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Abstract 

Crosslinking of low density polyethylene by ultra

violet light was carried out. The polyethylene was incor

porated with high functionality monomer (crosslinking 

agent) and photoinitiator. Saturated and unsaturated 

hydrocarbon model systems were used in the project, in 

order that a better understanding of the crosslinking 

process could be established. 

A comparison between photoinitiation crossing 

and Gamma irradiation process of the model systems and 

polyethylene was also carried out. 

It was found that the properties of the photo

initiated crosslinked polyethylene were significantly 

improved, especially the flow properties and the 

environmental stress cracking resistance (ESCR). Other 

properties such as Tensile strength, Glass transition 

temperature (Tg) and melting temperature (Tm) were not 

greatly affected. 

The significant improvement in the flow properties 

was due to the formation of the microphase of the high 

functional crosslinking agent which was incorporated in 

the polyethy.lene matrix. The formation of such a micro

phase was only achieved within the amorphous region of 

the polyethylene. 
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CHAPTER 1 

INTRODUCTION 

The irradiation of polymers has been a much studied 

subject over the past thirty-five years. The effects 

can be beneficial in causing an improvement in the physical 

properties of polymers or alternatively a desirable photo-

degradation. 

While most polymers, including polystyrene, may be 

crosslinked by radiation, polymers of tetrafluoro-ethylene 

are not crosslinked but rather degraded, as was also 

observed with polymethyl methacrylate and polyisobutylene. 

Charlesby (1,2) found that polyethylene will crosslink 

by high energy radiation, using fast electron accelerators. 

The properties such as Young's modulus, density, melting 

point and other mechanical properties improve as a result. 

The crosslinking of polyethylene by other methods, such as 

thermal crosslink using peroxides or by ultra violet 

radiation (3,4) were followed. 

Although the study of the photolysis of synthetic high 

polymers is important with respect to the effect of sun-

light in promoting polymer degradation, photo-crosslinked 

polymers have not generated as much interest to industry 

-
as the high energy radiation crosslinked polymers. One of 

the reasons for this, is the limitation in the efficiency 

of the photo-crosslinking process. 

Although the crosslinking of polyethylene has been 

accomplished by means of ultraviolet radiation with the 

addition ,of a photosensitizer (4), Oster found that the 

efficiency of the ultraviolet curing is as good as the 
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energetic and ionizing gamma rays. However, disadvantages 

do exist. The penetrating power of ultraviolet radiation 

was poor compared to the other high energy curing methods, 

but the cost of curing, using ultraviolet light should be 

quite low. Oster also found that there are potential 

advantages in the ultraviolet technique which lie in the 

cost and safety. Speed however, will be limited to a less 

extent as compared with thermally cured systems. 

The effect of v~rious types of radiation.on polymers 

is the result of free radicals generated in the system and 

so it is not surprising that additives which can chemically 

generate free radicals or interact with radicals can 

themselves cause similar effects to electromagnetic 

radiation or electron beam. Thus thermally decomposable 

organic peroxides were found to cause crosslinking of 

polyethylene and the addition of carbon black to all of 

these initiating systems improved the efficiency of 

crosslinking (8). 

The use of polyfunctional monomers allows cross

linking of polymers not normally , cured by radiation. 

Radiation crosslinking in the presence of a polyfunctional 

coagent has been studied with polyethylene (9,51) poly

vinylchloride (11,12), cellulose acetate (13), polymethyl

methacrylate (14) and several other polymers (15). 

The interest in the system with which this thesis is 

concerned started with IeI looking at different photo

initiators and finding that by the use of coagents the 

efficiency of the crosslinking was improved. Xanthone 

was used as it gave a better performance than the other 



twelve photoinitiators tested. Xanthone is also a ther-

mally stable compo1ll1.d at the processing tempera:ture of low 

density polyethylene. Triallyl cyanurate was chosen as a 

polymerisable additive because of the high f1ll1.ctionality 

due to the presence of three allyl groups. 

o 

~ v~o)v , . 

Xanthone 

H H H H H H 
I I I N I I I H_C:C-Z-O-O-O- ~ _C=C-H 

b H H 
I I I 

H-C -c:C-H 
I 

H 

Tri-allyl Cyanurate (TAC) 

The technical and commercial promise of such a system 

led to this programme in which the photosensitization and 

crosslinking mechanism was studied, together with the 

resulting physical properties morphology and rheology. 

Low density polyethylene was used for the work reported 

herein. 

To aid 1ll1.derstanding of the fundamentals of such a 

3. 

process, work was carried out by using smaller and simpler 

molecular models to study the mechanism of crosslinking. 

Hydrocarbons represent simple analogues of polyethylene. 

Therefore, a study of the behaviour of such compo1ll1.ds 1ll1.der 

irradiation should in principle lead to a better 1ll1.der-

standing of crosslinking. Extensive work has been reported 
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by different people (5,6) on the effects of ionizating 

radiation on hydrocarbons, from which a mechanism was 

established and related to the crosslinking of polyethylene. 

Model system which will be discussed in the following 

chapters will be treated with UV radiation and the products 

compared with products obtained after Y-radiation. 

1.1 Radiolysis of Hydrocarbons 

Polyethylene molecules are essentially long chain 

aliphatic hydrocarbons of the type (CH2)n. Branching 

and unsaturation does exist in the chemical structure. 

The extent of branching is strongly dependent . upon the 

Polymerization conditions. In general polymer prepared 

by free radical polymerization under high pressure is known 

as low density polyethylene. The polymer prepared by 

metal alkyl catalysts using low pressure, which has a greater 

crystallinity, is known as high den~ty polyethylene. The 

extent of crystallinity as determined by x-ray diffraction 

is strongly dependent upon the chemical structure and 

particularly upon the extent of branching. 

TIle series of simple hydrocarbon molecules used should 

contain the chemical features of the polyethylene molecule. 

Saturated and unsaturated hydrocarbons and others with 

tertiary, -
secondary and primary carbon atoms were used. 

Hydrocarbons subjected to high energy radiation were 

found to undergo complicated chain scission and chain 

extension reactions. The products from such reactions 

were a mixture of molecules with lower and higher molecular 

Weights, than the starting hydrocarbons. Gases such as 

hydrogen were also observed to form during the process. 



Free carbon has never been observed in these processes. 

Kevan and Libby (16) studied the irradiation of n-Hexane 

at two different temperatures, in the solid state at 77 K 

and liquid state 293 'K. Their analysis was based on gas 

liquid chromatography (GLC) where it was found that their 

products were mainly branched n-Hexane dimers. Lower 

mOlecular weight ; species together with hydrogen was also 

found. 

Known isomers of n-dodecane were synthesised and 

compared with the radiolysis branched dodecanes. It was 

found that the product of dimers formed have no dose 

dependences in the solid state radiation, while some 

dependence exists when radiation was carried out in the 

liquid state. 

Also, some isomers of the C12 were formed at higher 

concentrations in the solid state than the liquid state. 

Other isomers however will form higher concentrations in 

liquid rather than the solid state. 

5. 

Salovey and colleagues (17,18) studied the chemical 

changes occurring in n-Hexadecane by Y-radiation. Again 

from their analyses which were based on GLC, it was found 

that the formation of saturated and unsaturated low 

molecular we,ight products (C1-Cs), intermediate hydro

carbons (C17-C31), hydrogen and branched Dotria-contanes 

CJ2's were the crosslinking products of n-Hexane which was 

the-major effect attributed to C-H rupture. Salovey (19) 

found similar behaviour on the irradiation of n-heptadecane. 

The basic reaction in the radiolysis of saturated 

hydrocarbons will cause the formation of two different 



types of free radical depending on whether a carbon-

hydrogen or carbon-carbon bond is ruptured. 

a) Carbon-hydrogen bond rupture 

) 
. 

RH R'-C-R'I 

b) Carbon-carbon bond rupture 

RH ) R, C· + R2 C, 

Where R'-C-R'I is a free radical containing the same 

number of carbon atoms as the original hydrocarbon RH 

while R,Coand R2C'will have a smaller number of carbon 

atoms. 

Hydrogen and condensation products may rise by the 

following steps 

H' + RH ) H2 + RC' 

RC· + ~C : . ) RR, 

RC' + R2~' ) RR2 

RC' + RC' ) RR 

The reaction of the last type accounts for the 

formation of the dimer products. Products with n-number 

of C-atoms (Cn) may result ,from recombination of R'1C. and 

R2Ca with hydrogen radicals. 

) 

) 

or from hydrogen abstraction 

6. 



) 

) 

R1H + RJC· 

R2H + R4~ 

or else from disproportionation reactions 

This analysis will be used in the following chapters, 

since the photolysis products from hydrocarbon, photo-

7. 

initiator and crosslinking agent, will be compared to 

60 
similar samples which were irradiated by Co Y-irradiation. 

1.2 General Aspects of Light Absorption Processes 

Since the main object of this work is the photo-

curing of polyethylene, a look at the light absorption 

processes are helpful. A photochemical process is a 

chemical reaction, which is initiated by light radiation. 

Photochemistry is at the crossroads of chemistry and 

physics, since it is concerned with the interaction of 

electromagnetic radiation with matter. So by discussing 

photochemical processes, physical processes such as the 

absorption and emission of light should also be considered. 

In molecular spectra of simple molecules (diatomic) 

consideration should be taken of the energies associated 

with the rotation of the molecule as a whole and with the 

-
periodic vibrations of the atoms constituting the molecule, 

in addition to the intramolecular motion of the electrons. 

Examples of such electronic energy levels of atoms are 

molecular, electronic, vibrational and rotational energy 

levels which are quanti zed and each set can be represented 

by expressions involving integers, e.g. the electronic, 

vibrational and rotational quantum number. Fig. 1.1 
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represents the energy levels and transitions in a diatomic 

molecule. Electronic absorption covers the region 7500X-
o 

1100A, i.e. it falls in between the red end of the visible 

spectrum and the far ultraviolet or Schumann region. 

Vibrational level absorption is from 3 to 30 microns which 

is in the infra-red region. Pure rotational levels are in 

the far infra-red beyond 30 microns. 

In Polyatomic molecules, there are more electronic 

energy levels and closer spacing between them~ These will 

lead to a greater overlapping of energy levels of the 

various electron states as in Fig. 1.2. The photophysical 

processes are classified in table 1.1 using hypothetical 

polyatomic molecules ABC. The primary photochemical 

processes are classified in table 1.2. 

1.2.1 Excited States and Possibilities for Photo-

initiation 

It can be seen from the Fig. 1.2 that molecules have 

minimum electronic energy when in the ground state. 

Changes in the electronic configuration will occur when 

an electron from the highest occupied molecular orbital 

in the ground state shifts to the lowest vacant molecular 

orbital. 

This change in electronic configuration will produce 

the first excited state, either singlet (s), or triplet (T), 

the triplet is of lower energy in accord with Hund's 

rUle. Further excited states of greater energy may be 

formed by similar excitation processes (e.g. S2, S3' 

T2, T3 , etc.). Singlet states are usually of higher 

energy than the equivalent triplet states because of 



TABLE 1.1: Photophysical Processes of Polyatomic 

molecules as reported by Calvert and Pitts 

Absorption of radiation and promotion to first 

excited singlet. 

ABC (So) + hV1 
v' 

------3) ABC (51 ) 

Photophysical Processes: 

ABC (S1
v 

) ~ ABC , (51 v )~BC (51) 

vibrational and rotational relaxation 

D (So) 
----.;:' ~BC ( So) + 

h~ Fluorescence 

Non-radiative internal conversion 
(rc) to higher vibrationally 
excited ground state 

Non-radiative intersystem 
crossing (rsc) to vibrationally 
excited triplet state 

Singlet electronic 
energy transfer 

ABC (T~) ~ ABC(T1) 

rABC(SO) + hV2 

v 
ABC (T1)~ ABC (So ) 

phosphoresence: radiative 
intersystem crossing 

Non-radiative intersystem , 
crossing 

(2) 

(3 ) 

(4) 

(5) 

(6) 

(7) 

( 8) 

(9) 

ABC(So) + D(T1 ) Tripletelectronic 
~nergy transfer (10) 

h v" + ABC(T2 ) Triplet-triplet absorption (11) 

50,51,52 = Singlet electronic states 

T1 , T2 = Triplet electronic states 

superscriptv = Excess vibrational energy. 

9. 



TABLE 1.2: Primary Photochemical Processes as reported 

by Calvent and Pitts (20) 

E + F 

ACB 

Dissociation into radicals 

Intramolecular decomposition 
into molecules 

Intramolecular rearrangement 

ABC' (51) 0 or 

(2) 

(3) 

ABo' (T1) ) ABC (So) Photoisomerization (4) 

RH 
t--~ (ABCH). + R· Hydrogen atom abstraction 

ABC (S1)ABC 
or 

ABC(T 1 

Photodimerization 
(Photoaddition) 

(5) 

(6) 

D 
ABC + products Photosensitized reaction (7) 

+ 
ABC + e Photoionization reaction 

D ABC+ or (-) + D- or (+) (External) 
electron transfer 

(8) 

(9) 

AB+ + C- internal electron transfer (10) 

10. 



, , . 
greater repulsion in the singlet states. Once the lowest 

excited singlet state is formed, it may lose its 

excitation energy in one of four possible processes. 

a) Radiationless, conversion back to ground singlet 

state. 

b) Radiative conversion back to ground singlet state 

(Fluorescence). 

c) Quenching of the excited singlet state by inter-

action with other constituents of the system. 

d) Conversion to the corresponding triplet excited 

state (intersystem crossing). These are mainly 

the processes for the generation of excited triplet 

states. The triplet will have a longer lifetime 

than the singlet state since a spin inversion must 

accompany any deactivation of the triplet. 

It can be shown in table 1.2 that the photoexcited 

molecule whether in its 5, or T, may initiate polymerization 

in different processes. In free radical polymerization, 

three processes may be used. 

I) Homolytic fragmentation of the photoexcited 

molecule i.e. dissociation into radicals. 

ABC~ ------------~) AB'+ C' 

II) Hydrogen abstraction by the photoexcited molecule 

ABC* from monomer, solvent so as to produce two 

radicals. 

, 
----------~) ABCH + R' 
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III) Electron transfer between photoexcited molecules 

and monomer, solvent or activation so as to 

produce a pair of ion radicals 

ABC* + M --------~) M+ + ABC 

or 

1.2.2 The Nature and Reactivity of Excited States of 

Aromatic Carbonyl Compounds 

Carbonyl compounds have electrons in orbitals, 

associated with the heteroatom, which are not involved 

in the bonding system of the molecule as shown below. 

z 

J----~y 

x 

There are two electrons in each of the non-bonding 

A-orbitals (represented as a 2p orbital) of the oxygen 

atom. Absorption of radiation can lead to the promotion 

of one of these electrons into either a + + a or a 1t • 

Singlet-singlet transition involving the promotion of a 



non-bonding 2p electron of the oxygen atom to the 

carbonyl group's antibonding orbital is . known as the 

n > n+ transition. The other two transitions which 

may occur are n·---~)rrrn + and n + ---~) 0 • 

Molecules with n,n+ first excited states generally 

differ significantly from those whose lowest states are 

n, n+ [20J. In particular the natural life-time and 

the degree of localization of excitation are greater and 

the 81 

states. 

+ T1 energy gaps are less than f.or n, n 

For most molecules, the energies of the various 

bonding and anti-bonding orbitals increase in the 

order:-

o < 

• o 

• TT 

n 

TT 

o 

TT < " < • TT < • o 

i 

13. 

• 0-0 
• 4 

TT-TT "--TT • n--o 

Usually n ----~) n+ transitions are lower in energy 

than the corresponding n ----~) n+ transitions but the 

positions may differ when the molecule has a high degree 

of conjugation in which case the n-orbital has a higher 

energy than the n-orbital. 



In the above diagram, which represents the orbitals 

of a carbonyl group, it is indicated that the promotion 

of an electron from n to n+ orbital will have the effect 

of removing the electron density from the oxygen atom, 

which means that (n, n+) excited states have the 

reactivity of hydrogen bonding reactions (21). 

On the other hand, the promotion of electrons a 

n to n+ orbital has the effect of increasing the electron 

density at the oxygen atom which leads to the "increase of 

the polar nature of the carbonyl group. Therefore by 

using a polar solvent, the energies of the transition will 

be effected and the differing electron distributions 

of excited states are manifested. Increasing the solvent 

polarity causes a decrease in the energy of n 

transitions (red shift) mainly because polar solvents 

will reduce the energy of the more polar excited state 

by increased solvation. Increasing the solvent polarity 

will also shift the n ) n+ transition to shorter 

wavelength (blue shift) because the decrease in energy 

of n-orbital consequents hydrogen bonding or other 

dipolar interaction. 

The n ~ n+ excitation of a carbonyl group is 

-
shown below, in which both singlet and triplet excited 

states are possible. 



,,0 n(? 
~c---~ o 0 

/ 
/ 

/ 
/ 

0--1+ 
\ 

\ 
\ 

"* 

, 5. 

-t-

4t 
S1 T1 

First ex- First ex-
groundstate cited singlet cited triplet 

The efficiency of intersystem crossing (i.e. 5, ~ T,) 

in the n -----)~ n+ excited state is high. As already 

mentioned, the triplet states have the longest lifetimes. 

Triplet states are useful intermediates in organic 

photochemistry. The n ----~) n+ excitation is energetically 

more favoured than n ----~~ n+ excitation of the carbonyl 

group. 

Benzophenone derivatives are aromatic carbonyl -

compounds which generally give lowest energy n 

transitions with complete conversion 5, ----)~ T" which 

has been used extensively in organic photochemistry. 

Carbonyl triplet states of the (n ----+) n+) type readily 

abstract hydrogen atoms from reactive substrates such as 

alcohols and ethers. 
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Two types of aromatic carbonyl compounds give rise to 

the lowest energy excited states not having (n, n+) 

character. In amino substituted benzophenones, whenever 

the degree of conjugation in aromatic carbonyl compounds 

is more extensive than the Ph - C = 0 group, the lowest 

lying triplet excited states are frequently (n, n+) in 

nature. These compounds do not readily undergo the 

typical photoinduced hydrogen abstraction with alcohol 

and ethers. Compounds which are classified to give such 

behaviour include fluorenone, xanthone, phenyl benzophenone 

and 0:, ~-naphthyl compounds. As seen below,- the triplet 

excited states of benzophenone and 2-aceto-napthane are 

different in character. 

Benzophenone 2-acetonapthanone 

Having mentioned xanthone, the photoreduction of 

this compound, was reported by different workers and 

summarised by Cohen (22) and will now be dealt with in 

the following section. 



1.3 Photoinduced Hydrogen Abstraction by Aromatic 

Carbonyl Compounds 

1.3.1 General Mechanism 

The best known hydrogen abstraction reaction of 

aromatic carbonyls was discussed by Backstom (20), 

in 1934, when he suggested that the hydrogen abstracting 

17. 

species in the photoreduction of benzophenone by alcohols 

was in his terms, the 'biradical' now identified as the 

benzophenone triplet. 

hv C6 H,5 
" ... 

----------~) C = 0 
C6 H,5'" 

The photoreduction of benzophenone involves the 

formation of benzopinacol on ultraviolet irradiation of 

its solutions in ethers and alcohols. 

Comprehensive studies were carried out by different 

workers and summarized by Ledwith (21). The steps by 

which benzophenone photoreduces isopropanol by free 

radical intermediates are summarized as follows:-

the general expression for the photo activated 

species 

. , 
----~) (C6H,5)~-C-OH + Me2C-OH 



• , 
Me2C-OH + (C6H5)2C = 0 -~) Me2C = 0 + (C6H5) 2C-OH 

-~) (C6H5) 2 - C - C - ( C6H5) 2 
I I 

HO HO 

The photoreduction of benzophenone by isopropanol 

is accompanied by the formation of a coloured compound 

which was an adduct of the radicals formed from the 

hydrogen abstraction process. The precise reaction 

mechanism is still a matter of controversy. 

'.3.2 Photoinitiation by Xanthone 

Xanthone was found to have similar properties to 

benozphenone, when photoinitiated by ultraviolet light 

but was less eff{cient because of lower rates of 

hydrogen abstraction (23). Xanthone has been reported 

not to be photoreduced by certain alcohols such as 2-

propanol (24). However, it was found to be photoreduced 

by ethanol, methanol, dioxan and hydrocarbons (25). Also 

xanthone was photoreduced by N,N-dimethyl aniline to give 

xanthopinacol (26). 

Zanker and Ehrhandt in their work (25), found that 

by irradiating Xanthone in polar solvent and non-polar 

solvent the photoreduction product will be different. 

In the case of the polar ethanol, its molecule inter~cts 

preferentially with Xanthone. The interaction is specific 

to the polar carbonyl group. In the case of hexane, which 

was used as a non-polar medium, the Xanthone molecule is 

free without any interaction and that was due to the 

solvation forces between the media and the reacting 

radicals (47). This phenomenOnwas apparently the cause 

for two main different mechanisms established for the 

'8 • 
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photoreaction of Xanthone. 

Zanker and Ehrhandt (25) reached . the following 

reaction conclusions. 

