment. 



The data at 200°C were in good agreement with the results 

reported by Hui (18). At lower temperatures (160, 165°C) there 

113 

were slight differences but they were not very significant, especially· 

since some of the data at 160° and 165° were obtained with another 

type of G.P.C. packing which could easily account for the difference 

from the one which was used by the author in the present study. 

No importance should be placed on these negligible differences. The 

trend in ~ and Mn obtained at high temperature is evident. It was 

clear that the molecular weights of polymer produced by radiation were 

too low to be of industrial interest. 

Chapiro (55) has predicted that in a system with high rates of 

initiation, some low molecular weight material can be expected because 

of primary free radical recombination and termination by primary free 

radicals. 

Presumably the same mechanism was obtained in the present 

investigation as at high temperatures and high intensity of radiation 

high rates of initiation would result in the system. However, other 

factors due to the increasing contribution of thermal effect on 

radiation polymerization should be considered. Some of these factors 

might be depropagation at high temperatures, chain scission by residual 

styrene monomer, re-equilibration of the high molecular we~ght species 

and degradation thermally or by radiation (11, 18, 61, 67). 

The low molecular weight polymers produced by radiation do 

not prove the generally accepted idea that increased temperc-.tures in 
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radiation po1ymeri?:ation of styrm-.e 'tvill be accompanied by production 

of higher mo1ecu.la·r w-eight polyme.rs (16, 44, 55). There was no 

apparent evldence :i.n the literature about how significant an increase 

I 

in molecular weight might be expected and up to what temperature this 

rise of molecular ~ileight would contine. One would expect a temperature 

at which molecular weight would start to decrease with further increase 

j_n temperature. A:?parently the molecular weight of the polymer decreases 

when the rate of p<>lymerization increases. This was evident from 

Table B.4.1 (Appendix B) and Table 6.5.1. 

Further investigations should be carried out in order to find 

the difference bet1i1een the molecular ·weight of thermal and (radiation + 

thermal) polymeriz,:!d styrene :if any~ and secondly determine the effect 

of high conversion on the polymers produced by radiation at high 

temperatures. A t~(lird search· should be conducted for the critical 

temperature above ''lhich an increase in reaction temperature will decrease 

the molecular weigh.t. No attemp·t was made in the present investigation 

to measure any othar physical properties of the polystyrene produced. 

1.4 Optimum Te~e~~ture f~r Radiatici:). Polymerization of Styrene 

The results tl:n!s fa:- have not established the possibility of 

predicting the optimum temperature for radiation polymerization of 

styrene. 

Oue of th~ most important factors which should be considered 

in the establishment of this optimum temperature is physieal property 

of the polystyrene produced. The tr,m major concerns of industry 



regarding physical properties of polystyrene are residual monomer in 

product polystyrene and the average molecular weight. It has already 

been demonstrated in this investigation that the first goal of 

elimination of the residual monomer would be achieved at all of the 

temperatures investigated as polymerization proceeded to 100% conversion 

in a relatively short time. But, unfortunately the second goal 't>tas 

not accomplished and a very low molecular weight polymer was obtained. 

It is reported by previous workers (16) that 100% conversion can be 

achieved at even J_ower temperatures. 

Based on the above consideration and some which have been 

discussed earlier,, it would be 'ioiorth while to search for the optimum 

temperature far below 165°C, probably in the range of ll0°C to 120°C. 

There -vras some consideration g~_ven to these two temperatures. ll0°C 

was chosen as the lower limiting value because one wishes to take 

advantage of the rn.ost important facet of radiation polymerization 

about 109°C (16)-··the dose rate independency of the rate of polymer

ization of styrene. The second temperature limit w·as set by the 

consideration that as the reacL..iuh teu.focr&tur:.:: inc:;:-ea::.cd, ~"h.~ t~erm:> 1. 

contribution becaroe more and more significant in the rate of polymer

ization of styrene. This was apparent from data preseut?-d in Tables 

6.5.1 and 7.1.1 (63). 

This influence of the thermal effect ou the rate of (radiation + 

thermal ) polymerization prohab ly tends to show more signs of thermal 

polymerization than radiation polymerization and as it was generally 

accepted in thermal polymeri.zati:.on any increase in temperature \·Toulr1 
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lower the molecular weight of the polymer (42). By comparison of 

thermal and (radiation + thermal) rates of polymerization at temper

atures well belm'' 165°C it was obvious that there is a temperature 

not far from uocrc where the contributions of radiation and heat are 

of equal importanc:e in the rate of polymerization. This temperature 

may well be the optimum temperature. 

Further support for this proposed optimum temperature limit 

was given by the data of Sood et al (16) which shows high molecular 

weight polymer produced at 109°C. 

7.5 Proposed General Mechanism 

It does not appear possible at this time to speak too dogmat

ically about any llf the various reaction mechanisms to be discussed 

in the following pages, even though one can be reasonably certain of 
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the general corre,=tness of the ideas. It has been generally accepted 

that the radiatio·~ polymerization of styrene is a chain reaction 

proceediug through a free radical mechanism (14, 15, 16, 32, 43, 55, 65). 

Some good evidenc~ of this reaction is reported by Chapiro (55). 

Kagiya (19) has categorized radiation polymerization and thermal 

polymerization in the homogeneous liquid state as reactions with slow 

initiation or stationary polymerization. 

Lee (7) has compared the stationary state and non-stationar; 

~tate thermal polymerization of styrene and concluded that the steady

state condition ca.n be employed for convenience, in kinetic calculations 

up to high c:onversions. Hui (18) has reported the same situat:Lon for 



styrene polymerization. Based on Chapiro's (55) proposal, the complete 

kinetic scheme for high rates of initiation can be written as 

follows: 

(a) Initiation 

(b) Recombination of pdmary radicals: 

(c) Addition to mcnorr.er: 

R• + M -+ RJ:{"' 

(d) Propagation: 

(P.) Mutual termination: 

RW' + Rt1° ~ P or (P -I·P ) 
n m m+;.1. mu 

(f) Termination by primary radicals: 

RM 0 + R. + p 
n 

RATES 

K [n."'HHJ po 

K [RM0
] [M] 

p 

K •. , Kt and K all pertain to mutual interaction of two free radicals. 
.. ·" 00 

U.:.ually the magnitudes of the tate constants are about 106 to 109 
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-1 -1 
liter mole sec , and 

K > K > K 
oo to t 

K and K correspond to the reaction of free radical and a vinyl po p 

double bond. The activation energy required for this reaction has 

been reported in the range of 5-8 K cal/mole (55) and the absolute 

values of rate constants are in the range of 10 to 103 liter mole-l 

-1 sec The stationary state hypothesis has been assumed in this study 

so the concentration of free radicals can be written as follows 

and 

d[R:_f = 0 
dt 

[{1 + 

[(1 + 

1 
4K Ri 2 

00 } 
(K [M]+Kt [RN°]2) - l] 

po o 

These two zquaticns can be simplified for limiting cases of high 

7.5.1 

7.5.2 

r~.tes of initiation caused by high dose rate and high temperature: 

Situation (1) 

lf Ri >> K 2[M]2/4 K _ r-o oo 7.5.3 
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then 

and 

[Rc] = R 1/2/'K 1/2 
i 00 

[RM"'] = K [M]/K 
po to 

The overall rate of reaction becomes 

R = K K [M]2/K 
p p po to 

This equation shows that for very high rates of initi~tion, the 

7.5.4 

7.5.5 

7.5.6 

polymerization rate reaches a limiting value where the rate does not 

increase further when the rate of initiation rises. This situation 

corresponds to a system in which all growing chains are terminated by 

primary radicals, i.e. in which reaction (e) does not occur to any 

appreciable extent. It should be noted that this situation only arises 

if the stationary concentration of radicals [R0
] was very large. It 

follows that the molecular weight of the polymer formed in such a 

system was necessarjly low. Probably this was the case at 165°C 

(radiation + thermal polymer:! zation). 

Situation (2) 

If the average degree of polymerization only corresponds to a 

small number of monomer units, the rate of polymerization is not equal 

to the rate of chain propagation since the rate of monomer consumption 

through step (c) is appreciable. So the rate of monomer conversion is 

given by 
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or 

R = K [M] 2 
p po 

K R 1/2 
(J?.._ + i ) 
Kto K l/2[M] 

oa 

If the rate of initiation increases to such an extent that 

R 1/2 >> K K l/2 [M]/K 
i p oo to 

Then 
K -1/2 R.l/2[M] R = K 

p po 00 l. 

This equation has the same form as the classical equation 

R = K /K 112 R l/Z[M] 
p p t i -

but here Kpo and K
00 

appear instead of Kp and Kt respectively. 

7.5.7 

7.5.8 

7.5.9 

7.5.10 

Hence 

it can be concluded that whan this situation arises most of the chains 

initiated in step (c) art: i;..Jn'-<!ia::~ly ~2-rm:!.nated by step (f). The 

polymer obtained in this situation 'tdll have a Yery low molecular 

lAveight, scarcely high enough to justify the term polymer. Situation (2) 

would be expected for temperatures of 200°C and higher. 

The general kinetic mechanism for free radical polymerization 

of styrene~ as descrtbed above, was entirely dominated by the following 

three reaction steps, all involving primary radicals. Tnese reaction 

steps were proposed by Chepiro. 
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(b) R" + R ~ + R2 

(d) 

The general features of the overall product were determined to a 

large extent by the result of their competition. If reaction step 

(c) was largely dominant, all primary radicals wou~d be used to 

initiate polymerization. The rate of this reaction can be 'tolritten as 

K is closely related to the propagation step in vinyl polymerization po 

so step (c) should require an energy of activation of the order of 

5 to 8 K cal/mole. This was the case in radiation polymerization of 

styrene at temperatures up to 109~C (16). 

