
POST-IRRADIATION STUDY OF HIGH.LY CONVERTED 

STYRENE-POLYSTYRT;NE SYSTEM.S 



POST-IRRADIATION STUDY OF HIGHLY CONVERTED 

STYRENE-POLYSTYRENE SYSTEMS 

By 

SAMY M. EI.ARABY (B.Sc. 1966) 

A Thesis 

Submitted to the Faculty of Graduate Studies 

in Partial Fulfilment of the Requirements 

for the Degree 

Master of Engineering 

McMaster University 

September 1970 



11 TO THE MEMORY OF A GREA'l' LEADER, TO NASSER 11 



" 
You've been listening at doors - and behind trees - and down 

,, 
chimneys - or you couldn't have known it. 

"I haven't indeed" Ali.ce sa:i.d very gently. "I found it in a 

book. 11 

Lewis Caroll 

"Through the Looking Glass" 



MASTER OF ENGINEERING (1970) 
(Chemical Engineering) 

McMASTER UNIVERSITY 
.HAMILTON, ONTARIO 

TITLE: 

i 

AUTHOR: 

Post-Irradiation Study of Highly Converted Styrene­
Polystyrene Systems 

s. M. Elaraby, B.Sc. (Alexandria University) 

SUPERVISOR: Dr. J. W. Hodgins 

NUMBER OF PAGES: XVI - 174 

SCOPE AND CONTENTS: 

The post-irradiation annealing of highly converted styrene-polystyrene 

systems was explored. Experimental conditions necessary for the entrapment 

of high concentrations of free radicals in such systems were investigated. 

"They were found to bear a relation to the glass transition temperature of 

the system. 

The concentration of free radicals formed by subjecting the polymer-

monomer systems to Gamma rays, at room temperature, was measured, and the 

subsequent GM and Gp valuos were calculated. The structure of the formed 

radical was found to be in agreement with that suggested by previous invest-

igators. The free radicals decay was examined at varied temperatures above 

and below T and was found -to follow a second order mechanism. gs' 1'he acti-

vation energy of decay was found to increase by raising the temperature above 

T • gs 

When irradiation was executed at temperatures below T , post-irra­
gs 

diation anneaUng led to high rates of polymeri7,ation when carried out at 

temperatures above T • 
gs 

The number average molecular weight was practically .unchanged during 

the polymerization of the last few percent monomer. 

IV 



ACKNOWLEDGEMENTS 

The author wishes to express his sincere gratitude to: 

·Dr. J. W. Hodgins for his valuable advice, guidance, and encourage~ 

ment. His excellent suggestions during the editing of this thesis 

are truly appreciated. 

Dr. S. Sood from the University of Hawaii for the generous assist­

ance and suggestions he provided to overcome the numerous experi­

mental problems encountered in the course of this project.· 

Mr. P. B. Melnyk and Mr. M. E. Beshai, fellow graduate students, for 

the valuable discussions we had during the analysis of results. 

Mr. R. Lang, fellow graduate student, for his technical help during 

the E.S.R. experimental runs. 

Miss T. MacKechnie for the zeal she showed in typing this manuscript. 

Mr. C. McKay (Chief Electronic Technician) for his effort to keep the 

instruments in excellent operational condition. 

Financial assistance provided by the Department of Chemical Engineering, 

McMaster University, is appreciated. 

The author wishes to thank his wife, Amina, for her patience and under­

standing throughout the year. 

v 



1. 

2. 

TABLE OF CONTENTS 

Introduction 

1.1. Statement of the Problem 

Review of Previous Work 

2.1. Historical Review 

2.1.l. Polystyrene and Styrene 

2.1.2. Styrene Polymerization 

2.2. Polystyrene, Its Properties and Uses 

2.3. Molecular Weights 

2.4. The Effect of residual monomer on the polymer 

properties 

2.5. Polymerization, its nature and means 

2.6. Polymerization by Radiation 

2.6.1. Historic Background and Development 

2.6.2. The Nature of Radiation 

2.6.3. Radiation Yields 

2.6.3a Radiation Intensity 

2.6.3b The G Value 

2.6.4. Degradation and Cross Linking 

2.6.5. Free Radicals as Formed by Radiation 

2.?. Polymerization Kinetics 

2.8. Polymerization at Higher Co~version Regions 

2.9. The Glass Transition Temperatures 

VI 

Page 

1. 

1. 

3. 

3. 

3. 

4. 

6. 

8. 

9. 

10. 

10. 

11. 

12. 

12. 

13. 

15. 

15. 

16. 

23. 

29. 



3. 

2.9.1. Important Parameters Affecting T g 

2.9.la The Solubility Parameter (h) 

2.9.lb The Energy Barrier impeding rotation 

around the bonds in the chain (V } 
0 

2.9.lc The Geometric Chain Stiffness 

2.9.ld The Chain Length~ 

2.9.le The Polymer to Monomer Ratio 

2.10. Free Radicals, their Formation, Trapping and 

Detection 

2.11. Activation Energies, below and above transition 

Page 

31. 

31. 

31. 

31. 

31. 

33. 

34. 

points 37. 

2.12. Free Radicals Decay 40. 

2.12.1. J?r.ec 'Rno:~~a1"J)ccay in i:t'r<j,d:i.~ted polymers 40. 

2.12.2. Free radicals in irradiated solid monomers 42. 

2.12.3. Concentration of trapped radicals and 

G-values 

2.12.4. Free Radicals Structure 

Method of approach to solve the problem 

3.1. Available Information 

3.2. Theoretical Approach 

3.3. Experimental Approach 

44. 

45. 

47. 

47. 

48. 

3.3.1. Experiments starting with styrene monomer 49. 

3.3.2. Experiments starting with highly converted 

systems 51. 

VII 



4. Experimental Work, Techniques and Theories 

4.l. Irradiation Setting 

4.2. 

4.3. 

4.4. 

4.1.l. Gamma rays Source 

4.1.2. Irradiation reactor 

4.1.3. Reactor's Geometry and its effect 

Sample reactor vials 

Sample preparation 

4.3.l. 

4.3.2. 

Vials Filling 

Degassing 

Dosimetry 

4.4.1. Introduction 

4.4.2a Experimental Procedure 

4.4.2b Results and Calculations 

Percentage Conversion determination 

4.5.1. Gravimetric method of analysis 

4.5.2. % Conversion determination by U.V. 

spectophotometry 

4.6. Electron Spin Resonance Spectrometry 

4.6.l. Introduction 

4.6.2. Simplified Theory of E.S.R. 

4.6.3. Experimental Technique 

4.7. Determination of the Number Average Molecular 

Weight by Osmometry 

4.7.1. Theoretical background 

4.7.2. Experimental Technique and Calculation 

VIII 

Page 

55. 

55. 

55. 

55. 

55. 

57. 

58. 

58. 

58. 

60. 

60. 

63. 

64. 

68. 

68. 

70. 

73. 

73. 

73. 

76. 

79. 

79. 

80. 



5. 

6. 

4.8. Determination of the Temperature inside the vials 

Sequence of Experimental Study 

Page 

. 81.. 

83. 

5.1. Experiments starting with Styrene Monomer 84. 

5.2. Experiments starting with highly converted systems 85. 

5.3. The Glass Transition Temperature of Styrene -

Polystyrene Systems (T ) gs 

Results, Assumptions and Discussion 

6.1. Experiments starting with pure monomer 

6.1.1. Irradiation at 85°c 

6.1.2. Irradiation at 50°c 

6.2. Starting with highly converted systems ((c-1) 

and (c-2)) 

102. 

103. 

103. 

103. 

104. 

105. 

6.2.1. Results summary 106. 

6.2.la G~values 106. 

6.2.lb Free radicals' decay, order, and mechanism 106. 

6.2.lc Rate constants of decay .110. 

6.2.le Molecular weights 

6.2.lf Free Radical Structure 

6.2.lg Post-irradiation Polymerization 

6.2.2. Calculation, Assumptions and related 

Theoretical Aspects 

6.2.2a G R• values 

6.2.2b & c Free radicals decay and the 

corresponding mechanism 

6.2.2d Activation Energies of Decay 

IX 

111. 

112. 

112. 

113. 

113. 

117. 

132. 



A. 

6.2.2d.l. Activation Energy for (c-2) 

6.2.2d.2. Activation Energy of (c-1) 

6.2.2e Post Irradiation Polymerization 

6.2.2f Effect on Mol~cular Weight 

6.2.2g Structure of the obtained free radical 

Summary and Conclusion 

7.1. Experiments starting with pure .. monomer 

7.2. Experiments starting with (c-1) and (c-2) 

Appendices 

A.l. Samples & Chemical Analysis 

A.2. Conversion Factors 

A.3. Estimation of the density of the system 

A.4. Concentration of Free Radicals at the time zero 

A.5. Estimating Styrene's glass transition temperature 

A.6. Statistical Analysis of results 

A. 7. Computer programme for the caJ.culation of rate 

constants and activation energies 

A.8. Comparison between slopes of two lines. 

A.9. Theoretical Estimation of the Glass Transition 

Temperature for a Polymer-Monomer System 

A.10. Estimating the Number Average Molecular Weight 

Bibliography 

x 

Page 

133. 

136. 

137. 

14o. 

141. 

143. 

143. 

143 .. 

148. 

148. 

149. 

150. 

151. 

152. 

153. 

154. 

156. 

159. 

165. 

166. 



TABLE OF FIGURES 

Page 

The general shape of a Molecular Weight distribution 6 

curve 

The relative positions of M , M , and M ore the n w z 

Molecular Weight distribution curve 7 

2.3 •. The effect of Dispersity on the Molecular Weight 

distribution curve I 8 

2.4. Specific Volume Change at the Glass Transition 

Temperature 30 

4.l. Reactor's Geometry 56 

4.2. Vacuum System 56 ·'' 

4.3. Calibration curve for styrene monomer concentration ?2 

A. ..Thermal Poly.110rizutim1 at ·100° wl.lhout: pre-·irradiation 86 

B. Thermal Polymerization at 170°C without pre-irradiation 87 

c. Radiation-Induced Polymerization at 85°c 88 

D. Radiation Induced Polymerization of styrene at 50°c 89 

E ~ values reported in the literature, at different dose rates 90 

rates 

5.1. Post-Irradiation Polymerization at 14o0 c 91 

5.2. Post-Irradiation Polymerization at l00°C 92 

5.3. Post-Irradiation Polymerization at l00°C 93 ~,,. 

5.4. Post-Irradiation Polymerization at 100°C 94 

5.5. Post-Irradiation Polymerization at 100°C 95 

5.6. Post-Irradiation Polymerization at loo0 c 96 

5. 7. Post-Irradiation Polymerization at l00°C 97 

XI 



5.8. Post-Irradiation Polymerization at ioo0 c 

Pre-Irradiation position at 111 , 411 , 611 

5.9. Post-Irradiation Polymerization· at ioo0 c 

5.10. 

6.1. 

·The starting conversions are associated with T 50°c 
, . gs 

Post-Irradiation Polymerization at 100°C 

The starting conversions are associated with T 50°c gs 

Free radicals decay at temperatures lower than T 1 gs 

for (c-1) 

98 

99 

100 

118 

6.1•. l/R• vs. time for (q-1), at temperatures lower than.Tgsl 119 

6.111
• Free radical's decay at temperatures lower than T 2 gs 

for (c-2) 120 

6.2a. Free radicals decay at temperatures below T 2 gs 

for {c-2) 121 

6.2a'. l/R• vs. time for (c-2) at temperatures lower than T 
2 . gs 122 

6.2b. Free radicals decay at temperatures above T gs2 

for {c-2) 123 

6.2b'. l/R• vs. time for (c-2) at temperatures above T 124 gs2 

6.2". Arrhenius plot for the decay of free radicals in (c-2) 

at temperatures above and below Tgs2 125 

6.3. Post-Irradiation Polymerization at temperatures above 

and below T 2 for {c-2) 
gs 

6.4. Post-Irradiation Polymerization temperatures above 

and below T 2 for (c-2) gs 

6.5. Thermal Polymerization of {c-1) at 100°C without pre-

irradiation 

6.6. Thermal Polymerization of {c-1) at 170°c without pre-

irradiation 

XII 

126 

127 

128 

129 



2.1. 

TABLE OF TABLES 

Activation energies of decay in PMMA, above and below T , 
g 

reported by several investigators 

2.2. Activation energies in different temperature regions in 

4.1. 

4.2. 

4.3. 

6.1. 

6.2a. 

6.2b. 

6.3. 

6.4. 

Poly-ethylene 

Dose rate measurements 

Dose rate measurements 

Summary of dose rate measurements 

Free radicals decay for (c-1) 

Free radicals decay.for (c-2) at T T 
gs 

Free radicals decay for (c-2) at T T gs 

Rate constants and activation energies for decay 

Number average molecular weight data 

XIII 

39 

65 

65 

66 

10'"/ 

108 

109 

110 

111 



NOMENCLATURE 

M = n The number average molecular weight 

M = w The weight average molecular weight 

M = z The Z average molecular weight 

M = Monomer 

p = Polymer 

R'" = Free radical in general 

p• = Polymer free radical 

M• = Monomer free radical 

p = r Polymer of chain l~ngth r 

G n~ :;: The G-value ,for free radicals production 

c = Concentration 

Kd = Rate constant of catalyst dissociation 

R• = c Catalyst free radical 

R'" 
l = Primary radical 

R• = r Radical of chain length r 

K. = J. 
Rate constant for the formation of primary radicals 

K = p Propagation, rate constant 

K. = t 
Termination, rate constant 

Ktc = Termination by combination, rate constant 

Ktd = Termination by disproportionation, rate constant 

Ktr = Transfer, rate constant 

K = sm Propagation of s·, rate constant 

[M] = Monomer, concentration 

XIV 



(P] = 

[RJr = Free radical of ~hain length r, concentration 

[ n] = Total free radical concentration 

R°': = Overall polymerization rate 
I 

I 
I 
! = Rate of initiation 

f = Catalyst efficiency 

D = Dose rate 
r 

t = Time 

T = Temperature 

E = Activation energy 

R = Gas constant 

D = Diffusion coefficient 

GM" = G-value for monomer free radicals 

Gp• - G-value for polymer free radicals 

T = g T'ne glass transition temperature 

T g cit> 
= The glass transition temperature of a polymer of infinite 

chain length 

T = gp The glass transition temperature of a pure polymer 

T = gm The glass transition temperature of the monomer 

T = gs The glass transition temperature of a polymer-monomer system 

/> = Density 

N = Avogadro's number 

Q = The contribution of a chain end to the free volume 

cx.p = The difference between the volume expansion coefficient of the 

polymer in melt and in a glassy state 

= Volume % polymer 



a.m = The difference between the volume expansion coefficient of 

the monomer in melt and in a glassy state 

Qm = Volume fraction of the monomer 

Dt = Total dose 

u 
1 = The mass energy absorption coefficient 

[ R•J = Initial free radicals concentration, immediately following 

irradiation 

= Osmotic pressure 

= Initial polymer free radicals concentration immediately 

following irradiation 

XVI 



1.1. Statement of the Problem: 

C.HAPTER I 

INTRODUCTION 

It is well known that the polymerization in bulk, of the last 

few percent monomer in a polymer-monomer system, requires either one 

or a combination of the following: 

(i) In the case of thermal bulk polymerization, temperature 

should be raised substantially to shorten the reaction time (this is 

known to cause chain degradation which is not desirable), or else cata­

lyst should be used, and although this is a better approach, the catalyst 

is costly, and may affect the produced polymer properties in an undesir­

able manner. 

(ii) When radiation energy is used, the marked acceleration, ob­

served in the rate of polymerization between 40-90% conversion (H3) ceases' 

above this range and the % conversion vs time plot tends to level off, and 

therefore, a relatively long irradiation period is required to bring the 

reaction to completion. 

Higher dose rates and irradiation temperatures speed up the reac­

tion (H3, C4) (see Fig. C & D), a lower molecular weight polymer is pro­

duced which is generally not desirable. 

It is therefore, clear, that a large amount of energy (thermal, 

radiation, or a combination of both) is required, particularly when no 

catalyst is used, to bring a polymer-monomer system of a % conversion 

greater than 90%, to a 100% polymer in a reasonable time. 

Polymerization is known to proceed via a free radical mechanism 

1 
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· for a large number of monomers including styrene (Bl, C 4 ) (some contri­

butiqn of ionic mechanism takes place at very low temperatures). It is 

also well known (B 7 ) that free radicals become trapped in the solidifying 

polymer. Accordingly, the aim of this research was to use gamma rays to 

generate free radicals in a highly converted system, and to investigate 

the decay of free radicals together with the progress of polymerization 

after irradiation. A series of annealing temperatures (equal to and above 

ambient) was contemplated. 



CHAPTER II 

REVIEW OF PR~'VIOUS WORK 

2.1. Historical Review: 

2.1.1. Polystyrene and Styrene: 

Prior to 1786, styrene was first discovered by Newman (Bl~. 

He separated an "essential oil" from storax; this oil was later found 

to be styrene. 

Most of the credit for the discovery of styrene is given in the 

literature to E. Simon (1839). Ref. (S 12) was found to be the earliest 

mention of the name "styrol". Simon obtained styrene by the distill­

ation of a "natural balsamic material - storax (liquidamber)". He noted 

the styrene's ability to form a jelly-like material (i.e. polymerize) 

after several months of storage. Bonastre (Bl6), eight years earlier 

than Simon, also obtained styrene ·by the distillation of balsam and described 

its properties. Although Simon may have the credit for naming· the material, 

it had at least been isolated and described by Bonastre earlier. Simon 

believed that the solid residue obtained after several months of styrol 

storage was "styrol oxide". 

Blyth and Hoffman (B 14 ) in 1845 proved that this was not correct 

and that the solid body has the same chemical structure as styrol. They 

named it "meta-styrol ". Blyth and Hoffman (B 15 ) were also the first to 

demonstrate the depolymerization capacity of polystyrene to styrene under 

the influence of temperatures of 200°C and higher. In (1866), Berthelot's 

(Bll) studies revealed the importance of catalysts in speeding up the poly­

merization process. 

3 
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Before 1930, the monomer and the polymer were produced more or 

less .on the lab scale. About 1930, the Dow Chemical Company started 

styrene manufacture; by World War II, styrene was playing a major role in 

the manufacture of synthetic rubber. Today, its tonnage production has 

reached second or third place among the synthetic aromatic organic chemicals. 

Polystyrene, (C8H8)n' is formed by directly heating the monomer; at 

times in the presence of a catalyst. The average molecular weight decreases 

with the increase of the polymerization temperature, addition of catalyst, 

and the presence of impurities. 

ranges from 500-2000. 

2 .1. 2. St ;y:re ne Pol;yn:e ri za ti on : 

The value of n for commercial polymers 

Kronstein (K 7), made a ·serious attempt to analyse the process 

which takes place before 9olidification. He found that polymerization 

proceeded in two steps: a) thickening, followed by b) gelatinization. 

Ostromislensky (O~ 3) advanced some valuable ideas about the 

mechanism by which polymerization proceeds. Staudinger (S 16 ) was also 

a dominant figure in the field of poly~erizat:i.on. He put forward the 

theory about polystyrene chemical structure, proposing that it consists of 

a large number of styrene monomer units connected through their vinyl groups, 

and suggested to call the compound. "Polystyrene" rather than "Metastyrene". 

For commercial purposes, polymerization of styrene in bulk proved 

to be superior to the suspension and emulsion methods. However, it in-

volves the difficulty of controlling the temperature, due to the exothermic 

nature of the reaction. 

2.2. Polystyrene, Its Properties and Uses: 

The main properties of polystyrene which caused its widespread use 

http:poly~erizat:i.on
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(i) Excellent moldability over wide ranges of pressure and 

temperature. 

(ii) Extremely good dielectric properties. 

(iii) Dimensional stability and rigidity· 

(iv) Low moisture absorption • 

( v) Easily coloured • 

(vi) Odourless and tasteless • 

(vii) Thermoplastic • 

(viii) Low specific gravity. 

(ix) Chemically inert and resistant to the corrosive effects of 

inorganic liquids . 

(x) Above all, its low production cost makes it a very attractive 

investment. Ref. (B.17) provides a table containing all 

the physical constants of polystyrene. 

Polystyrene and the styrene-based molding and extrusion plastics 

are used in the following applications: 

(i) Packaging: small molded containers, lids and closures, 

bottles and jars. 

material 

Foamed polystyrene as cushioning 

(ii) Appliance housings and parts, for which purposes, a little 

(iii) 

over 25% of the styrene based plastics are applied. 

Engineering uses: its copolymers usually have good mech-

ani.cal properties such as impact resistance. It is part-

icularly used in automative industry such as "instrument 

clusters and dash panels, seat, door, and roof panels", 
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boats, telephones, luggage, shoe heels, and pipes. 

(iv) Miscellaneous_: toys, houseware, wall tiles 

(v) Its excellent dielectric properties makes it attractive to 

use in miscellaneous radios and radar a·ccessories (coil 

forms, sockets for small tubes, spacers, stand-off in-

sulators, and connectors for cables). 

Its low heat distortion point has limited its application where 

heat is involved. 

The reader is referred to Ref. (B.17) for a complete_coverage of 

polystyrene fabrication, application, and uses:. 

2.3. l'!21_ecula.r Weights: 

Polystyrene's physical properties, like any other polymer, depend 

on its average molecular weight, molecular weight distribution, and chain 

geometry. 

A polystyrene sample with an average molecular weight of 105 i.e. 

approximately 103 monomer units/chain, may have chains consisting of 50 

monomer units up to chains consisting of 2 x 104 monomer units. Macro-

molecules forming the polymer mass vary in their degrees of polymerization; 

as a result, any polymer sample is characterised by a molecular weight dis-

tribution that can be represented by a distribution curve of the type (see 

diagram below). 

No. of 
Figure 2.1. 

molecules 

Molecular weight 



7 

Different methods of molecular weight averaging give several types of 

average molecular weights. A polymer sample containing n
1 

monomer 

molecules each of molecular weight Mntn2 dimer molecules of molecular 

weight M2 and ••• n. molecules of molecular weight M. etc ••• 
l. l. 

There-

fore, according to (Cl2): 

N. = The fraction of molecules having the molecular weight M. 
l. l. 

= ni/i ni 
l. 

w. = Their weight = n. M. 
l. l. l. 

w. = Their weiglit fraction 
l. 