In the case of Xanthone present in the polar solvent 

it absorbs at the free electron pair of the carbonyl group, 

a quantum n ----~) n+ transition state and passes over to 

the triplet state. This will abstract a hydrogen from the 

solvent resulting in the reductive formation of the 

xanthydiol or a hydroxy xanthyl radical. 

This radical will have two ways of reacting, firstly 

dimerization by combination of two equal xanthyl radicals 

to form dihydroxy dixanthyl and secondly an assOcation 

of the xanthyl radical with a solvent radical generated 

due to the hydrogen abstraction. These two reaction 

mechanisms are shown below:-

hv 
) 

reduction by 
H2 abstraction ~H 

OH 
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Reaction Path (1) 

) HO"I 
"OH dimerization 

OH 

9,9'-dihydroxydixanthone 

Reaction Path (2) 

+ R • ) 

OH 

Reaction path (2) seems to be favoured in the case of 

polar solvent as a str~nge interaction of the solvent 

mOlecule with the carbonyl group will take place. 
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Zanker and Ehrhandt, also studied the stability of 

dihydroxy dixathene by U.V. light. It was found that 

the dixanthene in the presence of oxygen, will oxidize 

to xanthone. It was also found that the dixanthene 

was stable photochemica11y in the absence of oxygen. 

1.4 Polymerization of Allyl Compounds 

Some chemistry, mainly of Tria11y1cyanurate and 

allyl acetate wi11 , be covered in this section since 

both were involved in this work. Before looking at the 

polymerization of these two compounds, the polymerization 

process as a whole will be considered. 

It is now generally accepted that there are four 

main reactions involved in chain polymerization; initiation, 
(27) 

propagation, chain transfer and termination. 

(i) Initiation by free radicals 

This occurs when free radicals are liberated e.g. 

Benzoyl peroxide initiated thermally to form Benzoyl 

radical (R). These free radicals will react in the 

presence of monomer to form a growing chain of monomer. 

The decomposition of a free radical initiator can be 

represented thus 

Initiator heat/or hv ~ 
Kd .! 

• 2R 

The radical R will react with the monomer as fo11ows:-

• 
R + CH2 = CXY 

Ki 
--------~) R - CH2 

• CXY growing 

chain of monomer. 



Where X and Y represent substituent atoms or groups 

according to the monomer being considered e.g. X = H 

Y = Ph in the case of styrene. 

Polymerization can also be initiated by photochemical 

means, as described in the case of benzophenone and 

xanthone in Section 1.3 

In general free radicals can be produced by means of 

ultraviolet irradiation in three ways. 

a) Photolysis of some monomers results in the 

formation of an excited state (M)~ by the 

absorption of light quanta. 

M + hv --~) (M)~ 

The excited species undergoes homolysis to 

produce radicals capable of initiating the 

polymerization of the monomer. 

(M)'" --------~) R' + R} 

b) Photolytic dissociation of initiator e.g. benzoyl 

peroxide which leads to simil.ar free radicals 

generated on the thermal dissociation, such as 

benzoyl radicals. 

c) Photosensitizers e.g. in the case of benzophenone 

and xanthone which were used in this work. In 

general, photosensitizer Z, undergoes excitation 

by ultraviolet light to form an activated species 

which will activate the monomer by one of photo

chemical means described in Table 1.2 in the form 

of radicals. 
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ii) Propagation 

This is the process in which the polymer chain is 

built up by the addition of more monomer molecules to 

the growing chain which was produced in the initiation 

step. 

Kp 
• , 

RCH2 CXY + CH2 = CXY --------~) RCH2-CXY-CH2-CXY 

after n steps 

Kp 

iii) Chain Transfer 

This occurs when the propagating radicals react with 

Solvent, monomer, initiator or polymer growing chain to 

form a polymer which will no longer grow. In this case, 

the free radical is not removed from the system but a 

chain transfer reaction takes place, thus limiting the 

length of the polymer chain and the molecular weight. 

Ktv 
R[CH2CXY]mCH2 CXY + RIH ----~) 

• Here RIH represents any chain transfer agent and RI 

is the radical derived from it. 

iv) Termination 

This is the termination process of the growing 

polymer radical by its combination with another growing 

23. 

radical. Termination may also occur by disproportionation 

of the growing polymer radical. 



, 
2R[CH2 -CXYJ CH2 -CXY 

n 

[CXY-CH2 Jn R .•• Combination 

where Kd is the rate constant for the catalyst . 
dissociation. 

K. is the rate constant for the initiation. 
l. 

K is the rate constant for propagation. 
p 

Ktv is the rate constant of chain transfer. 

Ktc is the rate constant for termination by coupling. 

Ktp is the rate constant for termination by 

disproportionation. 

v) Inhibition and Retardation 

The addition of certain substances suppresses the 

polymerization of monomers. These substances act by 

reacting with the initiating and propagating radicals 

and converting them either to nonradical species or 

radicals of low reactivity which will not propagate. 

These sUbstances are classified according to their 

effectiveness. Inhibitors stop every radical and 

polymerization is completely halted until all the inhibitors 

are consumed, Whereffi retarders are less efficient and 

stop only a portion of the radicals. Retarders will slow 

the polymerization rate without an inhibition period. 



Vi) Kinetics of Free Radical Polymerization 

The kinetic model used for the free radical polymer-

ization is shown below. In order to obtain a kinetic 

expression for the overall rate of polymerization, it 

is necessary to use the following assumptions:-

a) kp and k t areii1dependen t of the size of the radical. 

b) It is a cornerstone of simple polymerization theory 

that the reactivity of a growing polymer. chain 

depends almost completely on the last unit added 

and not on previously added units, or on the length 

of the chain. Therefore, 

chain of any length. 

k remains the same for a 
p 

c) Monomer is consumed only in the propagation step 

and the rate of propagation may be considered as the 

rate of polymerization. 

d) Reaction proceeds slowly enough to reach a steady 

state, where the radical population does not change 

rapidly with time. This allows the rate of initiation 

to be equated to the rate of termination, provided 

no chain transfer occurs. 

.and = 0 
dt dt 

- k. [R][M] 
d[R.] 

then 2 kd[I] = - = 0 
J.. dt 

k . [RJ [M] - 2 k [M~2 
d[MJ 

= - = 0 
J.. t dt 
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where [R~ concentration of free radicals generated 

[M~ concentration of monomer free radical .• 

With the use of these assumptions the kinetic 

scheme for free radical polymerization will be 

as follows:-

Initiation 

a) I 
kd 

b) R' + M 

Propagation 

• 
M + M 
~ 

Me + M 
n 

Termination 

... 2R' 

k. • ~ :> M 
~ 

e 
---7;> M 1 n+ 

Rate 

Rd = 

R. = 
~ 

2kd [I] 

k I [ R'] [M] 

k [M'] [M] 
P 

M' + M·-------;>7 Polymer 
n n 

26. 

where [R~ represents a radical derived from the initiator 

M monomer molecule 

Me growing polymer radical of n monomer units n 

M' radical derived from the monomer 
l. 

,£hain Transfer 

• M 
n 

--~>M X n 
• 

+ A 

Where XA may be monomer,initiator, solvent or other 

substance, and X is the atom or species transferred. 



The rate of polymerization R is equal to the rate of 
p 

monomer removed in the propagation step and is given 

by 

R = -d[M] = k [M~ [M] 
P dt P s 

[M~S is the steady state radical concentration 

Under steady state conditions, there is first order 
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dependence on monomer and haF order dependence on initiator 

i.e. 

k. 0~5 0.5 
R = k 

P P 
(k~) [M][I] 

t 

if only a certain fraction of initiator fragments 

can successfully react with the monomer then the equation 

becomes:_ 

:fk. 0.5 
R = k

p
( k~ ) 

P t 

0.5 

[M][I] 

In experimental studies, the monomer concentration 

is measured as a function of time for various starting 

concentrations of monomer and initiator and at various 

temperatures. 

The polymerization rate could be followed 

eXperimentally by measuring the changes in any of the 

few properties of the system such as density, refractive 

index, viscosity or light absorption. 



Density measurements are among the most accurate 

sensitive and most commonly used of the techniques. In 

practice the volume of the polymerizing system is 

measured by carrying out the reaction in a dilatometer. 

Polymerizations usually follow first order kinetics 

whereas the initiation step in normally of half order 

,. . However, for various reasons such as 

a diffusion-controlled reactions, or more complex 

mechanisms, the polymerization order may be more or less 

than one. Such order deviations are often valuable in 

unravelling the sequence of reaction steps. A useful 

check on the order is to plot the polymerization rate 

after the initial rate against different initial concen

tration of monomer and initiator. The slope (index) of 

such a plot will give the order of the reaction. 

If the polymerization was carried out in solution, 

the solvent may act in two ways. Firstly, it may take 

no part in the reaction, whereby it is only acting as a 

diluent for the monomer, or it may form free radicals 

which can take part in the reactions, such as chain 

transfer agents and may also affect the purity of the 

polymer. The kinetics of polymerizations must be altered 

to accommodate such interference. 

Dilution of monomer may cause initiation and 

propagation and consequently short chains may form. Short 

chains may also results from chain transfer reactions to 

sOlvent. 
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If the chain length is short, the rate of reaction 

of monomer cannot be equated to its consumption in the 

propagation step alone, and terms allowing for consumption 

of monomer in the initiation and chain transfer reactions 

must be added. 

The rates of initiation and polymerization for 

photosensitized polymerization differ from the one 

already mentioned above, as the Quantum yield for 

radical production ~ should be taken into account. 

The rate of initiation will be given by 

where E represents the molar absorptivity (extinction 

coefficient) of the photosensitizer where I is the 
o 

light intensity incident on the photosensitizer. 

I~ = El [IJ which represents the intensity of o 

29. 

absorbed light in moles (calledeinsteins in photochemistry) 

of light quanta per litre second. 

The rate of polymerization may be expressed as 

R 
P = 

0.5 

and may be expressed by the general equation of R 
p 

depending on the particular case. 

l1li 



There may be a dependence of R1 on [M] in the 

photosensitized polymerization at low monomer concentrations 

or low quantum yields. This would lead to different 

dependence of R on [M] than the usually free radical 
p 

polymerization case. 

According to Beer's law I = I e-E[~]b1I and I 
'00< 

will vary with thickness (b) which means the quantum 

yield will be affected with thickness. The .value b, 

will either be the thickness of the polymer film, in 

the case of cross linking of polyethylene or the value 

will represent the diameter of the reaction vessel 

containing the solution. This will lead to the phenomenOn 

called skin effect which means that light will be absorbed 

mainly on the surface of the solution or the film, forming 

higher quantum yield of free radical on the surface. This 

30. 

causes non-uniform photopo1ymerization or photo cross1inking. 

The skin effect will be very obvious in our system as it 

will be shown in the following chapters. 

1.4.1 Polymerization of Allyl Acetate 

Allyl Acetate polymerizes at abnormally low rates 

with unexpected dependence of the rate on the first 

power of the initiator concentration (28,29). The 

propagation radical in such a polymerization is very reactive 

while the al1ylic C-H (the CH bond alpha to the double 

bond) in the monomer is quite weak resulting in facile 

chain transfer to monomer (36). 



H 
I 

...... CH 2 - C· 

b H 2 V 

-",,",,-CH 2 - C H2 
I 

where v= 

C H 2 V 

o 
11 

O-CR 

1 
~ 

C H 2 = CH-CV . ~ 
+ 

• 
+ C H2 = C H - er V 

H 

I 

The weakness of the allylic CH bond arises from the 

high resonance stability of the allylic radical which 

is formed and is consequently less active, i.e. it has 

less tendancy to initiate a new polymer chain. Therefore 

this chain transfer is essentially a termination reaction. 

This is known as degradative chain transfer. The chain 

transfer reaction competes exceptionally well with normal 

prOpagation. This will lead to the formation of low 

mOlecular weight polymer chains which were terminated by 

transfer after the addition of only a very few monomer 

units. When the allyl acetate was replaced with 

deuterated allyl acetate (30) CH2 = CH-CD2 0COCH2 , it 

was found that the acetate polymerizes 1.9 - 2.9 times 

as fast as normal allyl acetate and has a degree of 

Polymerization 2.4 times as large under the same conditions. 
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This is to be expected as the allylic C-D bond is stronger 

than the CH bond and chain transfer reactiorewould there-

fore be decreased in the deUterated monomer. Bartlett 

and Altschul in their studies (28).of the five radical 

initiated polymerization of allyl acetate found that 

after 48 hours, which was the period to complete the reaction 

and to decompose all of the Benzoyl peroxide 6% B.P., 

only about half of the initial allyl acetate had polymer-

ized. Bartlett and Altschul found that oxygen was 

capable of retarding the polymerization of allyl acetate. 

However, the effect of brief exposure to air was not 

great. With several evacuations and flushings with nitrogen, 

the rate of polymerization was increased l~~ over that 

observed under air. 

It was found by Bartlett and AltsChul that the 

decomposition of benz9yl peroxide in allyl acetate is 

nearly unimolecular at 80°C over a tenfold range of 

initial concentration. The ratio of the remaining 

monomer to the remaining peroxide (d~dP) was fairly 

constant throughout. 

The degradative chain transfer reaction is 

generally known to give a large decrease in both R and 
p 

Xn which is the number average degree of polymerization. 

The termination reaction in allyl-acetate polymer-

ization may be represented as follows; 



o 
• 11 

= CH-9-0 - C- CH3 
H 

where R is the growing polymer chain radical RH represents 

a terminated Polymer molecule. Only a fraction of the 

monomer radicals are able to continue polymerization. 

Polymerization of allyl acetate with azo-bis-iso-

butyro-nitrile (32) [AIBN] as initiator behaved similarly. 

Bartlett and his workers found that separate homo-

polymerization of both allyl acetate and maleic anhydride 

was slow and gave low molecular weights but the copoly

merization occurred with remarkable speed (33). Low 

molecular weight copolymers of 1-0ctene with 10% allyl 

acetate (M.W. 350-750) was the only reported copolymer 

formed with hydrocarbon (34). 

Part of this programme will be concentrated on the 

polymerization of allyl acetate in the presence of hydro-

carbons as it models the behaviour of one allyl group of 

triallyl cyanurate. 

To summarize, allyl acetate does not form homopolymer 

of high molecular weight by radical polymerization. 

Moreover , allyl acetate and other monoallyl compounds 
-

retard radical polymerization of most vinyl and acrylic 

POlymerizations on heating with peroxide catalysts. 

Allyl acetate forms oils or viscous liquid low 

Polymers of degree of polymerization (DP) up to about 20 

(28). 
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1 .4.2 Polymerization of Triallyl Cyanurate (TAC) 

As seen in the previous section, monoallyl compounds 

Usually polymerize with difficulty to give low molecular 

weight product (35). This is, of ' course, of less 

importance in the case of diallyl and triallyl compounds 

than with monoallyl compounds, as the former will cross-

link because of the higher functionality even at 

relatively low conversion (36). 

Allyl compounds having two or more allyl 'groups 

often can be polymerized under free radical conditions 

to form crosslinked solid polymers even with the waste 

of growing macror~dicals by chain transfer. 

Triallyl cyanurate (2,4,6-triallyloxyl-S-triazine) 

undergoes both homopolymerization and copolymerization 

by free radical polymerization. The same applied to the 

isomer triallyl isocyanurate. 

C H 2 = C H - C H 2 - 0 eNI1 0 - C H - C H - C H .... ~" 2 - 2 
I 

" N 
I 
o - C H 2 - C H = C H2 

Triallyl Cyanurate (TAC) 

CH -C 
2 -

CH 2 -C ,H=CH 2 

°r.l'l 
H - C H 2" Y .... C H 2 - C H = C H 2 

o 

Triallyl Isocyanurate (TAIC) 



Clampitt (37) has used a combination of differential 

thermal analysis and infra-red analysis to study the 
. 

Polymerization of TAC. It was found that the total 

polymerization of the two allyl groups was followed by 

isomerisation as shown below. 

H H 
I I 

o-c- c-c 
I I I I 
~H H H 

H H H ~ fl H H H 
I I I ,,' I I I 

H-C:C-C-O'" N 'O-C-C-C 

I I ~ I 

H H ~ H 

Poly (TAC) 
x 
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H HH 0 H ~ H 

I I I J.l I ~ I 
H-C=C-C-N ~-C-C-C 

I I ' L I I I 
HO~ ~OH H H 

N H H 
I I I 

H-C- C-C 
I ~ I 

H 2 H 

Poly (TAIC) 
x 

Gillham and his workers (3 8 ) found that thermal 

initiated polymerization of TAC will take two steps. 

36. 

In the absence of air, TAC isomerises and TAC polymerizes 

in one thermal event. In the presence of air some of the 

TAC prepolymerizes to Poly(TAC) in a first step, which 

is fOllowed by a second step which includes the 

isomerization of TAC to TAlC and Poly(TAC) to poly(TAlC) 

and the polymerization of TAlC. i.e. the Polymerization 

of TAC will produce a polymer of the isomers as shown 

below. 

TAlC R· 
--------------~) Poly TAlC 

TAC -------------7) TAlC __ h~e~a~t __ -?) Poly(TAlC) 

TAC R .. 
----~--------?) PolyTAC ___ h_e_a_t __ -?) Poly (TAlC) 

The large extents of reaction observed during 

polymerization of TAC and TAlC are attributed to the 



formation of intramolecular rings. The higher conversions 

obtained with TAC are attributed to the extra length and 

flexibility of its allyl grouP. 

37. 

The Poly(TAC) and poly(TAlC) are insoluble polymers, 

since crosslinking is involved because of the polyfunctional 

character of the TAC. 

The heat of complete polymerization of Triallyl 

cyanurate is high. As measured by differential thermal 

analysis, two distinct exotherms can be observed, an 

initial release of 39 kCal/mole corresponding to the 

reaction of two allyl groups and a later exotherm 

believed to repr~sent reaction of the third allyl group 

together with rearrangement to the more stable iso

cyanurate (38). 

The homopolymerization of TAC has found to be of 

little use because of cost and difficulty in controlling 

the polymerization, as well as the brittleness of the 

homopolymer cast sheets produced. The changes in 

density and the high degree of crossiinking occurring, 

during the homopolymerization will tend to cause cracking 

and lack of uniformity through polymer cast sheets. 

SOlution homopolymerization was used to partially prepare 

a prepolymer which can be used in conventional wet-lay 

up laminating techniques. 
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TAC monomer in solution with little or no 

catalyst will have a slow rate of polymerization and 

may give viscous solutions initially because of the soluble 

prepolymer (microgel). These soluble prepolymers can be 

cured slowly to a uniform polymer. 

The TAC monomer was polymerized in bulk in the 

presence of 2% Benzoyl peroxide and by heating (40). 

The resulting polymer sheet was a clear, light yellow 

and hard. The polymerization of TAC could be promoted 

by Nickel, manganese and mercury. Polymers ranging in 

properties from viscous oils to rubbery solids were 

obtained and reviewed by Kropa in the American Cyanaimde 

Patent (41). 

Radiation polymerization of TAC using 60CO _ y 

irradiation was found to avoid rearrangement and 

formation of the polymer of the isomer (42) but conversion 

was incomplete. However by increasing the temperature 

to above 200°C, isomerization of the polymer was 

inevitable. 

A Solid polymer was formed when TAC containing 5% B.P., 

was irradia-ted for 17 hours at 1 foot from mercury lamp (43). 

The copo1ymerization of TAC and its isomers with 

e.g. methy1methacry1ate, styrene and vinyl acetate (44) 

has attracted more interest than homopolymerization. 

TAC is readily compatible and copo1ymerizes with 

highly unsaturated polyester (a1kyd type) (45). Kropa in 



his American Cyannide patent copolymerized TAC with 

polyester along with glass fibre. Kropa copolymerized 

5% and 95% styrene containing 2.5% benzoyl peroxide by 

heating for 48 hours at 100oC. An example was also 

given of copolymerization of an unsaturated viscous 

liquid ester polymer obtained from a mixture of equal 

parts of TAC and Methyl Methacrylate. 

On initiation with peroxides, heating or with 
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higher energy radiation it was found that the polyfunctional 

allyl monomer TAC was effective in small concentrations 

as a crosslinking agent for preformed polymers. Such 

a compatible cros.slinking agent can promote curing and 

improvement' in physical properties in many plastics and 

synthetic rubbers. Earlier it was assumed that the base 

Polymer needed unsaturation for crosslinking (48). Hewson 

added TAC to cellulose acetate sorbate and cast films, 

which were cured for 6 minutes at 160oC. Pinner (12) 

reported that vinyl chloride polymers were particularly 

responsive to crosslinking by triallyl cyanurate. In 

Germany, Bonin (47) found that crosslinking and grafting 

occurred when cellulose acetates containing TAC and 

peroxides were heated at 1200 C for 30 minutes. 

Triallyl cyanurate has been added to ethylene

propylene copolymer rubbers and cured (48,53,54). The 

efficiency of crosslinking by peroxides could be improved 

by TAC, which means the reduction of peroxide requirements 

gOes down to 2.5% or less. 



TAC with dicumyl peroxide has been suggested as a 

cOupling agent in glass cloth laminates (49). Polyethylene 

fine powder, TAC, dicumyl peroxide was formulated as an 

adhesive for bonding to copper (50). 