The other two reaction steps (f). and (b) im;rol ve free radical 

combination reactions and req:.!i~e a ve..-;:y lc>TAT fl.ctivation energy. These 

two steps probably are involved in the polymerization of styrene at 

temperatures above 165°C. So, generally for styrene polymerization 

w:tth radiation an increase in temperature up to presume.bJ.y 120°C 

lWuld chiefly favour reacttcn step (c) in lts competition "t-lith (b) 

&1d {f) (16, 44, 55). 

Degree of polymerization for the. avo situations cli:;cussed 

can he obtained from the fcllor...rin.g equations: 

121 



122 

Situation (1) 

P = R/K ft-i][R•] = K (K 1 / 2/K )R.-l/Z[M) 
n po p oo to 1 

7.5.11 

Situation (2) 

K K 
p = [M] [...LK • oo + __!_ ] 

n 1/2 [M] to R1 

7.5.12 



CH.t\.PTER 8 

CONCLUSIONS AND RECOMHEtiDATIONS 

8.1 Conclusiom; 

Radiation induced polymerization and thermal polymerization of 

styrene saturated with water were conducted in the temperature range 

150-200°C and dose rates of 0.072-0.1836 M Rads/hour •. Close examination 

of different stages of reaction has led to the following conclusions. 

1) Rate of polymerization was independent of the dose 

rate in the temperature range 150-200°C conf5.rming 

the previous investigation by Sood et al and Horak 

et al (16, 63). 

2) As the temperature increases the contribution of the 

thermal component in the rate of (radiation + thermal) 

polymerization was more and more significant and 

eventually at 165°C the initial rate of (radiation + 

thermal) polymerization becomes equal to the rate of 

thermal polymerization alone. This equality occurs 

up to 200°C and presumably at even higher temperatures 

as well. 165°C w·as considered to be the temperature 

at which the radiation polymerization system in the 

case of styrene reaches a limiting rate of initiation 

c.e.used by high temperature and d~)se rate. Above this 
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temperature the initial rate of radiation polymer

ization does not increase further when the rate of 

initiation rises. 

3) Above 165°C the initial rate of polymerization of 

styrene 'Nas independent of the radiation source 

(intensity range of 0.072-0.1836 M Rads/hr), and 

this independency continued up to about 75% 

conversion. Above this conversion the contribution 

of gamma radiation on the rate of polymerization 

was evident because the r~te of (radiation + thermal) 

polymerization was higher than the rate of (thermal) 

polymerization. There was a significant difference 

between the time required to eliminate the residual styrene 

monomer above 95% conversion by radiation and by 

thermal. At 165°C the time required to eliminate the 

last 5% of monomer in a 95% converted polystyrene 

mixture ¥TaS onl!7 about 2 hours 'tvith radiation treatment 

and 6 hours or more with just thermal. 

Although radiation provides a means for destruction of 

the residual monomer in highly converted polymer, 

rather it would bt: industrially advantageous to start 

radiating much earlier in the polymerization process, 

affording a considerable reduction in total process time. 
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4) Self-production of ethynylbenzene (phenyl acethylene) 

in the system at 200°C probably caused retardation of 

the initial rate of polymerization of styrene at tqis 

temperature. 

5) There was n.o apparently significant Trol!II!lsdorff effect 

(gel effect) in the investigated temperature range. 

6) Average molecular weights of these polymeJ; were ,,ery 

low and were decreasing with increase in temperature 

for both conditions of the experiments. In the case 

of (Radiation + Thermal) polymerization these results 

were not in agreement with the generally accepted 

mechanism of radiation polymerization according to 

which the highe.x· the temperature. the higher the 

molecular ~.;eight!?. This contradication was probably 

due to the high contribution of the thermal component 

in the (radiation + thermal) polymerization, which 

most l:lk.ely caused depolymerization, aegradation and 

chain scission • 

.7) It i.s not possible with the present data to determine a 

specific optimum temperature for the radiation polymer

ization of styrene. However, from the trends of the 

data the desired temperature should be in the range of 

l10-120°C. 
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8) A general mechanism was proposed, but because of the lack 

of data at the present time no attempts were made to test 

the applicability of this mechanism. 

8.2 Recommendations 

The present investigation indicates that polymers produced by 

radiation polymerization above 160°C do not have the desired industrial 

properties. There is a serious lack of data in literature for radi~~ion 

polymerization of styrene in the range of 110° to 150°C. Considering the 

independency of the rate of polymerization from dose rate above ll0°C 

probably more investigation is needed to establish an optiruum condition 

for radiation polymerization c..bove this temperature. This investigation 

should cover the studies of coruplete conversions (0-100%), physical 

properties of produced polymer, kinetic mechanism of the reactions, 

and should eventually result in a model which can predict conversion 

a11d molecular weight of the polymer. 

The evidence of the p1·esent study and the literature imply 

that there shottld be a temperature fit which the radiation polymerization. 

o~ styrene will produce a maximum molecular weight polymer and above 

this temperature the molecular weight will decrease v:ith an increase 

i11 temperature. Also, there should be a temperature at t-7hiGh the 

contr-ibuti.on of the thermal c.ompon•3nt and radiation coltlponent to the 

~·ate of (radiation + thermal) polymerization are equal. From the 

results of the ~re.sent in-..r~s tigation probably these t~;o tempe!:'atures 



are both in the r~ge of 110 to 120°C so this range should be investi-:

gated carefully. Testing of the proposed general mechanism should go 

far towards prediction of the kinetic model at temperatures above 110°C. 

A study of theo relation betw·een molecular weight and conversion is 

recommended in radiation pol:vmerization at high temperatures which 

should lead to the measurement of the amount of degradation or depoly

merization of polystyrene at those temperatures. 
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A.l 

A.l.l 

APPEt-."'DIX A 

Experimental Details 

Reactor 

Irradiation Source 

Associated with the MCMaster reactor is a radiation laboratory 

rated at 10,000 Curies of Cobalt 60. This laboratory is provided with 

an observation window, manual slave manipulators, an electric hoist~ a 

water tunnel for storage of the source when room entry is necessary 

and a pass through system communicating with the reactor pooi. The 

source itself has a nominal strength of 5,000 curies of Cobalt 60. 

The active materials are kept in the 12 !ods of 0.445 inch 

diameter and si~ inch overall length. These bvelve pencils cccnpy 

twelve positioning tubes which arc distributed in a cylindrical cage 

of 7 inches long and 3 inches I.D. A full desc~iption of the scarce 

is given in reference (48), and Figure A.l.l. 

A.1.2 Reaction Vials 

All polymerization reactions were carried out in annealed 

pyrex glass vials. 

Bulk polymerization of styrene is an exothermic reaction. In 

order co have th~ isothermal condition necessa·cy for kinetic studies, 

rapi1 attainment of the terr!peratu.res in question is necessary. It 

.is because styrene monor;::er and polystyrene are poor conductors, 

18 NM O.D. vials were of little use in the study, the long heat paths 

result in slmv dissipation of the heat of reaction, (62), also, at 
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the start of the reaction the time lag for the styrene in the vial to 

reach the desired reaction temperature was long enough to intr.::~duce 

significant error, particularly for short irradiation times. A 5 MM 

O.D. vial was very good from this point of view, but the amount of 

sample which was ot tained was not enough for accurate analysis. Between 

7 and 8 MM O.D. the 7 MM was chosen as the one being closest to the 

optimal conditions. Each of these vials was connected to the vacuum 

system by mean.s of a standard male B.l4 tappered joint. The overall 

length was 12! inches. 6! inches from the bottom of the 'rial a small 

flange \vas provided in. order to be held at the proper height in a 

special glass funnel in the sample holder. The complete geometry of 

the vials is shown in Figure A.l.2.1. 

A.1.3 Irradiatj_on Reactor 

The equipment which was used by the previous workers in this 

group for the investigation of radiation polymerization was a cylind

rical sample holder concentric 1i7ith the y source contained in an air-

bath. 

The first set of experiments showed that these facilities 

were not adequate at the conditions of the present investigation for 

the following reasons: 

1) lack of accurate temperature control! 

2) poor heat transfer between the bottom of the 

air bath and the top. The temperature ci.ffercacc 

was nearly 50°C and from one cylinder to another 

about 4-8°C: 
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3) difficult manipulation of the samples. It takes 

about 12 minutes to put the samples in the bath and 

durj_ng this time and the time of source manipulation 

one can ha-.. te a. large error due to thermal polymeri

zation (for example, the the~~al conversion of 

styrene at 200°C after 12 minutes is about 68%). 

4) low heat transfer coefficient at the air-sample 

interface. 

For these reasom: a BLUE-M const&nt high temperature oil bath was 

obtained. It was equipped with a magnetic agitation system and a 

highly sensitive temperature central. 

A specific type of oil (23 imperial gallons) is used in this 

oil bath because of the effects of gamma radiation on bydrocarbon oils. 

This oil, 'Terphenyl' is the organic coolant used in the 't·Thiteshell 

Nuclear Reactor. According to the MCMaster atomic reactor regulations, 

there should not be an emission cf vapour because it can condense 

around the rubber gaskets of the building and cause some leakage in 

the system. The boiling po:i.nt of terphenyl is -365°C at 760 MH Hg, 

so it has a suitably low vapour pressure at 200°C (maximum temperature 

during the investigations), .not only :i.s the medium resistent to 

gamma radiation, but it is not a strong gamma absorber. 