The number average molecular weight is the mean molecular weight obtained 

by counting the number of molecules: 

M =L n.M./L n. =IN. M. n . l. l. . l. . l. l. 
l. l. l. 

The weight average molecular weight is the mean molecular weight obtained 

by counting the weight of molecules with a given molecular weight: 

The 

M =°[W.M. /'f_w. =}: w.M. =l n. M~ /.l.n. M. w l.l.. l. . l.l.. l. l. i' l.]. 
l. l. l. 

Z-average molecular weight: 

M =I (W.M.) M. /\,-1.M. 
z. l.l. i/~l.J. 

l. l. 

=~n.M~ k n.M~ 
. l. ill: l. J. 
l. l. 

The diagram given below illustrates the relative positions of M
0

, Mwt and 

M on the molecular weight distribution curve z 

No. hf 
Figure 2.2. 

molecules 

Molecular weight 
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~/Mn is known as the degree of despersion 

Figure 2.3. 

a) Polymer with a narrow molecular weight distribution e.g. 

M·/M =12 
w n • 

b) Polymer with a large molecular weight distribution e.g. 

M -/M = 2.5 w n 

A truly monodispersed sample gives Mw/l'1n "" LO, The terms: number 

average Mn, weight average Mw and Z average M2 molecular weights have 

been introduced and defined by Lansing and Kraemer (K. 6). 

The most widely used technique to determine the number average 

molecular weight of a polymer is the osmometry technique. Light 

scattering is used in determining the weight average molecular weight 

and the Gel Permeation Chromatography provides the most rapid method 

for determining molecular weight distributions. 

2.4. The Effect of residual monomer o~ _ _the polymer properti~: 

The presence of any residual monomer in the polymer, greatly 

affects the latter's properties. For, inspite of the rapidity of 

polymerization at the beginning, it slows down when the solid state is 

reached, so that after it is about 90% complete the remaining poly-

merization proceeds at a very low rate (B 17, H 10, R.3, H.l). 

Any unpolymerized monomer reduces the polymer heat distortion 

point and eventually produces blushing and crazing. Finally it promotes 
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discolouration of the product at high temperatures or in the sunlight, 

which. is due to the monome.r sensitivity to oxygen. In addition, since 

styrene is toxic on ingestion, polymer containing any residual monomer 

cannot be used for food containers. 

2.5. Polymerization 1 its nature and means: 

Styrene polymerization is a chain reaction which can be accom-

plished by all known polymerization techniques. The reaction is repre-

sented schematically as follows: 

CH = CH2 

[Ol-.· > 0 
(See P ll & P 17-22 for details) 

The exact nature of the beginning· and end of such a polymer chain 

is not certain. This reaction proceeds by heat alone and/or with the 

aid of catalysts. Ionizing radiation is another source of energy by 

which polymerization can proceed. In bulk, the rate increases exponten-

tially with temperature, requiring months at room temperature but only 

a few hours at 150°C (C.4 ). 

The problem of polymerizing the last traces of monomer is of great 

importance due to the impracticality of continuing the reaction for long 

periods of time. On the other ha.nd, leaving traces of monomer in the poly-

mer will greatly harm the polymer properties as was previously mentioned. 

Fortunately, a brief finishing treatment at higher temperatures with the 

use of special polymerization catalysts is a current method of producing 

a low volatile content polymer. 
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Ultra violet spectrophotometry is a good tool for the determin-

ation of unpolymerized styrene in polystyrene, especially for the last 

2% monomer. 

2 06. Polymerization by Radiation: 
I 

2~6.1. Historic Background and Development: 

Since World War II, the use of high energy radiation to initiate 

polymerization has attracted much attention. As early as 1938, .Hopwood , 

and Phillips (H.5, H.6), used 2(-rays and fast neutrons to polymerize 

several vinyl monomers. S-shaped conversion curves were obtained. 

Most of the work reported in the early years of investigation is not 

technically valuable due to the fact that it was carried out under un-

satisfactory experimental conditions (dosimetry problems, the presence of 

oxygen, etc ••• ). 

Magat (and his co-workers) in 1948 studied the radiation induced 

polymerization of some vinyl monomers with special emphasis on styrene. 

He studied the effects of different types of radiation on the polymerization 

reaction, such as ~..rays (C. 3, c. 5) ,. X-rays (P. 5), and the mixed radiation 

from a nuclear reactor (c.-5, L .1 ). 

Chapiro (C.4), provides a good literature review of the progress 

made in the field year after year. 

The main features of radiation polymerization are basically similar 

to those of conventional free radical polymerization, the radiation role 

being merely limited to the primary events which lead to the free radicals 

production and to a few specific secondary effects. At high conversions, 

the polymer itself is radiolyzed and the polymeric free radicals thus 

generated, contribute to the chain initiation. 
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M . V'VI-----;>-+ 2R" 

p ~----)oO!lo 2p• (or R" + P") 

(For more detail on the elementary reactions, see Pl?) 

The initiation by polymer radicals P", results in a polymer molecule 

of higher molecular weight than if a small radical R• is involved. 

From the considerable amount of experimental data now available, 

it is established that in most cases the polymerization by radiation 

at and above R. T., can be fully accounted for by free radi.cal processes. 

However, conclusive evidence is now available for the contribution of 

ionic reactions in some specific systems under particular conditions 

(0. 2, S. 8),mainly when the reaction is at very low temperatures, or when 

the monomers are in the solid state (L .) ) • Ref'. (P .3 ) is of the unique 

opinion that styrene polymerizati~n is generally an ionic one if the monomer 

is very pure and dry. 

2.6.2. The Nature of Radiation: 

Different types of radiation possess the name "ionizing radiation". 

This term indicates that a certain type of radiation is capable of producing 

ions directly or indirectly in a medium of common elements such as air or 

water. This implies that the radiation energy is higher than the ion-

ization potentials of o2 , N2 , and H
2 

(i.e. 10-15 e.v.). This represents 

a lower limit for the term ionizing radiation. On the other hand, the 

upper limit reached at the present time exceeds several B.e.v. (1 Bev=l09e.v.). 

oand X-rays are electromagnetic waves not capable of producing 
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ionization directly, but are capable of transferring their energy to 

charged particles which are themselves ejected from the absorbing 

molecules and create secondary ionizing tracks (C4). 

Gamma radiation main sources are cobalt 60 with a half-life 

of 5.3 years, and cesium 137 with a half-life of 33 years. The first 

is by far the most widely used as a gamma ray source due to the ease 

of its preparation and because the beam of gamma rays emitted is 

similar in penetrating power to that emitted by radium. It provides 

two strong gamma protons with energies of 1.17 and 1.33 M.e.v. 

Ref. (S 15, S 18) provides a complete summary of radiation sources. 

2.6.3. Radiation Yields: 

The yield of a certain change as a result of the irradiation of 

matter depends upon: 

a) the intensity of radiation 

b) the number of active chemical species produced per photon 

of radiation. 

?.6.3a. Radiation Intensit~ 

Radiation intensity is defined as the energy flowing through unit 

area perpendicular to the beam per unit time. Generally, it is expressed 

in ergs per square centimeter s~cond, or watts per square centimeter. 

Until recent years, the amount of radiation received by a chemical 

substance was determined by measuring the ionization produced by the same 

radiation beam in air, followed by deriving the amount of energy dissipated 

in the irradiated medium from that released. in air by using the mass ab-

sorption coefficients ratio. 

expressed in roentgen. 

This is called an exposure dose and is 
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On the other hand, a measure of the radiat~on energy actually 

interacting with the irradiated matter is called the absorbed dose, and 

is expressed in rads. The rad is defined as the unit of absorbed dose, 

and is 100 ergs per gram or 6.24 x 1013 electron-volts per gram or 2.78 

x 10-9 watt hr/gm. 

?.6.3b. The G Value 

Burton ( B22) introduced this term for expressing radiation-

chemical yields. It is a measure of the absolute chemical yield of an 

irradiated system expressed as the number of individual chemical events 

occuring per 100 e.v. of absorbed energy. Therefore, G (c-1) is a symbol 

for the absolute number of cross links produced per 100 e.v. absorbed. 

Similarly G(R~ = no. of free radicals produced 
100 e.v. of absorbed energy. 

In hydrocarbons, the G(R") values fall within 0.01-10.0, the lower 

values for aromatic hydrocarbons and the higher values for aliphatic ones. 

This difference is explained as being the result of resonance energy 

absorption by the benzene ring which stabilizes the molecules against the 

breakage of a C-H bond. If a chain reaction results from radiation, the 

G-value of the reaction can reach a few millions. 

A styrene molecule is resistant to radiation as a result of the 

conjugation of the vinyl double bond with the phenyl ring. 

This structure results in the falling of all carbon atoms in the 

same plane, and owing to the delocalization of n electrons, any excess 

energy corresponding to an excited state will be randomly distributed 

·over the whole molecule (C.4). It follows that only a fraction of the 

total energy is available for rupturing a certain bond. Therefore, the 



probability of free radicals production from a structure of that nature 

is· low. Ref. (C .4 ) collected values for G (R•) for styrene from the 

literature, and plotted the logarithm of the dose rate vs G (R•) (see 

Fig. E ) • 
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Chapiro averaged data for G(R•) for styrene to be = 0.69 radicals 

per 100 e.v. Data obtained at dose rates lower than ?-3 rads/sec result 

in values around the above given figure; however, for dose rates higher 

than that, the reported G(R•) values fall to about 0.3. A value of 0.22 

is reported by (S.7). 

These values are calculated from experimental rates of polymer­

ization with the assumption that the simplified kinetic scheme applies (see 

P19) to the reaction over the whole range of dose rates. 

Chapiro related the observed decrease in G (R•) at high dose rates, 

to the fact that the simplified kinetic scheme no longer applies when the 

dose rate reaches a critical value. 

did not take that into account. 

He reported that some investigators 

However, the result obtained in the present investigation, for 

G(R•) of styrene monomer is= 0.215, and it applied a direct means of 

experimentally measuring the free radicals' concentration, rather than 

the uncertain kinetic method that was carried out at high dose rates. 

This result, along with other results reported in the literature 

for polystyrene free radicals, contradicts Chapiro's explanation for the 

cause of the lower G(R•) values obtained at high dose rates. 

The molecular structure of polystyrene is less stable than styrene 

monomer since the polymer has less resonance stabilization. Comparison 
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with similar systems for which experimental results are reported lead to 

estimating G (R•) for polystyrene to be twice or more as great as that of 

the styrene monomer (C.4). Later in this chapter experimental values 

leportirig the G(R") for polystyrene will be given. 
I 

2.6.4. Degradation and Cross Linking: 

Radiation can affect polymer molecular weight in two ways. The 

first is by linking molecules together, therefore, increasing the mole-
. 

cular weight, or it can decrease it by inducing main-chain degradation. 

Polystyrene is clasifi.ed as a cross .linking polymer. This 

simply means that G(c-1) is greater than G (degradation) (in vacuum). 

The linking involves the benzene ring as well as the main chain, with 

liberation of hydrogen G= 0.013 - 0.026 (W.l). The ratio of degradation 

to cross linking·whichis generally accepted is Oto 0.2. 

Various methods of measuring yielded different results (C.9, s.ll). 

Recently Ref. (K.5) introduced a direct method for determining cross linking 

and chain scission in polymers. 

The presence of oxygen causes linking of polystyrene to be replaced 

by degradation (W.l). Oxygen diffusing into polystyrene after irradiation 

causes carbonyl and hydroxyl groups to be formed, possibly by r:-eaction with 

free radicals or double bonds (S. 6 C4). 

~.5. Free Radicals as Formed b~ Radiation: 

Free radicals are species that possess an unpaired electron (e.g. 

Species with two independent unpaired electrons, 

such as CH2-cH2-cH2-CH2 are called diradicals. 

tially independent odd electrons. 

They contain two essen-

In conformity with spectrographic nomenclature, if the two electrons 

http:clasifi.ed
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have parallel spins, the species is called a triplet. If they have 

anti parallel spins, the species is called a singlet. Triplet 

species are often produced in photochemical and radiolysis processes 

(P.6). 

Little is known about the mechanism by which radiation produces 

chemical changes in polymers. Irradiation of polymers at or below room 

temperature, followed by testing samples for the presence of free 

radicals with the use of Electron Spin Resonance spectrometry, gave 

positive results. Examples can be found in Refs. (Al, A3; A.6, A 7, Cl, Fl, 

K.2, K.3, O.l, M.7, S.2, T2, W3). 

Refs. (A3, F .1, S ~-2, S .1) reported the detection of free radicals 

in irradiated polystyrenes. The reported results are often different. 

Estimate yields of free radicals obtained by the Electron Spin Resonance 

technique will be given later in the chapter. However, the one usually 

accepted for polystyrene is G=0.2 (A.3). Later in the chapter there will 

be a return to the subject of free radicals, for a brief discussion of 

their m~thods of entrapment. 

2.7. Polymerization Kinetics: 

Vinyl monomers such as ~tyrene, polymerize through an addition 

reaction. The polymer produced from such a reaction is a repetition 

unit of the monomer. 

CH = CH -CH - CH - CH - CH - CH - CH -

o~o 
2

0 
2

0 
2 

monomer polymer 

A free radical mechanism is the general case for such reactions, 
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although under special conditions the mechanism could be an ionic one. 

Refs.(B21,P.2) are suggested as a good review for such mechanisms. 

The other major class of polymerization reactions is the con-

densation one, where two molecuies get together with the production of 

1 of big molecule (polymer), and a small molecule such as water, e.g. a 

hydroxy acid: 

HO-R-COOH + HO-R-COOH~HO-R-COO-R-COOH + R
2

0 

dimer 

HO-R-COOR-COOH + HO-R-·COOH~HO-R-COO-R-COO-R-COOH + H
2
o etc .•• 

trimer 

This type of reaction however, is not relevant to this invest-

igation. Ref. (B21) can provide the reader with adequate information 

on the subject. 

The first step in the free radical polymerization is the 

initiation one. The reaction can be induced by heat or radiation, with 

or without the presence of a catalyst. ~he presence of a catalyst 

facilitates the understanding of the initiation step. 

e.g. Azobisiobutyronitrile 

(CH
3

) - C - N = N - C (CH
3

) 
2 I I 2 > 

CN CN 

The produced catalyst free radical reacts with the monomer, pro-

ducing a new radical capable of propagating with other monomer units to 

form long chain free radicals: 



- c -

CH~ (CH
3

) 
2 

. 
- C - CH - CH 

~o 2 

• CH - CH - CH - CH 
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I 
CN 020 2 + n monomer 

units 
<E----< 

n 
The use of a catalyst, somewhat complicates the kinetics of poly-

merization due to its consumption during the reaction. It follows that 

the catalyst effeciency_ is apparently changing, thus causing the rate of 

free radical production to vary along the progress of polymerization; 

where c is the catalyst concentration. 

The use of radiation alone, eliminates such a source of complexity, 

but on the other hand introduces others, such as the. initiation by poly-

meric radicals (C.4). 

When thermal or radiation energy is used alone, the first product 

might be a mono or a diradical. Several investigators support each 

theory with a greater tendency towards the diradical. Refs. 0-..2 ,H.8) 

support the thermal diradical theory and Refs.(B.3,M2, M3) support the 

radiolysis diradical one. Ref. (B21) is a good review for all theories 

put together. 

The kinetic scheme of both catalytic and radiation polymerization 

are very similar. The main difference is· caused by the non discriminatory 

nature of radiation. This leads to the breaking of .any.intermolecular 

bond to generate free radicals. Consequently, monomer, polymer, or even 
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solvent molecules (if present) can produce free radicals under the effect 

of radiation. The initiation reaction can be represented for radiation 

polymerization by: 

M ~ R• 2.1. 

ahd for a catalyst in:i. tia ted reaction: 

c 
Kd 

) 2R• 2.la. c 
K. 

R• M 1 
) R• + c 1 

2.lb. 

This reaction as applied to azobisisobutyronitrile and styrene monom0r has 

been previously given in detail on (P18). 
K 

Propagation: R. + M 
p 

~ RM' 
1 

2.2. 

or R'
2 

K 
R• + M 

r 
_p~ R• 

r+l 2.3. 

This reaction proceeds until the long chain radical collides with another 

one, causing the termination of both. 

Termination: 
-K 

a) By combination R• R• tc ;:,. p 2.4. + r s r+s 

b) By disproportionation 

R• + R' 
Ktd 

> p + p 2.5. 
r ts r s 

In the latter, the transfer of a hydrogen atom from one radical to another 

terminates both, but causes one of them to acquire a double bond. 

Transfer: 

Active centres may be transferred from an active molecule to an 

inactive one, following their collision. This usually causes a growing 

chain to be terminated, but the newly formed radical may start propagating 
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on its own, therefore, the overall reaction rate is not affected, neither 

is the total free radicals concentration, but chain transfer necessarily 

lowers the average molecular weight: 

R• + SX Kt.~-+ R 
r r x + s· 2.6. 

K 
s• + M sm 2.7. 

Where SX could be a monomer, or any added substance <such as a solvent), 

and X is the most labile atom (usually H or c:I,) (C.4 ) • 

In order to determine the reaction rates, simplifying assumptions 

have been introduced, and can be found in most polymerization kinetics 

monographs such as (B .1, B.21) •. 

The first assumption is that the propagation rate constant is 

independent of the propagating radicals chain lengths: 

This is also assu~ed to apply to:. 

= K p 

The second assumption is to neglect the monomer consumption in 

reactions other than the propagation one, i.e. from equation (2.3.) 

K 
p 

therefore, for all chain lengths: 

= KP [R~[ M J 
[R'] represents the summation of all free radicals of different chain 

lengths: 

= 

Consequently, the change in R*
1 

concentration with time would be: 
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•.. 

d ~·J = I .K ' r·1] [ MJ . P. 
dt 

Ktc E" tj [RJ 

Ktd ~·~ [ R°] 
K· 
tr ~·J [ M J 

+ K ~·] [MJ sm 

I is the rate of R01 formation. The rate of change for longer free rad-

icals: 

d [ R"J = 

dt 

The final assumption is that the free radical concentration reaches 

a steady state in a very short time: 

Lhl = 0 
dt 

Therefore, the rate of initiation {I) = the rate of termination: 

I = K 
t 

[Rj 2.8. 

The rate of initiation by radiation: 

I = 

Where ~M[M] is the free radical production rate in the monomer expressed 

in moles/litre/rad, and D is the dose rate (D is relatively constant, 
r r 

varying only slightly due to the gradual diminishing in the radiation. 

source's strength). On the other hand, when initiation is by a catalyst, 

and C is the j.nitial catalyst concentration: 
0 

C = C0 exp fd 3 2.10. 

considering that not all catalyst free radicals succeed in propagating a 

growing chain, an efficiency factor (f) could be introduced to relate I to 



C (see P. ) : 

2.:i.1. 

and using the second assumption, the overall reaction rate = the monomer 

consumption during propagation only: 

R = KP [RJ [M] 
=KP Kt-t If [M] 2.12. 
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Where I could be represented by (2.9.) for radiation kinetics and by (2.11.) 

for the catalyzed one. Equ~tion (2.12.) is the classical free radical 

kinetic equation illustrating that the overall rate is proportional to the 

square root of the initiation rate. In cases of gamma initiation accordingly, 

the overall rate is proportional to the square root of the dose rate. The 

overall rate equation is: 

R = K 
p 

2.12a. 

Deviations from this relation were first reported by Refs. (C.6, c.8) during 

their radiation studies on. the styrene polymerization for a dose rate range 

0.006 - 7.3 rads/sec. They found that the dose rate exponent in equation 

(2.12.) is less than half at the highest dose rates used in their investi-

gation. This is interpreted to be due to high initiation rates causing 

some of the produced radicals not to convert rapidly to growing chains i.e. 

the monomer units do not catch all· formed free radicals, causing them to 

recombine without initiating polymer chains. 

Very recently, Huang and co-workers (H.9) published results for 

the radiation induced free radical polymerization of styrene over the 
\ 4 

temperature range -0.3 to 49.5°c and at radia.tion intensities 9.5 x 10 ,, 

5 5 . 6 ' 
. 3.1x10 , 4.0 x 10 , and 1.0 x 10 rad/hr., and came to the result that 

the overall polymerization rate is proportional to the 0.44 - o.49 power 
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of radiation intensity, and that GR.(styrene) is 0.5 - 0.8. On the other 

hand, Refs. (H. 3) investigated polymerization of styrene over the entire 

conversion range, but provided a kinetic analysis of the linear portion 
I . 

of the sigmoidal curves only (see Fi.g.C & D). · Temperatures investigated 
i 

are: 50°c, 70°c, 85°c, 95°c, 1099C, and at dose rates of 178, 58, and 24 

rads/sec. for each temperature. Although these are higher than the dose 

rates used by Chapiro, no decrease in the dose rate exponent was observed 

0 0 for temperatures 50 C and 70 C. But at higher temperatures, the dose 

rate exponent was found to be o.25·and 0.12 at 85°c and 95°c respectively. 

At 109°C, the dose rate exponent was found to be zero. This was attri-

buted to an early setting of the gel effect. 

At high rates of initiation, the simplified kinetic scheme given 

on the previous pages does not apply, and a more detailed one that takes 

into account mutual reactions involving free radical intermediates must 

be used. The reader is referred to Ref. (C.4) for details of the com-

plete kinetics. 

2.8. Pol~meyization at Higher Conversion Regions: 

As polymerization progresses, deviation from the conventional 

kinetic scheme starts to occur. At conversions.ranging from 10-30% (B.7) 

a sudden increase in both the overall polymerization rate and the molecular 

weight, takes place. _Ref. (M.l ) reported that the polymerization of 

several monomers in the liquid state is accelerated when it reaches a cer-

tain conversion. Trommsdorff (T.5) attributed this behaviour to a de-

crease in the termination rate constant Kt which becomes diffusion con-

trolled as the viscosity of the system increases. This was later con-

firmed by Matheson et a)... (M.4). 'I'b.is behaviour is generally known as 
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the Gel-effect or the Trommsdorff effect. Styrene was reported not to 

show.this behaviour if thermally polymerized. Ref. (B.2) attributed 

styrene's behaviour to a very small termination rate constant Kt which 

is not much affected by the viscosity increase. Accordingly,Ref. (W.2) 

concluded that Kt could not be diffusion controlled for styrene. On the 

other hand, Ref. (R.2) indicated the presence of a Gel-effect during poly-

styrene polymerization. 