As reported earlier in this chapter, Logans (15) 

and Pinner (17) found that there was an improvement in 

efficiency of high energy radiation crosslinking of 

polymers, by adding TAC. The increase in curing effects 
. 

could be due to the grafting reactions. Estimates of the 

crosslinking efficiency of TAC in polyethylene indicated 

that at concentrations of 0.5% to 5% each monomer molecule 

crosslinks about 3 polymer molecules (51). Polypropylene 

Cured by low doses of radiation using TAC was also 

reported (52). Polyolefins were high energy radiation 

cured using 2 to 5% TAC, in order to obtain' heat-

shrinkable and self-soldering insulators (55,56). 

Extended network polymers were made by polymerizing 

TAC in polyvinyl chloride and in polyethylene (57). 

The work which was carried out in the copolymerization 

of TAC, showed that in general there is a lot of interest 

as far as enhancement of crosslinking processes and 

imprOVements of certain properties are concerned. Apart 

from the studies already reported no other fundamental 

Work has been carried out. The system which this thesis 

Will deal with, has not been dealt with specifically 

before. 

In the following chapters, some fundamentals of the 

crosslinking process of TAC with polyethylene using the 



photosensitizer, xanthone, will be established from the 

results, which in turn will be obtained from the model 

systems and the polyethylene network. 
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CHAPTER 2 

MODEL SYSTEMS I 'TRIALLYL CYANURATE AND XANTHONE IN 

HYDROCARBONS' 

2.1 Introduction 

This chapter describes model studies on the 

photoinitiation of various hydrocarbons in the presence 

and absence of triallyl cyanurate and xanthope, made to 

throw light on the analogous process occurring in 

polyethylene. Model saturated and unsaturated hydrocarbons 

containing primary, secondary and tertiary carbon atoms 

were studied. 

The liquid products from both photoinitiation and 

60 Co Y-irradia tion were analysed by gas-liquid 

chromatography and compared. The solid polymeric 

crosslinked powder obtained in the presence of triallyl 

cyanurate was highly insoluble which limited the 

analYSis to which it could be usefully subjecte~. 

2.2 Experimental 

2.2.1 Materials 

Hydrocarbons: The hydrocarbons used in this work 

were:-

i) saturated hydrocarbons 

Octane S.L. (supplied by Fison) (B.P. l25-127~C) 

was firstly distilled and then used in the photo-

induced reactions. 
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3-ethyl pentane and tetracosane (c24) (supplied 

by Aldrich) was used without any further purification. 

ii) Unsaturated hydrocarbons 

l-Octene 97% (B.P. 122-123°C) trans-2-0ctene 98% 

(B.P. 123°C) and 2-methyl-I-hexene 9&~ (B.P. 92°c). 

These were supplied by Aldrich and were also used 

without any further purification. 

Also n. Hexadecane (special grade for GLC) supplied 

by BDH was used for the Gas liquid chromatograph analysis. 

The monomer triallyl cyanurate was used after 

recrystallizatimfrom hexane (M.P. 31oC, B.P. 1400c 

at O.5mm). 

Photoinitiator xanthone was used after having been 

recrystallized in chloroform (M.P. 174°c, B.P. 349 - 358°c). 

2.2.2 Apparatus 

i) Reaction vessels: the photoinitiation of the 

hYdrocarbon was carried out in a dilatometer 

which was constructed from pyrex glass as shown 

in Fig.2.1. 

ii) Vacuwn 14ne·. • Most of the photoinitiation reactions 

were carried out under high vacuum and degassed 

conditions using a vacuum line with a 

double stage vacuum pump as shown in Fig. 2.2. 

iii) Temperature controller: All the reactions described 
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iV) 

in this chapter were carried out at 60 0 C which 

was maintained by using a water bath. 

U.V. lamp: The ultraviolet lamp used for the 

photoinitiation is described in chapter 4. 

v) Gas liquid chromatography, Perkin Elmer F11. 

vi) U.V. spectrophotometer, Perkin Elmer 402. 

vii) I.R. spectrophotometer, Perkin Elmer 397. 

viii) Mass spectrometer, AEI MS9. 

ix) NMR spectrometer, Perkin Elmer R14. 

2.2.3 Photoinitiation of different hydrocarbons in the 

presence of xanthone and triallyl cyanurate (TAC) 

2.2.3.1 Preparation of solutions 

Solutions of xanthone and TAC in five different 

hydrocarbons were prepared. Also, solution of (a) xanthone 

with Octane and (b) TAC with Octane were prepared 

individually. 

The low solubility of xanthone and TAC in the 

hydrocarbons restricted the concentrations studied. 

Heat was often required to achieve dissolution. The 

solution compositions are given in table 2.1. 
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TABLE 2.1: Hydrocarbon Solutions used for the 

Photoinitiation Process 

Solution TyEe of Conc. of Xanthone Conc. of TAC 
Ref. No. h:ldrocarbon MolesZlitres MolesZlitres 

1 n ... Octane 2.6 x 10-6 
0..0 x 10-6 

2 1-0ctene 2.6 x 10-6 
4. 0 x 10-6 

3 2-methyl 1-hexene 2.6 x 10-6 
4. 0 x 10-6 

4 3-ethyl pentane 2.6 x 10-6 '4. 0 x 10-6 

5 Trans 2-0ctane 2.6 x 10-6 
14. 0 x 10-6 

6 n-Octane 5 . 1 x 10-6 

7 n-Octane 8.0 x 10-6 

8 n-Octane 5 . 1 x 10-8 
2·4 x 10-6 

9 1-0ctene 5 • 1 x 10-8 
2·4 x 10-6 

2.2.3.2 Reaction of the h:ldrocarbons 

A series of experiments ~re run using a series of 

dilatometers containing identical solutions which were 

to be exposed to U.V. light for varying perids of time. 

After filling each dilatometer the system was degassed 

then sealed. 

Exposure to radiation took place by having the 

dilatometer vertically at a distance of 30 cm (1ft) 

from the ultra-violet lamp in water bath thermostatted 

at 60oC. Throughout the exposure the dilatometers were 

. occasionally shaken . -- The physical state of the solution 

did not change. A fine powder separated from certain 

solutions after a given exposure time. Tables (2.2, 



2.3, 2.4, 2.5 and 2.6) show the xanthone and TAC con

centrations throughout the irradiation process in the 

individual solutions. 

2.2.3.3 Physical observations during U.V. radiation 

Solution 1, containing octane, xanthone and 

triallyl cyanurate, showed an insoluble fine powder 

49 

which started to separate from the solution after three 

hours of irradiation. The powder was uniformly dispersed 

in the solution. It was also similarly observed in the 

case of solution 4, which contains 3-ethyl pentane, 

xanthone and triallyl cyanurate. The powder in solution 

4 began to appear after three hours of irradiation. 

The fine, light yellow insoluble powder was 

filtered, washed and dried. The fine powder did not 

appear from solutions 2,3,5 or 9. 

In solution 1 and to a smaller extent in 2,3,4 and 

5 some fine crystals, thought to be the dimer of xanthone, 

began to appear after one hour of irradiation. Quite 

significant quantities formed in the octane/xanthone 

solution 6 and they were filtered off for analysis. 
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In the case of solution 7, containing only octane and 

triallyl cyanurate, the mixture was initially clear. 

However, after six hours of radiation a very fin~ highly 

insoluble white powder appeared dispersed in the solution. 

The amount of the powder, although minute was still 

enough for its analysis. 

2.2.3.4 Analysis of Hydrocarbon Solutionsafter 

Irradiation by U.V. Light 

(i) Quantitative Analysis by Gas-Liquid Chromatography 

For quantitative analysis, a calibration curve was 

obtained for both, triallyl cyanurate and xanthone, by 

preparing a series of standard solutions in chloroform 

(special grade for spectroscopy). 

The GLC analysis was carried out at 160°C using 

5% Apiezon, a 2 metre column and a flow of 6. The 

retention times for TAC and xanthone under the above 

conditions were as follows, 

TAC 20 minutes 

xanthone 40 minutes 

By measuring the area under the curve of the TAC peak in 

the GLC chromatograph, with the aid of the calibration 

Curve, the TAC concentrations in the different solutions, 

before and after irradiation, were calculated. 



Tables 2.3, 2.3, 2.4, 2.5 and 2.6 show · the TAC 

concentrations after irradiation for different solutions. 

As seen from the tables, the TAC concentration did 

not change in the case of the solutions containing 

1-0ctene 2-0ctene and Methyl hexene. Reduction of the 

TAC content occurred in those solutions where saturated 

hydrocarbons were incorporated, e.g. Octane and Ethyl 

pentane. Fig. 2.3 shows the rate of conversion of TAC 

in these two solutions. 

(ii) Quantitative Analysis by Ultra Violet Spectrometry 

A U.V. spectrometer was used to measure the con

centration of xanthone in the irradiated solutions. 

In order to do this the extinction coefficient of 

xanthone was determined first by using xanthone solutions 

(in Chloroform) of known concentrations. 

Using a 1 ml cell, the U.V. spectra of the dif

ferent irradiated samples were measured and the con

centration of xanthone was determined in each individual 

case. 

Tables 2.2, 2.3, 2.4, 2.5 and 2.6 show the 

xanthone concentration in the different solutions after 

irradia ting them for differing lengths of time. Fig. 2 ;-4 .. -

shows the drop in the concentration of xanthone with 

respect to irradiation time in the different solutions. 



52 

TABLE 2.2: Xanthone and TAC concentrations at different 

U.V. Irradiation time for Solution 1 

rn-Octane + TAC + Xanthone] 

U. V.irradiation Cone. of TAC left Cone. of Xanthone 
in the solution left in the time (minutesL 
moles/litres solution moles/litres 

0 4.0 x 10-6 2.5 x 10-6 

15 4.0 x 10-6 2.2 x 10-6 

30 3.6 x 10-6 5.7 x 10-7 

60 3.2 x 10-6 1.8 x 10-7 

90 2.4 x 10-6 4.6 x 10-8 

120 2.2 x 10-6 4.6 x 10-8 

180 2.2 x 10-6 0 

240 2.0 x 10-6 0 

300 2.0 x 10-6 0 

TABLE 2.3: Xanthone and TAC concentrations at different 

U.V. Irradiation time for Solution 2 

[l-Octene + TAC + Xanthone] 

U .V.irradia tion Cone. of TAC in Cone. of Xanthone 
time (minutes) solution moles/litres in solution 

moles/litres 

0 4.0 x 10-6 2.5 x 10-6 

15 

T 2.2 x 10-6 

30 2.2 10-6 

I x 

60 No Change 1.9 x 10-6 

90 in 1.5 x 10-6 

120 Concentration 8.2 x 10-7 

180 Observed 2.2 x 10-7 

240 4.6 x 10-8 

300 4.6 X 10-8 

510 2.6 x 10-8 



TABLE 2.4: Xanthone and TAC Concentrations at different 

U.V. Irradiation time for Solution 3 

[2-methyl l-hexene + TAC + Xanthone] 

U.Y. irradiation Cone. of TAC in Cone. of Xanthone 
time (minutes) solution mOles/litres in solution 

mOles/litres 

0 4.0 x 10-6 2.5 x 10-6 

30 i 2.5 x 10-6 

10-6 60 No Change 2.5 x 

90 in 2.5 x 10-6 

120 Concentration 2.5 x 10-6 

240 Observed 
2.2 x 10-6 

350 j 1.6 x 10-6 

420 1.4 x 10-6 

480 1.3 x 10-6 

TABLE 2.5: Xanthone and TAC Concentrations at different 

U.V. Irradiation time for Solution 4 

[3-ethyl pentane + TAC + Xanthone] 

U.V.m--adia tion Cone. of TAC in Cone. of Xanthone 
time (minutes) solution mOles/litres in solution 

mOles/litres 

0 4.0 x 10- 6 2.5 x 10-6 

15 4.0 x 10-6 2.5 x 10-6 

30 4.0 x 10-6 2.5 x 10-6 

60 3.8 x 10-6 8.7 x 10-7 

90 3.6 x 10-6 2.0 x 10-7 

180 3.4 x 10-6 4.6 x 10-8 

300 3.3 x 10-6 4.6 x 10-8 



TABLE 2.6: Xanthone and TAC Concentrations at different 

U.V. Irradiation time for Solution 5 

[Trans 2-0ctene + TAC + Xanthone] 

U .V. irradia tion Conc. of TAC in Conc. of Xanthone 

time (minutes) solution moles/litres in soJution 
moles/litres 

0 4.0 x 10-6 2.5 x 10-6 

60 i 2.5 x 10-6 

120 No Change 2.2 x 10-6 

180 in 1".7 x 10-6 

300 Concentration 1.1 x 10-6 

420 Observed 1.0 x 10-6 

480 1 8.7 x 10-7 

In solution 8, which contains Octane with a lower 

concentration of TAC and Xanthone, the Xanthone 
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concentration became zero after five minutes of irradiation. 

The insoluble product was observed in the solution after 

two hours of irradiation. 

In solution 9, containing l-Octene with a lower 

concentration of TAC, the Xanthone concentration after 

one hour irradiation was 1.62 x 10-8 M • . . After exposure 

for a further hour the xanthone concentration became 

zero. 



iii) Qualitative Analysis by Gas Liquid Chromatograph (GLC) 

During GLC quantitative analysis of the · irradiated 

solution, it was found that new peaks were appearing in 

the chromatogram. These were due to the new compounds. 

The area of thesepeaks differed according to the solution 

irradiated and depending on the concentration of the 

additives present. 

The peaks which are close to each oth~r were thought 

to be due to the isomers of CB dimer hydrocarbons. Under 

the same operating conditions used for the GLC analysis 

of TAC, a series of four peaks was obtained. By reducing 

the temperature and changing the column, it was found 

that the peaks comprised of at least seven compounds. 

N-hexadecane hydrocarbon (BDH special grade for GLC) 

was analysed using GLC under the same conditions. It 

was found that the retention time was within that of 

the other peaks which appeared after irradiating the 

different hydrocarbon solutions. 

The GLC mass spectrometer set up at ICI Corporate 

Laboratories was used to identify these compounds. The 

only information obtained from the GLC mass spectrometer 

was that these peaks were due to a series of hydrocarbons 

which may either be saturated or unsaturated hydrocarbons 

or a mixture of both. 

Pi gs. 2.5, 2.6, 2.7, 2. B, 2.9, 2. 1 0 and 2. 11 

show the appearance of these series of peaks and how 
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the area under the peaks differ between solutions and 

the other changes due to the different radiation times. 

The synthesis of the expected isomer of Ca dimer 

will be outside the scope of this thesis. However, to 

obtain more information about these peaks, some 60CO 

Y-radiation of octane should be carried out. As a full 

investigation of this type of radiation has already 

taken place and the number of products analysed by 

different workers. By comparing the Y-irradiated solutions 

with the photoirradiated solutions a clearer picture of 

the peaks formed will be found. 

iv) Qualitative Analysis of the insoluble product formed 

during the U.V. radiation 

The insoluble fine pale-yellow powder which appeared 

after certain irradiation tim$in solutions containing 

saturated hydrocarbons, was separated by filtration, 

washed with methylene chloride and then dried. · The 

amount of product was small, i.e. a few mjl1igrams and 

was found to be insoluble in any solvents tried. Therefore 

the evaluation was limited to I.R. and elemental analysis. 

KBr discs of the insoluble, product were made and the 

I.R. spectra taken as shown in Fig. 2.13). 
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Elemental analysis for this insoluble product was as 

follows:-

SamEle Element 0,6 present in the powder 
Nitrogen Carbon Hydrogen Oxy~en 

1 11.40 64.52 7.42 16.66 

2 11.41 63.56 7.27 17.76 

3 11.02 66.57 7.28 15.13 

4 11.05 64.88 7.50 16.57 

Powder taken from Octane/TAC/Xanthone solutions was fil tared, 

washed with methylene chloride and dried in a vacuum 

Oven before analysis. 

2.2.4 Octane, Xanthone and TAC solutions for U.V. and 

Y-irradiation 

As xanthone reacted faster in octane solution. 

new fresh solutions of octane containing a higher amount 

of xanthone and TAC were prepared to further investigate 

the products. 

These solutions were prepared as follows:-

Table 2.7: Composition of Octane solution with the additives 

Solution R f No e. . 

10 

11 

12 

13 

Cone. of Xanthone 
moles/litres 

10-5 

only octane 

TAC Cone. 
moles/litres 

2.0 x 10-5 



These solutions were irradiated by U.V. using 

exactly the same procedure for preparation and analysis 

as in section 2.2.3. The results are shown in table 

2.8 and in Fig. 2.14 and 2.15. 

Table 2.8 shows the concentratiomof TAC and 

xanthone in solution 10 after U.V. irradiation. The 

concentration of TAC was measured by GLC, and the 

concentration of xanthone by U.V. 

From Fig. 2.14, the ratio of % TAC reacted % xanthone 

reacted is approximately constant throughout the reaction, 

which would indicate a first order relationship between 

the two in whatever reaction is occur.nng .. 

TABLE 2.8: Xanthone and TAC concentrations at different 

U.V. irradiation time for Solution 10 

Sample Ref.No. U.V. irradiation Conc. of TAC Conc. of 
time/minutes moles/litres xanthone 

moles/litres 

S10-0 0 4.38 x 10-5 9.8 X 10-6 

SlO-l 30 2.93 x 10-5 4.8 x 10-6 

S10_2 60 2.37 x 10-5 3.29 x 10-6 

S10-3 90 2.29 x 10-5 3.06 X 10-6 

S10-4 120 1.85 x 10-5 2.1 x 10-6 

S10-5 420 1.16 x 10-5 8.16 X 10-8 

S10_6 720 1.16 x 10-5 8.16 x 10-8 

. S10-7 24-- hours 1.16 x 10-5 8.16 x 10-8 
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Table 2.9 and Fig. 2. Hi show the concentration of 

xanthone in solution 12 after various periods of 

D.V. irradiation. 

TABLE 2.9: Xanthone concentration at different D.V. 

irradiation time for Octane/Xanthone Solution 

Sample Ref No. Irradiation time Conc. of Xanthone 
(mins) (molesllitres) 

S12-0 0 1.27 x 10-5 

S12-2 30 1.07 x 10-5 

S12-3 60 7.96 x 10-6 

S12-4 120 6.28 x 10-6 

S12-5 180 4.08 x 10-6 

Figs. 2.17 and 2.18 show the D.V. spectra of the 

irradiated solutions at different times. 

During the D.V. irradiation of solution 10 and 

solution 12, some fin~ crystals began to appear in the 

solution, in addi tion to the insoluble, yellowish product. 

In solution 12, the formation of these crystals was 

clea~er and they were separated by filtration, washed 

with acetone and then dried. 

The crystals formed from solution 12 were analysed 

by' mass spectrometry Fig. (2.25) and also by elemental 

analYsis which was found (C: 79.02%, H 4.84) theoretical 

C: 79.16%, H: 4.6~p ). 

For comparison, solutions11 and 13 were also irradiated 

by 60 CO _ + 
~~radiation. Two sets of di1atometers were 



prepared. Set one consisted of eight dilatometers each 

containing 10 ml of solution 13. The other set of four 

dilatometers each contained 10 ml of solution 11. 

Four dilatometersof set two were all sealed after 

degassing. The twelve dilatometers were irradiated by 

60CO gamma~radiation at room temperature at the following 

doses as shown in table 2.10. 

TABLE 2.10: Octane solutions irradiated by 60CO 

Y-.radiation 

Solution 13 Solution 13 Solution 11 

de~assed unde~assed de~assed 
Dose M rad 

Al Bl Cl 5.54 

A2 B2 C2 16.3 

A3 B3 C3 23.4 

A4 B4 c4 32.9 

(+) 60 CO Source facilities at Scottish Universities 

research and reactor center in East Kilbride. 
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2.2.4.1 Analysis of the V-irradiated solutions 

The physical state of the octane solution did not 

change prior to irradiation nor did any solid product 

form. In the case of the octane with TAC (solution 11), 

a solid product appeared after irradiation. 

The solid product formed during the irradiation 

of solution 11 was separated washed by octane dried 
~ 

and then analysed by Infra red and elemental analysis. 

TheI.R. spectra are shown in Fig. (2.19) and the 

elemental analysis shown in Table 2.11. 

The irradiated samples were analysed qualitatively 

by GLC, applying the same conditions used for the 

previous work. The chromatogram obtained from these 

solutions is shown in Fig. 2.20. 

The peaks formed after irradiation have the same 

pattern as that of the one obtained with the U.V. ir-

radiation of octane and additives 

The GLC analysis of the V-irradiated solutions 

C 1 , C2 , C), and C4 did not show any TAC peak in the 

chromatogram i.e. all the TAC in solution 11 has 

reacted in the case of V-irradiation. 
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TABLE 2.11 

Powder (insoluble product) 
from 

Cl 

C2 

c3 

C4 

Nitrogen 

14..76 

1 '4. .02 

14. 26 

1,-\. .58 

Element % 
Carbon Hydrogen 

58.93 7 • 1 1 

59.06 7.06 

59. 11 7.33 

51 .61 11 .81 

2.2.5 Tetracosane( C2 4 hydrocarbon). Xanthone. TAC, 

mixture. Irradiation and analysis 

Hydrocarbons with higher molecular weight such as C2 4. 