A new sample holder ~ie:ts designed consisting of a stainless 
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steel cylinder and 3 circular slots which t.rere 'ljJelded to the circumference: 



,~ 

of the cylinder. The cylinder has an i~side diameter of Sf~ inches 

which is about ; 2 inches bigger than the 0 .D. of the source cage, 

and a height of 7~ inches. The slots were situated at radial distances 

3 of JS' 4 and 6 inches from the axis of the source. The width of each 

slot was exactly ~ inches and the number of vials vrhich can be held 

in each slot was 32, 36 and 56 respectively, proceeding from the 

axis of the source. In order to hold the vials in these slots a 

special glass funnel was designed with a long stem and a short head. 

The advantage of the long stem is that i.t keeps the vials from 

moving back and forth which will cause different dose desorption in 

the samples. The head is a guide in positioning the vials inside the 

funnels by remote control slave manipulators. The whole assembly 

was supported by means of 6 stainless steel bars on the shoulder of the 

oil bath. Complete geometry of the sample holder and the funnels is 

shown in Figures A.l.3.1, A.1.3.2 and A.l.3.3 respectively. 

A.2 Sample Preparation 

Nearly 300 samples were prepared. The :,->reparation of these 

samples consists of several steps as sho~11 bt=!low. 

A.2.1 Cleaning of Reaction Vials 

The rate of polymerization is very sensitive to the presence 

of trace impurities, especially organic materials. In order to have 

clean vials,they v1ere washed with chromic acid, rinsed 5 times with 

tap water, 5 times with distilled water and J times with acetonet 

and finally dried at 120°C for 3 to 4 hours in an o~en. 
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A.2.2 Vacuum Test and Vial Filling 

The clean vials were evacuated and tested •·lith a leak detector 

coil. A 10 cc hypodermic syringe fitted with a 19 gauge, 11.5 inch 

hard glass needle was used to fill the vials with styrene. 

Each vial was filled with about 1.5 cc of styrene; (depth in 

vial about 3 inches). More details about the necessity of having 

only 1.5 cc of styrene in the ·\tfals will be given in the sealing section 

of the sample preparation. 

A.2.3 Freezing and Degassing 

Removal of dissolved gases is the main objective of this step. 

Styrene monomer contains relatively large amounts of air or other gases 

with which it has been in contact. One effective method of removal is 

to freeze and remelt styrene monomcr8 several times under high vacuum. 

Among the dissolved gases oxygen has a drastic inhibiting effect on 

the rate of polymerization and on the physical properties of the 

resulting polymer. There is reason to believe that the so-called 

thermal polymerization of styreue without: an addition of catalyst is 

chiefly caused by the presence of small amounts of peroxides which 

are formed by the reaction of styrene with dissolved oxygen. Also) 

oxygen is ~vell known as a free radical scavenger. Numerous investi

gators have reported the effect of oxygen on the polymerization 

reaction of styrene (22, 62). 
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The vacuum system available for degassing permitted eight 

samples to be handled at the same time. The vacuum line was a standard 

high vacuum apparatus, with a rotary backing pump~ a mercury diffusion 

pump, a cold trap, a McLeod gauge and eight valved standard tapered 

joints, size B.l4. Figure A.2.3.1 show·s the schematic diagram of the 

system. 

The complete cycle of freezing, remelting and degassing 

procedure is as follows: 

1) the styrene sample in the vial was frozen in 

liquid nitrogen (15 minutes), 

2) the valve of the vacuum system was opened and the 

vials were evacuated for 15 minutes with only a 

rotary backing pump. 

3) liquid nitrogen was removed, valve closed~ and 

the frozen sample allowed to warm up to ambient 

temperature. During this time the dissolved 

gases appeared in bubbles and lvere dralvn off 

by the vacuum pump. 

4) liquid nitrogen was put back and the 3 previous 

steps ~vere repeated. During the cycle of freezing 

and remelting ~o cracking of the glass vials was 

observed. 

5) -6 a final evacuation at 10 mm of mercury was 

maintained for 20 minutes on the frozen sample. 
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A.2.4 Sealing of the V?-als_ 

The evacuated vials were sealed by fusing the glass belmv 

the taper joint. The overall length of the v:.tal at this stage llas 

only 11 inches of which the sample occuppied 3 inches. After the 

first set of experiments, ~he vial geometry was altered so that the 

sample received a uniform dose from the source (See Figure A.2.4.1). 

When the vial 'tvas dropped into place in the sample holder only about 

4 inches of it was in~ersed in the oil. The chosen temperatures were 

all above the boiling point of styrene monomer (145.2°C = styrene B.P.) 

(22). Thus distillation of styrene monomer occurred. with condensation 

of monomer in the t:>p part of the vial which 'tolas out of the oil bath. 

So, originally there was a. mixture of liquid styrene monomer in the top 

and solid polymer in the bottom of the vial. In order to avoid this 

condition in subsequent experiments, the vial was sealed 4 inches from 

the bottom. 

A.3 Sample Irradiation 

Because of the high rates of polym.erization v7hich were expected 

at the chosen temperatures it was felt neces.sary to handle the samples 

faster and more reproducibily than the ~ethod employed by previous 

workers in this group. 

As i.t is mentioned :in the previous works of Dean, Elar.aby 

and Sood (14, 15, 16) fer starting the sample irradiation step they 

first posit.ioned their samples in the air bath and then br.ought the 
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co6° source into position. The time_ between positioning of a sample 

in its holder and starting irradiation with the previous setting was 

about 12 minutes. During this time. interval there ~ras some thermal 

polymerization reaetion in the absence of radiation which at low 

temperatures is negligible. As the· reac·tion temperature increases 

this error becomes increasingly significant. For example, at 160°C 

after 12 minutes, the thermal conversion is almost 23% and at 200°C 

is about 68%. For kinetic study in this range of te·i!Jperatures one 

should polyermize the samples in minutes. In order to prevent any 

lag of time it !.Vas decided to position the source first in its 

place in the oil bc:,.th and then fix the sample in its position. This 

could be done from outside of the hot cell and with the aid of the 

manipulators. A dewar flask ice !:>ath was provided and shielded from 

radiation by a 4 inch lead block. Five or six samples were kept in 

this flask in the ice and water. Hith the samples in the flask anci 

having the desired temperature in the oil bath th•~ source was brought 

into position. 

The marked. samples were picked up by manipulators and dropped 

into the funnels of the sample holder. A set of thre;e stop watches 

TPrere used for recording the time. A sample ,,ial of monomer was kept 

unpolymerized in the flask during each batch of irradiation for 

determination of the pre-::f.rradiation polymerization in the other samples 

d1Jd.ng the tlme which the sou:c.::t: was up. Start and end of each 

reaction in every vial ~·as recorded -p:r.~cisely with an accuracy of 

1 
better than 

3 
minutes. When the irradiation time was completed the 



samples were removed immediately from the "reactor and dropped in the 

ice bath. 

A.4 

A.4.1 

Determination of Conversion 

Introduction 

Several procedures have been developed for determining the 

amount of polymer in styrene monomer. Each method fits a specific 

need. For very low concentration. of polymer in mon~mer the turbi-

dimetry method can be used. This test is satisfactory for polyr11ers 

in the range of 0.0005 to 0.25 percent by weight. The distillation 

gravimetric procedure is recommended where the investigator is interested 

in dimer, trimer and other low molecular weight materials besides 

polymer. The viscosity of the monomer also &ffords a qualitative 

indication of the presence of polymer. The gravimetric procedure is 

intended for higher concentrations of polymer and is strictly a 

laboratory method. These methods apply equally well to styrene 

derivatives, however, not all form easily filterable precipitates. 

A.4.2 Gravimetric Method 

This method is intended to determine appreciable quantities 

of polymer in styrene monomer. For most samples the vial t-Tas Qpened 

and the mixture was poured into a 150 ML pre-1.veighed beaker :.:.rhich 

contained small amounts of hydroquinone as an inhibitor. After 

adding the sample, the beaker was weighed again and the weight of 

polymer-m<ntomer mixture was determined ~-;ith an accur::Jcy of be:tt~r· 
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than 0.1%. Hydroquinone was added as an inhibitor because it is 

believed that the inhibitation of styrene polymerization by this 

substance is nulif:Led in the absence of oxygen. Since benzoquinone 

retains its activity in the absence of oxygen, it was concluded that 

hydroquinone is oxJ.dized to benzoquinone by reduction of styrene

oxygen compo'.lnd which is formed in the presence of oxygen, thus 

preventing catalysis. The stabilization reaction then takes place 

between the activated styrene, if any, and the quinone (67). 

1-4 dioxane was used to dissolve the sample. The quantity 

of dioxane used l-ras great.er for viscous samples but in most cases was 

less than 60 ML. The beaker was covered with aluminum foil and allowed 

to stand until the polymer 'tvas completely dissolved. This requires 

overnight for a higher molecular weight material. After the sample 

had dissolved it wa::; thoroughly mixed and poured with vigorous stirring 

into 600-800 ML of d::-y methanol in a 1000 }fL beaker. The small beaker 

was rinsed with an additional 50 ML of methanol v;hich is added to the 

c.ontents of the large beaker. The operation was properly carried out, 

so that there was no polymer left in the small beaker. 

Yn·.a mixture was left overnight until the precipitate had 

coagulated and settled ·to the bottom of the beaker. The precipitate 

was filtered off on 50 ML pyrex glass crucibles. A large portion of 

methanol was decanted and the solids were then transferred to the 

filter. In transferring and washing the poJymer nearly 1.25 11L of dry 

methanol was used. 
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Although polystyrene is insoluble in methanol it is probable 

that the dimers, trimers and orher low molecular weight polymers 

\vould be soluble (38). The precipitate was dried fclr at least 18 hours 

in a vacuum oven at 50°C. 

The crucible was allowed to cool in a desiccator and was then 

weighed. Subsequent redrying and reweighing of the precipitate showed 

no significant char;ge indicating that the drying procedure was 

satisfactory. Percent conversion was determined. 