Medvedev et al. (M.6) were the first to develop the view that 

trapping free radicals in viscous media renders them unreactive. Invest-

igators tried to correlate the diffusion rates to the decrease in the Kt 

value (R.4, V .1). Rabino\11i tch equation for a ro.te constant of a second 

order reaction was used for that purpose (R.1). 

K = nilexp (-E/RT) 

N E · a?Nexp 
. o + . 2 (D

1 

(-E/RT)J 
+ D2) 

E = activation 'energy of reaction 

"i = frequency factor 

a = shortest distance between two lattice points 

n = coordina.tionnumber of lattice 

No = number of lattice points 

Y = constant 

T = absolute temperature 

R = gas constant 

D1 & D2= diffusion coefficients of the two reacting particles 

and since a, N~ and n are constants, the equation can be written as: 

K = A exp (-E/RT) 

1 +[B exp (-E/RT) / (D1 + D2 )) 
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where A and B are constants. 

Wnen the diffusion of the polymer chains is unhindered, the equation 

simplifies to: 

K = A exp (-E/RT) 

i.e. the classical Arrhenius equation. On the other hand,. if D1 and D2 , are 

very small with respect toB exp (-E/RT), the equation reduces to: 

i.e.When a critical viscosity is reached the reaction becomes diffusion con-

trolled. 

Applying the Rabinowitch equation to polymer systems is sometimes 

criticised. The reason is the assumption used in its derivation "the two 

diffusing particles are identical with the solvent molecules 11 • Therefore, 

applying it to long chain molecules is not very favourable. However, in 

good solvents as the monomer (such as in the case o.f styrene) Ref. (K. 8) 

justifies its use. 

Vaughan (V.l) polymerized styrene thermally at 125°C, and found 

that the termination and the propagation reactions become diffusion con-

trolled, with a possibility of the transfer reaction behaving in the same 

manner at higher percentage conversions. Spencer and Williams (S14) poly-

merized styrene at 125°C; the molecular weight was about 360,000. The 

termination and propagation reactions started to be diffusion controlled 

at 28% and 64?,1, respectively. For styrene, Ma the son et al. ( M. 4 ) reported 

a 40% acceleration of the overall rate at 44%. conversion and 50°c. · Fuji 

(F7) polymerized styrene photochemically 
. 0 

at 25 Cup to.a 70% conversion 

and reported an acceleration of 5.2 fold and 16.9 fold at 38% and 60% con-

version, respectively. He assumed that the rate constants of the individual 



26 

reactions are independent of both chain length and v~lence character of the 

radical (i.e. mono or diradical). He also assumed that K and Kt are 
P r 

independent of conversion. Using the equation: 

where: 

E = E ·a p ...!...(E n t 
+ R S (ln !) ) 

. S (l/T) 

Ea = overall activation energy of the reactio~ 

E = activation energy of the propagation reaction 
p 

Et = activation energ~ of the termination reaction 

n = order of the termination reaction 

R = concentration of the kinetic chains 

T = the absolute temperature 

q = the quantum efficiency of production of kinetic 

chains 

Fuji found that E first decreases as the order of the chain termination n 
a 

decreases. n was found to be 2 at 4o% at ~5°C, and 1.5 at 68%, meaning 

that a fraction of free radicals become inactive due to a monomolecular 

termination (self termination). This type of termination,, apparently in-

volves an occlusion of the chain end in regions where it is st~rically in-

accessible i.e. it becomes shielded by the coiling of the molecule. 

$hielding decreases by: 

a) thermal disturbance · 

b) molecular weight decrease 

c) the addition of chain transfer substances 

Accordingly, at relatively high temperatures, no change in Kt or the term- . 

ination reaction order is expected.to occur. 

http:expected.to


Chapiro (C.4) pointed out that the Kt decrease causes: 

a) an increase in the kinetic chain's life 

b) after effects may arise 

c) with the decline in the rate of termination and with 

the initiation rate practically constant, the con-

centration of free radicals increases. 

As a result, the classical stationary state treatment does not apply to the 

kinetics. This leads to tremendous difficulties in solving the elementary 

differential equations. Furthermore, the various rate constants become a 

function of conversion. This explains the reason for the lack of a complete 

quantitative treatment of the Gel effect. Ref. (N~3) indicates that for 

several monomers Kt is inversily proportional to the medium's viscosity even 

at very low conversions. , The critical conversion is a function of dose 

rate and reaction temperature (L .1). 

For styrene, according to C~apiro (C.4), the Gel effect sets if poly-

merization is by radiolysis only. He attributed the effect to the radio-

lysis of the polymer molecules leading.to an increase in the rate of initi-

ation as a result of G. being greater than G .: 
p - M 

I = [aM (M] -~ Gp [P) J . D r_ 

The effect of temperature is very complex at high conversion regions. 

Generally, as the temperature increases, the mobility and accessibility to 

the growing chains increases. If termination is rate controlling,the over-

all rate decreases. If however, propagation is the controlling step, .temp-

erature increase leads to a very rapid overall rate. This_ is pronounced 

when the system is near the glass transition temperature, or if it contains 

a high concentration of trapped radicals (B.4). 

http:leading.to


According to several authors, the decrease in K relative to Kt 
. p 

occurs at higher conversions for all monomers due to the fact that E is 
p 
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greater than ~t (B8, B9, Bl6). Robertson (R.4), in her studies, sug&ested 
I 

t~at K decreases at about 50%. 
p 

Schneider et al. (S.3) were the first to use the Electron Spin 

Resonance for free radicals studies. Ohnishi and Nitta (0.1) found that 

the decay of radicals produced in PMMA by gamma radiation ·followed a second 

order mechanism with Kt = 0.1 l/rnole sec. 

Benson and North (Bld advanced a theory for the diffusion con-

trolled termination mechanism. They suggested a two step process: First, 

·two polymer chain radicals diffuse together to form a proximate pair; once 

this has been formed, the two chains may diffuse apart without tern<ination, 

or termination may occur making the second step for their suggested mechanism: 

A + B ~ 
~ 

A.u •• B 2.13. 
K2 

~ 

A ....... B is ;;;,. AB 2.14. 

Step (2.13.) represents a translational diffusion of the chain centres. Step 

(2.14.) represents a segmental diffusion of the active ends to within term-

ination distance. 

They came to the conclusion that step (2.14.) is always rate con-

trolling. 

Dole and Keeling (D.3) and Dole et al. (D.4) have cited evidence 

indicating that trapped radicals migrate along the polymer chain before they 

mutually terminate each other. 

At very high ?6 conversion chains become heavily interwined with the 

result that the diffusion of polymer molecules as a whole, no longer con-
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tributes significantly to the collision frequency of radicals with each 

other, and radical diffusion will depend on configurational changes of 

relatively short portions of chain molecules. Schulz (S. 4) confirmed 

this view. The Brownian motion of chain segments is independent of chain 

lengths and can take plac.e even in a medium of infinite viscosity. 

2.9. The Glass Transition Temperatures 

When a liquid or a rubbery polymer is cooled there exists a narrow 

temperature interval known as the glass transition temperature (T ), where­
g 

in the properties of the sample unde~go a profound change to a hard glass solid. 

Polystyrene is a linear thermoplastic polymer,- the commercial product being 

atact·k and therefore, amorphous. The glass transition temperature .(T ) is 
g 

associated with the amorphous phase of polymers. The (T) is perhaps the 
g 

most important parameter 'of an amorphous polymer (T.4). An amorphous 

linear polymer is like a bowl of cooked spaghetti which is at a constant 

wriggling motion, especially at high temperatures. This segmental motion 

takes place in the void space offered by the free volume in the polymeric 

Vf Ref. (F4, W6) found that V = b.025 at Tg for all amorphous polymers mass. 

to the first approximation. Where: 

v = molar volume 

vf = the free volume = v-v s 

v = specific volume 

v :: volume/gm of the solidly packed polymer 
s 

By lm'1ering the temperature, the free volume shrinks, and the thermal 

energy becomes small compared to the potential energy barriers for rotat-

ional and translational jumps of the polymer segment. The T is generally 
g 



attributed to the ability of groups of-atoms in the polymer chain to under-

go co-operative localised motion by overcoming a thermal energy barrier. 

Below the T , thermal energy is not available to allow segments of the chain 
g 

to move.as a whole. 

in a rubbery molecule. 

Once T is exceeded, the motion of the segments result 
g 

T is sometimes called the internal melting point, or the softening 
g 

point of the polymer. For completely crystalline materials, melting point 

T can be easily observed. m But since the material becomes completely 

crystalline below T , there is no chance to observe a T as the crystallized m . g 

material is further cooled (B20). Since polymers contain sizeable portions 

of amorphous material, they will give evidence of both T and T • Many 
g m 

properties change by passing the T • g 
From a classical point of view the 

restriction-freedom of motion change is associated with a volume change (see 

Fig. 2.4 below) (B 13). 

Specific 
Volume 

1.04 

1.02 

1 

Fig. 2.4. 

~T 
g 

Temperature· 
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The measure of specific volume vs. temperature is the _most usual method for 

T determination. 
g 

Other methods of observing the T involve detecting 
g 

changes in the following properties with temperature: heat capacity, thermal 

~xpansion, stiffness, brittle point, tensile strength, and others. 
i 

2.9.1. Im:eortant Parameters Affecting T : 
g 

2.9.la. The Solubility Parameter (S): 

The cohesive energy density is used to describe the interaction be-

tween segments of polymer molecules. It is defined as the molar energy of 

vaporization divided by the molar volume: 

CED = E.vap/V 

The solubility parameter (S) is equal to: 

= 
1 

(CED)2 
1 

= (E vap/Vfz 

T increases with 8 
g 

An experimental method to determine (8 ) is given 

in Ref. ( T. 4) • S for polystyrene = 8.56. 

2.9.lb. The Energy Barrier impeding rotation around the bonds in the CE~JY0l: 

As V increases, the internaJ. chain mobility decreases (T.4). 
0 . 

2.9.lc. The Geometric Chain Stiffness: 

T increases with the increase of the geometric chain stiffness. 
g 

2.9.ld. The Chain Length n: 

The glass transition temperature on the chain length n in 

the following way: 

T 
g 

c 

T 
go:> 

= 

= 

= 

T 
goo 

a constant for each polyme:r 

the limiting value for T at infinite chain 
g 

length 
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It was observed experimentally that: 

c/rc ·----+'- zero when TC --+ 500 or more. 

i.e. T = T for values of re equal to or greater than 500 (T. 4 ). It is 
g gc0 

interesting to note that for crystalline polymers: 

For symmetrical polymers such 
T IT 

g m 
. 0.5 

as polymethylene. 

For unsymmetrical polymers such 

T IT 
g m 

o.67. as polytrifluorochloroethylene or 

isotactic polypropylene. 

In general 0.5 T ( T ( 0.67 T (in °K) where T is the melting point. m g m m 

Ref. (Bl?,B.6, F3) found T for polystyrene to be = 100°c 
g 

Numerous investigators had put forward mathematical models relating 

the glass transition temperatures to the molecular weight-viscosity relation-

ships. Ewart (El) found that the relation: 

Log M 
v = (Log ·'?, + 4.013) I o. 74 

(where: "2 = intrinsic viscosity & M ) 3 x 104 ,) holds for polystyrene over the 

molecular weight range of 5 x 104 to 8 x 105. This result was confirmed 

by Ref. (K ) for molecular weights 3 x io4 to 1 x io6. Pepper (P.l) worked 

on polystyrene in benzene at 25°c for molecular weights ranging from 800 to 

11,000. The following equation represents his results for M ( 3 x io4: 

Log M = (Log ~ + 3.38) I o.60 
v 

This equation has been confirmed and successfully used by Fox and Flory 

(F.4). According to Fox and Flory the effect of molecular weight of a poly-

mer (M) on its glass transition temperature-(T ) can be represented by: 
gp 

T 
gp = T 

goo 
2 f Ne I (ex M) 

p 

(F3) 
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Where: 

= density of polymer 

N = Avogadro's number 

e = the contribution of a chain end to the free volume 

= the difference between the volume expansion co-

efficients of the polymer in melt and in a glassy 

state 

This relation was successfully applied (H.7) to methyl methacrylate and 

styrene. For polystyrene it becomes: 

T = gp 373 - K/M 

K is a constant whose reported value ranges from uo5 to 1.7 x 105) (F.3, F4, 

F.5), depending on the range of molecular weight for which it can apply. 

2.9.le. The Polymer to Monomer .Ratio: 

The glass transition temperature of a polymer-diluent (T ), depends gs 

upon the volume percentage of the polymer. 

Kelley and Bueche (K.4), derived T on the basis of the free volume 
. gs 

theory, by assuming the additivity of the free volumes of each constituent. 

T gs 

Qm 

Qp 

T 
gp 

T gm 

a m 

= 

= 

= 

= 

= 

= 

4.8 x 

l~.8 x 

. volume 

volume 

T + a (1-Q ) T gp m p gm 

10-4 Q 
p 

+ ex (1-Q ) 
m P-

fraction of the monomer 

fraction of the polymer 

the glass transition temperature 

the glass transition temperature 

the difference between the volume 

of the polymer 

of the monomer 

coefficient of 
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expansion in the melt and in the glassy state 

for the monomer 

This relation was successfully used by Ref (H.7) for studying the diffusion 

controlled polymerization of methyl methacrylate, and styrene. They found 

that T corresponds to the limiting conversion in methyl methacrylate. gs 

However, in the present investigation, (see Chap.VI), apparently no relation 

was found to exist between T and the limiting conversion. gs 

2.10. Free Radicals, their Formation, Trapping and Detectiop: 

Definition: Free radicals are species that possess one or more unpaired 

electrons. 

The history of radical trapping goes back about three decades. 

Most texts published in the early 1930's stated that free radicals are non-, . 
existent. Much earlier than that, in the 18th and 19th centuries, the 

term radical was used by Gay - Luqsac, Leibig, Berzelius, Bunsen, and others 

to indicate either a combined portion of a molecule or a "free" radical. 

For about 130 years, attempts have been made to reach a concrete conclusion 

about free radicals' existence. See (P6and B7) for details. 

Lewis (L5) and his students were the first to study the production, 

trapping and stabilization of free radicals at low temperatures in rigid 

media. Subsequently, Spectrophotometry and Electron Spin Resonance were 

used to study free radicals entrapped in glasses. 

From 1930 to 1950, free radical's studies showed that they combine 

with very little or no activation energies (Sl7), therefore, preserving 

them in 100% concentration could be done only near, or at, absolute zero 

temperature. The other alternate is to dilute the radicals with molecules 

that form a rigid structure. Consequently, an easy way to produce stable 
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radicals is by freezing the material and either expose it to electromagnetic 

radiation, or bombard it with particles as electrons, protons, or neutrons. 

Free radicals can also be trapped from the gas phase by freezing the stream 

at very low temperatures. The easiest way for their formation in the gas . 

phase is by heating or by an electric discharge. 

The E.S .R., is a powerful tool for studying frozen free radicals. 

In many cases, information about their structure could also be obtained. 

Physical methods of free radicals' studies are much more promising than the 

chemical ones. In addition to the E.S.R. technique, other methods such 

as: 

a) absorption spectra: visible, near ultra violet, infrared, 

or ultra violet 

b) mass spectrometry 

c) low temperature X-ray studies 

d) low temperature emission spectra 

e) magnetic susceptibility measurement 

f) refractive index 

g) calorimetry 

h) dielectric constant measurement 

i) thermal conductivity measurement 

are also being used. 

The E.S.R., is the most selective and most sensitive for singling 

out free radicals. It has the unique advantage of fair concentration 

determination. Its main disadvantage is the centering of all E.S.R. 

spectra at about one location "g = 211 causing superposition of spectra. 

The recording of the spectra as the first derivative of absorption is not 
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very convenient either. (See section 3.6.2. for basic principles of 

E.S.R. theory). 

Infrared methods are best used to yield information concerning de-

tails of the processes accompanying free radicals' production. The major 

methods of free radicals' production in the solid phase are: 

1) electron bombardment 

2) photolysis 

3). X- or "(-rays radi olysis 

The reader is referred to Ref. (B.?)·for detailed information.-

Statistical analysis of the limiting free radical concentration 

was attempted by Refs. (Gl, Jl) ~ and it could be concluded that 10-14'% of 

·the matrix is the highest limit for free radicals to be successfully en-

trapped. However, these studies assumed free radicals to have spherical 

shape, which is far from being the case for polymers. 

At liquid nitrogen temperature, most organic radicals possess very 

long life times that could be measured in years. In materials that are 

solid e.g. plastics, cellulose, sugars, and paraffins; radicals can be de-

tected after storage for periods ranging from hours to months (B. 7). 

The change in chemical properties under the effect of radiation 

r.epresents a good means of distinguishing between organic and inorganic 

compounds. The reactions in organic compounds are generally irreversible 

e.g.:hydrogen evolution during irradiation, degradation, polymerization etc ••• 

Sisman and Bopp (Sl3), classified materials according to their re-

sistance to radiation. 

i) mostly elastomers which show a large decrease in strength 

for exposures of 10
8 to 109 rads. 
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ii) materials appreciably affected by 109 to 1010 rads. 

iii) 

include nonrigid and some moderately rigid plastics 

10 materials showing good stability up to 10 rads. mostly 

highly rigid plastics 

Polystyrene belongs· to the third class. 

~.11. Activation Energies, below and above transition points: 

Activation energies are usually obtained from the slope of the line 

in Arrhenius' plot. Discontinuity of the line is often observed. This is 

usually attributed to a phase change. or a change in mechanisr.i .. ·· Since a 

change in the physical state of the matter accompanies T , it is not sur­
g 

prising to find that numerous investigators reported discontinuity in the 

Arhenius plot as applied to varied systems. Ref. (c14) gives a complete 

coverage of the relevant literature. 

According to Ref (Cl4), molecules equal ·to or larger than the 

monomer unit re1uire,for their diffusion, a co-operative movement by the 

micro-Brownian motion of several monomer units i.e. the so called polymer 

segment,to take place. Below T , other transitions may occur, produced 
g 

by the motion of short sections of the main chain or of branches. The T 
g 

is the transition of highest temperature, and is the one most pronounced 

(a transition). Other transitions may be denoted p, ~, etc ••• in order 

of temperature decrease (al thmigh this nomenclature is not always observed). 

Deutsch et al. (Ref. D2), used dielectric and dynamic mechanical 

properties measurements to obtain values for the activation energies of a 

and 13 transitions for PMMA and PMCA. Powles (P.4) used the NMR technique 

to obtain energies for the two transitions for PMMA. Ref (O .1) obtained 

a value for the a transition of PMMA by Electron Spin Resonance studies of 



the decay reaction of free radicals. Table (2.1.) sums up the results 

for PMMA 

I 
I 
I 

. ! 

E 
a 

Above T 

80 

27 + 10 -

E~ 
Below 

g 

20 

18 

18 + -
28 

2.1. 

Method of 

T measurement Reference 
g 

¥alues of tensile D.2 
modules 

dielectric D.2 

aud. freq. vibr. D.2 

NM R p.4 
l~ N M R P.4 

ES R 0.1 

The higher values of Ea over Ee implies a larger moving entity. The f3 
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transition is assigned to the motion of the car.boxy methoxy groups, \~bile 

the a transition is assigned to the motion of ·chain segments. 

Ref. (C .7) who studied the radiation initiated polymerization of 

MMA in dilute solutions in mineral oil at temperatures ranging (-63°C to 

-196°c) found that Arhenius plot for the polymerization rate showed a break 

at (-106°c) which was interpreted as the glass transition temperature of 

methyl methacrylate monomer. 

When styrene monomer was irradiated in the solid state, the acti-

vation energy of the polymerization reaction was found to be -1.2 K cal/mole, 

b mo ·n t h. h t t a change i·n E occurs at -18°c and becomes y __ vi 8 up o ig er empera ures 
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equal to 8.5 K cal/mole. The change in E was attributed to a change in 

the mechanism of polymerization, being predominantly ionic at temperatures 

below -18°c and changes to a mainly free radical one at temperatures above 

-18°c; at -18°c both mechanisms contribute equally (c.3). Ref. (C.2) in-

vestigated the effect of change of phase on the rate of polymerization by 

radiation, and obtained for styrene a discontinuity in the Arhenius plot 

with the activation energy increasing by 2-4 K cal/mole in passing the tran-

sition point. 

Nara et al. (N.1) irradiated·polypropylene in vacuum with gamma rays 

at (-196°C). The values of activation energy of free radicals decay at 

two temperature regions (TA) an~ (TB) were 11 K cal/mole and 48 K cal/mole 

respectively, which were found to be close to the values obtained for mole-

cular motions by mechanical studies at those two temperature regions: 13 K 

cal/mole and 58 K cal/mole, (they represent the ¥ and ~ transition in this 

polymer). The la.tter being that associated with T • 
g 

Nara et al. (N2) 

conducted a similar study on polyethylene a year later, and obtained for 

the activation energies of free radicals' decay reactions the following 

values: 

Table 2.2. 

Temperature region TA TL TB 

High density polyethylene o.4 9.4 18 .1. 
Low density polyethylene 0.7 23.1 24.8 

Ref. (S~9) used the N.M.R. technique to study the transition be-

haviour in polystyrene-diluents systems through distortion of.absorption 

lines in transition regions. They suggested the existance of two major 

mechanisms in the course of liberation of the segmental motion in the trans-
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ition region. Ref. (Tl) studied the change of activation energy of poly-

merization at the monomer transition point under the effect of pressure and 

found a tremendous increase at this temperature and higher. 

2.12. Free Radicals Decay: 

In polymer research, so far, the creation of trapped radicals by 

irradiation to study their decay, structure, and after effect, was carried 

along either one of the two following patterns: 

a) Irradiation of a 100% polymer under such conditions that the formed 

free radicals are stable for long periods of time. This was usually 

achieved by irradiating in vacuum at reasonably low temperatures. 

Free radicals decay studies were performed by post-irradiation 

annealing at higher temperatures;. The Electron Spin Resonance 

is a common technique to follow free radicals decay. (See basic 

.principles of E.S.R., section 3.6.2.) 

b) Similarly, free radicals were created by irradiating 100% monomers 

in the solid state (at very low temperatures). When this was 

followed by higher temperatures annealing outside the radiation 

field; fast polymerization rates were generally observed, together 

with free radicals decay. 