(tetracosane), would be helpful for the qualitative inter-

pretation as will be shown further in the discussion. A 

mixture of C
24 

containing xanthone and TAC was prepared in 

Toluene. The solutions were prepared as shmvn below. 

Since Tetracosane is a solid at room temperature, its 

introduction into the dilatometer was facilitated by making 

up a solution in 50 ml of Toluene. 

,,§,olution No. C2lJ. Content 

10 gram 

10 gram 

Xanthorie 

0.075 gram 

0.225 gram 

TAC 

0.15 gram 

0.45 gram 

In two sets of dilatometers, each set comprising . 

two dilatometers, the first contained 5 ml each of solution 

14 and the sec~nd contained 5 ml each of solution 15. 

"The dilatometers were connected to the vacuum line and 

degassed about fifteen times then the toluene was dried 

by the freeze and dry method. The dilatometers were kept 



under vacuum using the freeze and dry method for 48 hours, 

to ensure that all the toluene has evaporated. The 

dilatometers ,vere then sealed and were ready for UV 

irradiation. 

The degassed mixtures were irradiated at 60 0 C for 

different time intervals as shown below. 

Solution Ref. No. Irradiation time (hrs.) 

4 

12 

15-1 4 

15-2 12 

Each of the four irradiated dilatometers were 

broken from both sides and left in the extraction ap-

paratus. The extraction was carried out for 24 hours. 

The contents of the dilatometer were transferred to a 

flask with the toluene during the extraction process. 

The contents of these dilatometers contained an insoluble 

product which was dispersed in the toluene solution in the 

flask. This insoluble product was in the form of a fine 

powder which was separated from the solution by filtration 

and several washings with toluene to ensure that the _ 

powder is free of any unreacted hydrocarbon C
24

" Having 

been dried, the powder was analysed by elemental analysis 

and I.R. 



Analysis for Dimer formation was carried out by 

GPC. + Fig. 2.21 gives a GPC chromatogram for irradiated 

C which shows that the shape of the peak has change. 
26-

This could be due to the presence of some higher hydro-

carbon. The GPC column available was not accurate enough 

for such analysis of low molecular weight material • 

However, 
.. 

the following data were obtained. 

Soluble Eroduct after Standard C 211 D.V. irradiation 

M 451 1779 n 

M ,~60 2091 w 

M ,~69 2557 z 

M /M w n 1 .02 1. 17 

GLC analysis for the product in toluene was not succes-

sful, simply because the GLC instrument column was 

limited with temperature which could be achieved. 

However, the main reason for {rradiation for the 

C2 mixture was to analyse the ' insoluble part. 
4 

+(GPC chromatogram obtained from ICI Corporate Labo-

ratories GPC unit analysis. 

* GPC data shown above obtained from GPC unit analysis, 

Pure & Applied Chemistry Department. 
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2.3 Discussion 

From the results shown in the previous section, it 

seems that the photoinitiator had reacted and was rapidly 

consumed in the case of the saturated hydrocarbon, whereas 

the process of photolysis was much slower in the case of 

the unsaturated hydrocarbon. It was also found that in 

the case of the U.V. irradiated unsaturated hydrocarbon 

(plus additives), the insoluble product and fine crystal

lites were not observed, whereas both were observed in the 

case of the saturated hydrocarbons, especially the octane 

solution. 

In unsaturated hydrocarbon solutions, the main 
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sensitization process of xanthone was different from that 

which was observed by Zanker with the saturated hydrocarbon~1 ) 

Because of the decrease in c.oncentration of xanthone, one 

could only think of the non-radiative deactivation proces-

ses of its singlet or triplet excited states to the ground 

state. 

It has been noted that the excited states may be 

deactivated by energy transfer in the form of vibrational 

energy to the surrounding solvent or to the molecules of 

the same species, by processes that must involve collision 

(2), which in turn will be utilized to excite another 

species electronically, provided that some conditions are 

satisfied. 

It is a desirable characteristic that the sensitizer 

absorption is at longer wavelengths than those at which the 

solvent absorbs. It also requires that its triplet 



excitation energy be higher than that of the solvent. 

Such characteristics are present in xanthone 

[E
T1 

= 74. 2 kcal]J i.e. its singlet and triplet excited 

states are deactivated by energy transfer to the solvent 

molecule by collision processes. Since the triplet state 

is much longer lived, the triplet sensitizer state is 
more 

much/prone to encounter a solvent molecule. 

However, the energies of the triplet states of the 

related unsaturated hydrocarbons are not available. 

The efficiencies of unsaturated hydrocarbon in the 

quenching of excitation states of the sensitizer increase 

with the number of alkyl groups substituted about the 

carbon double bond (4). The efficiencies of quenching 

increases with the decrease of energies of the triplet 

state of the respective unsaturated hydrocarbon. It was 
of ethylene 

found (5) that the So ~ T1 transiti0o/has an ET1 value 

of 82 kcal. Therefore the unsaturated hydrocarbons used 

in our experiments have ET values well below the 82 kcal. 
1 . 

Hence it is below the ET1 of xanthone, which included 

increases in the quenching efficiencies of the 

unsaturated hydrocarbon in photolysis. 

The formation of the unsaturated hydrocarbon excited 

state will lead mainly to isomerization of the respective 

hydrocarbon (2). However, since the disappearance of 

Xanthone was taking place slowly during irradiation, it 

seems that the xanthone excited state did abstract 

hYdrogen from the solvent and formed the respective 
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hydrocarbon free radical followed by the formation of 

the respective dimer. 

Fig. 2.4 will verify the above statement by the 

fact that the xanthone disappearance was slow in the 

unsaturated hydrocarbon and the order of disappearance 

was in the following order according to the solvent 

media. 

1-0ctene > 2-0ctene > 2 methyl hexene •. 

The quenching efficiency will be higher in 2-methyl 

hexene. 

The fact that the U.V. spectra Fig. (2.22), for 

the reacted xanthone in the unsaturated hydrocarbon, 

shows the formation of a new peak which according to 

Zanker (1) is due to the formation of soluble xanthydrols 

with corresponding solvent fragment in 9-C position or 

the dimer of xanthone (9,9'dihydroxy dixanthene). The 

spectrum of the two are almost similar. However in the 

9,9' dihydroxy dixanthene formed during the photolysis, 

part of it will separate from solution in the form of 

crystals (1). The latter phenomenon was observed in our 

experiments only in the case of octane and 2-ethyl 

pentane solutions. This means that the slow processes 

of xanthone decomposition in unsaturated hydrocarbon 
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Will lead mainly to the formation of branched hydrocarbon 

dimers of different isomers together with the soluble 

Xanthydrols with the corresponding solvent fragmented 

in the 9-C position. 



The analysis showed that there was no consumption of 

TAC content in the solutions, where unsaturated hydro-

carbons were present. It appears that the energy transfer 

from xanthone excitation was only taking place to solvent 

molecules since the collision probability will be higher. 

Adding to the fact that no insoluble part was observed 

in the case of irradiation of unsaturated hydrocarbon 

solutions, means t~at the consumption of xan~hone is due 

to the slow process of abstracting hydrogen from the 

solvent and not from the TAC. So the following represen-

tation for U.V. irradiation of xanthone/TAC unsaturated 

solutions could be sketched as follows. 

hv 
Xanthone > Sol" 

Sol" 
, energy tran)fer

S + R + 

Sol" I hydrogen . 
+ R Abstractio~ S + 

(R")rI" Isomerizati~n '" It 

(R" )' + ( R" )' 
Dimerization I 

) R -R 

S· + (R" )' " ) S-R 

Sri" Xanthone excited state 
I 

(R")'* 

(R" )' 

, 

R Unsaturated hydrocarbon 

(R")* Excited hydrocarbon species 

"" R Isomer of unsaturated hydrocarbon 

s· Xanthydrolfree radical 

OH 

(2. 1 ) 

(2.2) 

(2.3) 

(2·4) 

(2.5) 

(2.6) 

6-8 



I I 
R -R · 

, 
S-R 

Hydrocarbon free radical 

Dimers of different isomers (Branched) 

Xanthydrols where hydrocarbon fragment 

in 9c position. 

1 
I, 

R 

As mentioned in Chapter 1, Zanker and Ehrhandt 

proved that the photolysis of xanthone in the presence 

of saturated hydrocarbon leads to the formation of a 

xanthone dimer, and this was due to the formation of 

Xanthone triplet state which will abstract hydrogen 

from saturated hydrocarbons. 

The analysis of the crystallites formed in the 

irradiation of Octane/xanthone and Octane/xanthone and, 

TAC solutions correspond to the dimer of xanthone 

(9,9' dihydroxy-dixanthene). This again agrees with 

the Zanker paper (1). 
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The GLC analysis of the Octane/xanthone irradiated 

solution, cf Fig. 2.11, showed the formation of new 

compounds. The peaks of these compounds are the finger 

print of the peaks drawn in Fig. 2.20 which are due to 

different isomers of the Cs dimer. Fig. 2.20 shows that 

these peaks, after 60c-Y-irradiation, were proved to 

be the isomers of the hydrocarbon dimer, as mentioned in 

Chapter 1, which were mainly branched hydrocarbons. 

Also from section 2.2.5, it seems clear that the 

C
4s 

hydrocarbon did indeed form, although definite 

proof could not be submitted due to the limitation of 

analysis with the instruments available. 

Therefore by irradiating Octane/xanthone solution 

with U.V. light, one would obtain the dimer of Cs and 

the dimer of xanthone. The following reaction schedule 

may be drawn according to 1 • 

hv of 
Xanthone ) S (2.7) 

Srf. + R h;ldrogen) 
abstracted 

s· + R' (2.S) 

• • dimerization ) (2.9) s + s s - S 

I, . dimeriza tion) I 11 
(2.10) R' + R R - R 

R saturated hydrocarbon 

R' hydrocarbon free radical 

S· xan thydrol radical 
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OH 

R -R 

8-8: 

Branched hydrocarbon dimer of different isomers. 

9,9' dihydroxy dixanthene 

However, by irradiating Octane/xanthone + TAC 

sOlUtion, the amplitude of the hydrocarbon peaks are 

very much reduced (as shown in Fig. 2.5 and Fig. 2.6)._ 

This could 'be explained by suggesting, that some of the 

octane free radicals are involved in the chain growth 

and in the addition polymerization of TAC rather than 

dimerization. 8uch a process will indeed reduce the 

formation of the Cs dimer. In the case of the saturated 

hYdrocarbon namely octane and ethyl pentane, the insoluble 



product is some kind of TAC polymer. This TAC polymer 

was also analysed by I.R.(Fig.2.l3) and its spectrum still 

shows the TAC, S-Triazine 815 cm- 1 and ether, 1130 cm- 1 

bands, together with the reduction of the allyl 925 and 

990 cm- 1 bands. These facts indicate that the polymer is 

PolY(TAC) rather than the pvlymer of TAC isomer i.e. TAlC. 

The latter fact was supported by the non-appearance of a 

C=O 1700 cm- 1 band. Because of its lack of ~olubility 

and the fact that TAC is a highly functional monomer, 

the polymer formed was gelled, and gel formation appeared 

at low conversion. It was reported (6) that 9% conversion 

of TAC will resul t in the appearanc'e of the insoluble 

polymer. In our system, the insoluble polymer appeared 

in Octane and ethyl pentane solutions, after about 45% and 

15% conversion respectively, as shown in Fig. 2.3. This 

indicates, that, the formation of gelled polymer after 

9% conversion, may well take place and that, instead of 

forming this insoluble product, it will form a microgel 

dispersed in the hydrocarbon solution ' up to the 45% or 

15% conversion, where the gelled polymer will separate 

from the respective solution. 

The polymerization of TAC is due to the allyl 

radical formation which took place either by a direct 

~nitiation process from xanthone, or indirect initiation 

processes due to the presence of octane radical in 
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sOlution. Since the direct initiation process did not 

appear to take place in the case of unsaturated hydrocarbon/ 
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xanthone/TAC solutions, then it is more likely. that with 

such low TAC concentration present in the mixture, the 

chain growth and gelation of TAC was due to radical transfer 

from octane free radical, although direct initiation 

polymerization has not been ruled out. The indirect 

initiation process assumptions are supported by the 

fact that the allyl group has very strong chain transfer 

ability providing it will cause the formation of some 

effective chain .transfer in addition to the degradative 

chain transfer (7). The following reaction schedule 

could be put forward as steps for the saturated hydrocarbon/ 

xanthone/TAC photoinitiation. 

In addition to reaction 2.7, 2.8, 2.9 and 2.10, 

the following are also included in the schedule. 

, , 
(2.11) R + TAC ) TAC 

• (2.12) TAC ) PolyTAC 

,.. • . 
(2.13) s + TAC ) S + TAC 

. 
TAC :> PolyTAC (2.14) 

, . 
) (2.15) s + s s-s 

Also according to Zanker, the following two steps 

may be possible 

, . 
s + R -----..,) s R (2.16) 

. . 
S + TAC ----------~> S - TAC (2.17) 



s - R ) 
) 

S - TAC) 

Xanthydrols where, hydrocarbon or TAC 

fragments in the 9-C posi tion of xanthone 

molecule. 

The formation of PolyTAC grafted with hydrocarbon, 

due to steps 2.11 and 2.12, could be possible but 

cannot be certain at this stage. However, the initiation 

step 2.11 could be classified in either of the following. 

R + TAC 

or • R + TAC 

Radical formed ) RTAC 

__ ...;e;;..;f;.;..f~e_c...,t;...i_v_e~~ __ ~) R + TAC 
chain transfer 

(2.llA) 

(2.llA) 

• where RTAC could have the following chemical structure 

H H H H H ' H 
I I I 'I I I 

H-C=C-!-O~N!r0-!-C=C-H 

Ny 

, 

o 
I 

H-C-H 
I 

• H-C· 
R, I 
'. C-C - H 

~.... I 
H 

Where R-C-R" represents the hydrocarbon molecule 
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• 
and TAC would have the following chemical structure 

H H H H H H 
I I I I I I 

H-C=C-~-OTNn"'O-~- C= C-H 

H N N H 

• 

~ 
I 
o 
I 

H-C-H 
I 

H- C· 
I 

H-C -H 
I 

H 

If RTAC is indeed forming then the PolyTAC 

obtained due tostep 2-11A will be grafted with 

hYdrocarbon. This was studied by utilizing allyl acetate 

to replace TAC and is reported in the next chapter. 
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Fig. 2_3 TAC Rate of conversion during the UV radiation 
in hydrocarbon 
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Fig. 2_4 Xanthone decomposition during the UV radiation 
process 

in solution (1) "Octane + Xanthone 
+ TAC" 
in solution i2~ "1-0ctane + 
Xanthone + T Cl 
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GLC chromatogram 

A Solution (1) before UV irradiation 

B Solution (1) UV radiation for 15 
minutes 

C Solution (1) UV radiation for 30 
minutes 

Retention t;tme -



Fig. 2 _ 6 GLC chromatogram 

A Solution (1) DV radiation for an hour 

Xanthone peak 

B Solution (1) DV ' radiation for two hours 

----- ---
C Solution (1) DV radiation for four hours 

Reten'fion time .... 
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Fig. 2 _ 7 GLC chromatogram 

A Solution (2) before UV irradiation 

TAC peak 

peak 

8 Solution (2) UV radiation for 15 
minutes 

C Solution (2) UV radiation for 30 
minutes 

Retention time 
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Fig . 2 _ 8 GLC chromatogram 

A Solution (2) UV radiation for an hour 

TAC peak 

Xanthone . peak 
dimers 
peaks 

B Solution (2) UV radiation for two hours 

C Solution (2) UV radiation for three hours 

Retention time 
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Fig. 2-9 GLC chromatogram 

A Solution (5) before UV irradiation 

TAC peak 

Xanthone peak 

B Solution (5) UV radiation for two hours 

C Solution (5) UV radiation for three 
hours 
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Fig. 2 _1 0 GLC chromatogram 

C Solution (5) UVradiation for 
eight hours 

TAC peak 
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dimers 
peaks 

B Solution (5) UV radiation for 
seven hours 
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five hours 
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GLC chromatogram 

A Solution (6) before irradiation 

B Solution (6) UV radiation for 3.5 hour 

Retel1tion ,time 



Fig. 2 _12 TAC, IR spectrum using KBr disc 
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Fig. 2 _13 

IR spectrum Lor the insoluble product appeared 
during DV radiation in solution (1) & (10) . 
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Fig. 2_15 TAC rate of conversion during the UV 
radiation of solution 10 "Octane + 
Xanthone + TAC" 

(M) TAC concentration throughout 
the radiation process 

(MO' The initial concentration of 
TAC in solution 

..... 

O~ __________ -.------r-----~----~----~ 
o 4 8 12 16 20 24 

T I m. (hou r) 



Decomposition Xanthone throughout the UV 
radiation of solution 12 "Octane + 
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Fig. 2_ 1 7 UV spectrum of the Octane solution before 
during and after. UV radiation process. 
(The spectrum is for Xanthone present in 
solution) 

A before radiation 
B during radiation 
C after radiation 
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Xanthone UV spectrum in Octane solution 
(10) before and after the UV radiation 

A before UV radiation 
B after UV radiation 
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Fig. 2 _19 IR spectrum oIY_irradiated TAC in Octane solution (C series) 
using KBr disc 
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Fig. 2 _ 20 A GLC chromatogram Y -irradiated A4 solution 
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Fig. 2_20B GLC chromatogram Y-irradiated B4 solution 
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Fig. 2-20C GLC chromatogram Y-irradiated c4 solution 
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Fig. 2_21 
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Fig. 2_22 Xanthone UV spectrum in 1-0ctene solution 

A before UV , radiation 

B after four hours of UV 
radiation. The appearance 
of the new peak due to 
Xanthrine Substitute 
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Xanthone ~ UV spectrum in 2-methyl
hexene solution 

A before UV radiation 

B ' after eight .. hours of UV radiation 
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CHAPTER 3 

MODEL SYSTEM 11, ALLYL ACETATE, XANTHONE AND HYDROCARBONS 

3,' Introduction 

In the previous chapter, it has been shown that 

the Cs dimer forms together with Poly(TAC). Due to 

the limitation of the analysis of Poly(TAC) using I.R. and 

elemental analysis, the nature of the grafting of 

hydrocarbon to the Poly(TAC) is still not very clear. 

It was thought however, to use a simple monomer with a 

monofunctional group which would be expected to have 

similar behaviour with any of the three allylic groups in 

the TAC. 

Allyl acetate (AA) was used instead of TAC in the 

model system, in which crosslinking was not possible, 

since the product obtained would be easy to analyse. 

However, with AA, only low molecular weight polymer is 

formed as the polymerization tends to be terminated by 

reductive chain transfer which has been mentioned in 

Chapter 1. 

AA was irradiated in the presence and in the 

absence of hydrocarbons using xanthone as the photo- _ 

initiator. The photoinitation was also carried out 

in the presence and absence of air. 

The order of the polymerization of AA in the 

presence of octane was meant to be established by ir

radiation at different concentrations of photoinitiator, 

hydrocarbon and AA. 
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The effect of polymerization at different temper

atures was also studied. 

3.2 Experimental 

3.2.1 Materials 

Octane and l-Octene: These were the same as those 

used in chapter 2. 

Allyl Acetate: This was supplied by Aldrich and 

it was used without any further 

purification. 

Xanthone: This was used as photoinitiator, it 

78 

was used after having been recrystallized 

in Chloroform. 

Apparatus 

A vacuum line was used for degassing in addition 

to another attachment which was used for the freeze and 

drying process as shown in Fig. 3 .1. ' 

Two different dilatometers were used in this 

part of the work. The first type was as shown in 

Fig. 2.1. The second type was one which was modified

to a different shape and then connected to a U.V. cell 

(0.1 cm path) to enable the measurements of U.V. 

spectrum throughout the irradiation process. Fig. 3.2 

shows the modified di1ato~eter. 



Two different water thermostat baths were used. 

One of these baths has already been mentioned ·in 

Chapter 2 and was used for vertical irradiation. The 

other water bath was placed in a glass container covered 

with a metal jacket. The samples were irradiated through 

a window in the side of the jacket. The second bath was 

used for horizontal irradiation where the modified 

dilatometer was used. 

3.2.2 The irradiation of allyl acetate. xanthone and 

hydrocarbon for qualitative analysis 

Five solutions were prepared using different 

concentrations of xanthone and by using octane and 

I-octane. Two of these solutions were comprised of allyl 

acetate and xanthone alone in order that the comparison 

of Polyallyl acetate could be made with the products 

in which the hydrocarbons are incorporated. 

TABLE 3.1 

,§olution Ref. Ratio of Conc. of 
Composition xanthone 

!i2..:. Composit. mOlesZlitres 

16 Allyl acetate 5. 1 x 10-5M 

17 Allyl acetate: octane 1 : 1 5.1 x 10-5M 

18 Allyl acetate 1.3 x 10-5M 

19 Allyl acetate: octane 1: 1 1 .3 x 10-5M 

20 Allyl acetate: 1-octene 1: 1 1 .3 x 10-5M 



The above five solutions were UV irradiated for different 

times at 60oc. The distance between the UV lamp and the 

samples was 30 cm (1ft). Ten millilitres of sample were 

transferred to the dilatometers. The dilatometers w:re 

then connected to the vacuum line for degassing by 

freezing, degassing and heating up process, which was 

carried out in each case at least five times. The 

dilatometers were sealed after the degassing process and 

Used for the irradiation experiment. The following table 

indicates the different radiation times for each of the 

five solutions. 