The accuracy of the gravimetric method is good up to nearly 

95% conversion but beyond this level of conversion one should use other 

procedures such as ultraviol~t spectro~hotometry to determine residual 

monomer (38, 21, 18, 15). This method will be completely explained 

in the next sectionQ 

A.5 

A.5.1 

Spectrophotometric Analysis f9r Residual Monomer in Polystyrene 
(Determination of Conversion Beyond 95%~ 

Introduction 

The pronounced effect of residual monomer on the physical 

properties, molding chara~teristics and application in food packaging 

of commercial polystyrene makes the determination of residual monomer 

in the polymer important. The determination of conversion beyond 95% 

by grat.rirnetric methods is not accurate enough to distinguish the 

difference of conversion of about 0.5% and under. This has been 

reported by other workers also (15, 16, 18). 

On account of the retention of styrene by polystyrene, 

especially by large particles, the. usual determinat:i.on of total 
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volatile matter by treatment with heat and vacuum often give~ lmv 

results. In a single determination, the frozen benzene technique 

of Lewis and Mayo (56) removed the styrene quantitatively but left 

in its place a fe~ tenths of a percent of benzene. 

Based on the fact that styrene has an ultraviolet radiation 

absorption peak at a wave length of 245 m].l, a rapid and accurate 

method for the determination of monomeric styrene in a polymer-moncm~r 

system was developed by several w·orkers (57, 21). 

At this wave length styrene has nearly 100 times the absorption 

of polystyrene. Therefore, conditions are favourable for the determination 

of small amounts of residual styrene in polystyrene and consequently 

determination of conversions beyond 95% by absorption measUL·ements in 

this spectral region. It has been claimed (57) that the accuracy of 

this method is around ± 0.02%. 

A.5.2 Principles 

Spectroscopy is one of the calorimetric methods of analysis. 

The quantitative relationships between the crJmposition and physical 

arrangement of the. test solution and t:he fractions of incident light 

absorbed may be expressed mathematically by Lambert and Beer's laws. 

The Lambert law relates the ratio of the intensity of light transmitted 

by a medium to the intensity of light incident upon that medium to 

the thickness of that medium. There are no knmil'!'! exceptions to the 

Lambert la-v1. 

The Beer laTH' deals ~.;ritb. solutions of solutes which absorb 
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light and relate the ratios of the i.ntensity of light transmitted by a 

solution to the intensity of light incident upon that solution to the 

concentration of the solute. 

The Beer law is generally applicable only. to solutions of 

relatively low concentrations of solutes, as the activity coefficients 

generally decrease from unity as the concentration is increased. 

The combination of these two laws serves as a. basis for much 

of the calorimetri·~ analysis. This law may be statea mathematically 

as 

Io 
log -·- = abc 

I 

a, b, c, I and IO areabsorbancycoe.fficie:;J.t, thickness of sample, 

concentration of sample solution, intensity of light transmitted through 

the system and the intensity of light falling upon the system 

respectively. The quantity (log 10 Io/I) is often designated the 

absorbance and given the symbol (A). Transaittance can be defined as 

T = I/Io 

A= log 1/T ; a.b.c. 

The Lambert-Beer law is applicable, of course, only when its co~ponent 

parts are applicable. Since there are no known exceptions to the 

Lambert laTtT, all apparent inapplicabilities of che combined la~t1 are 

due to the conce.ntration factor. If the absorbance of a compound is 

directly p;::oportio:tal to the concentration, the compounds f.:cllow the 
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combined law. In this case it is possible to substitute values in 

the equation and to determine mathematically .the conc~.:mtration of a 

compound by comparing its absorbance with the absorbance of the same 

compound at known concentration. If the absorbance of a compound 

follows the Lambert-Beer's law, a plot of the data in terll$ of 

absorbancy, A versus concentration c, yields a straight line passing 

through the origin. More often than not, a plot of data over a wide 

range of concentration of a coloured ionic solute yields a graph 

such as that of Figure A. 5. 2, signifying that the la~v is appl:tcab le 

only up to concentration q. 

More details about the photcnetric error in concentration 

resulting from instrumental erro~ of the absorbance measurement can 

be found in references (18, 58), and in most of the quantitative 

Chemical analysis books (59). 

The error analysis (18) indicates that one should altvays 

adjust the conc:entration of the sample solution such that it:s trc:.ns

Jnittance falls between 0.1 to 0.7 (corresponding to absorbance values 

between 1 and 0.15). 

A.5.3 Equipment and Method of Analysis 

The apparatus was a Beckman Hodel DK-lA spectrophotometer. 

This model utilizes a single beam of energy which is chopped into 

alternate reference and sawple beams to provide a double beam system 

within the sample compartment. The apparatus is able to record 

percent transmittance, absorbance, or energy versus wave leugth 
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continuously over a wide range from below 185 m11 up to 3500 milli

microns. Radiation is provided in the wave length :::ange belm.; 375 m11 

by a hydrogen lamp; a tungsten lamp is used in t:he 320-3500 milli

micron wave length range. Two absorption cells of 1 em path length 

rectangular vdth the thickness of 1 em made from silica were used. 

For more specific.:~.tions and operation instructions the spectro

photometer manual is recommended (58). 

Eisenbran<i et. al. (57) have suggested the following method 

for U.V. spectrophotometric analysis of residual styrene monomer. As 

it was mentioned before~ Beer's law has some inapplicabilities due to 

the concentration factor and the error analysis shown (18) that one 

should adjust the concentration of sample in solution such that its 

transmittance falls between 0.1 to 0. 7 C•)rresponding to absorbance 

of 1 to 0.15. The minimum error for concentrations occurs at absorbance 

of 0.37 or transmittance of 0.43 (18). This is corresponding to a 

styrene concentrai:ion of 0. 3 mg/100 't-IT.. (from calibration curve Figure 

A.5.3.1). Based on this fact the follmving table v7as prepared, which 

will provide the weight of polymer san;ples at various conversions 

corresponding to the desired range of absorbance or transmittance. 

In order to have a suitable solution sample one has to know 

the conversion of the sample fairly accurately. With the consideration 

of gravimetric results this condition can be achieYed easily. The 

detr..iled procedure of srtillple preparatic:::-L and analysis was done as 

follOIITS: 
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TABLE A.5.3.1 

% Conversion % Styrene Recormr..ended wt. 
of sample 

10 90 1.67 mg 

20 80 1.88 

50 50 3.0 

70 30 5.0 

90 10 15.0 

95 5 30.0 

98 2 75.0 

99 1 150.0 

99.5 0.5 300.0 

S•9. 9 0.1 1500.0 



1) the required ~1eight of the samples were mee.sured 

accurately and transferred into a 50 ML volumetric 

flask containing 30 MJ4 analytical grade chloroform. 

The solution was allowed to sit overnj_ght to ensure 

the dissolution of the polymer present. It was 

then made up to volume ~Jith the addition of 

chloroform. 

2) 10 ML of the above solution was added slm~J.y into 

90 ML of analytical grade methanol (delivered 

accurately by a burette) into a 150 ML beaker to 

allow the precipitation of polymer. 

3) the resulting mh~.ture was then filtered through 

a 50 ML coarse sintered glass crucible, and the 

filtrate was the sample solution for absorption 

tneasurement. 

4) reference solution was a 10% chloroform in methanol 

(both reagent grade) which was prepared similarly 

to the sample solution preparation. 

5) the absorbance and transmittance of the sample 

were both measured at 245 mll. The concentration 

of styrene {C mg/100 ML) in the sa.:uple. vras dett:;rt;uin.o,d 

from the standard calibration curve (prepared by 

Eisenbrand et.al (57). 
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A.5.4 

6) Mg of styrene in sample = 5 C (5 is the dilution 

50 factor 10 = 5. 

Percent of styrene in se~ple = ~ f 1 (mg)x 100 wt. o samp e 
5 C (mg) 

Therefo~~e, percent conversion = 100 - percent of 

styrene in the sample 

Results and Discussion 

By the above method styrene monomers were detected in different 

samples which have conversion beyond 90%. The results of polymer 
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samples are given in Table A.5.4.1. It has been tried to have absorbance-

transmittance values in the desired range. 

All absorbance and transmittance were read at 245 m~. At this 

wave length the presence of impurities such as benzene, toluene, ethyl-

benzene, diethylbenzene and so forth, see1ns not to interfere greatly 

unless they occur in quantitites greater than that of the styrene present. 

The above substances have roughly 10% of the a~sorption of styrene at 

245 m~. If the impurities are ethylvinylbenzene or divinylbenzene, then 

ultraviolet absorption is not satisfactory because while the absorption 

of the former is about the same as that of styrene, that of divinyl-

benzene is about ten times as much at about the same 'vave lengths. The 

245 m~ was chosen because it was assumed that there were no such 

impurities. Another objection to this method can be related to 

incap,::~b:Uity of the technique in the case of unknmm converted samples 

which would require tr5.al and error to obtain an acceptable concentration. 



Also, the method is not sensitive enough for low conversion samples 

as it requires too small amounts of sample. As is clea~ from 

Table A.5.3.1, conversions beyond 99.9% are difficult to measure 

because of high polymer concentrations. 

In summary, the spectophotometric method of analysis of poly

styrene for residual monomer has several advantages and some limitations. 

No treatment of sample other than solution is required. The method 

is rapid, and has precision and accuracy suitable folt measurements at 

high conversion if the conversion of sample isknown to lie ± 0.1%. 

This method is applicable also for quality control. 
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TABLE A.5.4.1 

Results of U.V. Spectrophotometric Neasurements 

Sample Sample A T % CONVERSION 
No. wt. 