2.12 .1. Free Radkal Decay in irradiated polymers: 

In the Electron Spin Resonance technique, the free radicals con­

centration is proportional to the area under the absorption curve. Tnis 

area can be computed by double integrating the area under the first deri­

vative curve obtained from the E.S.R. spectrometer. 

Ref. (F. 1) found that the free radicals popu1ation in polystyrene 

irradiated at room temperature seemed to decay only moderately, if at all, 
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in two weeks at R.T., but decreased by 30% after 15 minutes at 75-80°c. 

The initial concentration· from irradiation at 298°K was less than that from 

irradiation at 77°K. In the absence of growth and decay curves, it can 

not be asserted whether the low yield at 298°~ indicates a low initial yield 

or concurrent production and decay. Ref. (A3) irradiated polystyrene, with 

gamma rays, at R.T. in vacuum. The spectrum obtained was reported un-

changed for several months. 

Kampbell et al. (K.3) found that l} irradiation of polyethylene ter­

phthalate (5076 crystalline) at (-196~0) in vacuum, produces free radicals 

for which the yield is proportional to the total dose within the range (0-

20 M rad), and is independent of the irradiation temperature within the. 

range (-196°c to 25°c). For a dose rate of 0.2 M rad/hr. and a total dose 

of 2 M rad, post-irradiation annealing at room temperature caused the free 

radicals to disappear within a few minutes; by increasing the total dose 

to 5 M rad, free radicals stayed longer, at room temperature. ',fuen the 

total dose reached 50 M rad followed by heatine; at 160°C , which is higher 

than T , and lower than T , the initial signal decayed largely in 20 minutes 
g m 

without change in the spectrum's shape. Ref. (H 2) irradiated polytetra-

fluoroethylene and obtained stable chain side radicals with very small 

amounts of chain end radicals confirming earlier results by Ref. (SlO). 

The latter are not stable under irradiation and transform into chain side 

radicals. By oxygen and radiation rupture, all is transformed into chain 

end radical which transforms again to chain side radical. 'lb.is is an 
. 

example of a simultaneous formation of two free radicals, and the use of 

the E.S.R. technique to determine the decay of one and formation of the 

other. The effect of temperature was also investigated. 
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Ohnishi and Nitta (Ol) found that gamma irrad.iat:i.on of PMMA in 

vacuum, builds free radicals' concentration up to a limiting value. They 

have also found that their rate of decay follows a second order mechanism. 

~hida et al. (S 10) reported a first order deca,y below T for the above men-
1 . g 

tioned system during the first 2~ minutes.· The order was found to change 
. . 

at temperatures higher than T • 
g 

Tamura et al. (T2), studied the decay of free radicals formed 

through irradiation of four different kinds of polyethylene with 2 Mev 

electrons to a dose of 10 M rad •. Both alkyl and allyl free radicals were 

detected • The alkyl radicals decayed much faster than the allyl. The 

. effect of introducing monomer into the system showed that it apparently 

speeds up the decay of allyl radicals only. The decay was found to follow 

first order kinetics. 

Nara et al. (Nl),studied the decay of ~ree radicals produced in 

0 irradiated polypropylene in the two temperature regions near 170 K and 

260°K. The decay was found to follow second order kinetics in both tern-

perature regions. Ref. (A5) reported that PEO free radicals decay slowly 

below T , with a sudden rise in the decay rate as the temperature rises 
g 

above T • 
g 

2.12.2. Free radicals in irradiated solid monomers: 

Radicals were found to be successfully trapped in irradiated mon-

omers at low temperatures. Post-irradiation annealing at higher temp-

eratures leads to rapid polymerization rates. 

Atherton et al. (A?) used U.V. radiation to ini_tiat_e the catalysed 

polymerization of methyl methacrylate and glycol dimethacrylate to form a 

copolymer. More radicals were found to be trapped in the copolymer as 

http:irrad.iat:i.on
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the DMA content is increased, the reason is that trapping is favoured 

by increasing crosslinking. Free radicals decayed 35% at room temp-

erature while they lost only 776 at o0 c in a half hour. 

Bowden and O'Donnell (B.18), subjected.octadecyl methacrylate 

(m.pt = 12°C) to gamma radiation at (-196°c). This was followed by post 

irradiation annealing at (-30°c to i2°c). The conversion vs. time curves 

showed the typical post irradiation polymerization shape consisting of 

rapid initial rate followed by a sudden levelling off. '.l'he initial rate 

and limiting conversion were found to rise with radiation dose and temp-

erature. When oxygen was allowed in, the rate decreased as a result of 

the oxygen being an inhibitor or free radical polymerization. 

According to Ref. (K.2), radiation of malcimide monomer at 61°c in 

the solid state produced free radicals, which slowly decreased at 61°c • 

No post irradiation polymerization was observed, but free radicals decay 

followed first order kinetics. Irradiation was conducted at (-196°c), 

the concentration of free radicals was calculated and found to be 1.8 x 1017 

f .r./gm., which decreases to 8.5~.6 of the initial value if kept at 6o0 c for 

24 hours. At 70°c, practically no free radicals were left after 24 hours. 

Kaetsu et al. (K.l), irradiated glass forming systems (acrylamide 

and acrylic add) and found that: 

a) radiation at a temperature less than T causes no in-source poly-
g 

merization but only rapid post irradiation polymerization on 

heating at a temperature higher than T due to the release of the peroxy 
,g 

radicals. 

b) radiation at a temperature more than T causes in source poly-
g 

merization and no post irradiation polymerization. 
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Decay of the E.S.R. signal in U.V. irradiated PMMA was studied by 

Ref. (M.7) attempting to solve the controversy between several investi-

gators concerning whether the spectrum arises from a single free radical 

Jr two free radicals. While heating for 30 minutes at 110°C completely 
i 

destroyed the E.S.R. signal, a r~ther broad single resonance remained 

after heating continuously at 8o0 c. 

2.12.3. Concentration of trapped radicals and G-values: 

Schneider (S. 2) irradiated commercial polystyrene with X-rays in 

vacuum at room temperature. He. obtained a concentration of 3 x 1015 

spins/ml for a dose of 107 roentgens. Schneider encountered some diffi-

·culty due to a fast decay at room temperature. The E.S.R. pattern ob-

tained was a triplet. 

Ingram et al. (12), detected no occluded polystyrene free radicals 

in the precipitated polymer, but reported a concentration of io19 spins/ml 

as radicals trapped in low temperature glass. The shape of this signal 

was different from the usual three lines spe·ctrum for polystyrene, in being 

a one broad line evider.ce of poorly resolved hyperfine interaction. 

Florin et al. (F.l), obtained E.S.R. spectra for ordinary as well 

as for deuterated polystyrenes which were gamma ~rradiated. '.!:'he Reported 

G-values are: 

a) 0.08 for samples irradiated at 77°K and observed at 77°K and 300°K 

b) 0.015 for s~mples irradiated at 300°K and observed at 300°K 

Abraham and Whiffen (A3) irradiated poly3tyrene with o rays at room 

temperature and obtained a triplet with a G-value = 0.2. _Shields et al. 

(Sl), obtained a single sharp line for x-irradiated polystyrene. 

http:evider.ce
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2.12.4. Free Radicals Structure: 

Abraham and Whiffen (A3) discussed the spectrum's shape they ob-

tained for polystyrene free radicals and. indicated that at first it must be 

supposed that the main splitting arises from two equally coupled protons 

though the large line width obtained indicates that others may somewhat 

couple. Accordingly, the radical end -CH (c6 Hs) - CH" 2 is an obvious 

suggestion. However, this structure is very unstable and can achieve 

stability by delocalizing the unpaired electron over the aromatic ring and 

the radical structure, shown below, would probably be the right one: 

• 

This is in accordance with Charlesby's (ClO) .observation of the small yield 

of c-c fission. With appropriate geometry of the main chain one proton of 

each - CH2 - would couple stronger than the other. 

Florin et al. ( :B'. l ), through the study of o -irradiated deuterium 

substituted polystyrenes revealed more about the hyperfine interaction. 

They suggested that the observed s.imilarity of all deuterated polystyrene 

radicals spectra indicates that the possibility of having a strong hyper-

fine interaction with any main chain hydrogen is remote: 

? c-c ® I 

0 
or 

However, strong evidence is in favour of :this radical. Accordingly, they 
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concluded that the principle hyperfine interaction is with the two ring 

hydrogens in the ortho positions: 

H v I 
c c c 
I I I 
H ®o® H 

H H 

H 

They excluded the possibility of positions other than the ortho by the 

fact that poly (p-deuterostyrene) and poly (m-methylstyrene) showed the 

same spectrum obtained for polystyrene free radicals. 



CHAPTER III 

METHOD OF APPROACH TO SOLVE THE PROBLEM 

3.1. Available Information: 

As outlined in (Chapter II), kinetics and mechanism of high conver-

sion polymerization is complex. The kinetic scheme and assumptions that 

apply to the low conversion region were found to be not applicable to the 

high regions (Dl, C4). lhe complexity is even greater at conversions 

higher than 90%, when the curves of conversion vs. time start to level off. 

Investigators have developed mainly qualitative, and partially quantitative 

theories about the middle conversion regions. It was found that the· rate 

constants of termination, propagation, and possibly chain transfer are a 

function of the ?6 convers
0

ion. This has been outlined in more detail· in 

(Chapter II) and will be discussed more profoundly as applied to this in­

vestigation in (Chapter IV). 

In order to appreciate the new approach taken to solve the problem 

(as outlined in Chapter I), a resume of relevant areas covered in the liter-

ature follows: The references given serve merely as examples; Chapter II 

however, is more elaborate in covering and discussing them. 

i Thermal polymerization in bulk (no catalyst (Bl'7 ,HlO,Hl , R ) ) • 

ii Bulk polymerization using radiation energy (different types) at 

varried temperatures (C2, C3, C 4, Cll, Dl, H3). 

iii Irradiating monomers at very low temperatures, creating entrapped 

free radicals (practically no' polymerization takes place during 

this stage), followed by post irradiation annealing at higher tem­

peratures causing polymerization to occur at high initial rates 

47 
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(Bl8, Cl , Kl, K2 ). 

iv Irradiation of 100% polymer, at· temperatures (well below T ) 
gp 

whereby sufficient trapping of the formed free radicals may occur, 

·followed by post-irradiation at higher temperatures (occasionally 

over T ), enabling the investigator to study the free radicals' 
gp . . 

decay behaviour (A 7, Fl , H 2, K2 , Nl, N2, 01). 

One area seemed to be neglected i.e. creating trapped free radi-

cals in a highly converted system by radiation, followed by studying their 

behaviour when annealed at higher temperatures. 

~ Theoretical Approach: 

This investigation was chiefly concerned with the behaviour of the 

trapped free radicals with respect to temperature. In order to accom-

plish this objective successfully, irradiated samples which are to be· an-

nealed must possess similar properties i.e. 

a) Same % conversion. 

b) Same molecular weight and molecular .weight distribution. 

c) Same free radicals concentration. 

Once these are secured, experimental measurements can yield. quantitative and 

qualitative data which might help to clarify the following: 

i Free radical concentrations and G-values. 

ii Order of termination mechanism. 

iii Rate constants ·of termination mechanism. 

iv Activation energies of termination. 

v Effect of the glass transition temperature on ii, iii, iv. 

vi Conversion vs. time curves as opposed to those with no pre-irrad-

iation treatment (HlO Hl) (see Fig. A & B). 
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vii Variation in the number average molecular weight during annealing. 

viii The chemical structure of the trapped free radicals •. 

3.3. Experimental Ap£roach: 

Ref. (H3) provides conversion vs. tim~ curves for styrene poly-

merization in bulk using gamma radiation. They cover three different dose 

rates, three different temperatures, and the whole conversion range (see 

Figs.C &D). 

opted: 

With the help of that data, the following approach was ad-

~.3.1. Experiments starting with styrene monomer: 

By observing the same experimental conditions as those of other 

workers (H3), it would seem to be possible to develop monomer-polyme'r 

systems of prechosen conversions (e.g. 80, 90%), and follow the decay of 

free radicals by annealing at given temperatures, after irradiation. In 

this case, comparison can be made with Refs.(H1, HlO) (see Fig. A & B). 

This comparison, in fact, is not very accurate, due to the antici­

pated difference in properties (molecular weights etc.) of the two poly-

mers. However, it will be shown later that the effect of these differ-

ences was found to be small in our case. 

The dose rates to be used in polymerization are to be the same as 

the ones used by Ref. (H.3). Assuming success in obtaining post-irradi-

ation polymerization curves, comparisons were to be made between them and: 

a) Thermal bulk polymerization (conversion vs. time) curves carried 

out at temperatures identical to the post-irradiation annealing 

ones (Bl7 HlO R3), (see Fig.A' & B). 

b) Conversion vs. time curves for gamma irradiation induced polymer­

ization at temperatures identical to the annealing ones (H3). 
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c) Each other, to determine the effect of: 

i Irradiation temperature ·and dose on the efficiency of free 

radicals' trapping (related to the GR. value) and their 

chemical structure. 

ii The annealing temperature on the free radicals decay mech-

anism and rate. 

iii Temperature on the post-irradiation polym0rization rate. 

iv Irradiation dose rate on the post-irradiation polymerization 

rate (see Fig.5.1 & 5~5 - 5.9). 

v % conversion at which the radiation-induced reaction is 

stopped, on the efficiency of free radicals' trapping. 

In addition, variations in the number average molecular weight (if any), with 

the progress of post-irradiation polymerization, could be measured. The 

glass transition temperature's role in affecting: 

Free radicals' trapping efficiency. 

Free radicals' decay rate and mechanism. 

Post-irradiation polymerization rates. 

were also to be investigated. 

However, this last factor (T ), proved to have a major role. Con­
g 

sequently, in all the investigated topics, a major portion has focused on 

it. 

Experiments starting with monomer encountered several difficulties, 

which were found to introduce a certain degree of inaccuracy when attempt-

ing to interpret the results: 

i Although polymerization curves (H3) (see Fig.C & D) were obtained 

with the use of the same monomer, experimental setting,and pro-
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cedure; it was found that stopping the radiation-induced reaction at 

a predetermined % conversion was practically impossible; this might 

be attributed to: 

a) The hot air feeding the radiation reactor was not effectively 

distributed. 

b) Slight differences in dose rates received by samples irra­

diated at it11 and 611 distances from the centre of the source. 

(Chapter IV explains this point in detail.) 

c) The extremely fast reaction in the region 4o-90% conver­

sion introduced a difficulty in estimating the exact time 

necessary to stop the radiation induced reaction at a pre-

determined % conversion. 

ii It is established that polymers produced by using different dose 

rates will have molecular weights inversily proportional to the 

dose rate (B.5, C4, H3), and is therefore expected to affect· the 

post-irradiation polymerizationrate?• 

All these factors introduced a bulky obstacle, which prevented the 

achievment of complete simila,rity in properties (see section 3.2. in this 

chapter) between samples from two sets, theoretically intended.to be irrad­

iated at the same conditions i.e. theoretically identical. 

3.3.2. ExEeriments starting with highly converted systems: 

Two Monsanto samples (code name (c-1) and (c-2)) were used as starting 

material (see App. I for Chemical Analysis of samples). A major advantage 

of these samples is their very close molecular weights. In addition, having 

two different % monomer enables the study of the effect of % monomer on the 

rate of free radicals' decay. 

http:intended.to
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Irradiation was chosen to be at room temperature. This choice 

was based on the following: 

.i The glass transition temperatures of the system (T ) of both samples 
gs 

were theoretically estimated (using a.mathematical model relating 

T to Q ) to be greater than room temperature (see Chapter VI and gp p . • 

App. IX ) i.e. both systems were believed to be glassy at room temp-

erature. Consequently, trapping of free radicals in high con-

centrations seemed to be highly probable. 

ii Practically no polymerization in-source would be taking place (C.4), 

for relatively short irradiation periods. Consequently, the pro-

blem of starting the annealing process with sets of samples which 

are different in their % conversion or their properties, would be 

eliminated. 

iii Irradiation of polymers, at room temperf3.ture, was often found in 

the literature (see Chapter II) to be a convenient means for success-

fully trapping free radicals, in concentrations high enough to be 

easily detected by the sophisticated Electron Spin Resonance tech-

nique. 

A study of the effect of temperature on: 

a) The rate of free radicals' decay • 
.. 

b) The rate of post-irradiation polymerization. 

could therefore be carried out quantitatively, in a convenient manner. To 

overcome any other difficulty, it was decided to apply one dose rate for 

a constant period of time to yield a fixed total dose. From previous dosi-

metry determinations (Dl), and from those carried out along with the experi-· 
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ments, the dose rate at any specific date could be estimated with reason-

able accuracy. Accordingly, the necessary time increase was added, to 

account for the source's strength decay, and to provide all irradiated·sets 

with a consta.nt total dose. Keeping a constant total dose, the very slight 

continuous decrease in the dose rate with respect to time, could be safely 

assumed not to have a measurable effect on the trapping efficiency. It was 

proved later that this assumption is justified, as the concentration of free 

radicals immediately after radiation _[R~J was found to be constant through­

out the investigation. 

Using the E.S.R. technique, several investigators reported the pre-

sence of free.radicals in irradiated polystyrene; however, the identification 

of the structure is still debatable. Different free radicals' concentrations 

in irradiated polystyrenes have been reported (3 x io15 - io19 spins/ml) (A.2, 

A3, F1, S.l, S.2). Variations in results depended upon: 

a) Irradiation temperature. 

b) Electron Spin Resonance measurement temperature. 

c) Physical properties of the irradiated polymer. 

d) Presence of air: during irradiation, during annealing, or 

during E.S.R. measurement. 

e) Dose rate and total dose. 

http:consta.nt


CHAPTER IV 

EXPERIMENTAL WORK 

Technigues and Theories . 

(1) Irradiation setting and geometry. 

(2) Reaction vials. 

(3) Sample preparation. 

(4) Dosimetry. 

(5) % conversion determination; 

i Gravimetric methods of analysis. 

ii U.V. spectrophotometric measurements. 

(6) Measurement of free radicals' concentration using Electron Spin 

Resonance spectrometry. 

(7) Determination of the number average molecular weight by Osmometry. 

A brief·theoretical background accompanies every measurement tech­

nique description, together with a sample calculation. 

4.1. Irradiation Setti12Ei: 

4.1.1. lr-rays Source: 

A radiation laboratory (hot-cell) associated with McMaster Nuclear 

Reactor contains a cobalt-60 source used as a~~ray emitter. The nominal 

source strength is 5,000 Curie, and is distributed in a cylinder 7" long, 

3" I.D. The active material is distributed in the form of 12 rods 3/8 11 

I.D. and 1 1/8 11 long. The hot-cell is provided with an observation win­

dow (made of lead glass), remote control manipulators, electric hoist, a 

water well for th? source's storage, and a pass through system comminicating 

with the reactor pool. The reader is referred to Ref. (H.4) for an elabor-
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ate and more detailed description of the source and the hot-cell. 

4.1.2. Irradiation reactor: 

An aluminum box, 28 11 long x 18" wide x 28.5 11 high, placed on a 

I 
table 27" high, was used as an air bath. Three sides were insulated with 

\ 

Ter-Test, the fourth, facing the. hot cell's observation window, was made 

of methylmethacrylate sheet. A movable aluminum cover was used to allow 

the Co-60 source, in and out. An air blower was connected to one side of 

the box through a 411 diameter pipe at which opening in the box, a perfor-

ated plate evenly distributed the hot air. The air was heated in the 

duct by a 3,000 watt heater, and the temperature regulated by a De Khotinsky 

· thermoregulator 

This arrangement's purpose, was to provide a constant temperature 

air bath within about ~ o.2°c. It was found later, however (H.3), that a 

temperiture gradient existed, caused by a poor .distribution of the hot air 

influx. 

4.1.3. Reactor's Geometry and its effec~: 

Figure (4.1) is a diagram showing the reo.ctor. In the centre, 6 

sample holders are mounted on a metallic rod A , S is the radiation 

source distributed in the form of 12 rods of cobalt-60. B is a metallic 

concentric cylinder carrying 24 sample holders wlfich are at 4" distance 

from the centre. C is a larger metallic concentric cylinder carrying 36 

sample holders which are at 611 di.stance from the centre. P
1 

and P
2 

are 2 metallic concentric cylinders which are used to protect the vials 

mounted on A and B from being broken in case the source_ struck any of 

them while being placed. Self screening is thought to be partially re-

sponsible for the observed irreproducibility of conversion vs. ti.me plot 
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during irradiation (C 13). Considering two runs, although there will al-

ways be a constant distance between the c ( 
' 

B ·and A cylinders and the 

source, no guarantee can be made that a constant distance exists between 

each individual Co-60 rod on one hand, and a sample position on any of the 

cylinders on the other hand. In addition, for the B and C samples, 

it is obvious that for the former, every second position receives equal 

amounts of dose, and for the latter, equality is for every third position 

only. This results in putting an upper limit on the number of identical 

positions (12) i.e. equal to the number of co-60 rods. 

In the second part of the investigation, the temperature gradient 

problem did not exist, since irradiation was carried out at room temper-

ature, and the irradiation geometry problem was solved by marking the C 

cylinder at two locations opposite to each other, in line with a third 

mark on the observation window. In placing the source in position, care 

was taken in order to bring the two arms of tl:J.e source's handles to fall 

on the same line as the three artificially made marks. This.insured a 

constant position for the source. 

!±_.,2. Sample reactor vial~: 

Annealed Pyrex vials, of approximately 10 c.c. in capacity, were 

used to contain the irradiated samples (whether f!!Onomer, or polymer-monomer 

system). The vials had a constrictine; neck ending in a standard male 

tapered joint B 14. The loaded vials, were connected to the degassing 

system, and evacuated, with the monomer frozen in liquid nitrogen. After 

sealing, the samples were brought to room temperature, and irradiated under 

appropriate conditions, 



4.3. Sample preparation: 

Two types of samples were used .. This caused only a slight differ-

ence in the procedure. 