Solution Ref. No. 

16 . 1 

16.2 

16.3 

17 .1 

17.2 

17.3 

18. 1 

18.2 

18.3 

19' . 1 

19.2 

19.3 

20.1 

20.2 

20.3 

20 .,~ 

TABLE 3.2 

Radiation Time (hrs) 

12 

2h 

'.1 8 

- 12 

2h 

,~8 

12 

2h 

h8 

12 

2h 

h8 

12 

2h 

36 

h8 
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As has ~een reported previously, allylacetate does 

not form a high molecular weight polymer. During the 

radiation, there was no change in the physical state of 

the solution. Even if there was a small change in the 

viscosity, there was no attempt to study the dilatometer 

measurements since the purpose for the above practice was 

purely qualitative. However, an attempt to separate the 

polymer formed was ·successful using the freeoze and dry 

technique. The polymers formed from the above sample were 

separated by transferring 5 ml of the irradiated solution 

to a Q.F. round bottomed flask connected to the freeze and 

dry attachment in the vacuum line which was kept at liquid 

nitrogen temperature for five minutes. The line was then 

left under vacuum and allowed to warm to room temperature, 

while the unreacted allyl acetate and octane was collected 

in the trap. The polymer which remained in the round 

bottomed flask was washed several times with n-hexane, 

dried in a vacuum oven for ~8 hours, and then analysed by 

N.M.R. Fig. (3.3-3.10) show the NMR spectra of the 

polymers formed in these cases. 

A GPC analysis did not show any result as the 

-
Polymers we~e of low molecular weight and out with the 

range of the column available. 

The irradiated solutions 16 and 17 were analysed 

by GLC applying the same operating conditions mentioned 



in section 2.2.3.4. The chromatograms for the bare 

solutions shown in Fig. 3.12, 3.13 and 3.14. Also by 

changing some of the above operating conditions, there 

was an attempt to calculate the amount of AA reacted 

in each case by measuring the concentration of unreacted 

AA using GLC quantitative technique. This attempt did 

not succeed because of the changes in concentration of 

allyl acetate was so minute. The allyl acetate GLC 

peak did not change significantly and consequently 

no concentration changes could be detected. 

The concentration of the unreacted xanthone was 

measured for solution 18,19 and 20 by UV analysis as 

shown in table 3.3. A full quantitative analysis for 

this system will be studied in the following section. 

TABLE 3.3 

Solution Ref. No. Conc. of unreacted 

Xanthone Mole/Litre 

18 1.3 x 10-5 

18.1 7.33 .x 10-6 

18.2 5.0 x 10-6 

18.3 2.1 x 10-6 

19 1.3 x 10-5 

19.1 2.9 x 10-6 

19.2 2.96 x 10-7 

19.3 1.77 x 10-7 

20 1.3 x 10-5 

20.1 3.66 x 10-6 

20.2 4.13 x 10-7 

20.3 4.13 x 10-7 

20.4 4.13 x 10-7 
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3.2.3 Irradiation of Allyl Acetate, Xanthone and Octane 

for Quantitative Analysis 

Photoinitiated polymerization of allyl acetate was 

studied quantitatively in the presence of octane and 

xanthone. The polymerization was studied by varying 

the concentration of allyl acetate, octane and xanthone 

in the solution. Eighteen solutions were prepared and 

polymerized in the modified dilatometer which allowed 

determination of the changes in concentration of the 

xanthone during irradiation. These changes were detected 

by measuring the UV spectra at different intervals of 

the photo-induced polymerization process in each 

individual solution. Solutions 21-38 were irradiated 

horizontally in the water bath through the window in 

the water bath. 

Each of the 18 samples were irradiated in the 

water bath at 60°C after having been degassed on the 

vacuum line. During the irradiation process, U.V. 

spectra were obtained at certain intervals of the 

polymerization process. In the U.V. spectra measurements, 

the same relevent mole ratio of Allyl acetate and Octane 

was used in the reference cell. 

Solution 28 was also degassed and irradiated at a 

lower temperature of 30°C. 

Solution 27 was degassed and irradiated at a higher 

temperature of 90°C. Solution 27 was also irradiated 

on one occasion with the dilatometer sealed, without 
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degassing and the irradiation carried out at 60°C. 

In all the above polymerization cases, the distance 

between the lamp and the dilatometer was 30 cm (1 ft). 

The following table shows the solutions with the 

conditions in which the irradiation was carried out. 
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TABLE 3.4: Conditions applied to the Individual U.V. irradiation processes 

I Allyl acetate/octane Irradiation Condition before 
Run No. Solution No. ratio in mole temp °c sealing 

1 21 1:3 60 oogassed 
2 22 2:2 60 I 

3 23 3:1 60 
4 25 4:0 60 
5 24 0: '1 60 
6 26 1:3 60 
7 27 1:3 60 
8 28 1:3 60 
9 28 1:3 30 

10 30 1:1 60 
11 31 1:2 60 
12 32 1:4 60 
13 29 1:3 60 
14 33 1:5 60 
15 34 2:3 60 
16 35 3:3 60 
17 36 4:3 60 
18 37 5:3 60 
19 27 1:3 60 
20 38 6:3 60 
21 27 1:3 60 not degassed 22 27 1:3 90 degassed 

00 
', Jl 



TABLE 3.5: Xanthone Concentration throughout irradiation 

process (Run 1) for Solution 21. 

V.V.irradiation Cone. of Xanthone 
time (mins ~ . left in solution 

mOles/litres 

0 2.26 x 10-6 

1 2.26 x 10-6 

2 2.25 x 10-6 

3 2.17 x 10-6 

4 2.16 x 10-6 

5 2.15 x 10-6 

7 2.08 x 10-6 

10 1·.94 x 10-6 

15 1.68 x 10-6 

20 1.35 x 10-6 

25 1.09 x 10-6 

30 8.75 x 10-7 

40 4.61 x 10-7 

50 1.89 x 10-7 

60 7.09 X 10-8 

90 1.18 X 10-8 

8 6 
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TABLE 3.6: Xanthone concentration throughout irradiation 

process (Run 2) for Solution 22. 

U. V. :irradi a ti on Cone. of Xanthone 

time (mins). left in solution 
moles/litres 

0 2.12 x 10-6 

1 2.12 x 10-6 

2 2.1 x 10-6 

3 2.1 x 10-6 

4 . 2.1 x 10-6 

5 2.09 x 10-6 

7 2.07 x 10-6 

10 2.01 x 10-6 

15 1.94 x 10-6 

20 1.82 x 10-6 

25 1.78 x 10-6 

30 1.68 x 10-6 

40 1.44 x 10-6 

50 1.2 x 10-6 

60 1.00 x 10-6 

75 7.21 x 10-7 

90 4.73 x 10-7 
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TABLE 3.7: Xanthone Concentration throughout irradiation 

process (Run 3) for Solution 23. 

u.v. irradiation Cone. of Xanthone 
time (mins). left in solution 

(moles/litres) 

0 2.22 x 10-6 

5 2.19 x 10-6 

10 2.15 x 10-6 

15 2.13 x 10-6 

20 2.08 x 10-6 

25 2.03 x 10-6 

30 1.99 x 10-6 

35 1.91 x 10-6 

40 1.88 x 10-6 

45 1.82 x 10-6 

50 1.76 x 10-6 

55 1.70 x 10-6 

60 1.63 x 10-6 

75 1.44 x 10-6 

90 1.28 x 10-6 

105 1.11 x 10-6 

120 9.57 x 10-7 

150 6.86 x 10-7 

180 4.73 x 10-7 

210 3.07 x 10-7 

270 1.42 x 10-7 

330 9.46 x 10-8 
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TABLE 3.8: Xanthone concentration throughout irradiation 

process (Run 4) for solution 25. 

u.v. irradiation 
time (mins) 

o 
5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 
60 

75 

90 

120 

180 

240 

300 

360 

480 

600 

Cone. of Xanthone 
left in solution 

Moles/litres 

2.17·x 10-6 

2.17 x 10-6 

2.15 x 10-6 

2.15 x 10-6 

2.14 x 10-6 

2.13 x 10-6 

2.08 x 10-6 

2.08 x 10-6 

2.06 x 10-6 

2.03 x 10-6 

2.01 x 10-6 

1.99 x 10-6 

1.96 x 10-6 

1.91 x 10-6 

1.87 x 10-6 

1.73 x 10-6 

1.38 x 10-6 

1.15 x 10-6 

8.63 x 10-7 

6.86 x 10-7 

4.26 x 10-7 

2.72 x 10-7 
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TABLE 3.9: Xanthone concentration throughout irradiation 

process (Run 5) for solution 24 

U.V. irradiation Cone. of Xanthone 
time (mins) left in solution 

moles/litres 

0 2.26 x 10-6 

5 2.01 x 10-6 

10 1.56 x 10-6 

15 1.16 x 10-6 

20 7.68 x 10-7 

25 4.61 x 10-7 

30 2.36 x 10-7 

35 1.18 x 10-7 

40 2.36 x 10-8 

45 5.91 x -10-9 

TABLE 3.10: Xanthone concentration throughout irradiation 

process (Run 6) for solution 26 

U.V. irradiation Cone. of Xanthone 
time (mins ) left in solution 

moles/litres 

0 5.3 x 10-:"7 

5 4.26 x 10-7 

10 3.42 x 10-7 

15 2.48 x 10-7 

20 1.77 x 10-7 

25 1.3 x 10-7 

30 8.27 x 10-8 

45 3.55 x 10-8 

65 3.55 x 10-8 
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TABLE 3.11: Xanthone concentration throughout irradiation 

process (Run 7) for solution 27. 

Cone. of xanthone 
U.V. irradiation left in solution 

time (mins) moles/litres 

0 4.02 x 10-7 

5 2.96 x 10-7 

10 2.25 x 10-7 

15 1.65 x 10-7 

20 1.06 x 10-7 

25 5.9 X" 10-8 

30 3.55 X 10-8 

40 1.18 X 10-8 

TABLE 3.12: Xanthone concentration throughout irradiation 

process (Run 8) for solution 28. 

TABLE 3.13: 

U.V. irradiation 
time (mins) 

o 
5 

10 

15 

20 

25 

Xanthone concentration 

Cone. of xanthone 
left in solution 

moles/litres 

2.48 x 10-7 

1.89 x 10-7 

1.42 x 10-7 

8.27 x 10-8 

4.73 X 10-8 

2.36 X 10-8 

throu~hout irradiation 

Erocess (Run 92 for solution 28. 

0 2.60 x 10-7 

5 2.19 X 10-7 

10 1.54 X 10-7 

15 1.06 x 10-7 

20 7.09 X 10-8 

25 4.73 x 10-8 

30 3.55 X 10-a 
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TABLE 3.14: Xanthone concentration throughout irradiation 

process (Run 10) for solution 30. 

time (mins) Cone. (moles/litres) 

0 3.9 x 10-7 

5 3.66 x 10-7 

10 3.19 x 10-7 

15 2.84 x 10-7 

20 2.6 x 10-7 

25 2.25 x 10-7 

30 2.01 x .10-7 

35 1.66 x 10-7 

TABLE 3.15: Xanthone concentration throughout irradiation 

process (Run 11) for solution 31. 

time (mins) Cone: (moles/litres) 

o 4.10 x 10-7 

5 3.61 x 10-7 

10 

15 

20 

25 

30 

35 

3.07 x 

2.48 X 

2.01 x 

1.54 x 

1.18 X 

8.27 X 

10-7 

10-7 

10-7 

10-7 

10-7 

10-8 

~ABLE 3.16: Xanthone concentration throughout irradiation 

process (Run 12) for solution 32. 

time (mins) 

o 
·5 

10 

15 

20 

25 

Cone. (moles/litres) 

4.10 x 10-7 

3.19 X 10-7 

2.36 X 10-7 

1.6 X 10-7 

8.87 X 10-8 

4.73 X 10-8 



TABLE 3.17: Xanthone concentration throughout irradiation 

process (Run 14) for solution 33 ' 

time (mins) Cone. (moles/litres) 

0 4.0 x 10-7 

5 2.72 x 10-7 

10 1.54 x 10-7 

15 7.09 x 10-8 

20 2.96 X 10-8 

25 1.18 x 10-8 

!ABLE 3.18: Xanthone concentration throughout irradiation 

process (Run 15) for solution 34 . 

time (minsL Cone. (moles/litres) 

0 4 .. 0 x 10-7 

5 3.45 x 10-7 

10 3.01 x 10-7 

15 2.6 x 10-7 

20 2.13 x 10-7 

25 1.65 x 10-7 

30 1.3 x 10-7 

35 1.0 x .il.0-7 

40 8.27 x 10-8 

45 5.9 x 10-8 
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TABLE 3.19: Xanthone concentration throughout irradiation 

process (Run 16) for solution 35 

time (mins) Cone. (moles/litres) 

0 4.1 x 10-7 

5 3.96 ,x 10-7 

10 3.6 x 10-7 

15 3.31 x 10-7 

20 2.96 x 10-7 

25 2.6 x 10-7 

30 2.25 x .10-7 

35 2.01 x 10-7 

40 1.65 x 10-7 

45 1.48 x 10-7 

TABLE 3.20: Xanthone concentration throughout irradiation 

process (Run 17) for solution 36 

time (mins) Cone. (mo1es/1itres2 

0 3.9 x 10-7 

5 3.55 x 10-7 

10 3.25 x 10-7 

15 3.01 x 10-7 

20 2.6 x 10-7 

25 2.36 x 10-7 

30 2.13 x 10-7 

35 1.89 x 10-7 

40 1.65 x 10-7 

45 1.42 x 10-7 



TABLE 3.21: Xanthone concentration throughout irradiation 

process (Run 18) for solution 37 

time (mins) 

o 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

Cone. (moles/litres) 

3.9 x 10-7 

3.55 X 10-7 

3.43 x 10-7 

3.07 x 10-7 

2.72 x 10-7 

2.48 X 10-7 

2.25 x 10-7• 

2.01 x 10-7 

1.77 X 10-7 

1.6 x 10-7 

1.48 x 10-7 

TABLE 3.22: Xanthone concentration throughout irradiation 

process (Run 19) for solution 27) 

time (mins 2 Cone. (moles/litres) 

0 4.2 x 10-7 

5 3.31 x 10-7 

10 2.36 x 10-7 

15 1.65 x 10-7 

20 1.18 x 10-7 

25 8.27 x 10-8 
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TABLE 3.23: Xanthone concentration throughout irradiation 

process (Run 20) for solution 38 

time (mins) conc. (moles/litres) 

0 3.9 x 10-7 

5 3.55 x 10-7 

10 3.37 x 10-7 

15 3.19 x 10-7 

20 3.07 x 10-7 

25 2.9 x 10-7 

30 2.78 x 1.0-7 

35 2.6 x 10-7 

40 2.36 x 10-7 

45 2.25 x 10-7 

50 2.13 x 10-7 

55 2.01 x 10-7 

60 1.89 x 10-7 

TABLE 3.24: Xanthone concentration throughout irradiation 

process (Run 21) for solution 27 

time (mins) conc. (molesLlitres2 

0 4.2 x 10-7 

5 4.08 x 10-7 

10 3.91 x 10-7 

15 3.66 x 10-7 

20 3.43 x 10-7 

25 3.25 x 10-7 

30 3.08 x 10-7 

35 2.78 x 10-7 

40 2.60 x 10-7 

50 1.95 x 10-7 

55 1.65 x 10-7 

60 1.54 x 10-7 
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TABLE 3.25: Xanthone concentration throughout irradiation 

process (Run 22) Solution 27 

time (mins) Conc. (moles/li tres) 

0 4.2 x 10-7 

5 2.84 x 10-7 

10 2.13 x 10-7 

15 1.77 x 10-7 

20 1.30 x 10-7 

25 1.18 x 10-7 . 
30 9.47 X 10-8 

3.3 Discussion 

3.3.1 Discussion based on the N.M.R. qualitative results 

The spectrum of NMR analysis for solutions 18, 19 

and 20 together with allyl acetate spectrum are shown in 

(3.3 - 3.10). 

The NMR peaks shown in Fig. 3.4 and Fig. 3.5 are due 

to the polyallyl acetates formed from ~diating solution 18. 

The individual peaks may re illustrated as follows. 

Pe ak (i) 6.1 T 

Peak (ii) 7.9 T 

Peak (iii) 8.7 T 

Proton resonances due to O-CH2 

R 
CH) -C-

I I 

-9-CH2 -9-

The NMR peaks shown in Fig. 3.5 have an additional 

Peak at 8.2 T. 

resonance of 

This peak may be due to the proton 
l;l I 

f~ -- er tn . 
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The NMR peaks shown in Fig. 3.6 and 3.7 are due 

to the poly allyl acetate formed from irradiating 

solution 19, which contains octane in addition to allyl 

acetate. The individual peaks could be due to the following. 

Peak (i) 6.1 T Proton resonances due to -O-C~ 
Peak (ii) 7.9 T C~- -

~ I Peak (iii) 8.2 T f - ytn 
I I 

Peak (iv) 8.7 T ·-C-CHfC-
I . I 

Peak (v) 9.1 T CH-C- C-3 I I 

Fig. 3.8, 3.9 and 3.10 shows the NMR spectrum of 

poly allyl acetate formed from irradiating solution 20, 

which also contains l-octene in addition to the allyl 

acetate. The peaks appeared to be the same as those shown 

in Fig.3.6 and 3.7 with the exception of a slight shift 

of peak (iii), and higher intensity of peak (iv). 

In all of the NMR spectra, discussed above, there 

were a series of peaks which appeared in the region of 

2.lT '. These are possibly due to the aromatic hydrogen 

resonances, which are due to some traces of the unreacted 

xanthone. However, the NMR spectrum of the xanthone, . which 

is shown in Fig 3.11 has its main peaks in the region of 

2.4 T 

From the spectra it is shown that there are traces 

of unreacted xanthone even in the polymer. However this 

will not interfere with our analysis since the peaks 



representing the polymer will be based mainly in a 

different part of the spectrum. Even if these peaks 

are due to xanthone derivatives, then the NMR peaks will 

still be outside the region in which our interpretation 

is based. 

The obvious difference between the NMR spectrum 

discussed is the appearance of peak (V) in the spectra 

shown in 3.6, 3.7,3.8, 3.9 and 3.10. These spectra are 

due to the product formed from the polymerization of 

allylacetate in the presence ofeither octane and l-octene 

and that of the photoinitiator. 

Peak (v) in the above mentioned spectrum is possibly 

due to the protons from the methyl groups attached at 

the end of the hydrocarbon chains, i.e. 
I 

(CHJ -C-R) • 
I 

This means, that in the polymers formed in the case 

of polymerizing solutions 19 and 20, a hydrocarbon chain 

is attached to the main chain of the allyl acetate 

polymer, since no such chain could be formed if only 

the allyl acetate i .s polymerized. 

As no other explanation could be given as to the 

presence of such a peak at 9.lT , therefore, the following 

structures of the polymers formed in the individual cases 

maybe sketched. 

The formation of poly ' allyl acetate by irradiating 

sOlution 18, which was predicted , will have the following 

structure (I). 
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HHHHHH 
I I 1 1 1 I 

H-~- C{C-C1C~C-H 
rI· I PI I 'nPI 1 

H - C-HH - C -HH-C-H 
I I 1 

o 0 0 
I 1 1 

0= C O=C O=C 
I I I 

H - C-HH -C -H H-C-H 
1 I 1 

H H H 

(I) 

n:will have a very low value which will be discussed 

later in this section. 

Poly allyl acetate copolymer .with hydrocarbon, 

formed from solution 19 and 20, has been concluded 

from the above discussion and will possibly have the 

fOllowing structures (II) and (III) 

H 
C~- CHt CH2 - CHtnC-R 

I 1 I, 

C(H2 C(H2 R 
o 0 

I 

O=C 
1 

CH3 

(II) 
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, 
R H 
I I 

R-C t C~- CH' C-R 
H . ~~ ~R 

o 
I 

O=C 
I 

CH3 

(Ill) 

, 
R -C-R Octane molecule where [C] could be in any 

Position between carbon No.2 - Carbon No.7. The above 

three structures will fit, individually, to the N.M.R. 

spectrum obtained. 

The mechanism for the above polymerization and 

COpolymerisation will be sketched at the end of this 

section. 

3.1.2 Discussion based on the GLC qualitative results 

The GLC chromatograms obtainea for solutions 16 and 

17 before and after irradiation, are shown in Fig. 3.12 

3.13 and 3.14. 

Fig. 3.13, which is the GLC chromatogram for 

allyl acetate solution after irradiation in the presence 

of xanthone, shows that even after 12 and 24 hours 

irradiation, there was no change or no appearance of 

Significant new peaks. This, however, does not mean 

that no polymer was formed. After 48 hours a new peak 
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was observed at a retention time of about 15 minutes. 