{mg) Absorbance Transmittance From A From T Average 

A1Rl8 14.6 0.53 0.295 87.40 87.41 87.4 
AlR19 28.44 0.545 0.285 93.25 93.15 93.2 
AlR20 40.0 0.37 0.418 96.78 96.82 96.8 
A1R21 152.12 0.30 0.501 99.30 99. 3·4 99.3 
A1R22 148.8 0.26 0.549 99.39 99.42 99.4 
A1R23 152.15 0.20 0.631 99.53 99.48 99.5 
A1R24 307.16 0.28 0.531 99.69 99.70 99.7 
A1R25 310.29 0.20 0.631 99.78 99.81 99.8 
A2R8 17.6 0.69 0.204 86.24 86.4 86.3 
A2R9 26.8 0.45 0.355 94.12 94.1 94.1 
A2Rl0 31.4 0.29 0.513 96.82 96.80 96.8 
A2Rll 101.5 o:24 0.575 99.16 99.48 99.3 
A2Rl2 109.0 0.21 0.616 99.28 99.53 99.4 
A2Rl3 107.3 0.18 IJ.661 99.42 99-63 44.') 

A2Rl4 105.0 0.13 0. 7L•l 99.59 99.74 99.6 
A2R15 113.0 0.09 0.812 99.71 99.82 99.8 
AT21 22.43 0.415 0.384 93.57 93.62 93.6 
AT22 62.71 0.53 0.295 97.05 97.1 97.0 
AT23 76.92 0.45 0.355 97.91 98.1 98.0 
AT24 145.13 0.42 0.380 99.0 99.1 99.0 
AT25 148.3 0.345 0.452 99.2 99.21 99.2 
BlR9 18.26 0.445 0.359 91.40 91.82 91.6 
BlRlO 45.4 0.475 0.335 96.32 96.10 96.2 
BlR11 93.2 0.45 0.355 98.30 98.28 98.3 
BlR12 234.13 0.43 0.371 99.36 99.43 99.4 
BlR13 300.22 0.74 0.182 99.14 99.89 99.5 
BlR14 301.43 0.32 0.478 99.64 99.76 99.7 
BlR15 302.14 0.26 0.549 - 99.70 99.91 99.8 
B2R9 17.25 0.475 0.335 90.41 91.60 91.5 
B2Rl0 43.14 ·0.6 0.251 95.11 95.8 95. L•8 
B2Rll 100.13 0.575 0.266 98.0 98.28 98.14 
B2Rl2 295.43 0.52 0.302 99.39 99.40 99 .l. 
B2Rl3 298.14 0.33 0. 468 99.61 99.L•7 99.54 
B2Rl4 300.24 0.235 0.582 99.73 99.76 99.75 
B2R15 304.13 0.09 0.812 99.90 99.91 99.9 

Continued •••• 
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TABLE A.5.4.1 

(Continued) 

Sample Sample A T % CONVERSION 
No. wt. 

(mg) Absorbance Transmittance From A From T Average 

BTll 19.8 0.32 0.478 94.5 93.80 94.1 
BT12 20.2 0.29 0.513 95.1 96.0 95.5 
BT13 26.8 0.26 0.549 96.6 95.91 96.2 
BT14 65.2 0.53 0.295 97.15 97.1 97.1 
BT15 100.4 0.52 0.302 98.21 97.91 98.05 
BT16 102.1 0.45 0.355 98 •. 41 98.59 98.5 
ClRll 24.1 0.48 0.468 93.21 93.60 93.4 
ClR12 85.4 0.31 0.488 98.74 98.94 98.8 
ClR13 59.1 0.238 0.579 98.61 98.87 98.8 
ClR14 80.0 0.108 0. 778 99.53 99.56 99.6 
C1Rl5 157 .o 0.108 0. 778 99.76 99.77 99.8 
ClR16 172.6 0.09 0.812 99.92 99 ~83 99.9 
ClR17 310.0 0.088 0.816 99.91 99.91 99.91 
CT12 25.5 0.56 0.275 93.32 92.1 92.2 
.CT13 34.9 0.36 0.436 94.31 94.35 94.3 
CT14 30.7 0.33 0.468 96.73 96.68 96.7 
CT15 70.8 0.28 0.531 97.90 97.91 97.9 
CT16 75.0 0.33 0.468 98.48 98.42 98.4 
DlRlO 18.22 0.52 0.302 90.19 90.21 90.2 
DlR11 52.28 0.545 0.285 96.40 96.52 96.4 
DlR12 181.0 0.415 0.383 99.20 99.21 99.2 
DlR13 300.17 0.13 0.741 99.85 99.90 99.9 
D1R14 301.23 0.07 0.852 99.92 99.94 99.93 
D1R15 324.5 0.00 1.00 100.0 100.0 100.0 
DlR16 320.5 0.00 1.00 100.0 100.0 100.0 
D2R9 16.7 0.445 0.359 90.72 90.9 90.8 
D2R10 50.21 0.53 0.295 96.31 96.34 96.3 
D2R11 161 ... 0 0.39 0.407 99.18 99.21 99.2 
D2Rl2 300.42 0.08 0.832 99.91 99.90 99.91 
D2Rl3 304.23 0.062 0.867 99.93 99.91 99.92 
D2R14 322.15 0.048 0.895 99.95 99.96 99.95 
D2Rl5 323.1 0.00 1.00 100.0 100.0 100.0 
DT12 15.21 0.275 0.531 93.82 93.79 93.8 
DT13 42.15 0.575 0.266 95.23 95 .. 4 95.3 
DT14 42.0 0.45 0.355 96.23 96.18 96.2 
DT15 42.4 o.LJ3 0.371 96.40 96.41 96.4 
DT16 70.3 0.545 0.285 97.32 97.31 97.3 
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APPENDIX B 

Dosimetry 

B.l Introduction 

When high energy radiation is used to produce a change in matter 

whether a physical change, as in the testing of materials for use in 

reactors, or a chemical change, as in the polymerization of plastics, the 

radiation must be n:easured and controlled. The measurement of radiation 

in situations such as these constitutes the subject of radiation dosimetry. 

When a beam of radiation traverses matter three types of 

physical information may be of interest. 

1) The spectral distribution of the radiation, 

2) the intensity of radiation at some point~ 

3) the amount of energy absorbed per unit mass at a 

point in the irradiated material. In most 

applications however, what is of primary signi

ficance is not the energy ·in the beam but che 

energy abscrbed per unit mass of irradiated material. 

A biological effect, for example, musL depend on the 

amount of energy locally absorbed at the point in 

question, rather than on the amount of energy passing 

through this point. The radiation chemist requires 

to know the energy in e. V. absorbed by his system. 

This is a matter for radiation doaimet1y. 



Radiation dosimetry can be accomplished either by absolute 

methods or relative methods. In absolute dosimetry the absorbed dose 

will be measured directly. Several different methods have been used 

for this purpose. Calorimetry is one of the most direct methods, since 

it provides a direct measure of the temperature rise of a system. This 

cannot be done where a chemical change is induced unless the heat of 

reaction can be calculated. Ionization methods have been used widely in 

radiotherapy. In this method with an ionization chamber it is possible 

to measure the total number of ions produced by the source in air in a 

given time. There are some principal difficulties in using ionization 

chambers for the dosimetry of chemical systems (34). 

For relative dosimetry, once a radiation field has been 

explored by an absolute method of dosimetry, it is possible to calibrate 

other radiation indicators in this field by exposing them to a well

defined radiation dose and thereafter using the same indicator for 

further doee determinations. A large number of indicators have already 

been proposed fot radiation dosimetry, based both on physical and on 

chemical methods. A brief description is given of some of the most 

important physical and chemical methods which are suitable for use in 

radiation chemistry. 

B.l.l Calorimetric and Photographic }fethods 

In calorit:tetric and photographic methods, a large number of 

solid substances such as glasses, crystals, plastics, etc. become 
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discoloured or change colour when exposed to ionizing radiations. In 

principle, all these colour changes, when measured quantitatively, 

can be used for dosimetry. However, in order to provide a suitable 

dosimeter several requirements must be fulfilled: 

1) the relationship beaqeen dose and optical density 

change should be linear and independent of dose rate. 

2) the final optical density should be reproducible and 

stable in time after irradiation. 

3) the measured change should be insensitive to external 

factors sach as temperature and light. 

4) the respo.nse should be independent of radiation 

quality over a wide range of energies. 

A number of systematic studies have been carried out with glasses of 

various compositions. The stability of the discolouration after irradi

ation was found to improve when the glass was submitted to a standard 

heat treatment (66, 14). 

Chemical methods are the most convenient techniques of dosimetry. 
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This method has beer. considered in the present work and will be discussed 

in more detail in the follo~dng section. Other methods such as the 

calculation from source streng~h technique~ charge collection methods 

and cobalt glass dosimetry can be found in detail in references (34, 14, 

66), respectively. 



B.2 Principles 

The chemical dosimetry method is to irradiate in the place of the 

system of interest a system with a known yield. From measurement of 

the amount of chemical change in this system it is then possible to 

calculate the absorbed dose, and hence the dose received by the system 

of interest. 

One of the most significant features of chemical methods is the 

fact that while with ionization or calorimetric methods one is bound to 

introduce into the radiation field some additional absorbing substances 

which may actually change the irradiation geometry, a carefully chosen 

chemical dosimeter can often be irradiated under conditions identical 

to those of the system under investigation. 

It should b·~ noted that using a chemical dosimeter for determinj_ng 

the radiation chemical yield of another radiation chemical reaction is 

in fact equivalent to expressing the yield of the chemical system under 

investigation with reference to the yield of a T.Vell-kno"to.rn standard 

reaction which has been thoroughly investigated. It is desirable that 

a system to be used for dosimetry should satisfy the following criteria. 