4.3.1. Vials Filling: 

i Starting with styrene monomer (uninhibited, kept in dark bottles, 

at refrigerator temperature), a 10 c.c. hypodermic syringe was 

used to introduce the monomer into the vials; this was due to 

the narrowness of the vial necks which prevented the liquid from 

flowing freely. The syringe was fitted with a 611 stainless 

steel needle which helped to introduce the monom2r into the wide 

bottom part of the vial without touching the walls of the narrow 

upper parts. 

ii When starting with solid (c-1 or c-2), samples (see App. I for 

chemical analysis) slow direct introduction was possible. 

i:..2,.2. Degassing: 

Oxygen acts as a free radical scavenger. Therefore, before samples' 
. 

irradiation, they must be thoroughly degassed. Numerous investigators have 

·\ reported the effect of oxygen on: polymerization rate (:018), free radicals 

decay (c.l, K.2), and on the shape of the obtained spectrum (K.2, H2), as has 

been shown in detail in (Chapter II). A brief description of the degassing 

procedure follows: 

Greasing the vials' mouths with silicone high vacuum grease. 

Connecting the empty vials to the vacuum system (see Fig4.2) which 

can handle 8 samples at a time, and are tested for any leaks, using 

a leak detector coil. 

The valves connecting the vials to the system are closed, vials dis-

connected, and filled with samples as previously· described. 
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Greasing is repeated if necessary. 

The filled vials are connected to the system (valves still closed), 

and Dewar flasks filled with liquid nitrogen are mounted to be used 

as freezing baths. 

15 minutes freezing while system is under about 10-3 H vacuum. 
g 

Valves are then opened and degassing is allowed for 15 minutes. 

For styrene monomer: 

Close valves, replace liquid nitrogen baths with warm water ones 

causing thawing. · This will expel any air traces entrapped. Re-

freezing (15 minutes), and degassing (15 minutes), still using the 

primary pump only. 

For both samples again: 

Valve A is then shifted to be connected only to the mercury dif-

. fusion pump, and valve B· is opened. The system is then under 10 -6 

mercury and this is allowed to continue for at least 15· minutes, pre-

ferably a half hour. 

Close valves, remove liquid nitrogen baths. 

Sealing of the vial necks follows, using oxygen flame. 

The degassed samples are placed at refrigerator temperature until 

used for irradiation. 

Remark: 

Vials should be chemically clean. This can be achieved by: 

Filling them with boiling 1:1 H2so4:HNo
3 

acids, and leaving them 

for a few hours •• 

5 times washing with tap water, 5 times with distilled water and 3 

times with acetone. 



1-2 hours drying in an oven at about 120°c. 

4.L~. Dosimetr;y:: 

4.4.1. Introduction: 

60 

/ The unit for the absorbed dose, the rad, is increasingly being used 

.1 
in radiation chemistry. It is clear that the absorbed dose depends on the 

properties of the particular medium in which it is measured. The absorbed 

dose is defined by the amount of energy per unit mass received by a material 

exposed to ionizing radiation at the place of interest (W.5). 

Experimental methods designed to determine the absorbed dose have 

been long known. The majority of the early ones relied on measuring the 

. ionization produced in air caused by radiation. However, the difficulty 

lay in relating this value to the energy absorbed by the irr::,diated matter. 

Calorimetric techniques are used to determine the absorbed dose directly 

in fundamental units. Microcalorimetric ones are much more accurate. 

The disadvantage of these methods is that in the former case, the accuracy 

is poor due to the extremely small amount of energy usually dissipated 

from sources, while the latter method is considered tedious and time con-

suming. These methods can be used to determine the streng;th of the source. 

Once this is known, indirect methods using secondary indicator:S, can be 

used f'.)r routine measurements, as long as they can show a constant response 

.over as wide as possible a range of intensity. 

4.4.2. Fricke Dosimetry: 

This is a successful method that has long been used for diosimetry 

using a secondary indicator which possesses the above mentioned property, 

and in addition, is simple and relatively fast. Swallow (S :i.8), presents 

this technique in detail. Briefly, it is based on the oxidation of the 
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ferrous ion in a ferrous sulfate solution to the ferric ion, by radiation, 

using spectrophotometric measurements for the determination of ferric ions, 

0 
which can be determined with high accuracy at the absorption peak of 3040 A. 

The G value for this oxidation reaction when Co-60 -radiation is used, 

amounts to 15.5 (S J.8). The yield of ferric ions is proportional to the 

absorbed dose for doses between about 103 - 105 rads {W.5). The low sen-

sitivity of this system, restricts it to the measurement of large doses. 

However, very accurate results are usually obtained if the total dose lies 

between: 1 x 10
18 - 2.4 x 10

18 e.v/g~ (S5). The absorbed dose in this 

system is calculated using the relation: 

Dt = 
. 4 

2.91+ x 10 (l-0·.007 (t-20)) O.D. 4.4.1. 

Dt = total absorbed dose in rads 

t = the temperature in °c at which O.D. is measured. 

O.D. = optical density of the irradiated solution. 

dose rate 
(rads/sec) :: 

absorbed dose in rads 

time of irradiation (seconds) 

The absorbed dose in the polymer system can be then derived from the exper-

imentally mev.sured one for the Fricke solution. The following formula is 

used for this purpose: 

where: 

D = p 

D = p 

Df = 

u 
p :: 

Dose rate 

Dose rate 

The mass 

c-; > f 4.4.3. 

for the polymer system. 

for the Fricke solution. 

energy absorption coefficient of each system as 

indicated by the subscripts, and is a measure of the stop-
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ping power of the system. 

~.4.2a. Experimental Procedure: 

l) Fricke solution preparation: 

~ Triply distilled water was used, and was obtained by repeated dis­

tillation of an alkalin~ permanganate solution, made by adding a 

few NaOH pellets to 0.1 N potassium permanganate solution (KMno4) 

ii This water was used to make about l0-3M ferrous ammonium sulphate 

(AR reagent) tNH4 ~ so4 · Fe so4 • 6 H2o := 392.16 J , in 0.1 N 

reagent grade sulfuric acid, which contains approximately l0-3M 

Na Cl. 

ii.i Oxygen was bubbled in the obtained solution for a few hours, after 

being passed in concentrated sulfuric acid to remove any organics 

from the gas. 

iv The oxygen saturated solution is then kept in a dark brown glass 

bottle until used. 

v Fresh solutions had to be prepared ~ach time new dosimetry is attempted 

if the time lapse between the two is more than a few days. If only 

one or two days have lapsed since its preparation, ·resaturation with 

oxygen is the only additional step. 

2) Dosimetry Vials: 

Vials similar to those used for polymerization, (except for not having 

a ground joint at their mouths) were used for dosimetry. These vials must 

be extemely clean before being filled with 10 ml of Fricke solution. This 

was done by using boiling concentrated H
2
so4:HN0

3 
1:1 f.ollo:wed by 10 times 

thorough washing with distilled water, using triply distilled water during 

the last three or four times. The last washing step us.es the Fricke solution 
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itself. 

3) Vials :Positioning: 

The vials when irradiated, were connected to the sample holders and 

at the same positions used for the polymerization reactions. 

Previous Dosimetry data were available (D.l). Consequently, the 

approximate time needed for irradiating the Fricke solution at each position 

to give accurate results, could be estimated. Table (4.3.) shows the late 

Dosimetry measurements at different positions. 

After irradiation, the amount of absorbency of each sample was ob-

ta:lned by using a Beckman D.K. spectrophotometer set at 304 mu. Base line 

checking was repeated after eac~ sample using non-irradiated Fricke solution 

in both cells. The accuracy was also checked by measuring the transmittance 

occasionally and checking that the 

absorption Lo~lO 1 
transmittance 

In determining the dose rates at positions B and C , every second position 

and every third position satisfies the. equality need, as was mentioned 

before. However, no difference could be detected when adjacent positions 

were measured experimentally. 

4.4.2b. Results and CalculationG: · 

The following is a sample calculation: 
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TABLE 4.1. 

Sample code Time of irradiation 

411 number Position in seconds Absorption Average 

411 112 4 420 81.5 

411 113 8 420 83 
82 

411 114 5 420 82 

Lt" 115 9 420 81.5 

Substituting with the average value of absorption in equation 4.4.L to 

calculate the total dose D, using the latter in equation 4.4.2. Therefore, 

the dose rate = 53.38 rads/sec. 

TABLE 4.2. 

Sample code Time of irradiation 

L~ II number Position in seconds Absorption Average 

411 116 4 240 48 

411 117 8 240 45.5 
46.5 

411 118 5 240 45.5 

411 119 9 240 ~ ... 47 

Similarly from the given table a dose rate of 52.96 rads/sec is obtained. 

Therefore, the average dose on this date at 411 = 53.17 rads/sec. 



A summary of the experimentally obtained dose rates by Fricke Dosimetry 

is shown in Table 4.3. 

Table 4.3. 
Dose rate in rads/sec. 

Date 
l" 411 6" 

10-4-69 176.7 58.3 

10-7-69 166.5 53.2 21 

8-9-69 170.3 

12 11-69 167.0 

15-12-69 165.2 
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The constraint of short irradiation time in the case of 1 11 measurements causes 

this highly precise technique to be vulnerable to errors up to five percent 

(S.18). 

The experimentally determined dose rates are those absorbed in water. 

In order to determine their counterpart in the polymer, equation (4.3;) was 

used. However, the values of the mass energy absorption coefficients for 

polymer and water must be known. 

Given any compound Xa Yb, its mass energy absorption coefficient for 

a given photon energy can be calculated from the relation: 

= a + b 4.4. 
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where: 

& the mass energy absorption coefficients 
= 

of the elements x and y. 

w and w = the ratio between the weight of elements, 
x y 

x and y and the compound's total mole-

cular weight. 

a and b = the unit's number of each element in 

the compound 

Accordingly, (}) for styrene and polystyrene are practically the same. 

Ref. (W .4) lists the value of y for several compounds and elements.· It 

was found that : 

(})styrene = 0.02876 

(})water = 0.02970 

According to equation (4.3.), using an absorbed dose rate in water of 168 

rads/sec. as an example, therefore': 

D polymer = 
168 x 0.02876 

0.02970 = 162.7 rads/sec. 

As the dose rate is constantly decreasing with time, a slight calculated 

increase in the radiation time is added when the aim wai;; to use a constant 

total dose throughout the investigation, (as in the case of irradiation of 

(c-1) and (c-2), at room temperature). 
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4.5. Percentage Conversion determination: 

When polymerization is in progress, the proportioµ of polymer to 

monomer steadily increases. In order to measure this change experiment-

411y, several methods are available, the best known is based on separating 
I 

' ' the polymer and monomer. 

4.5.1. Gravimetric method of analysis: 

Two types of samples were handled. 

Starting with monomer, polymerizing it at 85°c or ?0°C by radiation. 

Starting with (c-1) and (c-2) (see App. I for chemical analysis) 

irradiation at R.T. to create free radicals (practically no poly-

merization takes place during this step). 

After irradiation, one vial is immediately quenched in liquid nitr-

gen and processed for conversion determination at time zero. 'I'he rest of 

the samples are annealed at the desired temperature. Post-irradiation 

annealing was carried out in a hot air oveni whose temperature control is 

about~ 1°C (except for the cas~s where the.investigation was.at room temp-

erature. Temperature varied within ! l.5°C). 

In the case of (c-1) and (c-2) samples, the rate o~ post-irradiation 

change is high at elevated temperatures, causing the time intervals between 

each two samples to be short. In order to overcome the error caused by 

the time factor needed for a sample to acquire the oven temperature, a 

metallic socket, heated by an electric coil and connected to an autotrans-

former, was used to heat the samples up to the desired annealing oven temp-

erature in about one and a half minutes. The necessary variac setting 

for each temperature was determined by trial and error, using a thermocouple-

and a stop-watch. 
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At the end of the requ~red post-irradiation annealing time for a 

sample, the vial is quenched in liquid nitrogen to stop any further 

reaction, and samples for % conversion or E.S.R. measurements are taken by 

breaking the vi.al. The rest of the procedure is as follows: 

About 1-2 gms of sample are weighed accurately. 

Approximately 50 ml of dioxane are used to dissolve the polymer with 

about 0.1 gm of hydroquinone inhibitor added to prevent any further 

polym2rization. 

Complete dissolution is accomplished by allowing samples to sit for 

two days. 

Precipitation of the p~lymer is achieved by adding the dioxane sol­

ution drop by drop to 15 fol'd excess of methanol, stirred with a 

magnet. 

The precipitate is allowed to settle for a day, then is filtered 

through fine pores sintered glass 50 ml crucibles, using a vacuum 

filtration set that holds four samples simultaneously. 

The precipitate obtained contains all the polymer with the except­

ion of such small molecules as dimers or trimers which might pass 

to the filtrate with the monomer. 

A vacuum oven set at 65-70°c is used for·_ drying the precipitate. 

The oven is connected to a suction pump through a vapour trap where 

dry ice is used as a cooling medium together with some methyl 

alcohol. 

Weighing the polymer will yield the 7G polymer in the ~riginal poly­

mer-monomer sample. 

The gravimetric method is fairly accurate but its absolute error 
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would be considered relatively high for investigating conversion at the 

last 576 monomer. A good method for estimating traces of monomer is the 

use of the U.V. spectrophotometry. Its absolute accuracy is the best for 

~he last 2% monomer, but the more the % monom:r, the lower the accuracy. 
i 
4.5.2. % Conversion determination by U.V. spectrophotometry: 

U.V. spectrophotometry is a relatively rapid and accurate method 

for the determination of monomeric styrene in a polymer-m"onomer system. 

It is most suited and highly efficient in determining concentrations .with 

the last 2% unpolymerized monomer. It can be used for higher monomer con-

centrations by diluting the investigated solution, but this would naturally 

. lower the_ absolute accuracy. When % monomer is around 1076, it is advis-

able to determine it both gravimetrically and spectrophotometrically as a 

double check. 

Styrene absorbs U. V. radiation l+0-100 times as strongly as poly-

styrene at 245 mu wave length. The experimental procedure steps extracted 

from Ref. (I.3) follows: 

l) Approximately 0.1 gm of polymer sample is weighed into a 100 ml 
\ 

Erlenmeyer flask. 50 c.c. of reagent grade chlorqform is added 

by means of a burette. 

2) The solution is allowed to sit overnight to ensure the dissolution 

of the polymer present. 

3) 10 ml of the above solution are added with agitation to 90 ml 

(delivered accurately by a burette) methanol in a 125 ml Erlenmeyer 

flask to precipitate the polymer. 

4) The resulting solution is filtered through a sintered glass crucible 

(no vacuum applied) and th8 filtrate is used for absorption measure-
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ment. 

5) The reference standard is 10% chloroform in methanol (accurately 

measured by means of a burette). 

Note: Care must be taken that the reference solution is prepared in a -
similar manner to that of the solution containing the polymer 

(exactly the same chloroform: methanol ratio). Otherwise, chloro-

form and methanol are present in different relative quantities, and 

the result will be affected. 

Remark: 

It is necessary to check for base line drift occasionally by filling 

the two cells with the reference standard and checking for the 0% and 1000.,b 

absorption. A calibration curve for the abosorbance vs. styrene concen-'-

tration (Fig. 4.3.), (Ref. H .3) was used in determining the ?& styrene monomer. 

The reader is referred to the D. K. Beckman U.V. spectrophotometer manual 

for operational detail. 

Sample Calculation: 

Assuming an absorption = 0.2 therefore mg styrene/100 ml = 1.14 from cali-

bration curve) this value is equivalent to the amount of styrene in the 

solution (10 chloroform + 90 methanol). 

Therefore, dilution factor = i~ = 5 

Therefore mg styrene in the sample = 
--/ 

5 x 0.14 = 

Assuming sample weight = 0.1 gm 

Th I . _..Qtl X _L (ol) 
erefore Jo styrene -lOOO(gms·) O.l (wt) x lQO 10 

Therefore % conversion = 100 0.7 = 99.3% 

0.70 

= 0.7% 

Note: - Styrene monomer is miscible in all proportions with methanol (B.17). 

Polystyrene is insoluble in methanol (Bl7) (tested. by Staudinger and 
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Heuer for two molecular weights 130,000 and 5,000 and found in-

soluble in both cases). On the other hand, it is completely 

soluble in both chloroform and dioxane. 

4.6. Electron Spin Resonance Spectrometry: 

4.6.1. Introduction: 

Chapter II showed how free radicals play the major role in the 

process of polymerization. . Their characteristics have been covered in 
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detail. In order to acquire some information concerning their behaviour, 

they must be generated in large concentrations, at conditions such that 

their recombination is relatively slow to provide the investigator with 

sufficient time to detect and study them. 

Numerous techniques of free radicals' detection are known. The 

E.S.R, technique is the most selective and most sensitive for singling out 

free radicals. The technique also has the advantage of being able to 

determine concentrations. In some cases, identification of f1~ee radicals 

could also be achieved. The two major disadvantages of the E.S.R, spec­

trometry technique are: 

1) The centering of all E.S.R. spectra around the same value of g 

which causes a troublesome superposition of spectra. 

2) The recorded spectra are given in terms of the derivative of 

absorption with respect to the magnetic field. 

4.6.2. Simplified Theory of E.S J3.: 

The E.S.R. technique is based on usir.ig the main property of free 

radicals i.e. having an unpaired electron and a magneti~ moment associated 

with it. A detailed discussion of the theory can be found in the liter-

ature (A.4, I.l). However, some basic theory is briefly given to help 
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appreciate the scope and limitations of E.S.R. 

The odd electron orbiting around the nucleus possesses an angular 

momentum in addition to a spin angular momentum caused by its spinning. 

This spinning can give rise to a rotating magnetic dipole which acts like 

a small magnet. 

Under the effect of an external D.C. Magnetic Field, the magnet 

will orient itself in a definite direction. Electrons possessing moments 

in the applied filed's direction will align themselves in the same direct-

ion. On the other hand, those spinning in the opposite direction, will be 

aligned anti parallel to.the applied field's direction. The latter is an 

unstable state and has a higher, energy position, and is accompanied by an 

energy absorption. The diagram shows the separation of electrons into the 

two energy levels. The principle of E.S.R. is simply to make accurate 

electron translations of·the observed transition from the low energy level 

to the higher one, with the absorption of energy M = h~ (ll, W3); 

No applied / 
./ 

field 

h}) = 

' ' 

gu H 
0 

/ 
/ 

/ 

6E = 

' ' 

+ f gu H 

1 
0 

h t>lanks constant h)) = gu H -

t 
0 ~ frequency = 

- l gu H 
0 

---->- H 

The obtained splitting which was caus0ed by a magnet, if subjected to a 

radiation of frequency i , so that the quantum h '\l is equal to the energy 

difference between the two levels, will cause resonance to occur between them. 
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The impinging energy is absorbed by electrons in the _lower energy level 

causing them to excite to the upper level. Simultaneously, the upper 

level electrons emit radiation of frequency ')) and fall to a less excited 

I :i;evel. For any system in thermal equilibrium, more electrons lie in the 
i 

lower level than in the upper one, hence, a net absorption of radiation of 

frequency )) • 

The Maxwell-Boltzmann expression gives the numerical ratio of the 

electrons in the two states: 

= 4.5.1. 

= number of electrons in the upper state 

= number of electrons in the lower state 

= the separation between the two levels 

= h \) 

= Boltzmann constant 

T = the absolute temperature 

and the whole relation is very close to unity (I3). 

Consequently, greater sensitivity is usually obtained by measuring 

at lower temperatures, to inc:r'ease the difference between N
1 

a~d N
2

• The 

resonance is able to continue due to some other mechanism apart from the. 

stimulated emission. More details can be found- in Ref. · (I].)_. 

The following velation gives the energy difference between the upper 

and lower states in terms of the magnetic field: 

:: 

g :: 

gu H 
0 

4.5.2. 

called the "g-factor", and is a physical 

property of the electron and is a dimen-
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sionless constant. 

Bohr megneton. 

H = T.he magnetic field intensity in the appar-

atus' direction. 

To summarize, an equation in the form: 

= h \) = gu H 
0 

is the basic relation of the E.S.R. spectrometry, and only an electro-

magnetic quantum of this frequency wiil cause a transition between the two 

states to occur. The equation represents resonance between the quantum 

energy and the energy difference between the two levels. 

The E.S.R. spectrometer is designed in such a way so as to detect 

the microwave energy absorbed by the free radicals present, from which the 

number of free radi,-::als can be obtained. The spectrum shape obtained was 

very similar to those found in the literature for irradiated polystyrenes. 

~6.3. E~erimenta1 Technigue: 

In the present investigation, irradiation and post-irradiation 

annealing were both carried out under vacuum. However, the vacuum was 

broken immediately· after annealing and samples were stored at liquid 

nitrogen temperature in N.M.R. tubes placed in a dewar flnsk, to preserve 

the free radicals. During the few minutes needed ior E. S. R. measurement, 

samples were taken out of the liquid nitrogen bath, allowed to warm up to room 

temperature, and placed in an E.S.R. tube. The signal's shape remained 

practically unchanged during the decay runs (emphasizing the presence of one 

type of free radicals). 

The instrument used in the present investigation is a spectrometer 

type JES-3BS-X (Japan Zlectron Optics). Spectra are measured in the neigh-



77 

bourhood of 9200 me/sec. The reader is referred to the manual for oper-

ational details. 

The recorder in the E.S.R. spectrometer yields the first derivative 

of absorption. The number of spins is propo_rt1.onal to the area under the 

absorption curve. In order to determine the absolute free radicals' con-

centration, the area under the absorption curve of the sample should be 

compared with that under the absorption curve obtained for a sample of 

radical concentration. a. rf Diphenyl-~ Pycryl-Hydrazyl (DPPH) was used as 

such a standard. Since polystyrene. free radicals are extermely stable a.y 

liquid nitrogen temperature, it was used as a 'secondary standard for free 

radical concentration determination. Samples chosen for this purpose were 

those for which no post-irradiation annealing was performed,· i.e. zero post­

irracliation time ~· J, and were always kept under liquid nitrogen. As 

will be seen in Chapter V, the free radicals' concentration were: 

a) For (c-1) samples = 

b) For (c-2) samples = 

1.9 x 1017 /gm 

2 x 1017 /gm 

Care was always taken for the spectrometer settings to be the same in all 

cases. 

In order to yield areas under the absorption curves, it was necess-

ary to perform a double integration of the first .. derivative recorded sie;nals. 

Wyard ('l.?), suggested a fairly fast and accurate method. The method is one 

of numerical integration. On the first derivative spectrum, the magnetic 

field is divided into !!. intervals, each of length !!_, the value Y of the 

ordinate is written down. Wyard derived a double integratio.t). formula which 

/ 
,:>:: also corrects for basis lin~ ,dr,ift; 



n 

A = 

r=l 

(2n - 2r + 1) Y 
r 
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4. 6.1. 