There was an attempt to separate this compoundby 

GLC but nothing was achieved from it. Fig. 3.1~ shows 

the GLC chromatogram for allyl acetate/octane solution 

after irradiation in the presence of xanthone. 
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Small numbers of dimer peaks were observed in the 

GLC chromatogram. The peaks were of the same nature as 

in the case of Octane/TAC/xanthone and also Octane/ 

xanthone solutions (Fig. 2.6 and 2.11)~ This indicates 

that most of the hydrocarbon free radicals formed during 

the irradiation were either terminated or reacted with 

the allyl acetate rather than dimerised~ Also in 

Fig. 3. 1/4., it shows that after 2/J. and ,18 hours of ir

radiation the polymer formed, presumably with low 

molecular weight and significantly the peaks are observed 

due to the formation. 

3.3.3 Discussion based on the U.V. quantitative results 

It was desirable, however,to study the~netics 

of polymerization of allyl acetate ~nd allyl acetate/ 

octane solutions in the presence of xanthone. To 

aChieve this task, a few complications may be involved, 

these factors are due to the formation of degradative 

chain transfer which will cause the low conversion of 

Polymer throughout the polymerization process, as has 

previously been reported. The chain transfer was also 

expected due to the presence of solvent. 
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This low conversion of polymer will cause difficulties 

in following the rate of polymerizationbyacommon method 

such as the change in volume which may be followed by 

the dilatometer technique. However, our aim is 

to study the effect of allyl acetate in the photoinitiation 

process, which in turn will give us a picture of what 

the process would be in the presence of triallyl 

cyanUrate. Although it is not possible to say that the 

allyl acetate will act exactly as one of the allyl 

groups in the TAC, both allylic groups will have some 

common features, such as the weak allylic hydrogen. 

To follow the photoinitiation process, the decom

Position of xanthone will be studied quantitatively by 

DV. As has been discussed in the previous chapter, 

the efficiency of xanthone to initiate a reaction in 

the presence of unsaturated hydrocarbon was low, as the 

energy transfer from xanthone excited states was quite 

clear. 

From fig. 3.15 and 3.16, the rate of xanthone 

decomposition was different in the allyl acetate and 

octane solutions which were irradiated in the presence 

of xanthone of initial concentrations about 2.2 x 10-6 

mOles/litres. It appears that the decomposition of 

Xanthone was low (4.5 x 10-9 moles/litre-'mins-') in 

the case of allyl acetate solution: Whereas in the case 

of the octane solution, the xanthone rate of decomposition 

~as 6.67 x 10-smoles l-'min-'. In the former, it means 
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that most of the xanthone will be activated by UV light 

and form its excited state which will eventually reform. 

This will be the main process, whereas the secondary, 

slower one will be the decomposition which will be due 

to the hydrogen abstraction from the media by the 

activated state of xanthone. The hydrogen abstraction 

process from the media (allyl acetate) will lead to the 

formation of allyl acetate free radicals whiph will be 

followed by the reduction of xanthone to one of xanthene 

derivatives, in addition to the polymerization of the 

allyl acetate. 

The most obvious xanthene derivatives will be 

either the formation of dihydroxy dixanthene, due to the 

dimerization of xanthydrol free radical, or the formation 

of xanthydrol with the corresponding solvent molecules 

(in this case allyl acetate) fragment in the 9-c position 

due to the combination of xanthydrol radical and allyl 

acetate radical. 

The former possibility will be overruled in this 

case since no dixanthene crystals appeared in the irradiated 

sOlutions. This indicates that most of the xanthydro~ 

radicals will form the corresponding xanthene with allyl 

acetate. 

This postulation is supported by Figs. 3.17 and 

3.18 which show the UV spectra of allyl acetate solutions 

during different periods of UV irradiation. New UV peaks 

at 290 nm and 320 nm will gradually appear during the 
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course of irradiation, which are due to xanthene 

derivatives (1). 

The hydrogen abstraction by xanthone in the activated 

state will probably cause the formation of the stable 

degradative free radical monomer. It will be most 

probable to abstract the weakest hydrogen present, i.e. 

the allylic hydrogen. To put the photoinitiation process 

(the slow process) in the case of allyl acetate solution, 

in terms of a chemical equation, the following scheme 

maybe drawn out. 

Xanthone 
hV 

) 
,. 

S 

o 
• 11 

.., 
S + Allyl acetate hydrogen) 

abstraction S + C~ =y-y-0-C-CH3 
H H 

here 
.At 

S: is the xanthone excited state 

S': xanthydrol free radical (IV) 

OH 
(IV) 

The allyl acetate free radical formed in equation 

(3.1) 

(3. 2 ) 

3.2 is the degradative type free radical (2,3,4), which 

is a stable radical due to the resonances. 



o 
11 

CH2 = C-C-O-C-CHJ 

H H 

o 
11 

'CH2 -CH = CH-O-C-CHJ 

The formation of such afree radical centre will 

obviously not lead to a high conversion of monomer. 

However, the main process in this case which causes the 
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reformation of xanthone may well be the process which will 

cause further polymerization. The reformation of xanthone 

may be due to two different processes:-

1. The energy transfer from xanthone excited state to 

the media molecule, i.e. Allyl acetate, caused by the 

collision between the two, which is similar to what 

has been suggested in section 2.3. 

2. The xanthydrol free radical IV which was formed from 

the reaction 3.2 will possibly initiate due to the 

transfer of a hydrogen atom from the xanthydrol free 

radical to allyl acetate monomer. Such an assumption 

has been put forward by Braun (5) in the case of 

semipin~col radicals and has not been completely 

excluded as a possibility by HUtchinson (6). 



Looking at the first possibility, the xanthone 

will act as a photosensitizer rather than that of a 

photoinitiator. The initiation could be drawn out as 

follows:-

followed by step 3.1 

s~ + Allyl acetate energy ) 
transfer 

~ xanthone + AA· 

AA ~ __ ~> mainly leaqs to isomerizatiJl2) 

or 

+ All 1 t t hydrogen) 
y ace a e abstraction 

H H 0 
I • I 11 

H-C-C-C-O-C- CH3 
I I I 
H H H 

(V) 

o 
11 

+ H2 C = C-C-0-C- CH3 
I I 

H H 

(VI) 

AA"" is allyl acetate activated state. 

Where the first free radical (V) from step 3.5 will 

(3.3) 

(3.4) 

(3.5) 

propagate to form a polymer chain, as the second free 

radical (VI) is the degradative type. The initiation 

Process due to assumption No.2 may drawn as follows:-
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H H H 0 
I I I " 

+ H-C = C - C - 0 - c 
H 

O'B 

IjI 
- C-H 

R 
hydrogen 

transfer 

H H 0 H 
I • I I1 I 

10 8 

) 

+ H-C-C-C-O-C-C-H .. (3.6) 

H H H H 
(vl 

The allyl free radical formed from step 3.6 could 

propagate and form the polymer chain. 

From our experimental data, it seems possible that 

the propagation could be followed after either step 3.5 

or 3.6, whereas the xanthene derivatives formation will 

be followed after step 3.2, This will be a slow process 

since the rate of decomposition of xanthone in the case 

of allyl acetate is very slow. Propagation steps could 

be drawn out as follows:-

H H H H 
I I I 1 

H - C - C· + H-C=C ) 

I 

H H- C-H H- C-H 

0 0 

O=C O=C 

H-C-H H-C-H 
1 

I 
H H 

(V) (A A) 



) 

H H H H 
I I I I 

H-C-C-C-C' 
R H 
H- C-H H-C-H 

0 0 
I 

O=C O=C 

H- C-HH-C-H 
I I 

H H 

l+(AA) 

HHHHHH 
I I I I I I 

H- C - C - C - C - C - C. 
H I A I H I 

H- C-H H-C -H H- C -H 

o o o 

O=C O=c O=C 

H- C-H H-C-HH- C-H 

H H H 
(Pi) 

(PI' ) (3.7) 

. . . (3.8) 

The propagation process will not go very far to, 

form high molecular weight polymers, due to the chain 

transfer process{2,3,4) 

P~ + AA ) Poly Ally~ Acotate + 

CH = CH-C-O-C-CH 
2 H 3 

The polymer formed may possibly contain as little as 

three monomer units~7) The termination process, which is 
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probably due to the combination of the two chain radicals 

or to the disproportionation, may be drawn out as fo11ows:-

p p' Combinationor 
Pn+m (3,10) + . > n m Coupling 

p' p' Disproportion-
Pn + Pm (3.11) + ) n m ation 

where P , P and P are poly allyl acetate of different 
n + m n " m 

molecular weight. 

In the case of the allyl acetate solution mixed with 

octane, the rate of the xanthone decomposition was as 

fOllows (values obtained from Fig. 3.15-3.16). 

TABLE: 3.26 Xanthone Rate of Decomposition 

All}.:l acetate: Octane Rate of decomEosition 

ratio in moles moles/litres- 1 min- 1 

0:4 6.67 x 10-8 

1:3 5.0 x 10-8 

2:2 2.0 x 10-8 

3:1 1.08 x 10-8 

4:0 4.5 x 10-9 

It is quite clear that the higher the octane ratio, the 

faster the rate of decomposition. This indicates that 

the xanthone activated state will abstract hydrogen from 

"the octane and form an octane free radical. The reaction 

steps for the above reaction were written in section 

2.3. 
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This observation obviously indicates that the xanthone, 

which is available to initiate allyl acetate directly will 

be less and therefore more of the octane free radical 

will react with the allyl acetate. 

The higher theconteIIt of octane present, the more 

chance of xanthone's activated states molecules colliding 

and interacting with octane, which will then form xanthydrol 

radicals and octane radicals. The octane radical will 

then initiate the allyl acetate and form a polymer chain 

radical. This is in turn followed by propagation, chain 

transfer and termination steps. The following scheme for 

allyl acetate/octane solution in the presence of xanthone 

may be drawn out. This will be consistent with the 

experimental observations and also with previous, similar 

work done with benzo phenone Cl 1 ). 

Initiation 

Xanthone 

[XanthoneJ.t

R' + AA 

hv 
[xanthone]" 

, , 
+ octane ~S + R 

) 

R hydrogen ) . 
+ AA R +AA 

abstraction 

. hydrogen I 

R +AA ) R + AA' 
transfer 

(3.12) 

(3.13) 

(3.14) 

(3.14A) 

(3.1413) 



where 

Pi{ represent 
, 

R H H 
I I I 

R-C - C - C· 

H A 
H-C-H 

o 

O=C 

H-C-H 
H 

s': xanthydrol radical as (IV) 

R: octane free radical [Carbon No.2] 
will be the possible location for the free radical 
centre] 

AA: from step 3.l4A repres~nt the allyl acetate 
degradative radical as\VI~ 

, 
AA: from step 3.l4B represent the allyl acetate free 

radical as (V~ 

Propagation 

(AA) 
) (3.15) 

~egradative chain transfer 
. 

Pnh + AA (3.16) 

termination 

Pnh + p' 
h 

) Pn+h (3.17) 

s 
, 

s s + s ) - (3.18) 

R' + R' ~ R - R (3.19) 
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where Pnh represents poly allyl acetate copolymer 

as (II) 

Pn+h represents poly allyl acetate copolymer 

as (III) 

s-s dihydroxy dixanthene 

(VII) 

R-R: branched hydrocarbon dimer (C 16 ) 

The initiation step 3.14 will be considered to be the 

main one. The initiation step 3.14A will cause the 

formation of the degradative type of free radical. The 

initiation step 3.l4B will be possible. However, if we 

consider step 3 ~ 14B to be the main step of initiation, 

the polymer chain will not be the type of copolymer 
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with hydrocarbon and hence will contradict our conclusions 

from section 3.3.1 which are based on the N.M.R. results. 

Prom the conclusions drawn from section 3.3.1, the po+ymers 

formed from' allyl ac'etate/octane solutions contain a 

hYdrocarbon chain. 

However, our suggestion that the hydrocarbon will 

be added to the allyl acetate and initiate the polymer 

is supported by other work done by Lewis and 

in which case the a11ylic monomers are initiated 
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by chloroform and carbon tetrachloride addition. 

In addition to the termination steps 3.17, 3.18 

and 3.19, other termination steps may possibly take 

place in which polymer chains and hydrocarbon radicals 

are involved. 

The degradative allyl radical can react with 

another degradative allyl radical , with a hydrocarbon 

radical or with xanthydrol radical. The other termination 

steps may be drawn out as fo11ows:-

AA' 
. 

(AA)2 (3.20) +AA ) 

. 
+AA ) R-AA (3.21 ) R 

, 
Pnh+ 

. 
(3.22) R ) Pnh 

S· +AA ) s-AA (3.23) 

. 
+ R' ) (3.24) S S-R 

where (AA)2 is allyl acetate dimer 

R-AA: Octane! a1,ly1 acetate molecules combined 

together. 
, 

Pnh . : polymer with a structure similar to III 

S~: Xanthene derivative 

(VIII) 



S-R: Xanthene derivative with octane molecule 

in 9- C posi tion. 

(IX) 
,. , 

HO HC-R 
k 

The xanthene product from step 3.23 and dixanthene from 

step 3.18 will be the main xanthene derivatives in the 

Case of -allyl acetate/uctane irradiation. 

Dihydroxy dixanthene, which usually separates and 

appears in the solution as fine crystals, was not 

observed in the allyl acetate/octane solutions of even 

ratios or with higher allyl acetate content. However, 

dixanthene was observed with irradiated solutions which 

Contain much higher concentration of octane than allyl 

acetate e.g. solutions 32, 33. 

11.5 

In the case of the allyl acetate/l-octene solut~ons, 

no crystals were observed which means that the xanthene 

~as mainly the xanthydrol fragment with monomer solvent 

molecules in the 9-C position. The xanthene derivatives 

formed in allyl acetate/octane and allyl acetate/l-oct~ne 

Solutions are shown in the U.V. spectrum in Fig. 3.19, 

3.20 and 3.21 in which the original 280 nm peak shifts 

to 290 nm due to the xanthene product. 
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From Fig. 3.22, it appeared that even in the 

allyl acetate/l-octene solution, xanthone will decompose 

at a faster rate than in allyl acetate solution. 

Therefore one would expect that in the case of 

allyl acetate/l-octene solution, the initiation of 

allyl acetate will take place indirectly through the 

addition of l-octene radicals. This will cause the 

formation of poly allyl acetate with hydrocarbon 

incorporated in the structure. 

This above statement is consistent with conclusions 

drawn in section 3.3.1. However there are other factors , 

which may effect the polymerization, e.g. the weak 

allylic hydrogen in l-octene as well as allyl acetate 

together with the possible energy transfer which will 

.take place from xanthone-excited state to l-octene. 

Fig. 3.23 and 3.24 show the effect of rate of 

xanthone decomposition with different ratios of allyl 

acetate and octane in solution~ 

It is obvious that the rate of decomposition 

increases as the octane ratio increases in the solution. 

As shown from Fig. 3.26, the rate of decomposition 

of xanthone has an index of [0.6J in reference to the 

octane present in the irradiated solution, whereas the 

decomposition rate has a negative index of [0.3 8J in 

reference to allyl acetate present in the irradiated 

solution as shown in Fig. 3.27. This in fact will 
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verify the assumption that with higher octane present in 

the solution, there will be a higher probability of 

hydrogen abstraction from octane by the xanthone activated 

state. Therefore,in turn the octane free radical will 

form and initiate the allyl acetate polymerization. 

Fig. 3.25 shows that the higher the initial 

xanthone concentration presen~ the faster the rate of 

decomposition with an index of [1.29J depending on the 

xanthone, as shown in Fig.3.28. This in fact indicates 

that with a high amount of xanthone present there will 

be more of the photoinitiator free radical present in 

the solution, which means that even a lower molecular weight 

polymer is produced. In addition the high amount of 
I 

xanthone concentration will not be a favourable thing to 

Work with, since it will cause a skin effect because of its 

high extinction coefficient. 

From Fig. 3.29, it appears that the rate of xanthone 

decomposition is hardly effected when the temperature of 

the media changes from 30_60 o c. The value of decomposition 

could be the same allowing for experimental error. The 

same is shown in Fig. 3.30 where the rate of decomposition 

has not been affected by changing the media temperature 

from 60 to 90°C. A 'th t f d ·t' 1 ga1n e ra e 0 ecompos1 10n va ues 

are almost the same considering the experimental error. 

Runs19 and 21 are shown from table 3.4 were different 

due to the fact that one run was degassed, the other run 

Was not degassed before UV irradiation. 



It appears that the rate of decomposition will 

slow down from 1.6 x 10-8 moles 1iter- 1 min- 1 to 

as shown in Fig. 3.31. This 

is due to the fact that in the case of the undegassed 

sample, the oxygen will act as quencher with energy 

values for the excited states of [Es = 22.5 k ca1/mo1e 

and ET = 102 kca1/mo1et?) 
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Different mechanisms were suggested for the quenching 

process by oxygen(IO)in which they all agree that the 

oxygen acts as a quencher and forms peroxides and hydro-

peroxides and due to this process the photosensitizer 

will reform. 

Finally in the case of the octane solution. irradiated 

in the presence of xanthone by U.V. light, Fig. 3.32 

shows the U.V. spectrum of the xanthone present in solution 

during the course of irradiation. This gives a clearer 

picture of the formation of the new .peak at 290 nm and 

the disappearance of the 280 nm.peak. · As mentioned in 

section 2.3, this is due to the fact the xanthone will 

be reduced to a xanthene derivative; which in the case 

of the octane solution, the dihydroxy dixanthene will 

be formed which in turn will be separated from the solution 

in the form of fine crystals. 

The crystals were identified in section 2.3 and their 

N.M.R. spectmmshown in Fig. 3.33. This agrees with the 

Zanker conclusion (1) as stated in section 2.3. This 



also agrees with the HammonYQt al . conclusion, which 

was based on the semipinacol radicals. These were 

found to recombine and form the dimer in the presence 

of purely alkane solvents. The product differs in 

different solvents used, as the process seems to be 

controlled by diffusion in the different media. 

The discussion in section 2.3 and 3.3 will be 

used in the following chapter to get an ~mproved 

understanding of the crosslinking mechanism for low 

density polyethylene by U.V. light in the presence of 

xanthone and TAC. 
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Fig. 3-1 Freeze and drying process attaclunent to 
the vacuum line 

<:J to vacuum line 

' .. " . . . - -. ...-.... - .-

Nitrogen Traps 

solu
tion 



Fig. 3 - 2 The modified dilatometer with DV cell 
attachment 

E sealing section 

E capillary tubing 

irradiation cell 

( 1mm DV quartz cell 
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Fig. 3_5 
NMR spectrum of the polymer formed after fortyeight 
hours UV radiation of solution (18) "Allyl Acetate 
+ Xan thone " I I 

I 

• ________ .__ I , . - -- --, -------- ----- ,- ------,---. ------ --,-----, ,- , 
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Fig. 3_6 
NMR spectrum of the polymer 
formed after twelve hours UV 
radiation of solution (19) 
"Allyl Acetate + Octane + 
Xanthone" 

I 

" 
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Fig. 3_7 

NMR spectrum of the poIymer 
formed after fortyeight hours 
DV radiation of Bo~ution (19) 
"A~~y~ Acetate + Octane + 

Xanthone" 

I 

11 
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Fig. 3 _ 8 

NMR spectrum of the polymer which~ , 
was formed after twelve hoursUV 
radiation of solution (20) 
"Allyl aceta~e + 1-0ctene + 
Xanthone" 

I I 
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Fig. 3_9 

NMR spectrum of the polymer 
which was formed after twenty 
four hours UV radi a tion of 
solution (20) "Allyl acetate 
+ 1-0ctene + Xanthone" 
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Fig. 3_10 
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NMR spectrum of the polymer which 
was formed aft e r fortyeight hours 
UV radiation of solution ( 2 0) 
"Allyl Acetate + 1-0ctene + Xanthone" 
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GLC chromatogram of 

A Allyl Acetate 
B Solution 16 "Allyl acetate + Xanthone" 

C Solution 17 "Allyl acetate + Octane + Xanthone" 

A 

'. B 
' .' 

.'. I , • • ,: .... : 

c 

Retention time -



Fig. 3 _13 GLC analysis of solution 16 "Allyl 
acetate + Xanthone" after UV 
radiation. 

A 
B 
C 

Chromatogram after twelve hours radiation 

Chromatogram after twenty four hours radiation 

Chromatogram after forty eight hours radiation · 

A 

+ ~ Xanthone peak at ~etention 
time - 'LO mi'nute's 

..... 

B 

+ Xanthone peak at retention 
time ,!O minutes 

c 

+ Xanthone peak at retention 
time '10 minutes 

The appearance of new peak 
at retention time 15 minutes 

Retention time -
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Fig. 3 _ 14 GLC analysis of solution 17 "Allyl 
acetate + Octane + Xanthone" after 
UV radiation 

A Chromatogram after 12 hours 

B Chromatogram after 2/1 hours 
C Chromatogram after ,

1
8 hours 

A 

+ Xanthone peak at retention 
time hO minutes 

B 

+ Xanthone peak appeared at 
retention time '10 minutes 

New peak appeared at . 
retention time 16 minutes 

c 

+ Xanthone peak which appeared 
at retention time '10 minutes 

_ Two new peaks appeared' 

1 at retention time 
2 at retention time 

- 11t minutes 
19 

Retention time 

radiation 

radiation 

radiation 
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Xanthone Rate of decomposition in Octane/ 
Allyl acetate UV irradiated solutions 

Solutions Rate of 1 Rate 
Reacti~If -1 

og 

moles 1 m:in 

~ RlUl 1 AA: Octane 1: 3 5.5 x 10-8 
-7.26 

...... RlUl 2 AA: Octane 2:2 2.0 x 10-8 
-7.70 

-.. RlUl 5 Octane only 6.7 x 10-8 
-7.18 

,-,. .. 