1) the chemical change brought about by the absorption of a 

given radiation dose should be independent of 

i) the concentration of the active substance and 

of the final product throughout a broad range 

ii) radiation dose-rate 

iii) radiation quality 
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iv) any further changes which may occur during 

the reaction such as pH changes, concentration 

changes, the formation of gases, etc. 

2) The chemical requi~ements are: 

i) easy analytical determination of chemical change 

ii) the possibility of using ordinary 'ANALAR' 

reagents, without further purification. 

iii) adequate stability of the solutions under ordinary 

storage conditions at room temperature and in the 

presence 0f air and light. 

iv) the me&< atomic number should be close to that of 

the system of interest. 

So far, no system has been found which meets all these requirements. 

Several sys terns are, hov1ever, close enough to the ideal dosimeter 

to lead to important practical applications. 

The chemical reaction which has been studied most extensively 

for dosimetry purposes is the radiation-induced oxidation of aerated 

solutions of ferrous ammonium sulphate in nearly 0.1 N su~ph'Gr.ic a:::id. 

Some workers used 0.8 N sulphuric acid, but 0.1 N is closer to water 

in mean atonrlc number. The ferric yields in the two systems are the 

same to within 3%. 

Chapiro has suggested the oxidation yield of 1.5.6 ± 0.5 for 
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gamma rays of quantum energies above 100 ~.e.V. The yields are expressed 

in terms of G(Fe3+) values. The definition of "G Value" has been given 

in the previous sections. 

In order to obtain satisfactory results with the ferrous-ferric 

ion dosimeter it is important to satisfy a number of experimental 

requirements. The most important precautions to be observed are: 

1) use of highly cleaned irradiation cells and dishes 

for handling the dosimetric solution, 

2) avoiding contamination by traces of organic substances, 

3) preventing oxygen depletion in the solution during 

irradiation, or in other words, care must be taken 

that oxy5en is not exhausted locally in the solution, 

4) water should be distilled from alkali.ne permanganate 

because the most troublesome impurities in the water 

are organic and these cannot be removed by distillation 

or passage through ion-exchange resins. 

Spectrophotometric analysis could be used as an accurate 

method of determination of the ferric ions formed. The Q~ual wave 

length used is 304m~, the maximum in the optical absorption curve. 

The absorbed dose rate received by a ferrous sulphate solutions may 

be calculated from the formula 

or 
Absorbed dose (rad) = 2.94 x 10~(1-0.007 t) J.D. 

Absorbed dose(eV/g) = 1.84 x 1018(1-0.007 t) O,D. 

B.2.1 

B.2.2 
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where 0 .D. j_s equal to optical density of .i.l·radiated solution at 304 m~ 

meascred in 1 err. cells l•d.th uni!:'YadiPted saJ.ution 2R blank an.d t = 

temperat~re in °C at which O.D. was measured mi~us 20°C. 

To calc.ulate the absorbed dose one should consider that energy 

absorption in one system can be related to energy absorpt:i.on in another 

system by comparing the 11stopping power" or energy absorption coefficients 

of the two systems. If the dose rate DA for system A is required and 

the dose rate DB fo:c system B is known, then 

B.2.3 

will relate the two dose rates, where (~) is the mass energy absorption 

coefficient of each system. Mass energy absorption coefficients for 

any material are a function of the photon energy of the radiation. 

For a given photon energy, the mass energy absorption coefficient 

for any compound X Y is given by 
mn 

B.2.4 

where (*)X and (*)y are the mass energy coefficients of elements X and 

Y, t-:X and Hy are the weights of element X and Y divided by the total 

molecular v7eight of the compound, and m and n represent the number of 

times each element occurs in the compound. The value of (~) for 
p 

some elements and compounds are given by (60). 
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After &11, this chemical dosimetry method is more acc1,1rate i::J the :range of 

total dose of 1 :~ 101 8 C-!V/g to ~.!l x 1018 eV/g. 

B.3 Equipment and Meth~g~Ea~s~~ 

B.3.1 Equipment 

A U.V. spectrophotometer model DK-lA was used for analysis of the 

samples. This model utilizes a single beam of energy 't·Thich is chopped 

into alternate reference and sample beams to provide a double beam 

system within the sample compartment. For more information about the 

specifications and methods cf operation the reader is referred to (58, 59). 

B.3.2 Sample Preparation 

A dosimetric solution consi.sting of 0.001 H ferrous ammonium 

sulphate, 0.001 M sodium chloride and OJ• H sulfuri.c acid was prepared 

using distilled \•Tater obtained by douole distillation from an alkaline 

permanganate solution which was prepared by adding a few pellets of 

NaoH to a liter of 0.1 N K}fuo4. For conv£aience a stock solution of 

0.5 M in Fe~r (ferrous ammonium sulphate) and 0.5 M in sodium chloride 

\vas prepared first because this solution can be stored for up to 3 

months (30). 

When the te:~t was to be run, 2 ML of the above stock solution 

was added to 1 liter of a solution of 0. 4 ~1 sulfuric acid that had 

been saturated with oxygen dt..ring the s2.me day. For introducing the 

oxygen a clean dust free glass tubing ~dth a special porcelain bubbler 

attached 'l:vas used. The saturation of the solution with oxygen was 



(':ondur..;ted· for sr~ver.al hours hefnre fi11ing the same expe.rimsn.tal vials 

(reaction: vials~ se:ction A.l. 2) -v;ith this solutio;:1. Sevexal vials were 

filled with the Golution and used i::r irradiation. 

All containe.rs in this experiment were cleaned with chromic.

sulfuric acid cleaning solution and rinsed thoroughly three times with 

distj_lled vTatcr. Extrem·~ precautions vere ta!cen in order to prevent 

any contamination of the glassware with organic substances, dust and 

copper materi.als. It should be mentioned here that all reagents 

were analytical grade. 

B.3.3 Sample Irradiation 

Several vials identical to those t>sed for the polymerization 

reacti.on tv ere cleaned carefully and filled with approximately 1. 5 cc 

of dosimetric solution (Fricke solution). From previous data prepared 

by Elaraby (15) the source strength was known to be approximately 50 

rad/sec at a 4 inch distance and 20 rad/sec at e. 6 inch distance, 

which require that the Fricke solution be exposed for a maximum of 

270 seconds in ~ inches distance (1st slot in sample holder) and 

330 seconds in a 6 inch distance, so it r,vould not receive more than 

the allov1able maximum dose. In estimation of the above required times 

the 'make ready' time for movlng the samples in and cut of the 

radiation field have been considered. 

The same procedure as in sample irradiation step A.3 were 

used here for positioning and irradiatin~ of Fricke solution, except 

that this experiment was conducted at ambient temperature. 
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B.3.4 Analysis 

After the irradiation time vJas. completed the s.:mrples wete:. 

removed from the radiation field and the contents of the vials we:re 

poured into the 1 em matched '.PHtrtz cell of t!1e U. V. cpectrcpl':.oto::neter 

by the use of a thoroughly cleaned long need]ed hypodermic: 10 cc syringe, 

The optical density of the specimen 1.·7as detenn:!.ned by scanning the 

sample from 310 m~, to 300 mil and using the reading a:: .304 t.l].l. A 

portion of unirradiated ferrous solution was used as a blank i11 the 

·spectrophotometer. Also, unirradiat~d Fricke solution l..ra:::: run bet-..:een 

each irr<tdiated sample to reset the base line. All of these measure·-

ments were made in the same day. 

B.4 Results and Discussio~ 

The measured optical density of the irradiated sample which is 

actually the ferric ion concentration can be converted to absorbed 

dose using the formula in B.2.1. The results Rre given in Table B.4.1. 

These experimentally determined dose rates are the absorbed 

dose in water. For calculation of the absorbed dose in styrene, equation 

B.2.4 was used. The value of mass-energy absorption coefficient (~) 
p 

for styrene and water were obtained from (60). 

u For styrene (CaHa) ~ = 0.02876 
p 

For water (H20) R = 0.02970 
p 

Then the absorbed dose in styrene is given by 



Sample 
No. 

1 

Distance 
inches 

3 3-
8 

TABLE B.4.1 

Dose Rate from FI"icke Dosimet:..JEX 

Total Irradiation 
Time (sec.) 

270 

O.D. 
(Absorbance) 

0.498 

Total Absorption Dose Rate . . :-~/---~ 
D R d R d/ 

Ave. L'l.a,.J ::;e :z. 
ose a a sec. . 

-------------------1 
I 

I 
I 

• . . -- . 4 
J.. 4.i../.~ X lU 52.33 

' • i .,u v ••• u •.•• u. X... ....• I 
I I 

51.91 
n 

' 
3 3 -a 270 0.490 1.3902 X 104 Sl.l~S 

I 3 6 330 0.235 0.6667 X 104 20.63 l 
! 20. 'l2 i 
I 4 6 330 0.24 0.6809 X 104 20.20 I 

·- --~' 

" 

,.~ ..._, 
N 
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At ~~ inches distance: 

Dose rate/styrene 0.02876 
= 51.91 x 0.02970 ~ 50.27 Rads/sec 

At 6 inches distance: 

D I 20. ~.-7 0.02876 = ose rate styrene= '~ x 0 •02970 19.77 Rads/sec 

The results of Fricke dosimetry method can have an estimated probable 

error up to 5%. This err.or can be caused by short time of irradiation 

and especially the presence of impurities. 

Small quanr:ities of impm:ities can exert a powerful influence 

on radiation induced reactions. A 10-3 H squeous solution might, if 

care were not taken, contain more impurity than solute, leading to 

spurious results. But, if the necessary precautions were taken into 

account in preparation of the sample solutions and analysis, this 

method can be applied to any radiation geometry and to any type of 

radiation cell. Moreover, no effect on accuracy of the measurement of 

radiation dose is observed up to rates of 107 rads/hr. 