The formula was used to obtain the numerical free radicals concentration in 
I 
! 

polystyrene secondary references by comparing their obtained areas to that 

obtained from the DPPH standard of known free radicals concentration using 

the same spectrometer settings: 

= 
4.6.2. 

For signals whose shape does not change while decaying, as observed for 

polystyrene free radicals, peak heights were used for relative decay com-

parison, with only the first sample undergoing ~he double integration tech-

nique vs. the secondary standard, as a double check: 

= 4.6.3. 

DPPH possesses one unpaired electron in each molecule, i.e about 1.53 x 

10
21 spins/gm. This necessitates that a minute weight would ~e. taken as 

a reasonable standard, which would probably be coupled with a weighing err9r. 

Mixini:; with a diluent as starch free of free radicals, overcame the weie;hing 

problem, but the homog1nity of the mixture was doubtful. -A DPPH solution 

in benzene of lm M/L, was finally used as a primary standard (Bl2, V2). 

The G-value of polystyrene reported by Ref. (A .3) is -- o. 2. The orie 

obtained in this investigation is about 0.1+3 (see Chapter V). Both values 

are to be taken as very approximate (a .!" 501; is the approximate expected 
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accuracy. 

, , On the other hand, relative decay studies are much more accurate 

and successful, especially in cases where the spectrum's shape does not 

change while decaying. 

4.7. Determination of the Number Average Molecular Weight by Osmometry: 

4.7.1. Theoretical background: 

79 

If a solution is separated. from the pure solvent by a barrier permeable 

to solvent molecules only,. a difference in chemical potential (u) will be 

taking place, being less for the solvent in the solution, than that of the 

pure solvent. To keep the system's equilibrium, i.e. to equalize the solvent's 

chemical potentials Cul on both sides of the barrier, an excess pressure may 

be applied to the solution. The required excess pressure is known as the 

osmotic pressure Jti and is related. to the change in chemical potential by: 

:: - TI: v 1 4.7.1. 

where v
1 

is the molar volume of the solvent. For very dilute solutions: 

= - RT lnx
1 = 

where x1 and x2 represent the mole fractions of solvent and solute. 

solute concentration tends to zero: 

where c
2 

= solute concentration in g/crn3 of solution 

M2 = solute molecular ...:eight. 

At infinite dilution: 

c: 2 = 

4.7.2. 

As the 
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From equation (4.7.4.) if it holds over a finite range of solute concentra­

tion~ t plotting (~2)0 vs-. c2 will yield a straight line parallel to the c2 

axis. Consequently, any re measurement would yield the correct M2 value. 

However, for polymeric solutions, deviations 9cc.ur, and the resulting line 
-

is not parallel to the c2 axis. According to Ref. (M.5), the relationship 

for a real solution's osmotic pressure could be expressed in the form of 'a 

virial equation: 

..JL. 
RTC = CL + 

M· 
+ A3 C2 +. • • •) 

where A
2 

and A
3 

are the second o.nd· third vi.rial coefficients. The terms in 

c equal to anJ. above the second' power are very small. The slope is practi-

cally equal to the second virial coefficient A
2 

which represents the solvent 

- solute interaction. 

~: 7 .2. Experirnentc:l Technique and Calculation: 

A high speed membrane osmometer model (Hewlett-Packard model 502) 

was used for Mn determination. 

Samples were dissolved and precipitated following the same experi-

mental steps as in the % conversion deterrn:i.nation outlined earlier in this 

chapter. 

A known weight of the resulting polymer.was then dissolved in 

toluene in a concentration of about 10 gm/1. Three dilutions were pre-

pared very accurately, resulting in 4 different concentrations to be used 

for osmotic pressure measurements. ,The osmotic pressure for each solution 

is the difference between the final digital counter reading- arid that found 

for the solvent. The obtained value TC, is divided by the concentrations 
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in gn;/litres, and the extrapolated value at zero concentration is the one 

used for molecular weight calculation: 

(~) 
c~o 

c 

R 

= 

:: 

= 
= 

RT 

Mn 

osmotic pressure 

concentration 

gas constant 

T = absolute temperature in deGrees Kelvin 

Mn :: number average .molecular weight 

-1 -1 8 -2 The value of "R" in litre atmosphere degree mole equals • 205 x 1.0 • 

This is converted to pressure units of cm of toluene by multiplying by cm 

of toluene per atmosphere, which will depend on the toluene's temperature. 

For most purposes the value of (0.862) which is the toluene's density at 

0 . 0 
25 C can be used, since it varies 1% per 9 C. The value of 11R11 then is: 

8.205 x x io26/o.862 :: 97.66 

where 1026 cm is one atmosphere of water. 

. 0 
The temperature used was 30 C accurately controlled by the instru-

ment. Therefore: 

RT = 97.66 x = x 

(App.10 ) represents a numerical example, and a typical plot 

showing the extrapolated line used to obtain ( 111 ) . c c-->o• Mn was therefore 

obtained by a straightforward calculation. 

4.8. Determination of the Temperature inside the vials: 

It will be shown la.ter in Chapter V, that the post-irradiation 

reaction is fast, at T) T • . gs The reaction is exothermic, consequently, a 
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possibility exists that some heat is being generated faster than it could 

be dissipated. 

A copper- constantan, and a Chromel-Alumel thermocouples were chosen 

to measure the temperature inside the vials. About 1 11 long 1/811 I.D. side 

connection, was attached to the reaction vials at their narrowest part of 

the neck, and thermocouples were inserted and sealed. Results of measure-

ments were as will be shown in Chapter V, with the maximum being for (c-1) 

1 t 170°C ! 1 ~~ 172 + 1 5°C samp es a ·~ - • . • 



CHAPTER V 

Sequence of Experimental Study 

The prime aim of this investigation, was to identify the condi-

tions (%conversion, temperature, and dose rate) necessary for trapping 

high concentrations of free radicals in highly converted styrene-poly-

styrene systems. 

Post-irradiation annealing at varied temperatures, aimed at in-

vestigating the following areas: 

a) Polymerization rates during post-irradiation annealing. 

b) Trapped free radicals, their rates of decay and mechani&m, 

c) 

during post-irradiation annealing. 

Changes in M during post-irradiation annealing. 
n 

For a quantitative treatment of (a, b and c) to be possible, sets 

of samples must be identical before.annealing(% conversion, molecular 

weights, and free radical concentration),. 

Two courses for the investigation have been followed:: 

i) fJxEeriments starting with styrene monomer 

This procedure did not prove to be suitable for quantitative de-

ductions. However, some qualitative deductions were reached, which 

helped selecting a better course for the investigation, namely: part (ii). 

ii) Experiments starting with highly converted samples (c-1 and c-2) (Fo~ 

analysis, see App. I). 

This procedure, on the other·hand, proved to be convenient for 

qualitative and quantitative analysis. 
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Definition: 

The term "set of samples" is applied to both cases (i) and (ii), 

and represents a number of samples which normally undergo the following 

steps: 

1) Degassing. 

2) Irradiation at a certain temperature. 

3) Post-irradiation annealing at a chosen temperature, and the se-

quential removal of samples from the oven, in order to determine 

the following properties, as a function of time: 

a) The concentration of free radicals (if present), using the 

E.S.R. technique. 

b) The% conversion, using gravimetric or U.V. spectrophoto-

c) 

metric analysis. 

The number average molecular weight M , using the Osmometry 
n 

technique (performed on three sets only). 

2, •• 1.. Experiments start;!nLwi th Styre~ Monomer: 

a) Using data curves from Ref. ((3) (Fig. C & D) radiation induced 

polymerization was performed on sets of samples at 50°c and 85°c. Irr a-

diation was stopped when the system theoretically reached a predetermined 

% conversion (e.g. 90%). However, a great number of difficulties arose, 
' 

which made it impossible to obtain the desired % conversion. (See Chap-

ter IV for details.) Consequently, sets of samples coming out of the 

''hot-cell n were not identical. Most irradiations were carried out at 1 11 

from the centre; a few sets were irradiated at 4n and 6". 

b) Post-irradiation annealing at l00°c and 14o0 c followed. The 

change in the % conversion with time, during annealing, was determined 
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for all samples, (Fig. 5.1. to 5.10). 

' The change of % conversion vs. time for unirradiated samples at 

ioo0 c and i40°c was available (Hl, HlO) (Figs. A and 5.1); it was there­

/ 
~ore possible to make a comparison between the two cases. 

In all cases the % conv~rsion change during post-irradiation 

annealing was found to be similar to that for unirradiated samples (with-

in experimental error). Fig. (5.10) is the only exception. An inter-

pretation is provided in the coming chapter. 

c) Occasionally, the presence of trapped free radicals was checked, 

using the E.S.R. technique. No free radicals were detected. {See the 

following chapter for details.) 

2,.2. Experiments starting with highly com:erted systems: 

{See (App. I) for the analysis of (c-J) and (c-2).) 

The two Monsanto supplied samples (aboµt 93% and 98% conversion) 

are closely similar in molecular weights. Accordingly, if they are to 

be treated in a specific manner, the differences in results (if any) can 

be related to the difference in the residual monomer content. 

a) Irradiation was carried out at room temperature, to a total dose 

of 0.742 M. rad. (165 rads/sec. x 75 minutes x 60). Irradiation was 

limited to 1 11 from the source's centre, and therefore, only six sample 

holders were available (see reactor description Chap. IV). This repre-

sented a constraint on the maximum number of samples that could be 

handled in each experimental run. To increase the number of experimental 

data for each set, two runs, each consisting of six samples. (3 (c-1) and 

3 (c-2)) were irradiated at the above mentioned conditions. The interval 

between the two runs was approximately two months, and [R~ 0J was measured 
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for every sample; consequently there was no need to reserve a sample for 

[R• 
0

) determination in every set where [R• o] is defined by "the free 

radical concentration immediately after irradiation." 

to be constant throughout the investigation •. The measured values of [n·~ 

are given in (tables 6.1 and 6.2). The% conversion did not change by 

irradiating under the above mentioned conditions. Accordingly, all (c-

1) sets were identical immediately after the irradiation treatment (free 

radical concentration, % conversion, molecular weight). The same applies 

to(c-2) sets. 

b) Post-irradiation annealing at varied temperatures, above and be-

low T , followed. Every set of samples was treated as described on .gs , 
~.; q:,age :' .J) • 

\ 

The three experimental measurements ( [R~) % conversion and Mn) 

have been executed to clarify the behaviour of trapped radicals in re-

lation to temperature, their effect'in promoting post-irradiation poly-

merization, and their influence over M • 
n 

Values of [RJ , (the free 

radical concentration at any time), are given in: 

i) Table (6.1.) for (c-1) samples, annealed at temperatures 

below T • 
gs 

Fig. (6.1) shows [R•J vs. time at temperatures less than T , gs 

and Fig. (6.1) is the corresponding plot of 1/ [RJ vs. time. 

ii) Tables (6.2a) and (6.2b) for (c-2) samples, annealed at temp-

eratures, below and above T 2 , respectively. 
gs 

Figs. (6.2a) and (6.2b) 'are the corresponding R• vs. time· 
' \_ 

plot; and Figs. (6.2a) and (6.2b) are those of the corres-

ponding l/[R•J vs. time. 



102 

The change in the % conversion with time, at varied post-irrad-

iatibn annealing temperatures is given in: Fig. (6.3) and Fig. (6.4) for 

(c-1) and (c-2), respectively. 

Figs. (6.5) and (6.6) represent the change in the % conversion 

with time at l00°c and 170°C for (c-1), without pre-irradiation. 

Finally, M was measured for 3 sets of samples, and the results 
n 

are given in Table (6.4). 

5.3. The Glass Transition Temperature of Styrene - Polystyrene Systems (Tgsl 

For free radicals to be trapped in high concentration in a pure 

polymer, the latter must be in the glassy state (see Chapter II). It is 

therefore logical to assume that the same applies to polymer-monomer.systems. 

T , the glass transition temperature of the system, is a function 
gs 

of the polymer to monomer ratio. Kelly and Bueche (K.4) derived a model 

which gives T as a function of conversion. gs 
(For the theoretical deri-

vation of T and T 2 for (c-1) and (c-2), respectively, see App. 9.) 
gs gs 

Knowing T i and T 
2 

helped in selecting the necessary irradiation · gs gs 

temperature. Annealing temperatures were chosen to be evenly distributed 

above and below T • 
gs 



CHAP!'ER VI 

Results, Assumptions and D:Lscussio~ 

This chapter is divided into two parts. The first part out-

lines the results obtained by starting with pure monomer. These could 

only be analysed qualitatively, and their discussion immediately follows 

the results presentation. 

The second part, is concerned with the results obtained by 

starting with the two highly converted solid samples (c-1) and (c-2). 

Quantitative deductions are presented. The results are grouped in point 

form. Their discussion follows in another section, together with the 

assumptions made. 

6.1. Ex12~rim~nts starting ;:lith pure monomer: 

6.1.1. Irradiation at 85°c: 

a) B.ts~1.t~: 

Attempts to stop the radiation induced reaction at a pre-deter-

mined conversion were not successful. Consequently, annealing was per-

formed on "sets of samples 11 which possess different % conversion i.e. non­

identical sets. 

Electron·Spin Resonance measurements were conducted on several 

samples; none yielded a detectable concentration of free radicals. 

Irradiation was mainly at 1 11 from the centre. Post-irradiation 

annealing was at l00°C in most cases. Figures (5.2 and 5.8) show plots 

of conversion vs. time. No 2 nsample sets 11 .possessed the same conversion 

at the start of annealing. However, it was interesting. to note that vari"." 

ation of conversion with time, during annealing, had more or less a similar 

pattern in all cases. It was also comparable to the rate of polymerization 

103 
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of unirradiated samples (in the same conversion region}. i.e. It did not 

sho~ a post-effect. In Figure (5.1) which represents post-irradiation 

annealing at 140°C, no post-effect was noticed either. 

b) Discussion: 

Failing to detect any trapped radicals by the Electron Spin Reso-

nance Spectrometer, might indicate a concurrent production and decay of 

free radicals, the decay being fast enough to prevent the accumulation of 

large concentrations of free radicals. The rapid rates of decay can be 

explained by the fact that, irradiation was always carried out in the 

rubbery state i.e. at temperatures above T (see the theoretically esti-
. gs 

mated T (App.9), for % conversions at which the radiation induced reac­
gs 

tions were stopped). The absence of the post-effect, is attributed to 

the failure in trapping radicals, which if present, would have promoted 

rapid polymerization rates. 

Different dose rates during irradiation are expected to yield 

"sample sets" with different molecular weight characteristics. Conse-

quently, the similarity of post-irradiation polymerization patterns is 

somewhat surprising (see Figure 5.8). 

6.1.2. Irradiation at 50°c: 

a) Results: 

The radiation induced polymeriation of styrene took place at 50°0. 

It was followed by post-irradiation annealing at 100°c. (Figure 5.9) ill-

ustrates the change of conversion with time, during the annealing of two 

sets, removed from the radiation field at 86% and 88.8% conversion. Simi-

larly, (~1gure 5.10) illustrates two sets removed at 92.4% and 93.8% con-

version. No post-effect was observed in (Figure 5.9). However, (Figure 
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5.10) shows a post-effect, illustrated by the high initial polymerization 

rate. 

b) Discussion: 

For the two sets shown on (Figure 5.9), the radiation was stopped 

while the % conversion of the systems corresponded to (T ) lower than the gs 

radiation temperature 50°c (see T for 86% and 88.8% conversion, in App. 
gs 

9). 

Accordingly, radicals were being formed in rubbery media, and 

their decay is expected to.be very rapid during the course of their from-

ation. This explains why no post-effect was observed during annealing. 

(Figure 5.10) differs from (Figure 5.9), in that radiation was stopped 

after the systems were transformed to the glassy state (see T for 92.4% gs 

and 93.8% conversion), thus enabling some free radicals to be trapped. 

This exp).ains the observed rapid initial polymerization rates during 

annealing. 

6.2. Starting with highl~ converted systems ((c-1) and (c-2)): 

Irradiation was limited to a fixed total dose of 0.742 M rad., 

at the l" positions. It was carried out at room temperature, where both 

systems are well below their T (see App. 9, T at 92.95 and 98% conver-gs gs 

sion), thus allowing high concentrations of free radicals to be trapped. 

In addition, no polymerization took pl.ace during irradiation. It was 

therefore possible, to obtain several identical sample sets of either (c-

1) or (c-2), immediately after irradiation. 

A quantitative treatment of the changes taking. place during post-

irradiation annealing, was performed. The following topics were invest-

igated: 
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a) G-values, of the polymer and monomer. 

b) Order of termination reaction. 

c) Rate constants of free radicals' termination reaction as a 

function of temperature. 

d) Activation energies of decay, below and above Tgs• 

e) Variation of number average molecular weights with the pro-

gress of post-irradiation polymerization 

f) The chemical structure of the trapped radicals. 

g) Change of % conversion with time, durin~ annealing, at 

varied temperatures. 

Experimental and theoretical results are to be introduced in the 

following order: 

1. Results summary. 

2. Calculations and assumptions used in obtaining the results 

and their discussion. · 

6.2.1. Results summar..il: 

6.2.la. G-values: 

The Gp i.e. that of entrapped polymer free radicals. 

= 
= 

o.43 

0.215 

+ 

+ -
6.2.lb. }):·ee radicals' decay, order, and mechanism: 

Free radicals• decay rate is a fairly good "second order" at all 

investigated temperatures, and at both the rubbery and glass states and 

for both (c-1) and (c-2) samples. \ Th'is could be represented by: 

1/ ~-~ = Kt 
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Free Radicals Decay Data 

A (c-1) sample 

Replicates at time zero: 

(19.0, 19.0, 19.1, 19.3, 18.9, 18.8) x io16 16 19 x 10 F.R/gm 

Table (6.1) 

0 .-Temp. C R 1 -16 F.R gm x 10 l/R• IF +17 gm .R.x 10 t (hrs) 

+ 22.5 - 1.5 17.7 0.565 50 

15i.l o.663 100 

13.7 0.730 200 

11.5 0.870 300 

10.1 · 0.990 400 

9.3 l.075 500 

+ 40.0 - 1 17.2 0.581 4 

17.2 0.581 ·8 

15.8 o.633 12 

15.4 o.649 16 

14.1 0.709 20 

13.l 0.763 24 

+ 50.0 - 1 17.8 0.562 2 

15.5 o.645 4 

15.2 0.658 6 

13.5 6.741 8 

12.? 0.787 10 

12.5 o.8 12 
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B (c-2) sample 

Replicates at time zero: 

i~· o] = 
16 16 (20, 20, 20.1, 20.4, 19.8, 19.7)x 10 = 20 x 10 F.R/gm 

I 

Table (6.2 .a) 

For T<T 
gs 

. 0 
Temp. C R• -17 F.R/gm x 10 l/R.gm/F.R x 10+l7 t (hrs.) 

+ 22.5 - 1.5 1.87 0.535 50 

1.66 0.602 100 

1.45 0.690 200 

1.31 0.763 300 
. 

1.19 o.840 400 

1.06 . 0.9l•3 500 
-

+ 50.0 - l 1.79 0.559 2 
. 

1.68 0.595 4 

1.62 0.617 6 

1.52 0.658 8 

1.38 0.725 10 

1.32 0.758 12 

+ 70.0 - 1 .1.35 0.741 1 

1.13 0.885 2 

o.88 1.136 3 

0.78 1.282 .. 4 

o.66 1.515 5 

p.58 1.7241 6 



For T) T 
gs 

0 Temp. C 

+ 100.2 - 1.2 

+ 110.4 - 1.2 

+ 120.5 - 1.3 

Table (6.2.b) 

• :/ -17 R F.R gm x 10 1/R.gm:/F.r_x 1017 

0.81 1.234 

o.65 1.538 

0.46 2.174 

0.33 3.030 

0.28 3.571 

0.21 4.762 
-

0.372 2.688 
' 

0.218 4.587 

o.'141~ 6.944 

0.115 8.696 

0.093 10.753 

0.074 13.514 

0.134 7.463 

0.115 8.696 

0.092 10.870 

0.073 13.699 

0.059 16.949 

0.048 20.833 
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6.2.lc. Rate constants of decay: 

Calculated rate constants of the termination reaction at different 

temperatures are listed below within 95% confidence limits: 

Activation Energies for Decay 

Table (6.3) 

-
T

0 c Ktml/mole. sec. E- K -cal/mole 

+ 
22.5 - 1.5 1.39 :!: 0.05 

+ _33.60 :!: 2.28 22.9 + 
50.0 - 1 - 1.7 

70 ! l 319. 74 :!: 9".10 
-

100.2 + - 1.2 6.663xlc3 :!: 148 

110.4 + 20.027xl03 :!: 500 32 + 
- 1.2 - 1.0 

120.5 :!: 1.3 63.527xic3 :!: 1143 
.:0.. 

+ 22.5 - 1.5 1.78 :!: 0.08 

40 :!: 1 + + 
14.57 - 1.54 21.4 - 1.1 

+ 
50.0 - 1 + -

39.13 - 3.43 

(Figure 6.1) is a plot of free radical concentration vs. time at temper-

atures below (T ) (for (c-1) sample). 
gs 

obtained when plotting 1/ n• vs. time. 

(Figure 6.1•) shows the best fit 

(J'igures 6.2.a and 6.2.a') are the 

same as (6.1) and (6.1•) but applied to (c-2) sample at T below T • - . gs 

(Figures 602.b and 6.2.b') are plotted in a similar way, for (c-2) sample, 

at temperature above T • gs 

6.2.ld Activation energies: 

The calculated activation energies for the decay reaction above and 

below (T ) for (c-2) samples, and below (T ) for (c-1), are listed in the 
gs gs 
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table on the previous page. 

(Figures 6.1 11 and 6.2") show best fits obtained by the least squares tech-

nique (see App. VII) as applied to Arrhenius relation for (c-1) and (c-2) 

samples. 

6.2.le. Molecular weights: 

The number average molecular weights for three sample sets deter-

mined by osmometry are listed below along with the corresponding % con-

versions and annealing temperatures. 