\ ., 

• 

20 30 40 50 60 70 

Time (minute) 
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Fi g. 3_16 Xanthone rate of decomposi tion in Octane/ 
allyl acetate UV irradiated solutions 

Solutions 

Run 3 AA: Octane 3: 1 - Run /J. Allyl acetate 
only 

Rate of Rea
ction moles 
litre- 1min- 1 
1 .08 x 10-8 

-9 
' t .5 x 10 

I
Rate og 

-7.97 

-8.35 

Initial Xanthone concentration mOles/Litre 

40 80 

-6 Run 3 2.22 x 10 
-6 Run h 2.17 x 10 

• 
• 

120 160 200 

Time (minute) 

• 

• 

, 
240 280 320 



UV spectra of solution 18 "Allyl 
aceta te + Xanthone 'I 

A Before UV radiation (5 ~~ dilution) 

B After 12 hours radiation (10% dilution) 

C After 2~ hours radiation (10% dilution) 

DAfter ~8 hours radiation (10% dilution) 
cell path 2 mm 

/ 250 

Wavelength (nm) 

• 
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Fig. 3_18 Xanthone UV spectra at different stages 
in Run (h) "Allyl acetate + Xanthone 
solution" 

A Before UV radiation 
B After 30 minutes radiation 

C 
o 
E 
F 
G 

After 55 
After 2h O 

After 300 
After 360 
After '.1 80 
radiation 

minutes 

minutes 

minutes 
minutes 
minutes 

H After 600 minutes 
radiation 
cell path 1 mm _ 

-24 0 260 280 

radiation 

radiation 

300 ). 

Wavelength (hm) 

3.& 0 380 
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Fig· 3.19 -·· uv spectrum of solution 19 "Allyl 
acetate + Octane + Xanthone" 

A Before UV radiation (5% dilution) 

B After 12 hours radiation (10% dilution) 

C After2/J. hours radiation (10% dilution) 
cell path 2 mm 

250 300 

Wavelength (nm) 

350 



UV spectra of solution 20 "Allyl 
acetate + 1-0ctene + Xanthone" 

A Before UV radiation (5% dilution) 

B After 12 hours radiation (10% dilution) 

C After 2~ hours radiation (10% dilution) 
cell path 2 mm 

250 

Wavelength (nm) 

350 



A Before 

B After 
C After 
0 After 

E After 
F After 
G After 
H After 
I After 
J 'After 

250 

UV 

Xanthone spectra at different 
stages throughout Run (16) 
"Allyl acetate:Octane J:J + 
Xanthone" 

radiation 

5 minutes radiation 
10 minutes radiation 
15 minutes radiation 

20 minutes radiation 
25 minutes radiation 

JO minutes radiation 
J5 minutes radiation 
1t0 minutes radiation 
1t5 minutes radiation 

300 

Wavelength (nm) 
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Fig.3_22 Xanthone rate of decomposition 
during the DV radiation procees in 

10 

...... Solution 18 "Allyl acetate + Xanthone" 

....-.- Solution 19 "Allyl acetate + Octane + Xanthone 11 

20 

Solution 20 "Allyl acetate + 1-0ctene + 
Xanthone" 

Xanthone initial concentration = '.3X10-5 
moles/litre 

30 40 50 60 

Time (hour) 
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Xanthone rate of decomposition throughout the 
UV radiation process in different ratios of 
Octane/allyl acetate mixtures. 

Xanthone_foncentration 
[C] x 10 moles/litre Rate of 

Solu-tion Reactio~l 
moles 1 

1 Rate og 
. -1 IlUn 

~Run 10 AA: Octane 1:16.67x10-9 -8.18 

, ~Run 11 AA: Octane 1:2 1 • 07x 10 -8 
-7.97 

.... Run 7 AA: Octane 1 :3 ,,1 .2 8x 10 -8 
-7.89 

<>-<>Run 17 AA: Octane 6 -8 1:4' L x10 -7.8 
"\)-lVRun 1 '1 AA: Octane ' -8 1:5 2. 2x 10 -7.66 

Initial Octane concentration (moles/litre) 

Run 10 = 1 x 10-3 

Run 1 1 = 2 x 10-3 

Run 7 3 x 10-3 = 
10-3 Run 12 = 'l x 

Run 1h = 5 x 10-3 

.. 

• 

10 20 30 40 50 

Time (minute) 



," .. ~. 

Fig. 3_24 Xanthone rate of decomposition throughout 
the UV radiation process in different ratios 
of. Octane/allyl acetate mixtures 

Xanthone conc~nt~atipn 
[CJ x 10-7 moles/litre 

4 
~ Rlll1 15 AA: Octane 2: 3 ... 
~ Rlll1 

..... Rlll1 

o-oRlll1 
. Rlll1 
~ 

16', AA: Octane 

17 AA: Octane 

18 AA: Octane 

20 AA: Octane 

3:3 

h: 3. 

5:3 

6:3 

Rate of 
Reactio~l 
moles I 
min- 1 

-8 1 • Ox 10 

6.67x10-9 

-9 6. 'LX 10 

5.5xl0-9 

3.33x10-9 

I 
Rate 

og 

-8.00 

-8.18 

-8.19 

-8.26 

-8.h8 

.Initial Allyl aceta:t~ concentration (mOles/I) 

3 Rlll1 15 = 2 x 10-3 

Rlll1 16 = 3 x 10-3 

Run 17 = '1. x 10-3 

Rlll1 18 = 5 x 10-3 

20 = 6 x 10-3 

2 

o 

1 

• 

• 

20 30 40 50 60 

Time (minute) 
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Fig. 3 - 2 5 Xanthone rate of decomposi tion throughout the 
UV radiation process in allyl acetate/Octane 
(l.:3) solution 

Xanthone concentration 
[C] x 10-7 mOles/litre 

4 Rate of 
Reaction 1 Rate 
moles 1-1 og 

min- 1 

--.. Run 8 2.h8x10 -7 9.09x10 -8 
-8.0/J. --. -7 1.28~10-8 ......-.: Run 7 /J. .02x 10 -7.89 

Run 6 
. -7 -8 

-7.75 ~ 5.3x10 1.77x10 

. . ... -.~- . - .. ~-"' •• ,I"- . . ... " 

3 

2 

1 

• 

• 

10 20 30 40 50 

Time (minute) 



LOG 

-7.5 

-7.6 

-7.7 

-7.8 

-7. 

-8.0 

-8.1 

Order of Xanthone decomposition in reference 
to t~e Octane concentration (Allyl acetate 
and Xanthone concentrations are constant in 
different Octane solutions) 

Rate of decomposition 

-2.9 -2.8 -2.7 -2.6 

* 

. ' ." 

5 LOP E :: 0.6 

-2.5 

Concentration of' 
LOO Octane '';'" 

-2.4 -2.3 



Fig. 3_ 27 
Rate of 
decomposition 

lOG 

-8. 

-8.1 

-8,,2 

-8.3 

-2.9 

Order of Xanthone decomposition in reference 
to the Allyl acetate concentration (Octane _ 
and Xanthone concentrations are constant in 
different Allyl acetate solutions) 

" ~-. .. ~' '.: .:. r· , " . ~' -":' . . ~ •. . : . • ' . .- .•. r ~ -,.-

* 

5 LOP E = 0.38 

-2·8 -2.7 -2·6 

. ". .. 

Concentration of 
LOG Allyl acetate 

-2.5 -2.4 -2.3 
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Order of Xanthone decomposition in reference 
to its concentration (Allyl acetate/Octane 
ration is 1:J) 

Rate of decomposition 
' LO 

-7.2 

-7.3 

-74 

-7.5 

-7.6 

-7·7 

-7.8 

-7.9 

-8.0 

-8.1 

-7·1 -6.9 -6.7 -6.5 -6.3 

S LOP E = 1.29 

Concentration 
LOO of. Xant~Qne 

-5.9 -5·7 
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Effect of temperature on the Xanthone rate of 
decomposition during the UV radiation process 
in Allyl acetate/Octane 1:3 s6lutinfi. 

Xanthone_9oncentration 
[C] x 10 moles/litre 

Soltn. Temp. 
No. °c 

-,- " - ~ ,. -. "',." .... : ... . : .. -- . -: '~ ,.. .... .... . 
3 ...-, Run 8 28 60 

- Run 9 28 30 

2 

1 

• 
• 

10 20 30 40 

Time (minute) 

Rate of 
Reaction 

moles litre- 1min- 1 

. . -" -': . . . 

9.09 x 10-9 

1 .05 x 10-8 

50 60 

~ .. 



Fig. 3 _ 30 Effe c t of temperature on the Xanthone ra te 
of decomposition during the UV radiation 
process in Allyl acetate/Octane 1:3 solution. 

Xan~hone_7oncentration 
[c] x 10 moles/litre 

4 

Soln. Temp. Rate of 
Reaction No. 

moles litre- 1min- 1 

.-,Run 22 27 90 1.7 x 10-8 

.... Run 19 27 60 1.6 x 10-8 

3 

- .:- . - ~. ~ . 

2 

1 

• 

10 20 30 40 50 60 
Time (minute) 



.- .' .' -
.~ .~-. 

Fig. 3_31 · Effect of oxygen on the Xanthone rate of decomposition 
during the UV radiation process in Allyl acetate/ 
Octane 1:3 solution. 

Xanthone 7oncentration 
[C] x 10- moles/litre 

3 

1 

10 20 

Soln 
No decompos~tio~l 

moles 1 1min 

Rate of 

Run 19 degassed 27 1 6 1 O-a 
' . x 

Run 21 Oxygen 
present 

27 2 0 1 0 -9 
• x 

Xanthone_~nitial concentration 
~.2 x 10 moles~litre 

Temperature 60 C 

o 

30 40 50 60 

Time (minute) 



F'i g. 3 _ 32 Xanthone UV spectra_ at different stages of UV 
radiation process of Octane , solution "Run 5 
solution Ref. -No. 2h" 

"' ''.~ ~ .. ~' .. . :"-~ "' -,:, .- - ~, ....... ~-." .. ",,-"-

~~ . . '. .. 

240 
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260 280 
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CHAPTER 4 

CROSSLINKING OF POLYETHYLENE 

4.1 Introduction 

Low density po1yeth1ene (Melt flow index =7) 

has been cross1inked by the author with ultraviolet 

light using xanthone as the photoinitiator and tria1ly1 

cyanurate (monomer) as the cross1inking agent. 

For comparison, the low density po1yethy1ene was 

also cross1inked by 60CO V-irradiation with and without 

the cross1inking agent (TAC) as this type of po1yethylene 

cross1inking has already been extensively studied by 

different people. 

The ultraviolet light curing was carried out under 

the following conditions; in the presence of air and 

also in its absence, crosslinking at low tempera'tures, 

below the crystalline melting temperature 

above T , 
m 

'T I and 
m 

The effect of photoinitiator and the cross1inking 

agent on the degree of crosslinking was studied by 

varying their concentration during the curing process, 

In addition, the effect of penetration of light was also 

studied by crosslinking films of polyethylene which were four 

layers thick. The degree of cross1inking was followed by means 

of gel content measurements. Gel permeation chromatography 

and melt flow index measurements also served as a 

guide for the effect of crosslinking on the flow 
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properties. The Wei~~enberg Rheo~eter was used to 

study, in more detail, the effect of crosslinking on 

the flow properties of the polyethylene. (This topic 

will be dealt with in the next chapter). Also some 

spectral analyses for the gel part were carried out to 

calculate quantitatively the amount of TAC incorporated 

in the network. A brief study of the mechanical 

properties will also be reported in this c~apter. 

~.2 Structure of Polyethylene 

Before looking into the crosslinking of 

polyethylene, a brief look at the polyethylene 

structure would be considered a useful gUide. 

Polyethylene may be considered as being a long 

chain molecule composed exclusively of methylene 

groups, (CH2 ). The polymer prepared by free radical 

polymerization under high pressure is known as low 

density polyethylene. It contains a large number of 

short chain branches together with· a limited number of 

longer branches (15, 16, 17, 18) .. 

The degree of branching and the type of branching 

mainly depends on the polymerization conditions and 

in particular the reaction temperature • 
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The polymer is partly crystalline, the degree of 

which depends upon the chemical structure of the polymer 

and particularly upon the extent of branching. As the 

temperature is raised, these crystalline regions 

progressively melt and the polymer becomes softer and 

more flexible until at the temperature at which all 

the crystals have completely melted it is transformed 

into a viscous fluid. Practically no cryst~llites remain 

in the low density polyethylene above 110 0 
- 115°C. 

In highly branched polyethylene, individual crystals 

tend to be small and possibly distorted and consequently 

have a low melting point. The density will be reduced 

with a higher proportion of non-crystalline material. 

The polyethylene chain may contain some or all of 

the following structures in varying proportions. 

CH:tCH:rCH:tCH3 
I 

~CH2-CH2)X - CH - CH- ( 
I I 

CH~CH2 ) - ? - ( CH2-CH2 ~ 

long 
branch 

CH2 CHiCH~CH~CH3 

short branch 

r 
short branch 



4.3 General Aspects of Crosslinking in Polyethylene 

4.3.1 Radiation effect in po1yethylene 

In general the irradiation of linear polymers 

either cross1inks or degradeSthe polymer (1,2,3), 

depending on its chemical structure. Polyethylene 

was found to be crosslinked under high energy electron 

beams or when subjected to ~irradiation (4,5) from 

60 CO source. 

Branching and higher molecular weights will follow 

when crosslinking takes place until ultimately a 

tridimensional network is formed, where on average each 

polymer chain is linked to one or two chains. This 

may be represented in the following simple diagram. 
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The polymer network produced from such chain 

crosslinking will no longer dissolve nor melt to a 

fluid (4). Some solvent extractable material usually 

remains unattached to the main network. , 

Although crosslinking is the main process in 

polyethy1ene under radiation, some chain scission 

process takes place but is not predominant (6). 

Gas evolution has been observed in the case of 

po1yethy1ene which is mainly composed of hydrogen, 

accounting for 85-95% of the gas (7-10). Also during 
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the radiolysis of polyethylene and many other polymers, 

unsaturation increases (8). Dole found that the vinyl 

and viny1idene unsaturation initially present in the 

polyethylene disappeared while transvinylene unsaturation 

steadily increased. The amount of double bonds .cou1d 

be determined by using Infra-red analysis or chemical 

methods e.g. by bromine or iodine absorption. 

Different workers found (11,12) that oxygen will 

influence the progress of the radio1ysis of po1yethy1ene 

which normally cross1inks when irradiated in the 

absence of , oxygen. Much larger radiation doses are 

required in the presence of air. A possible mechanism 

for this reaction based on conventional oxidative 

degradation is outlined below. 



Primary radiation step 

Reaction with oxygen 

. 
----~) "V"\CH - CH2'V\J + H 

----~) V\.CH - CH2 rvvv 
I 
O' 

Decomposition and rearrangement 

/\J"VV'\.CH - CH2 ..1V\/' 
I 
O' 

o 
11 

-----4) V' C + OCH2 f'V'VV" 
\ 

H 

The free radical formation in the irradiated 

polyethylene is a main step in the crosslinking process, 

and one which is readily observed by E.S.R. (13). 

These free radicals which are formed could be trapped 

. firm within the crystalline region of the 

irradiated polyethylene. 

It was also found that the free radicals which are 

formed in the amorphous regions can be utilized readily 

in a crosslinking process (14), where as those radicals 

which are located within the crystalline areas only 

react at elevated temperatures. when most of the 

crystalline regions have melted. Oxygen can however; 
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diffuse into the crystalline regions and react with the 

trapped radicals (1~). 

The ear1i~description of chemical changes 

produced by radiation in po1yethy1ene was given by 

Dole (5). It was followed by a detailed study of the 

effects by Char1esby (4) in which he conclusively 

demonstrated that po1yethy1ene became cross1inked 

after irradiation in the reactor at Harwe11. Char1esby 

assUmed in his paper that all hydrogen gas originated 

from the cross1inking process accounting to an overall 

scheme such as 

\.t'\.I'V C H2 - CH - CH21.fVV' 

+ 

Little t19) and Lawton (20) reported that 

po1yethy1ene could be cross1inked by irradiation with 

fast electrons. Numerous other related investigations 

have appeared since 1953. The major chemical effects 

of the irradiation of po1yethy1ene can be summarised as 

·follows: -

a) Formation of crosslinkin~ 

This accounts for many of the observed changes 

in physical properties. These include changes 

in elastic modulus, density, transparency, 
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melting behaviour and changes in 

crystallinity. 

b) Evolution of gas 

This is mainly hydrogen with a small 

percentage of hydrocarbon. The hydrocarbon 

fraction contains mainly C2 , C3 and C4 

compounds (7) which may explain the 

'breaking-off' of the side chains. 

c) Decay of vinyl and vinylidene unsaturation. 

d) Formation of transvinyl (t-V,) unsaturation 

The concentration of t-V, may continue to 

rise or fall for some time after the 

irradiation has ceased, probably as a result 

of reactions of the radicals trapped in 

the polymer. 

e) Formation of radicals and other reactive 

Intermediates 

Dole and his associates (13,20,21) have worked 

extensively on the identification and reactions of such 

reactive intermediates using U.V. and I.R. spectroscopy 

and E.S.R. in order to study the reactive intermediate 

formed. The evidence indicates that irradiation of 

polyethylene leads to the formation of a host of 

reactive species, including positive ions, trapped 

electrons, electronically excited groups, alkyl and alkyl 

free radicals and atomic hydrogen. 



The work of Odian and Bernstein (22) relates 

closely to the subject of this thesis. They crosslinked 

polyethylene in the presence of allylmethylacrylate (AMA) 

using 60CO. Odian also used other polyfunctional 

monomers such as allyl acrylate and diallylmaleate. 

It was found that in the presence of different 

polyfunctional monomers the radiation crosslinking 

was greatly enhanced but difunctional monomers such as 

styrene and methyl methacrylate did not increase the 

crosslinking of polyethylene. Charlesby (23) however, 

incorporated acrylic acid with the irradiated 

po~yethylene which tendSto enhance crosslinking with 
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doses far below these needed for conventional crosslinking. 

4.3.2 PhotochemicanyCured Polyethylene 

The effects of ultraviolet light on polymers are 

of practical importance. These effects have been 

extensively studied by experiments following the 

degradation, crosslinkin~ gas evolution and E.S.R. 

The wavelengths of typical ultravio~t lines 

from a mercury lamp are 253, 313 and 365 nm, which 

correspond. to 4.88, 3,95 and 3.39 eV respect~vely. 

Common chemical bonds in polyethylene i.e. C-H and C-C 

have bO.nd strengths of 4.28 and 3.44 e.v. respectively 

(24). It is therefore expected that ultraviolet light 

quanta will break chemical bonds somewhat selectively, 

giving free radicals, where as ionizing radiation with 



much higher energy per particle may break the bQnds 

more or less at random. 

Maas and Volman (25) suggested the possibility that 

C-C bonds are broken by ultraviolet light. Free radicals 

from U.V. irradiation of polyethylene were observed by 

Ranby (26,27),using E.S.R •. Polyethylene irradiated by 

U.V. light at 77 K gives free radicals 

H 
I 

H-C-C-H 
I I 

H H 

Later it was found out by E.S.R. studies that 

CH2 -CH-CH2 and -CH2 -CH2 free radicals will be produced 

when polyethylene is irradiated by ultraviolet light 

~~ 
\28). Further, it is reported by ,Tsuji that 

• 
-CH2 -CH-CH2 is the main free radicals formed with U.V. 
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irradiation. However, when U.V. irradiation is carried out 

with wavelengths longer than 300 nID, the radical formation 

was sensitized by addition of an aromatic compound 

(29). Since the incident light with longer 

wavelengths~300,only is absorbed by the aromatic molecules, 

it was suggested that the radical formation ~ related 

to a bi-photonic absorption of the incident photons by 

the aromatic molecules, followed by energy transfer 

mainly to C=C bonds in polyethylene, which causes allylic 

~~ 
radical formation. Takeshita's studies were again 

based on the E.S.R. analysis. 



However, to obtain a crosslinked polyethylene by 

U.V. light (nearU.V.), a sensitizer should be 

introduced. U.V. sensitize~ such as benzophenone may 

be used or xanthone which has been used in this 

programme. Peroxides could be initiated thermally 

causing crosslinking. 

It was found that ultraviolet crosslinking of 

polyethylene with peroxides and thermally crosslinked 

polyethylene affects the mechanical, physical and 

morphological properties Miltz(30), Dannenberg(3l). 

This was also reported by Oster et al (3 2 ). 