The accuracy o£ this method is not significantly changed by 

va~ing temperature of the system between 0 to 50°C during irradiation. 

Also, this method has been shown to be independent of energ'J in the 

range of 0.1 to 2 MeV. It thus appears that chemical methods of 

dosimetry provide unique features of great importance to the chemist 

and this accounts for their increasing popularity in most radiation 

chemical studies. 
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APPENDIX C 

Gel Ferme~tion Chromatographv (G.P.C.L 

C.l -Introduction 

Synthetic high polymers are a mixture vf compounds p:cepared frou: 

the same monomer or monomers but of a range of mclecular weight. Although 

the chemical structure of the repeat-ing units ;i_s of first importance in 

governing the properties of a polymer, the flow of the polymer is 

influenced strongly by its average molecular weight. In practice, a 

knowledge of the average molecular weight is,needed to understand the 

behaviour of the polymer in extrusion, in film forming, and in many 

othe1.· methods of fabrication. In research these characteristics are 

needed to define sa~les for precise physical and mechanical measurements 

and to define products in polymerization kinetics studies. In order 

to establish such an experimental regime, it is necessary to perfo~m 

hundreds of analyses of molecular weight distribution, There are 

several useful methods for the deter.nination of average molecular weights, 

but until the recent development of Gel Permeation Chromatography (G.P.C.) 

there were hardly any practical methods for the determination of the 

distribution of molecular weights. 

One of the most successful methods in the determination of :t-1. W .D. 

is Gel Permeation Chromatography (G.P.C.). Because of its ease of 

operation and success in a large rang~ of molecular separations, G.P.C. 

has gained quick and wide acceptance by polymer chemists i-n many fields. 



'17he commercial G ,.P. C. l~?as first i·(tt:roduced by i.Jate:rs Associates In~. in 

1963. 

Sir.ce the first paper published by Hoore {53) in 19611 on the 

G.P.C. there have appeared already, a large number of articles dealing 

xdth the mechanism of G.P .c. separation, interpretation of the G-.P .C. 

chromatogram, and examples of its application. Most of this information 

can be found in (14, 18, 52~ 54). 

This technique is discussed here because it ~as decided t3at 

molecular weight distributicn might have ar. important bearing on the 

elucidations of high tenpcrarure polymerization. 

This investigation was aimed at finding out the differences, if 

any! bea·1een the average molecular vreights of the produced polymers. 

'IWenty-eight samples were studied of T,.rhich 18 ~vere e.nalyzed by the 

Polymer Corporation Laboratories, Sarnia, Ontario and the rest in our 

laboratories. 

C.2 Principles 

Gel Permeation Chromatography is a term which was introduced in 

1964 by J. Hoare of the Dow Chemical .Company to describe the technique 

175 

of molecular size separation accomplished on a gel column using liquid 

chromatography apparatus. The term gel permeation is derived from the 

method of separation on a column consisting of highly cross-linked 

polystyrene gel with a liquid structure. Separation then occurs on the 

basis of the permeability of the gel. Molecules smaller than the maximum 



, . ..,,. 
·'· :c 

pore size enter the gel and molecules larg~r than the nax:'.r!:un pore ~dze 

pass through the colu:nm in the interstitial \10lmn<L So, s.::paration is 

according to their size. The smalle:r molecules· r.:~u:i.:.ce r;to·ce· solve-:,t·. 

to elute them through the column. Also, separation takes place in a 

limited volume of column packing and depends largely or.. the Dize and 

availability of the pores of the packing mater:i.al. To obtain an £.-!.\?,D. 

u.qually expressed as the weight .fraction of each molecular species 

versus chain length or molecular weight, ~. sepa.rat:i.on of species must 

be obtained on the basis of a property that is a function of M.W. or 

c....'lain length. Fractionation makes use of the solubility variation. 

with molecular weight. Ultra-centrifugation makes use of the weight 

variation "tvith M.W. Gel Permeation Chromatography m8.kes '..tse of the 

molecular size variation r.vith molecular -c:11eight. 

A dilute solution of the polymer in the tetrahydrofuran carrier 

solvent is injected as a pulse at the inlet of the column into the 

continuous carrier solvent stream. As the polymer molecules flow 

through the column they diffuse into the gel pores, permeating the gel 

to varying degrees depending on their molecular size in the solution. 

Since the larger molecules can enter fewer pores and cannot penetrate 

as far as the smaller molecules, they move more rapidly through the 

colunms. Thus the largest molecules are eluted first, followed by 

successively smaller molecules. 

The concentration of the eluting species can be monitored 

with a suitable detector. By knowing the relatioship between elution 

volume and H.W. the resulting chromatogram of concentration versus 



elution vo1.ume can bt! converted to an absolute N.'i~.n. if th8 resolution 

is perfect. A detailed discussion oi the operation of the G.P.C. snd 

interpretation of the data can be found in referencet; (18, 52). 

C.3 Description of th~.ApEaratus 

The G.P.C. which vms used in this in'Jestigation was a standard 

Waters Units Model 100. This unit consists of the following sections: 

Solvent system, 

Sample Injection system, 

Column system, 

Detector, 

Recorder, and 

Digital translator. 

The solvent system consists of a solvent reservoir, a solve:nt 

degasser, a variable stroke positive displacement pump which pulses to 

provide a constant and controlled solvent flO';ol rate. The sample 

injection system consists of a four-part valve. The column system 

consists of one to five colt®ns in series. Each column is made of 

4 feet lengths of ~ inch stainless steel tubing packed with a ·cross

linked polystyrene gel and capped at each end. The concentra·tion of 

polymer in the column was detected by a Water 1 s differential refracto-

meter, vrhich measures the difference in refractive index betw2en the 

pure solvent and the polymer solution and as a result -~ direct measure. 

of polymer concentration. A digital translator converts the analog 

si.gnal from the refractometer into digital form, punches a paper tape 

and provides a strip chart record. 

1 "7-. 
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Solvent was eluted at a constant r<=tte so -.:i:1c.t r.etention t:ir1es 

of ::o.awples ~.;ere directly related to the .-nnoun.t o£ eo:i.vent el•1ted. The 

t>.luted solvt=mt flm-red continuously into the syphon. The discharge of 

the syphor:. triggers c:m eler.!tric. signal causing an elution 1.1a.rk on the 

chart. Each elution mark or count indl.cates a volume of 5 ¥.1 solvent 

eluted. The digital translator provides an option of read-out interval 

of 20-240 seconds and three different output formats for heights of 

G.P.C. trace, injection of sample and elution marks or counts. 

The punched tape output toras first converted to binary cards via 

the IBM tape to card punch Model-46. 'fhe binary ca.rds ~vere converted 

to digi.tal cards via the use of a Hacro-Assembly-Program (MAP) for the 

CDC-6400 computer. The digital cards were then used as input data for 

decoding and calculatio~ o£ average molecular we.ights and HviD. Figures 

C.3.1, 2, 3 shows the G.P.C. flow diagram, column cross section, and a 

typical G.P.C. chromatogram, respectively. 

C.4 Sample Preparation 

The samples for the G.P.C. were prepared by.weighing 0.0222 

grams of vacuum dried polystyrene into a preweighed sample bottle. 

These bottles were extremely cle.an and kept out of dust and other 

impurities very carefully. Nearly 12 hours before the injection, each 

sample was dissolved in 25 ML tetra.hydrofuran (THF) which ~1as obtained 

directly from the G.P.C. solvent reservoir. The solution tvas left in 

the G.P.C. room in order to reach the equilibrium temperature with 

the carrier solvent in the G.P.C. column. These precautions were 

necessary in order to reduce the errors involved in sample preparation 
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due to the presenc·~ of cust: condensation of Nater h1 air and other 

:f.mpl.trities. 

c.;; ~nalysis 

Be.ca'..lse B.n exteneive analys:i.~ of the G.P.C. data vwuld be well 

beyond the scope of this chapter it was decided to consider the recomm

ended- operating condicions (52) for the rapid analysis of 10 S?mples 

T,..;rith the G.P.C •. A dctailf~d discussion of the following conditions of 

G.P.C. operation is given in (52, 54) . 

.AlJ. sar1ples vJere analyzed with a set of 5 columns in series. 

Two different colunm packings were used, Bioglass and Styragel. The 

details of colurrin combinations are given in Table C.S.l. 

Tetrahydrofura..1 was used as carrier solvent with flow rates 

of 2 ML/min. in bioglass packing and 2.5 ML/min. in styragel column. 

The volume of solvenl discharged through the syphon in each 

count was 4.47 ML. Operating temperature was 30°C ± l°C. 2 }~ of each 

sample was injected into the G.P .C. The injection should be done after 

the discharge of the syphon which the teletype will print a 4 digit number 

started with 7. As soon as the valve has been set at the injection 

position the teletype will print a four digit number starting with 4. 

Closing the sample loop valve is done by putting it in the closed 

positlon again after the second discharge of the syphon. In other vmrds > 

the injection of the sample should be done inbetween n.ro successive 

counts. 
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I 1iTt.% Sample --- Amo~;---··-~:J.u~~~: Co~-~~-~;i~;:--T.H.;~-;low ----;·emp~--~ 
Injected Po:-:osi·~ief' in Rate ;3C -i 

Angst:i:'oms ____ .. ._ ~ 

J.X2500, 2x500~ IxlOOO 
0.25i~ 2 ML lx::.oc, 2x2.00 2 l-1L/min. 34°C · I 

I 
0.1% 2ML 

5x!06, 5xlob (7xlos, 
Sxl06 )~ 1C4 , 800 2.5 ML/min. 30"C±l"C I 

The figures for the second column is the chain length of the 
styragel. 