Number Average Molecular Weight Dat~ 

Table (6.4) 

Sample 0 Temp. C Time .min. % Conv. Mn x 10-3 

c-1 172' 0 92.95 126.6* 

c-1 172 10 98.12 130.0 

c-1 172' 15 98.39 226.0 

c-1 172 20. 98.94 131.6 

c-1 172 25 00.06 120.0 

c-1 172 30 98.82 120.8 

c-1 172 4o 98.90 124.9 

c-1 100.5 0 92.95 126.6* 

c-1 100.5 10 95.40 128.7 

c-1 100.5 15 96.12 130.0 

c-1 100.5 20 97.58 118.4 
--

c-1 100.5 30 97.73 126.o 

c-1 100.5 45 97.61 123.3 

c-1 100.5 60 97.70 120.0 

c-2 100.2 0 98.00 120.0* 

c-2 100.2 10 98.48 121 .. 8 

c-2 100.2 15 98.57 - 1·26.o 

c-2 100.2 25 99.29 116.0 

c-2 100.2 35 99.24 113.9 

c-2 100.2 45 99.35 127.0 
c-2 100.2 60 99.35 118.4 
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--
• The M given by Monsanto are: 126.6 x 103 and 120.0 x 103 for (c-1) and n 

(c-2), respectively. Three (c-1), and three (c-2) samples were tested 

prior to and after irradiation, and M values fluctuated around the values n 

given by Monsanto. i.e. effect of radiation was (-) ve, or in other words, 

the sensitivity of the Osmometer could not detect the small change in M 
n 

(if any). 

6.2.lf. Free Radical Structure: 

The Electron Spin Resonance Spectrometer yi.elded a signal corres-

ponding to the first derivative of absorption with respect to the magnetic 

field. 

The signal's shape obtained in this investigation resembles that 

obtained by Ref. (F.l), who attributed it to a free radical of the struc-

ture: 

H 
I 
c 
I 
H 

• c ®O® 
H 

' c-
l 
H 

with the principal hyperfine interaction with the two ring hydrogens in the 

ortho positions. 

6.2.lg. Post-Irradiation Pollmeri7.ation: 

(Figures 6.3 and 6.4) represent plots of % conversion vs. _time at 

varied annealing temperatures for (c-2) and (c-1) samples, respectively. 

It is clear that initial rates of polymerization are high, indicating a 

positive post-effect. (Figures 6.5 and 6.6) show the annealing treat-

ment executed without pre-irradiation, for purposes of comparison. 



6.2.2. Calculation, Assumptions and related Theoretical Aspects, 

followed by Discussion of Results: 

6.2.2a. G R. values: 

113 

i) Related theoretical aspects: The definition of the G-value 

preceded (Chapter II). Different values of G were often reported in the 

literature for the same polymer, (see section 2.12.3). They presumably 

resulted from differences in: 

Means of free radical trapping. 

Conditions under which 'they were formed. 

Conditions under which E.S.R. measurements were executed. 

~'he presence or absence of air. 

In the case at hand, polymer free radicals were formed as well 

as monomer free radicals. Their G-values are probably different. Chapiro 

(C.4) estimates GW for styrene t.o be : t Gp• for polystyrene. The theor-

etical ground upon which this relation is based, is given in detail in 

(Chapter II). Dean (D.l) is of the opinion that they are almost equal. 

Another point of importance is the effect of gamma radiation 

on polystyrene. Two possibilities are obvious: 

a) Chain sission (degrading polymers). 

b) Cross linking (cross linking polymers). 

several polymers exhibit an intermediate behaviour. 

Numerous theories attempted to interpret why polymers fall into 

those two categories, but none appear to be entirely satisfactory. An 

empirical rule of thumb exists: 

polymers having the structure ~ CH2 H~ll ~- n ~ are cross linking polymers 
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I 
whereas, those having the structure 

(
CH -. 2 c -R) are degrading polymers • 

k
2 

n 

Accordingly, polystyrene is a cross linking polymer. 

ii) G-vaJ.ues calculation: (c-1) 

given in (App. I). If: 

N = Avogadro's number 

Mst = Molecular weight 

of styrene monomer 

Therefore, the number of styrene molecules 

N = 
Mst 

a) Calculations as aEplied to (c-2) 

(See App. I for analysis.) 

and (c-2) chemical analysis 

= 6.023 x io23 

= lo4.14 

in 1 gm. pure styrene: 

= 5.8 x 1021 

is 

1 gm. of (c-2) contains: 

5.8 x 1021 x 0.02 = 1.16 x 1020 monomer molecules/gm sample 

= 5 x io18 polymer molecules/gm sample 

Where ~2 is the polymer molecular weight (see App. I). 

Total absorbed dose:. 

· .. 

Dt = rads/sec. x time in minutes x 60 

Dt = 165. x 75 x 60 ~ 0.742 M rad 

= 4.63 x 1019 e.v/gm 

(see App. II) 

The experimentally determined free radicals' concentration immediately after· 

spins/gm (average of 6.readings see Table 6.2) 
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G-value total (i.e. p• + W) 

Gt = ~ x 100 

Dt 

~ o.43 -
In order to determine the individual G-values, namely GM. and 

GP.' a feel for their relative values must be at hand: 

If we use Dean's (D.l) conclusion i.e. GM. = GP"' therefore: 

If however, we use Chapiro's (C.4) hypothesis i.e. 

GM. : f GP.' therefore: total free radical concentration= monomer radicals 

+ polymer radicals = total dose (Cwt. % monomer x GM.) + (wt. % polymer 

x Gp.~ 

Thus: 

4.63 x 1019 x 0.02 x GW + 4.63 x 1019 x 0.98 x 2 GW 

100 100 

= 2 x 1017 Free radicals/gm sarnple 

GM" = 0.218 

Gp• = o.436 

Using the calculated G-values: 

= 

= 

4.63 x 1019 x 0.-98 
100 

x o.436 

1.98 x 1017 polymer radicals per gram sample. 

Similarly a value of: 0.02 x 1017 monomer radicals per gram sample is ob­

tained. Thus, about 2 x io17 polymer molecules out of 5 x 1018; gm, under-

go the tranformation to free radicals. This is equal to 4% of the total 
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number of polymer molecules. (this result is of importance in interpreting 

molecular weight data, which are to follow on P.1391 

b) Qalculation as applied to (c-1) (see App. I for analysis) 

l gm. of .Cc-1) contains: 

5.8 1021 ?.05 4.09 20 x x . - x 10 monomer molecules 

100 /gm sample 

N x 0.9295 = 4.4 x 1018 polymer molecules 

~1 . /gm sample 

WJ-1.ere ~l is the polymer molecular weight~ 

Tota.1 absorbed dose: = 0.?42 M rad 

:: 4.63 x 1019 I ( . A II) e.v gm. see pp. 

The total free radical col'lcentrat~.on measured experimentally at time zero 

after irradiation: 

1.9 x 1017 free radicals/gm 

(see Table 6.1) 

Reapplying the same assumption, and following the same calculating proce-

dure as for (c-2), the individual G-values were found to be: 

GW = 0.213 

Gp• = o.426 

iii) Discussion: 

Chapiro et al. calculated GM° at dose rates ranging from 95.5 to 

515 rads/sec., and obtained values varying from 0.30 to 0.46. Other GM" • 

http:col'lcentrat~.on
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values are reported by Ref. (C.li-) for dose rates 0.0059 to 78 rads/sec. 

He suggested an average GM. value of 0.69 that exists up to a dose rate of 

2-3 rads/sec. Further dose rate increase, causes GM. to decrease sharply 

to valu.cs ranging from 0.22 - o.I~6. Chapiro '.3ummarised all data in the 

form of a graph (Fig. E) relating the dose rafe to GM". He attributed the 

decrea.~e in GW at high dose rates, found by numerous investigators, to a 

misuse of the simplified kinetic equation i.n a r<;lllge of dose rates where 

it no longer applies, or to an inaccurate meas·urement of dose rate (e.g. 

data of Seitzer a.nd Tobolsky). 

According to the accuracy limitations in using the E.S.R. tech-

n:i.que in determining the absolute free radicals concentration, (see Chapter 

IV and Ref. A.3, 0.1, N.l), the average value of GW = 0.215 and is with·~ 

Th:i.n value is based on the assumption that GM' :::. 1/2 Gp •• -

Th:i.s im~l:i.es that there :i.s practically no chance for GW to be within the 

0.69 range. 

computed Gp. 

If however, GW is ~qual to Gp. (D.l) 1 (where the .average 

o.1f36 + 0.1+26 = -----2 --- ~ 0.'+-3 ) ; it requires that the result 

is in error by (-507t) in order for Gp" to be in the neie;hbourhood of 0.69 

anticip3.ted by Chapiro (C.'~). This possibility is considered remote. 

Consequently, the _dc.,crease in GM. with dose rate i.ncrce.se, reported by 

many invcstie;ators, could be actually occuring and might as well have an-

other explanation than Chapiero's. It i.s concluded that an excellent 

e.greement exists for G~valnes calculated us1.ng Cc-1), and those calculated 

using (c-2) samples. The average Gp. could _~e taken e.s ::: 0.43. 

6.2.2 b &: c Free radicals d~cay and the corresponding mechanism: 

i) fulatcA_th~eti~l_ asp~ct~: 

Free radic<:!.ls can only be terminated in pa:l.rs (B. 7 and c.I~). The 

http:radic<:!.ls
http:i.ncrce.se
http:im~l:i.es
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kinetic scheme given in Chapter II, asserts this statement. 

In the low conversion regions, chain termination is established to 

be of a second order nature. Fuji (F.7) reported a decline in the term-

ination order starting from about 60% conversi.on~ This suggests the 

occurrence of self termination i.e. polymer radicals become aEEarently 

terminated without mutual collision, due to the high viscosity developed, 

and to the shielding of free radicals by their polymer coils,, making them 

inaccessible to each other. 

The termination rate constant. Kt was also found to decrease with 

conversion increase. (See Chapter II for details and literature review.) 

Several researchers have investigated the free radicals decay in pure· 

polymers (100% conversion). Second order mechanisms, as well as first 
. 

order ones, were reported (see Chapter II). The free radicals termina-

tion, was found to be of second order nat'ure in the present investigation. 

Rabinowitch's (R.l) equation· for the rate constant Kt of a second 

order reaction is represented by: 

= A eXP. (-E/RT) 
1 + (B exp (-E/RT)/(D1 + D2)) 

where E is the activation energy of the reaction. D
1 

and D2, are the 

diffusion coefficients of the two reactants. 

When polymer chains can move freely, Rabinowitch's equation re-

duces to the classical Arrhenius form: 

= A exp (-E/RT) · 

On the other hand, when D1 and D2 are much smaller than B exp (-E/RT), 

Rabinowitch's equation reduces to: 

http:conversi.on
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Kt = A (Dl + D
2

)/B 

and D = D exp (-Ed/RT) 
0 

where D = the diffusion coefficient at infinite dilution 
0 

Ed = the activation energy o~ diffusion 

and if Dl = D2 (e.g. chain segments) 

then Kt = A.D
0 

exp (-Ed/RT)/B 

= A' exp (-Ed/RT) 

where A' = A.D /B = constant. 
0 

ii) Assumpti~: 

For the study of the termination mechanism of free radicals in 

(c-1) and (c-2), the assumption of Kt being constant throughout polymer-

ization _was put forward. This can be justified as follows: 

a) All reported studies, attempting to relate Kt to the.% conver­

sion, were within the 20-70% conversion region, at which, the 

system is a viscous liquid undergoing a fast change in properties 

for every few percent increase in conversion. T gs for such 

systems is far below o0 c (see App.9), while temperatures at 

which investigations were carried out, are much higher than T • 
gs 

Such is not the case with (c-1) and (c-2). for which, only a 

few percent monomer is in the system, causing it to be either 

in a glassy or a highly rubbery st~te, depending on the temper-

ature. 

b) Excluding the case where (c-1) samples are annealed at temper-

atures higher than Tgs; the change in conversion is so small, 
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that Kt could safely be assumed a true constant over such a 

narrow range. As a result, free radicals decay studies were 

carried over (c-2) samples at temperatures above and below 

T 2 , and over (c-1) samples at temperatures below T 
2 

only. 
p . p 

iii) Mechanism of decay, and experimental results discussion: 

A second order model, that could be represented by: 

= 
gave a reasonable fit at all investigated temperatures. Plotting 1/ R• 

vs. T gives a straight line, its slope is the rate constant Kt' and the 

intercept is 1/ R• • A computer programme (App.VII) based on the least 
0 

squares method (V
3

), was used to obtain the best slope Kt' at each temper-

ature, within 95% confidence limits •. The linearity assumption was checked 

by computing the corelation coefficients (the latter were found to be very 

close to unity). The calculated rate constants can be found in table (6.3), 

and are given in l/moles sec. t (a san1ple calculation for the transformation 

spins/gm to moles/l is given in App. IV). For free radicals decaying at 

room temperature an<?- at 50°c, the values of I\ for (c-1) and (c-2) are Clos~. 

The t-test for the difference between 2 slopes (see App. 8) have been per-

formed, and the obtained value of t was greater than the tabulated one for 

the corresponding degrees of freedom. Therefore, it can be said that ~t for 

(c-1) and (c-2) at 50°c cannot be the same (at the 95% level). This might 

be attributed to the difference in the monomer content of the two systems. 

6.2.2d. Activation Energies of Decay: 

A reaction rate constant can be represented by t.he Arrhenius equation 

(L. 4): 
K = A exp (-E/RT) 
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taking Logarithms: 

Ln K = Ln A E/RT 

Similarly, Rabinowitch's equation reduces to: 

Ln K = Ln B 

for diffusion controlled reaction. Thus plotting: 

Ln K vs. l/T 

gives a straight line whose slope = -E/R, where E is the activation energy, 

and R is the gas constant. 

6.2.2a.1. Activation Energy for (c-2): 

Plotting ln K vs. 1/1', six points were obtained, which were found 

to be better represented by two straight lines (Fig. 6.2"). The.least 

squares method (V.3) was used to find the best fit, (see App. VII). The 

correlation coefficients were computed and were found to be extremely close 

to unity. At temperatures lower than T 2 , the apparent activation energy 
gs-

of decay for (c-2) was found to be 22.9 K cal/mole (see Table 6.3, and App. 

VII). On the other hand, a value of 32 K cal/mole was obtained for the 

decay at temperatures higher than T 2, gs A t-test was perfqrmed to com-

pare the two slopes (see App.8), and the obtained t value was found to be 

higher than the tabulated one at the appropriate degrees of freedom (at the 

95;b level), indicating that ·it cannot be said that the two lines have the 

same slope (at this level). The slopes of the two lines were subjected to 

a severe and bias test. A line was drawn between the lower confidence 

limit of K (at 22.5°c) and the higher confidence limit of Kt_ (at 70°c), and 

the obtained line was compared to a line drawn between the higher confidence · 

limit of Kt (at lOO.fO and the lower confidence limit of .Kt (120.5°C). The 
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result showed that the activation energy below T 2 is less than activation gs 

energy above it, even by using such a severe test. During the course 

of polymerization, the theoretically estimated T increases from about gs2 

87°c t; a maximum of about 96°c at the highest temperature tested (see App. 

VII). By extrapolating the two obtained.lines, the intersection was found 

0 to be at about 91 c. This value is within the range (87-96°C) theoreti-

cally estimated. The agreement between the theoretically estimated T gs2 

and the experimentally obtained one, is remarkable. This indicates the 

validity of the assumptions made throughout the process. However, other 

possibilities still exist. 

l) Instead of extrapolating the two lines, extrapolate only the 

lower one: 

\ 

l/T 

This suggests a sudden increase in the frequency factor, at the 

glass transition temperature. This behaviour is not unlikely 

since suddenly the chains have more freedom to move as the temp 

erature reaches T • gs This however, shifts the discontinuity 

in the Arrhenius plot to a little over the theoretically esti-

mated T , but this difference could be accepted as an experi­
gs 

mental error. 

2) Extrapolation of the steeper line only: 

\ 
',:~ -"·. ~ 
l/T 
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This is the case where a sudden decrease in the frequency factor applies. 

A tentative explanation could be: as a larger entity might be moving, the 

vibration frequency might be less. If this is the case, then the differ-

ence between the experimental and theoretical T . is too high to be accepted. 
. .p 

All sorta of deflections and discontinuities in the Arrhenius plot 

occuring at the glass transition temperatures and melting points, could be 

found in the literature. (Chapter II gives several examples.) 

An example of close similarity to our case is the work by Ref. (O.l), 

who studied the decay of free radicals in PMMA. It almost perfectly fitted 

a second order mechanism. The rate constants in the glassy region were 

determined and were found to be in the same order of magnitude as those ob-

tained for polystyrene, in this investigation. Ref. (O.l) reported an 

activation.energy for decay of 28K cal/mole at T less than T gp. 

A change in the activation energy, with a phase change, is a common 

phenomenon, but the observed increase in the transformation from a glassy 

state to a rubbery one ( 22. 9 to 32) is not simple to imagine. One would 

rather expect a diminuation in the mediums resistance (i.e. a smaller barrier 

for the decay reaction) associated with such a change. 

However, Deutsch et al. (D.2) reported for the n transition of 

PMMA a value of 80 K cal/mole using mechanical measurements, and for the ~ 

transition values of 18 and 20 K cal/mole obtained by audio frequency vibra-

tions method and dielectric properties measurements, respectively. 

In nuclear magnetic resonance study of PMMA (P.4), Powles, esti-

+ mated the activation energies for the a and ~ transitions t°- be 27 - 10 K 

+ cal/mole, and 18 - 4 K cal/mole, respectively. The greater activation 

energy in the~ region over that in the ~ one, implies a larger moving 
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entity;. This has been attributed to the association of the ~ region with 

the mobility of the carboxymethoxy groups, while in the a. one, we get the 

motions of chain segments in addition. 

This explanation might well be applied to clarify the results ob-

tained in the present investigation. Th.e activation energy obtained for 

the reaction in the glassy state might be attributed to the vibrating move-

ment of the chain end carrying the free radical, and the moving entity 

would be the free radical unit plus a few monomer units that might be attached 

to it. The transformation to the rubbery state does not allow polymer chains 

to slip over one another, i.e. the chain centre of gravity remains fixed. 

However, chain segments become liberalised, and can move freely (which is not 

the case in the glassy state), The increase in activation energy associated 

with this transformation. can be therefore attributed to the motion of a 

larger entity. 

6.2.2d.2 Activation Energi_of (c-1): (effect of% monomer) 

(Figure 6.1 11
) and Table 6.3) show that for free radicals' decaying 

in (c-1) at T less than T 1 , an activation energy of 21.lt was obtained using 
gs 

the same met.hod of analysis as in (c-2). This value is close to the value 

obtained for (c-2) in the same temperature range. {App~ VIII) demonstrates 

the statistical method employed in comparing the two slopes (t-test). 

According to the value obtained for (t), the lines could not be treated as 

having two statistically different slopes. 

Thus it can be concluded that a difference in monomer concentration 

does not necessarily cause a change in the activation energy as long as the 

system is in the glassy state. However, this statement cannot be asserted 

until further studies are performed, using samples with larger differences 
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in monomer·concentration, to enable accurate determination of the effect 

of % monomer on the activation energy of free radicals decay. 

6.2.2e Post Irradiation Polymerization: 

i) Related theoretical aspects: 

The kinetics of conventional polymerization can be represented by 

either the simplified scheme, or the detailed one, given on (Chapter II). 

This kinetic applies only to low conversion polymerization. Deviations 

start to occur sometimes as low as at 10% conversion. The middle region 

of conversion, characterized by a sudden acceleration in the rate of poly-

merization (Tromsdorff 's effect), has been inve.stigated. A qualitative 

treatment is established. Mechanisms were suggeste~some of which r~pre­

sent the kinetics fairly good, u'p to 40% conversion. This region extends 

to about 80% conversion, and sometimes to 90% conversion, after which a 

sudden and sharp drop in the rate is noti~ed, followed by an al.most complete 

cessation of polymerization before t~e completion of the reaction, under the 

normal conditions. 

Roche and Price (R.3) produced the conversion vs. time plots for the 

thermal bulk polymerization of styrene at various temperatures, up till 

about 90% conversion. It was found that it takes about 60 days to reach 

99.5% at 125°C (B.17). Rates as much as 60% higher than Roche and Price's 

were reported by Schulzet et al. (S.5) at temperatures 79.5 - 13L5°C. 

Mark and Raff came up with intermediate values, do did Hui and Hamielec 

(see Figures A and B) (H~ H.10). 

last 10% conversion region. 

ii) Discussion of results: 

So far, very little is known about the 

Conversion vs. time plots for (c-1) at 170°c and l00°c without pre-
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irradiation are given in Figures 6.5 and 6.6). These are used for comp-

arison with the (c-1) samples, which have been irradiated, before annealing 

at 172°C and l00.5°c. (Figure 6.4). 
I 
/ (Note: the small difference in the reaction temperatures was caused 
I 

by the heat of the fast reaction, and it is obvious that the latter is not 

the cause for the dramatic rate difference in both cases.) 

Post-irradiation polymerization studies, can be found in the liter-

ature. Investigation was chiefly concerned with irradiating a solid mono-

mer(i.e. 0% conversion) at low temperatures, and post-irradiating at higher 

ones. Bowden (B.18) applied such treatment to octadecyl methacrylate 

.(other examples can be found in Chapter II). Ti1e post-irradiation poly-

merization is characterized ~y a very high initial rate, followed by a 

sharp, sudden decrease. 

Bowden (B.18) took advantage of this shape in treating the linear 

part of each conversion vs. time plot as a zero order reaction, which he 

called the apparent initial overall rate, Ri0, and determined it as a 

function of time. Arrhenius relation was used to find the activation 

energy for Rio and was found to be 20 K cal/mole. 

The post-·irradiation polymerization curves for (c-1) and (c-2) 

were similar in shape to those reported in the literature for experiments 

starting at 0% polymer. .Although it was possible for Bowden (B.18) to 

treat his data in this peculiar way, which served only in providing a feel 

for the effect of temperature on the .apparent initial overall rate, but 

did not specify any mechanism for the individual reaction steps, it was 

felt that attempting to treat the data obtained for (c-1) and (c-2) in a 

similar manner, is not justified. This can be explained as follows: 
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1) All rate constants at this conversion region are probably a func-

tion of % conversion. This is probably not the case with Bowden's 

investigation since he was dealing with a low conversion region. 

2J Assuming that rate constants and activation energies, are true 

constants over the slight observ.ed change in conversion, proved to 

be successfully used in the analysis of free radicals' decay data. 

Several factors prevented taking this approach as applied to the 

whole polymerization reaction: 

a) The observed change of conversion is so small, that a deduction 

of values for reaction rates, might be j_n great error. This 

is not the case in free radicals' decay, for which the amount of 

change is substancial and therefore, any experimental error will 

be relatively small. 

b) (4.5) experimental points fell in the levelling off region, 

leaving just (2-3) data points to help determine the initial 

rate. This is considered statistically poor. Accordingly, 

all experiments should be repeated on a smaller time scale in 

order to overcome this difficulty. This, as has been proved 

in Chapter IV, is very difficult to achieve experimentally at 

high temperatures (as applied to this experimental setting). 

Ka.etsu (K,l) stated that if in-source polymerization occurs, post­

irradiation polymeriation does not take place. On the other hand, if 

irradiation causes no in-source polymerization at the specific temperature, 

post-irradiation polymerization may occur at higher ones. The latter part 

9f the statement proved to-be:correct, but the first half seems to need 

some refinement. 

http:observ.ed
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(Figure D ) indicates that by irradiation at 50°0 polymerization 

occurs to completion. (Figure 5.10) shows that stopping radiation (at 

50°0), after the system passed from the rubbery to the glassy state, 

allows some free radicals to accumulate, due to the relatively slow decay 
I 
' 

rates at T less than Tgs' causing fast initial post-irradiation polymeri-

zation rate. 

Horie et al. (H.7), studied the thermal polymerization of methyl-

methacrylate and styrene. Their data indicates the cessation of poly-

merization when the system reaches T , i.e. a limiting conversion will 
gs 

always be shown, if the system is polymerized at temperatures less than 

T • The limiting conversion is the composition corresponding to a T 
·~ . p 

equal to the polymerization temperature. On the other hand, by using 

irradiation, Hodgins (H.3), for example, proved that this is not the case, 

0 0 8 0 since he brought reaction to completion at 50 O, 70 C, and 5 O, while 

T gp = l00°C. Moreover, a limiting conversion is shown in the present 

investigation, even when temperatures exceed.Tgp• Therefore, the limiting 

conversion needs more investigation to be adequately explained. 

6.2.2f. Effec!.....2!! Molecular Weigh~: 

~) Theoretical aspects: 

Different types of molecular weights characterize the polymer. 

They have been briefly discussed in (Chapter IV). 

Collegative property measurement is used to determine M , and the n 

most successful method uses osmometry, according to the relation (C.12): 

Lim 
c__..o 

7t 

c 

RT 

M 
n 
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Where: 

11: = osmotic pressure. 

c = concentration. 

R = gas constant. 

T = temperature. 

A sample calculation is given in (App. 10) accompanied by the theoretical 

and experimental aspects of this technique. 

ii) Discussion of results: 

Accurate measurement of changes in the M can lead to indicate 
n 

whether termination is occuring by combination or by disproportionation. 

It might also show if substancial transfer to the monomer is taking place. 

However, initial M data obtained during the post-irradiation annealing of 
n 

(c-1) and (c-2) (see Table 6.4) indicated the fruitlessness of further in-· 

vestigation. This is due to the .low [R•] free radical/[P] dead polymer 

ratio (about 4%), and to the accuracy limits of the measurement method 

(about 5%). It was therefore concluded that the present experimental 

conditions cannot yield information to indicate the nature of the termin-

ation reaction, nor the role of the transfer action. 

6.2.2g. _Structure ~f the obtained. free radical: 

Electron Spin Resonance can help in the identification of free 

radicals, however, it is a very tedious and sophisticated technique. 

Florin et al. (F.1) studied the gamma irradiated polystyrene and deuterated 

polystyrenes. Small changes in shapes of the E,S.R. signal were observed, 

depending on the irradiation temperature and the temperature at which 

measurements were carried out (see Chapter II). The signal obtained in 
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the present investigation resembles that obtained by Florin. A resume of 

his interpretation follows:. 

The obtained similarity of all deuterated polystyrene spectra in-
i 

dicates that the radical cannot have strong hf. interaction with any main 

chain hydrogens, such as: 

or 

H 
I 

\/VVV\ c 
I 

® 

H 
I 

VV'0M c 
I 
H 

H 

• I 
c c VV\/\A 

0 ® 

• 
c 

0 
Nevertheless, strong chemical arguments favour the radical mentioned • 

. 
There-

fore, it is proposed that the radical has the shown structure but the princi-

pal hf. interaction is with the two ring hydrogens in the ortho positions; 

H 
I 

WVW\C 
I 
H 

• 
c 

®O® 

H 
I 
CVWV\ 
I 
H 

Florin also gave arguments for the reason of excluding positions other than 

the ortho ones (see Chapter II). 



CHAPTER VII 

Summary and Conclusion 

71 1 Experiments starting with pure % monomer: 

This approach faced some experimental difficulties, nevertheless, 

some conclusions were deduced: 

I 

a) No post-irradiation effect is observed if polymerization by radi-

ation was stopped at compositions corresponding to T below gs 

irradiation temper~ture. 

b) The anticipated molecular weight differences in systems polymerized 

by using varied dose rates caused only little effect on the post-

irradiation polymerization rates. 

c) Polymerization can be taking place in-source followed by a positive 

post-irradiation effect (Figure 5.10). This phenomenon occurred 

only when irradiation was carried until the system passed to the 

glassy state. 

t•2 Experiments on (c-1) and (c-2) samE~~s: 

The relation between T and the system's composition helped in gs 

choosing an irradiation temperature (room temperature), and post-irradia~ 

-tion temperatures (above and below'T ). 
gs 

In order to trap radicals (in high concer{trations) in a styrene-

polystyrene system when irradiation is at room temperature the system must 

be 82.5% (by volume) conversion or higher (see App. IX) (T at 82.5% = 
gs 

room temperature). 

Gp. value was obtained ::! 0 • .43 and by putting: 
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1/2 GP.' (C.4)~ therefore GM. is about 0.22 

GP.' (D.l), therefore GM. is about 0.43 
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These values are within ~ 50%. This agrees with other published data 

in this region of dose rates and contradicts Chapiro's argument about 

GM. being actually a constant (0.69), through?ut all dose rate ranges. 

Free radicals were detected by irradiating (c-1) and ~-2) at room 

The trapping efficiency seems to be the same for both 

. systems inspite of the difference in % monomer. This might be due 

to the fact that: 

1) Both are in the glassy state. 

2) Both correspond to a T much higher than.room temperature. gs 

Free radicals were foUnd to obey a second'order decay, to a fair de-

gree. Rate constants and activation energies for decay have been 

calculated. 

A discontinuity was detected in the Arrhenius plot showing an increase 

in the apparent activation energy of the termination reactions in the 

rubbery state over that in the glassy state. The latter might be 

attributed to a larger moving entity, namely: a chain segment as 

opposed to the radical end gro~p. 

Chain transfer might have a role in the termination mechanism, but 

this cannot be asserted due to the accuracy limitations of molecular weight 

determination methods. The same applies for the nature of the termination 

reaction whether combination or disproportionation. These can only be 

experimentally measured if [R"Jwas about five folds greater, so that p•/p 

will be substantial. 
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Through statistical analysis it was shown that at the 95% level, the 

rates of decay are somewhat faster for systems with higher % monomer. 

For the activation energy, on the other hand, it cannot be said (95% 

confidence level) that it is different for (c-1) and (c-2). The ob-

tained values, however, indicate that the assumption that Kt is 

practically constant over small changes in conversion, is justified, 

since only a slight difference was obtained between values of Kt at 
..... 

a relatively large difference in % conversion. The same is also 

true for activation energies. 

Post-irradiation polymerization was found to be very little at temp-

eratures below T (although it seems to be zero at room temperature gs 

but it is likely that some polymerization might occur if it were 

analysed over a period of about a month. On the other hand, at 

temperatures above T , very high initial rates were observed (be­gs 

having as zero order reaction), followed by a sudden and sharp decrease 

to an almost cessation of the reaction. In this respect it behaves 

in quite an identical manner to· experiments carried on irradiated 

monomer reported in the literature. 

No attempt was made to determine apparent initial overall rates due 

to the fact that they are probably associated with an intolerable % 

error (due to measurement limitations) especiall~ in cases of slight 

conversion changes.(where the assumption that rate constants are 

practically constants, can be applied). 

The limiting conversion increases by temperature increase, but seems 

not to be related to T • 
gs 

Molecular weight measurements were found to be of no great value, since 
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the measurement's accuracy limitations, practically engulfs foreseen 

changes. This can be attributed to the low p•:P ratio. 

The E.S.R. signal was found to resemble that of Florin (F.1), a re­

sume for his interpretation of the structure is given. 
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Suggestions for Future Investigations 

l) The determination of Kt can proceed to lower conversion regions (e.g. 

down to 85?.6). Polymerization must always be carried over a small 

range to enable .the use of the assumption that Kt is a true constant 

over such a narrow range. This method can provide different values 

of Kt over a wide range (e.g. 85% to 100%). The change of Kt with 

~onversion at such high regions can therefore be investigated. 

2) More experimental work can be carried out to fill the gap in the 

Arrhenius plot. Also, similar to Kt' the effect of % monomer, on 

the activation energy, needs more experimental datta to establish it. 

ln K \ ---
1/T 

3) Irradiation might be carried out for much longer periods of time with 

the aim of creating a higher concentration of free radicals (perhaps 

fivefold). Thus, the ratio R•/p would be higher, and M measurement 
n 

might clarify the nature of th.e termination reaction (whether combi.na-

tion or disproportionation). 

http:combi.na


APPENDIX I 

Samples & Chemical Analysis: 

I 
1) Sample (c-1): 

Monsanto Analysis (22, 4, 1969) = 

Authors Analysis (August 1969) = 

7.6% residual monomer 

7.05% residual monomer 

M n = 126,600 

M w = 339,000 

M/Mn = 2.68 

·2) Sample (c-2): 

Monsanto Analysis = 2.1% Monomer 

Authors = 2.0% Monome,r 

M n = 120,000 

M 
w = 355,000 

M/Mn = 2.96 

3) Chemicals: 

148 

Methyl alcohol, Chloroform, Toluene, dioxane are all, of reagent grade 

quality. 

4) Styrene monomer: 

Uninhibited pure styrene. Chemical composition is given in Ref. (D.l). 
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APPENDIX II 

Conversion Factors: 

1 rad = 100 ergs/gm 

= 6.24 x io13 e.v/gm 

= 2.78 x 159 watt. he/gm 

1 M rad 6 10 joules -1 
= 10 rad = gm 

Ref.' (S.17 and C.l•). 



APPENDIX III 

Estimation of the density of the system: 

Polystyrene density 

Styrene density 

= 

= 

Assuming the additivity of volumes: 

1. ~mple (c-2): 

The volume of 1 gm sample = 

Thus, the density = 

2. :=;ample (c-1): 
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1.06 (B.17) 

0.9019 (B.17) . 

0.98/1.06 + 0.02/0.9019 = 0.947 ml. 

l/0.9lf7 = 1.0566 gm/ml. 

Similarly a value of: 1.050 gm/ml .• was obtained for the density of (c-1). 

http:0.98/1.06
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APPENDIX IV 

Concentration of Free Radicals at time zero ~· 

1. Sample (c-2): 

Free radical concentration = 

1 gm mole ·= 

Free radical concentration = 

Density of the mixture = 
Concentration of free radicals = 

= 
= 

= 

= 

= 

Density = 
Free radical concentration 

= 

= 

2 x io17 spins/gm 

6.023 x io23 

2 x 1017 7 ----- = 3.32 x 10- moles/gm. 

6.023 x 1023 

1.0566 gm/c~ (App. III). 

3.32 x 10-? x 1.0566 

3.51 x 10-7 moles/ml. 

-4 I 3.51 x 10 moles 1. 

1.9 x 1017 spins/gm. 

1.9 x 1017 

6.023 x 1023 

3.155 x 10-7 moles/gm. 

1.05. gm/ml. (App. III). 

3.155 x 10-7 x 1.05 

3.31 x 10-? moles/ml 

-4 I 3..31 x 10 moles ml 



APPENDIX V 

Estimat;ing Styrene's glass transition temperature (T ): gm 
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Ueberreiter and Kanig (U.l) related the glass transition tempera-

ture to the molecular weight as follows: 

l/T 
g = 

For polystyrene fractions of M)- 200. 

(1/373) + (0.517/M) 

Assuming extrapolation could be applied, and putting M=l04 

Therefore: 

= - 142°C 

The value of the constant was put as (0.86Lf) by Fox and Loshaek (F.5), but 

was found to give an illogically low value for T • gm This was also based 

on a similar case, where. Chapiro (C.7), experi.mentally measured· T gm for 

methyl methacrylate and found it to be·-106°c, while it was thought to be 

around -130°c. 
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APPENDIX VI 

Statistical Anal~sis of results: 

a) As applied to the termination rate constants (Kt): 

A computer programme using the least squares (V
3

) method was used. 

(See App. VII.) The following values have been calculated: 

The best fit, leading to determine the slope Kt. 

Correlation coeffieients to evaluate the linearty assumption. 

Limits of Kt' within 95% confidence. 

7 points, the initial one with five replicates, were used. The repli-

cates increased the accuracy of the method by increasing the number of 

degrees of freedom by five. (T.3.) 

Results can be found in (Table 6.3). 

b) As applied to activation energy determination: 

Each line is composed of three points only. Nevertheless, correla-

tion coefficients obtained were satisfactory in asserting the linearity 

assumption which is considered feeble as we have just one degree of 

freedom. The slopes of the lines were compared to each other using a 

t-test (see App. VIII). 



APPENDIX VIII 

Comparison between slopes of two lines (V.3): 

Activation energies of free radicals' decay for (c-1) and (c-2) 

samples at temperatures less than T , was found to have close values. 
gs . 

It is. known that the slope of each line equals -E/R (where E is the 
./''' 

activation energy and R = the gas constant). 
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A statistical test was performed to check whether it is possible 

to say that the two slopes are different or not. 

y 

+ 

Where~ is the slope andE.. is the error. 
l. 

+ E..i 

Least squares estimate of the slope of the first line: 

( y (i) - y )( x (i) - x) 
B = 

. L <x<i> - x >2 

where -x = 
N 

= 
3 

1 

2 
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APPENDIX VII 

DIMENSION XC1?>,Y<l2) 
DIMENSION AA(6),Ll8(6),tt(6) 

NN IS THE NUM8ER OF OBSERVATIONS • 
IK IS THE NUMBER OF EXPtRIMENTS • 

NN==l2 
IK==6 
EN=NN 
DO 2 1=8tl2 
XCI )=u.v 

2 CONTINUE 
DO 50 II=ldK 
\'JR I TE < 6 d 2 J > I I 
READ(5,lvv)!XCil,I=l,7l 
READC~,lvv) !Y!l ),J=l,7) 
READC5,9v)(Y(l),J=8,12l 
DO 4 J,;lt12 
Y<J>=l.v/Y(J) 

4 ~~~f~~~~lvv) X 

10 

WHITEC6'1UU) Y 
x.s=u.u 
YS=veli 
sx2==0.o 
SY2=0.0 
SXY=u.u 
DO lU I=l,NN 
XS=XS+X(l) 
VC-VC'.i.VIT\ 

I ....... I Y • I \ 4. I. 

SX2=SX2+X (I) ~H2 

SY2=5YZ+Y!Il**Z 
SXY=SXY+X!Il*Y(l) 
CONT li'~UE 
XM=XS/EN 
YM=YS/EN 
~JR I TE C 6 , 1 v 2 ) XS , Y S , S X 2 , SY 2 ' S X Y , X M ' Y·M 
8ETA=CEN*SXY-XS*YS)/CEN*SXZ-X5**2l 
ALPHA=(YS-bETA*XS)/EN . 
AA ( I I ) =/\LPrlA 
t35CIIl=btTA 
CCCIIl=ALOGCAci~(GETAll 

Vl==EN*SX2-XS**2 
·V2=EN*SY2-YS**2 
R=CEN*SXY-XS*Y~l/SQRTCVl*V2l 

D=2.228*BETA*SORTCC1.0-R**2l/(EN-2.0ll/R 
·WRITEC6d36l D 
CNFl=dETA-D 
CNF2=LiETA+lJ 
WRITE(6,lv4) ALPHA,dETA 
WRITE(6dv5) R 
WRITEC6,llu) CNF1,CNF2 

50 CONTINUE 
\'JR I TE ( 6, 12 5 l A/\ 
WRITE(6d3U) 88 
WRITE(6,L~5) CC 

9U. FORMAT!5Fll.2) 
100 FORMAT<7Fll.2l 
1U2 F0kMAT(//29H xs,ys,sx2,sv2,sxv,xM,YM ARE,7Fl3.5) 
104 FORMAT(36H THE ESTIMATES OF ALPHA AND UETA AREt2Fl6.5) 
105 FORMATC//l4H ---------k= ,fl6.5l 

I 

I 

http:FORMAT<7Fll.2l


FORMATC//3vH 
FORivlAT C //16H 
FOf~i•\A TC// 2 vH 
FORHATC//2uH 
FORMAT(//2iJH 
FOHMATC//12H 

THE CONFIDENCE LIMITS ARE,2Fl6e5) 
CA S E NO. ,I4) 

l.U/RO ----------,6Fl4e5) 
SLOPl K ----,6Fl4e5) 

LOGCSLOPEl ----- ,6Fl4·5l 
D=,El6.5l 

--......f.~:£~!.\.~L-p--:-----·~__:..:;..,:~-"::.~~:-·-------·· __ ,..,,, ___ ..,"'--·--------. --.~-.~·~~---_-_-_----· -----·-··-~ 
ii;_ r. ( ·," 

http:D=,El6.5l
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••• = 
n 

= 

The least squares estimate of the slope of the second line can be repre-

sented by a similar model. 

t is given by: 

Where: 

and: 

t = 

$2 = 
p 

= 

$2 = 
1 

r = 

A 

"' er\ 132> (f31 f32) 

s ~ <xc\ 
+ 

1 
-)2 fi 

(x(i) - x)2 - x L. 
p i•l 1 i=l 

' 1st line. 2nd line. 

Pooled variance of estimate. 

2 (n-2) $1 + (n-2) S 2 
2 

2 ' - 2 ( l - r ) '- ( Y ( i) - Y) 

(x. 
1 

n - 2 

- x) (Y. - Y) 
1 

si can be represented by a similar model. 

3. 

4. 

6. 

" " Substituting in equation 3 for the value of Sp' 131 , 132 , and l:. (xi-x), 

and putting 131 = 132 (i.e. testing the .assumption that the two lines have the 

same slope, the obtained value of t; was found = I.396. This value is 

smaller than the tabulated one (4.303) for the appropriate degrees of free-
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dom, at the 95% level. Thus, it cannot be said that the two lines have 

statistically different slopes at this level. 

The same test was carried to compare the slopes of the two lines 

in (Figure 6.2"). The obtained t was found = 5.05. Thus, the latter 

two lines are different at this level. 
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APPENDIX IX 

Theoretical Estimation of the Glass 

Transition Temperature for a Polymer-Monomer System: 

A definition for the glass transition temperature can be found in 

(Chapter II). T of (polystyren~-styrene) system at any composition can 
gs 

be theoretically derived if the glass transition temperatures, of both pure 

100% polystyrene (T ) and pure styrene monomer (T ) are known. T is a 
~ ~ ~ 

function of the polymer molecular weight. This can be represented as 

follows: 

where: 

T 
gp 

T goo 

= 

= 

K is a constant 

T -gOQ 
K 
M 

Ref. ( F. 3) • · 

The glass transition temperature 

for an infinite molecular weight 

polymer = 373°K Ref. (B.6). 

Keliey and Bueche (K.4) showed that K is related to the free volume per 

chain end (9) by the following (see also P.38): 

K = 2 N f 0/a. 

where: 

N = Avogrado's number 

f = 'Density of the polymer given 
' 

as (1.052 - 1.065) by Boundy 

and Boyer (B.17), and as 1.06 at 



= 

room temperature by Bueche 

(B.20). 

65 A03 for polystyrene (F.3) 

~ 0.6 of monomer molecular 

weight. 

is the expansion coefficient 

and maybe assigned its univer­

sal value of 4.8 x 10-4 (W.6 and 

K.4). 

Substituting by the given values in the equation: 

T gp2 = 100 - 1.43 = 98.57°c 

T gpl = 100 - 1.36 = 98.64°c 

a value of 0 be used for both reasonable approximation. 99 C can as a 
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Kelley and Bueche (K.4) have put forward a model relating T to the vol­
gs 

ume fraction of polymer in the system (Q ). This model has been proved 
p 

valid and useful by Ref. (H.7) with the assumption of the additivity of 

the free volumes of polymer and monomer. 

where: 

T 
gs 

a. m 

= 

= 

= 

= 

{ 4.8 x 10-4 Q T + et. m l p gp 

polymer volume fraction. 

99°C 

(1-Qp) TgmJ 

(1-Q ) J 
p 

the difference between the volume 

expansion coefficient of monomer in 



T gm 

= 
= 
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melt and in the glassy state 

. ? -4 
11. x 10 Ref. (F.5). 

monomer glass transition temper-

ature n~ experimental value was found. 

Ref •. (U.l) advanced a formula re-

lating the glass transition temper-

ature to the molecuiar weight for very 

low values of the latter. A short 

extrapolation led to obtaining a value 

for T = -142°C. gm (See App. V.) 

Assuming the additivity of polymer and monomer volume fractions, and 

0 knowing their densities at room temperature and at 100 C to be: 

Styrene d25 = 0.9019 dlOO = 0.8361 Ref. (B.17). 

a) 

Polymer d25 

dlOO 

Sam;ele (c-1): 

At room temperature Qp 

At l00°C Q 
p 

= 1.06 

= 1.03 

= 

= 

92% 

91.6% 

An average of 91.8% Qp and 8.2% QM can be conveniently used. 

for all the values in the T equation we get: gs 

T (c-1) 
gs 

b) Sample (c-2): 

At room temperature Q 
p 

At l00°C 

= 

= 

97.7% 

97.5% 

Ref. (B.20). 

QM = 8% 

QM= 8.4% 

Substituting 

.- QM= 2.3% 

. QM = 2.5% 



Averag~ values of Q are used = 
p 

In the same way: 

T (c-2) !::: 
gs 
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97.6% 

The above calculated T values are those for (c-1) and (c~2) just 
gs 

after irradiation and before annealing. 

simultaneously increases. 

As annealing progresses, T 
gs 
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