C.6 Results and Discussion 

This analysis was a very brief s~udy of the number average and 

weight average molecular weight of 28 polymer samples produced by two 

different methods of polymerization, i.e., thermal polymerized and 

(thermal + radiation) polymerized polystyrene. 

Due to the difficulties which arose from the plugging of the 

G.P.C. column 18 samples were analyzed by a different G.P.C. arrangement. 

As expected, the results of those analysis are somewhat higher than 

those which were analyzed here. 

Regardless of the different conditions of analysis the consis-

tency of the results are quite remarkable. The molecular weights of 

the samples ranged from 96,000- 320,000 for 1:-fl-7 and 52,000 - 124,000 for ~1 • 
n 



'fhe results of molecular weight a.vera.gC!s of all the po.lyme>. samples 

are gi~en in Table C.6.l. 



·1 S.a~ple 
I No. 

Colt;r::.n I 

'- Hncorrccted Resu1ts 
--.'--:-----'-"= 

:02R4-''
D2R8.11 
D2Rl3.2f. .. 
DT9 . .l3 
DT.ll-2i" 
DTll):$.{ 
C1R61f 
ClRlOif 
C1R121° 
ClR16;':.2 f 
C1Rl6 ;':.22. 
CT6*~~ 13 

CT6*~: '1 
CTlO IS 

CT12 ·'' 
CT1611 
BlR41° 
BllU0 1/ 

BlR14'2-
BT4/ 
BTlOf 
BT147 
AJ.R7 4 
A1Rl91 
AlR24b 

' AT7 I 

II AT19:Z· 
AT24 ~ 

Code 
1 ~ I Hw x· 10-_. 

-----1------,--1. 79 ---

1 I ~.2o 
1 
1 
1 
1 

1 
.1 
1* 
z:< 
11-* 
2** 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

• I 

I 
I 

l. 35 
2.0!~ 

1.98 
1.94 
2,06 
1.86 
J. n 
1.52* 
2.11* 
1. 76'h; 
2.16** 
2.17 
2.14 
?..01 
J.. 71 
1.57 
1.44 
1.59 
1.50 
1.45 
1.21 
l.ll 
1.05 
1.19 
o.9S 
0.97 

~-------------------~------

Column Code 1 == Styragel Colunm Packing 

0.15 
1.014 
0.520 
o. 770 
o. 772 
0.70 
1.16 
0. 72 
0.63 
0.37* 
0.98* 
0.70** 
1. 21** 
1.23 
1.24 
1.00 
C.903 
o. 824 
c. 70 
0.91 
0.81 
o. 74 
0.68 
0.62 
0.54 
0.69 
0.55 
0.52 

2,39 
3 .. 16 
3.56 

2.57 
2. 79 
1. 78 
2.60 
2.71 
4.121: 
2.15* 
2.5** 
1.79** 
1.77 
1. 73 
2.01 
1.90 
1.90 
2.1 
1. 75 
1.85 
1.96 
1. 77 
1.81 
1.93 
1.72 
1.81 
1.85 

Colm11n Code 2 = Biog1ass column Pa~king (Results from Polymer Corp.) 

* and ** are those ·samples lvhich were analyzed tvi th the two 

different columns. 

I 
--I 

j 
I 



l:o.PPENDIX Il 

Determination of Temperature Rise In~!§e YJ&ls 

1;.1 I!ltroduction 

Styrene~ like many viny 1- type compo;.mds ~ poly:neriz.s:s readily at 

elevated temperatures. Since styrene polymerization is exothermic (22), 

it behaves much like an autocatalytic reaction. A temperatur:e rise 

accelerates the rate of polymerization "t-lhich in time liberates heat 

and further riGes the temperature. This may result in a runaway reaction 

with resulting high temperatures and accompanying high p:t;essure. 

The heat of polymerization of styrene is abouL 17.8 Keel/mole 

or 160 cal/gm (22), (288 Btu/lb) of monomer. This is roughly equivalent 

to the heet of hydrogenation of one double bond. From this a simple cal

culation shows that if none of the heat of polymerization were lost,· it 

would be sufficient to raise the temperature of the polymer above 300°C. 

E>..1>erimentally, it is found that the temperature inside a reaction 

container is always higher during polymerization than the ambient 

temperature of the bath. TI1is effect varies, of course, with the size 

of the container and the rate of polymerization. Even when a container 

is no larger than a vial of 18 MM outside diameter, the excess tem~er

ature can amount to 8-l4°C (44) depending upon the effidency of heat 

tra~sfer to the surrounding medium. 

During the early stages of polymerization the monomer is 

sufficiently fluid for convection to transfer much of the excess heat 

from the center to the ~valls of the container. Further polymerization 

increases viscosity and reduces convection so that heat dissipation 
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/ must depend principally upon cor:ciuc-;t.:ion t:h:::::mgh the polymer mass. The 

thermal conuw::tivity of pobrF,tyrene :i..s very lol!l and hence, most of the 

heat of pclymer:Lzation widch :1.:: Iiber::J.ted ~~t points :m.:>re than ::t few 

nlillimeters from the walls of the reaction vial r.esults in a rise in 

the temperature of the polymerizing mass. 

For a careful kin12:tics study of.the polymerization one bas to 

consider this factor, bec:.ause the polymerization temperature affects 

not only the rate of polymerization but also the mol~cular weight of 

the product. Attempts w·erc n;ade to avoid this importa.nt cause of 

misleading results in the polymerization study by choosing the reaction 

vials as small as possible. Also thetemperature rises inside the 

vials were measured at differe~t temperatures. 

D.2 Apparatus and Procedures 

D.2.1 Temperature Rise i~ Reaction Vials 

Reaction vials of 7 MH O.D. were chosen for this investigation. 

They have a side connection of 2 }ill O.D. capillary tube was provided. 

Figure D.2.1 shows mnre detail of the vial. 

Iron-Constantan thermocouples were used for measuring the 

temperature inside the vial. Most of the other thermocouples are 

suitable for this study except copper-constantan. Experiences have 

shown that if styrene monomer contacts copper or copper-bearing alloys 

it picks up enough copper to give. definite inhilitor action during 

subsequent polyraerization (62)" 
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clean~ng t.:he tbermocoup1e. surf.:1ce :Lt was fH~nE: t"]n·o•.igh the side capillar<J 

of the v~als end the top part ·~= t'b.E:! cap::!J.l.:1ry '!,,;as sealed ··.vith special 

sealing resin (ceramic-glass R. T. v,). 

Th~ sample was then pre-pa1:ed as in section A. 2 o£ this report, 

except one section of th.e vial was sealed (top part). The other end 

of the thermocouple was connected to the recorder and ~olci junction of 

the system. In order to measure the temr_:.erai:urn inside the prepared . 

samples the follm..ring steps ~rer.e used: 

1) the sealed vial was put in the ice bath and the 

0°C was recorded for several minutes 

2) Along 1vith the first step the desired oil bath 

temperature (say l6S"'C) also was checked anci 

recorded 

3) The vial was dropped in tbe oil bath and the time 

of this action was recorded by a stop watch 

4) The recorder pen starts to record the temperature 

rise inside the vials. As soon as it records the 

equivalent temperature with the oil bath temperature 

(say 165°C) the time was recorded again. The 

difference in time recorded show~ desired time for 

the vial content to reach the required reaction 

temperature. 

With the same procedure the cooling time of the polymerized 

samples were measured except that this time the vials were put back 

lB9 
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:;_nto.:o tl:te ice b.tlh a-.:.i.d th~.~ tiiTt('; :~equiTt~d to .reach O"'C w-as measured. 

measurf.ng also i~ tmportant from th~ r,0i.nt 0f stoppi_ng tb."! n!actions at 

i: certi:lin stage. 

D. 3 Re8ul ts and Dis cu:=:s ion 

Goaling and heating times '.re-re measured for four dJ ffe~cent 

"i·emperatures. Each experiment was repeated three times and the resulted 

e.verage tim~s are sho1im in Table D. 3 .1. 

TABLE D.3.1 

rr-------·---·---- -----·------·---
Temperature Average Heat.:- A1rerage Cool-

Range Up Time Down Time 
oc Gee. Sec:. 

0 - 160 100 38 

0 - 165 90 42 

0 - 180 70 48 

0 - 200 45 52 

··------·----! 
Number of 

Samples 

3 

3 

3 

3 

It has been observed that at 200°C the temperature was still 

rising even after the fi=st 45 seconds. This rise in temperature lasted 

for nearly 3 minutes and then it sta.rted to come down and stayed at 

200°C. As can be observed from the gravimetric data in Section 7 of 

this report, in the first 3 minutes and 200°C styrene will polymerize 

up to nearly 30% conversion. This high rate of polymerization most 

probably is the cause for that excess of temperature over 200°C. 
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Obviously, this phenomenon can be observed at other temperatures 

but with lower temperature rise (because the rate of polymerization is 

lower at lower temperatures). 

The excess temperature at 200°C was about 5°C. The accuracy of 

this temperature rise is open to objection, for several reasons. The 

most important of all is the trace impurities, which even to the extent 

of a fractional PPM, may greatly alter the behaviour of a monomer during 

this polymerization process. 

Boundy and Boyer (62) have gathered a good deal of information on 

this subject. The thermocouple in the reaction vial can be counted as 

an impurity. For any kinetics study which needs accurate data one has 

to reduce the s:i.?.e ot the v:i.::~l even t:o ::~ sma.LI er diAmeter than I MM 

O.D., because the polymerization is a cumulative reaction and any factor 

which influences the start of this reaction will maintain its effect on 

the subsequent polymerization. 