The ultraviolet method has a number of advantages 

over the ionizing radiation method. Oster introduced 

sensitizer into the polyethylene film prior to its 

fabrication. Alternatively, the film may be soaked for 

a few minutes in a solution of benzophenone. 

It was also found by Bono.tto (33) that the 

efficiency of the crosslinked product improved with 
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the additions of coagents. Benotto found that the 

coagent with multifunctional system is more efficient 

than the coagent with a linear molecule with shortest 

spacings; than the coagent with the maximum compatibility 

and intermediate spacing and also more efficient than 

the coagent with the maximum spacing between crosslinking 

sites. 
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In general, crosslinking of low density polyethylene 

by U.V. light increases its tensile strength and toughness , 
improves abrasion resistance and resistance to deformation 

at elevated temperatures, to other environmental conditions 

and to many chemicals. Reseal'ehers agreed that crosslinking 

of ethylene polymers occurs because the free radicals 

resulting from the decomposition of the organic peroxide 

abstract hydrogen from the polymer chains, replacing it 

with carbon atoms, which produce linkages between the 

chains. 

The organic peroxide used must be one that will 
i 

not decompose prematurely ' during the initial compounding 

and forming processes. 

Dicumyl peroxide, 
, 

<,< bis (t-butyl peroxy)di-

isopropyl benzene and 2,5, - dimethyl - 2,5, - bis (2-ethyl 

hexanoyl peroxy)hexane are the leading peroxides used 

for crosslinking low density po1ye~hylene. The system 

which has been used during the course of this work, has 

not been commonly used and the crosslinking agent 

(coagent, monomer) has not been used in such a mixture 

of these compounds together. Although much fundamental and 

extensive work has been carried out with the irradiated 

polyethylene using some model compounds, such as hydro-

carbons, not many fundamental studies if any, have been 

carried out with a system involving photo-cur.mg by 

sensitizer and in the presence of a coagent. 



4.3.3 Methods for analysing and characterizing 

the cross1inked po1yethy1ene 

During the crosslinking process and the formation 

of the network, the polymer will form some insoluble 
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fraction (Gel part) while uncross1inked polymer will remain 

soluble (sol part). To evaluate the crosslinking 

process, the gclcontent may be determined. Analysis of 

the sol part by GPC will give a very useful piece of . . 
information. Characterization of gel by measuring the 

swelling ratio in the gel part may be used to determine 

the density of crosslinkages using the Flo~y equation (3~). 

The statistical theory of crosslinking was first 

proposed by Flory (35) who looked at the conditions 

required for the formation of an infinite three dimensional 

network (gel) when linking together molecular species of 

fini te dimensions. The theory Flory has developed was, 

by his treatment to the gelation occurring in polycondensation 

reactions involving polyfunctional monomers and to the 

crosslinking of linear macromolecules originally having 

a uniform molecular weight distribution. He further 

developed his theory (34,36). Charlesby applied this 

theory to 'radiation crosslinking [37,3 8]. As a full review 

of the structure and elasticity of non-crystalline 

polymer network was published by Dusek [39J only a few 

highlights will be referred to in this thesis. 



When a cross1inking process starts in a polymer, 

which is assumed to be composed initially of linear 

chains of uniform molecular weight M1 , the reaction 

products formed in the early stages are branched 

macromolecules with increas i ng molecular weights 
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2M , JM •.•• XM in which they have the same probability 

of reacting with another molecule and then crosslinking 

proceeds step by step. Formally, such a reaction is 

equivalent to the polycondensation of a polyfunctional 

monomer, which also proceeds via successive steps of 

similar type. Thus a statistical treatment analogous 

to the theory developed for polycondensation reactions 

can be applied to the random crosslinking of macro

molecules. If crosslinks are assumed to occur at 

random, the resultant change in molecular weight, 

solubilit~ elastic modulus, and swelling in solvents 

can be deduced - theoretically from 

the number of crosslinks. The fir~t two properties 

depend on the probability that an individual molecule is 

linked to its neighbour and the relevant variables to 

study the average number of cr6sslinks per molecule. 

Elasticity and swelling on the other hand depend 

on the thermodynamic behaviour of flexible chains 

restrained at both ends. The equilibrium position 

is determined by the chain length between crosslinks, 

the average kinetic energy (i.e. temperature) and the 

applied stresses. The density of the crosslinks is a 



relevant factor along the molecular chain or 

alternatively the average molecular weight between suc
number of croos linked uni ts per 

cessive crosslinks, e.g./number average molecule is 
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referred to as the crosslinking index ,Y , and . per; weight 

average molecule is referred to as the crosslinking 

coefficient '0 , The proportion of main chain units 

cross1inked is known as the crosslinking density 'Q' 

'Mc' is the number average molecular weight between 

crosslinks. Mc is a fundamental quantity on which 

depends the elastic properties and the swelling behaviour 

of a fully crosslinked network. 

where W is the molecular weight of the polymer unit. 

The other two concepts used are crosslinking coefficient 

and crosslinking index, in which the relation between 

the two varies according to the polymer used. 

For monodisperse polymers, 

o = Y 

For polymers having the most probable distribution 

(random distribution), 

p = 2 P w n 

o = 2Y 

If the Polymer has a very broad molecular weight distri-

bu t ion i. e ., 

P =xP w n 

then 0= xY 



Pw = weight average degree of polymerization of 

the original polymer 

P = number average degree of polymerisation of 
n 

the original polymer 

where P = 
w 

-M w 
w 

and P = n 

M n 
w 
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For irradiated crosslinked polyethylene Y and S 

will be represented in reference to P and P as w n 

follows (24)0 

Y = (4.5) 

S= (4.6) 

When the polymer is irradiate~ and crosslinks, 

the links formed between the molecules decreases the 

number of separate molecules, and also increases their 

. average size (Flory 34). 

The point at which an insoluble network first 

begins to form is termed the gel point. Tffigel point 

is determined by the simple condition S= 1 

(Flory 34). The specimen first starts to become 

insoluble when there is an average of one crosslinked 

unit per weight average molecule. This is true 
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regardless of the initial molecular weight distribution. 

Up to the gel point, the polymer is still soluble and 

no network structure has been formed, where 0 <1. 

The only radiation effect will be to increase the 

average molecular weight and the degree of branching. 

Each link decreases the number of separate molecules 

by one. Beyond the gel point the number average of the 

sol fraction fall~. At the gel point the M and M w z 

of the gel will rise to infinity as shown in Fig. (4.1) 

below. 

Average 
mOlecular 
l.Teight 

weight average 
Z average 

number average 

- ...... ,-
w%~ ________ ~ ________ ~ ______________ ___ 

1·0 

, I 

Crosslinking Coefficient 0 

Fig. Il.1 Arbitrary initial distribution 

Increase in number average, weight average 
and Z average up to the gel point. Beyond 
this point the number average of the sol 
fraction falls. 
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Whereas the weight average molecular weights of the 

polymer tends to infinity at the gel point as shown 

above, the number average molecular weight reaches a 

finite value when the crosslinking coefficient equals 

unity. Charlesby proposed (38) that the ratio of number 

average molecular weight at the gel point (M) to its 
n g 

initial value M is directly related to the ratio of 
n 

number average to weight average molecular weight in 

the original polymer. The equation will be 

= 1(1 - ) . (4.7) 

The ratio of the weight average molecular weight 

of polymer, prior to gelation, to its original value 

does not depend on the initial molecular weight 

distribution. The following equation will be valid 

throughout the pre-gel range (38). 

, 
Mw/_ 

M 
w 

= 1/1 _ b (4.8) 

The above equation could be modified in the following 

form. 

1 ' /M 
w 

(4.9) 
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This shows that the reciprocal of the weight 

average molecular weight is a linear function of the 

crosslinking coefficient. 

After the gel points the average molecular weight 

of the sol fraction steadily decreases. This is 

because of the assumption that the largest molecules 

will be linked first to the gel and the lowest molecular 

weight fraction will remain unattached and soluble. 

A general expression is derived by Flory relating 

the gel fraction [W = 1 - W J to the crosslinking 
g s ' 

coefficient '0' in terms of the initial molecular weight 

distribution; where W is the gel weight fraction and W 
g s 

in the sol weight fraction. 

If the initial distribution is uniform then the 

expression will be 

W g = 1 - exp (- 0/1 - Ws ) (4.10) 

and for sol fraction it will be 

(.4.11 ) 

or, 

W = 1/(1 + Y _ Y W ) 2 
S S 

(4.12 ) 

For random initial distribution 



or could be written in the simpler form 

w + 
5 

= 
1 
Y = 

2 
o (4.13) 

For pseudo-random distribution the formula becomes 

w s = 1 
S (4.14) 
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In all cases the formtilae only apply if o~ 1. Below this value 0=1 

Alternative methods of network formation are due 

to po1ycondensation or po1yfunctional addition 

monomers. In po1ycondensation, F10ry use~ the 

branching coefficient I ~bl as a function to calculate 

the weight fraction of the various species. The branching 

coefficient may be defined as the probability that a 
I I 

polymer . branch of weight M connected to a branch point, 

selected at random in the molecule, causes another branch 

point. The gel point in the po1yco~densation is directly 

connected with the branching coeffici'ent I ~ I 
. b 

Infinite network formation becomes possible when the 

expected number of chains, which will succeed a certain 

number of chains through branching them, exceeds this 

number, i.e. i~ the product ~b (f-1) exceeds unity 
, 

(f is the functionality of the branch points). The 

critical value of the branching coefficient is therefore. 

(4.15) 
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The branching coefficient may be calculated from 

the probabilities that functionalities have reacted. 

This could be calculated experimentally. 

As the condensation reaction starts [Flory 34J, 

the number of molecules is decreased and the number 

average degree of polymerisation becomes, 

p = 1 11 _ .J- -< f 
n 

(4.16) 

at the gel point, 

(4.17) 

where the weight average degree of polymerization will be 

(41, 42) 

Pw= (l+-<)/[l--«f-l) J 

which will become infinite at the gel.point. 

(4.18) 

In the system with which :this thesis is involved, 

crosslinking formation is a mixture of the two 

networks since the polyethylene contains a cro~slinking 

a~ent which is a hexafunctional group. 

The network formation is influenced in possible 

S~ruc~ural imperfections, which may be introduced or 

fixed as a result of the crosslinking. 



The type and extent of imperfections depend on 

the type of network formation. 

a) Crosslinking polymerization (e.g. radical or 

ionic copolymerization, polycondensation, or 

poly- addi tion) • 

b) Crosslinking of existing polymer chains. 

c) Joining of active chain ends into crosslinks. 

(and linked networks). 

Other imperfections are developed in the process 

of crosslinking such as network defects, unreacted 

functionalities, intramolecular loops, chain 

entanglements, ' inhomogeneity in crosslink distribution 

or heterogeneity of the network due to phase 
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separation. The latter possibility exists in crosslinking 

of polymer to itself by added monomer (e.g. as in the 

system used in this work). 

The structure of the network is closely related 

to the network formation process, of which the general 

picture is well known. In the first stages the 

molecular weight increases through branching and its 

weight average reaches an infinite value at the gel 

·point. 

Even beyond the gel point, finite species (sol 

fraction) still coexist which is gradually attached to 



the infinite network as the crosslinking reaction 

proceeds. Even if completely homogeneous and disordered 

in a relaxed state, a real network differs from the 

ideal network because of the networks defects. Three 

types of defects are commonly considered to be present 

in the polymer network. 

a) unreacted functionalities 

b) Closed loops 

c) Permanent chain entanglements 
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Within each group there are several possibilities 

dependent on the arrangement of chains: the effect of 

defects on the ela~tic properties of the network is 

thus by no means simple (40). 

As mentioned earlier in this section, 

characterization of the network is possible by the 

thermodynamic behaviour of the network as a function of 

elasticity and swelling. The elastic properties of a 

crosslinked network arise from the entropy decrease 

which results when external constraints impose a less 

statistical probable arrangement on the units. 

The number of network chains active in the elastic 

behaviour of networks, (elastically effective chains) 

can .be obtained from the equilibrium behaviour of 

networks,subjected to various types of stress. 

Charlesby summarised in his w~rk {24) the calculation 

of the elastic modulus for the three dimensional network 

based on Kuhn, Wall, ~reloar and Flory (43,44,45, 

46, 34). 

where p: 

n: 

R: 

T: 

E = n P RT/M c 

is the density of 

constant which in 

Gas constant 

Temperature in :K 
measured. 

-(4.19) 

the crosslinked polymer 

the simplest case is 3 

at which the modulus was 
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M : number average molecular weight between links. c 

The above equation could be written in another 

form where Mc = W/q 

E = nPRTQ/W (4.20 ) 

Owing to the considerable assumption? apd 

simp1ifications made in deriving this theory, a note 

of caution must be sounded in applying it to quantitative 

measurements on cross1inked polymers. 

This equation should be modified in the presenre 

of network defects such as end effects or entanglements. 

Free chain ends (unreacted ~ctiona1itie~reduce the 

number of active network chains in a network,compared 

with the network which is without the free ends. 

In the case of entanglements, when the chain is 

sufficiently tangled together, it may cause considerable 

hindrance to the motion of the molecules passing each 

other without being crosslinked. Charlesby proposed 

(24), that the addition of parameter g ~ 1 because 

-
of the entanglements will cause an increase in the 

elastic modulus. So the elastic modulus equation will 

become, 

E = nPRTg/Mc (4.21) 
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Equation 4.21 which applies to amorphous polymers 

may be used normally for crystalline polymer (6) providing 

that modulus measurements were carried out above the Tm 

of the polymer. 

Characterizing the gel content by swelling 

measurements will be valuable. Flory ()~) developed the 

theory of the isotropic swelling of crosslinked amorphous 

polymers. The derivation of the equilibrium swelling 

of a gel in solvent was based on the entropy of mixing 

and the entropy of chain configuration. Swelling in the 

gel is determined by the density of crosslinks and the 

type of solvent used. Crystalline polymers which are 

not soluble in solvent are' barely swollen unless the 

temperature is raised to a point at which some 

crystalline regions start to melt. So if the swelling 

equilibrium for the polymer network is meas~ one should 

take into account the swelling due to the crystalline 

region 9r else the swelling will only be carried out in 

the gel portion. 

When a polymer molecule is dissolved, there is 

a heat of mixing due to the interaction energy of 

polymer and solvent, also in addition there is a change 

in entropy of the system. In the case of a crosslinked 

polymer, the solvent molecules will have the tendency 

to enter the polymer network, in which swelling will 

take place in the form of a three dimensional stretching 
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of the individual chains. Flory (}4) equation for the 

equilibrium swelling is 

(4.22) 

V1 is the molar volume of the solvent 

V2 m is the ratio of the volume of the unswollen 

polymer Vo to the volume of the swollen polymer V at the 

swelling equilibrium. 

i.e. 

V2 m could be replaced by the swelling ratio V which 

is the reciprocal of v2 m 

i.e. V = 
Vivo 

~/vo is the density of crosslinkages,where ~ is 

the effective number of ~hains connecting the crosslink 

points. 

The characterization may be defined in terms of 

M ,therefore the quanti ty ve 1\10 will be replaced by 
c 

the term P/M according to the terminology used in the 
c 

Rubber Elasticity theory. 
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where P is the polymer density 

Xis the polymer solvent interaction, which is the 

heat of mixing term, arising from the heat of 

interaction between solvent and the network. 

This parameter was introduced by Huggins (/ l 7) and 

Flory (!.l8). Determination of the polymer _. solvent 

interaction parameter may be carried out by osmotic 

pressure, gas liquid chromatogr.aphyor freezing point 

depression of solvent. A review of these methods of 

determination and others are covered by Orwoll (!.l9). 

If the degree of swelling is large ( 

the equation may be simplified (Flory 3~). 

2 
(0.5 - X ) v2m = P V 1 

or by replacing 

. 5/3 
V = 

V2m by l/v then the quation becomes 

(0.5 

It was observed by Flory (3~) that at swelling 

equilibrium, the degree of swelling invariably decreases 

with increasing degree of crosslinking. 
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4.4 Characterisation of Polyethylene -TAC network cured 

by ultra violet light 

The system in which this work is involved will be 

more complicated to understand since the polyethylene is 

crosslinked in the presence of a hexafunctional 

crosslinking agent. The polyethylene network prepared 

in this programme was characterized .by measuring , the 

gel content in reference to the time of crosslinking, 

concentration of the photosensitizer and the crosslinking 

agent. M was calculated by using swelling equilibrium c 

equation and it will be compared by M calculated from the c . 

elastic modulus equation, which will be discussed in 

the next chapter. 

The previous section covered the characterizing, J 

which mainly covered a network which was a completely 

homogeneous structure. It should be taken into consideration, 
is th is 

tha t since the system initially /not ~ompati.ble ,/COUld lead 

to a crosslinking process with aggregation of network 

elements. It was postulated by Odian (22), that when 

polyethylene was crosslinked in the presence of allyl 

methyacrylate (AMA), using 60CO r - irradiation, the 

(AMA)will polymerize forming a low molecular weight 

grafted with polyethylene chains, which in turn will lead to 

the formation of three dimensional crosslinked network. 

It was shown, in the previous Chapter, that by 

using a low molecular weight hydrocarbon the(TAC)will 

polymerize and form a firie crosslinked poly(TAC) separated 

from the hydrocarbon. 
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In the following sections ,the presence of such 

separate phases within the network will be considered, 

especially when specimens of gel should be studied under 

the electron microscope. 

4.S Experimental 

4.S.l Materials Used 
was 

Low densi ty Polyethylene i-The polymer- used/suPPlied 

by I.C.I. Corporate Laboratories, grade 17/00/04 with 

melt flow index of 7.32 gm/lO min. 

The polymer has the following molecular weight 

specification 18,000, M = 11 ,600 M IM = 6.llJ. 
w 1II n 

From the X-ray analysi s, the crystallinity of polymer was 

about 43~ with density of 0.92 g/ml. 

Xanthone:- The photoinitiator which was supplied 
was 

by B.D.H.l'tecrystallised by dissolving in acetone 

(Analar grade), then filtered, dried and kept in the 

dark. 

Triallyl Cyanurate (TAC):- The crosslinking agent 

(monomer) was manufactured by Cyanamide of America. This 

polyfunctional monomer was recrystallised by dissolving 

in n-hexane, filtered and dried. The melting point of 

the monomer was 31°C. Under O.S mm Hg the monomer boiling 
o 

point is 140 C. Density at 30°C is 1.1133 g/ml with 

refractive index D25=1.s049. The monomer was relatively 

stable under nitrogen even at l2Soc for up to 24 hours. 



4.5.2 Equipment Used 

An ultra violet lamp was used for curing, which was 

made by Thorn. lighting [400 W curing lamp. Metal ha1ide 

sealed, beam lamp ME1 Par 64) is a high pressure metal 

ha1ide quartz arc lamp, enclosed in a sealed beam 

envelope with internal reflector providing a radiation 

as shown in Fig.4.2 ' , primarily in the 417 nm waveband. 

The overall width of the lamp is 205 mm. The recommended 

life time is about 1000 hours. The intensity of, the lamp 

was followed regularly with UV intensimeter. The lamp 

unit is fitted with a spreader lens to give an elliptical 

light distribution, capable of giving reasonably uniform 

radiation over a 90 x 60 cm area at a distance of 

approximately 60 to 90 cm. 

320 360 400 440 480 
" (nm) 

Fig.4.2: The spectral energy distribution 

curvepf the ultraviolet lamp. 

1.51' 
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4.5.3 Preparation of polyethylene batches and films with 

the additives 

A number of polymer, TAC, Xanthone batches were 

prepared by using different concentrations of the 

additives. Two batches were prepared by mixing the 

polyethylene with one of the additives. The following 

procedure was used in the preparation of the different 

batches. 

The desirable amount of TAC and Xanthone were 

dissolved in 200 ml of toluene and added to low density 

polyethylene. This blend was sealed in glass and 

thermostatted at 60°C for 48 hours then under vacuum for 

five days to remove the toluene. The mixture so formed 

was finally roll-milled for five minutes while maintaining 

the roll temperature at 140 + 5°C. The product sheet was 

cooled in liquid nitrogen and granulated. 

The following table (4.1) shows the symbols used 

for each batch with the concentration of the additives. 

Table 4.1 

Symbol TAC Concentration Xanthone 
Per Batch % w/w Concentration % w/w 

PE/l 0.5 0.1 

PE/2 1.0 0.1 

PE/3 3.0 0.1 

PE/4 5.0 0.1 

PE/6 0.5 0.25 

PE/7 1.0 0.25 

PE/X 0.1 

PE/M 0.5 
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Sheets were made from three different batches, by 

pressing at 160°C in between Melinex sheets which were 

backed by stainless steel plates. This procedure was 

fast and efficient. The sheet thickness was controlled 

by putting a brass frame in between the two Melinex 

sheets. The two stainless steel plates were 12 x 12 cm2 • 

The brass frame was 0.25 mm thick and covered the 

stainless steel area. The press used had electrically 

heated upper and lower plates, controlled by a thermocouple. 

The pressure used was about 900 PSI. During pressing, the 

polyethylene was placed between the two pl~tes . at this 

pressure and 160°C for one minute then allowed to cool to 

room temperature. The thickness of polyethylene film 

made was 0.35 + 0.05 mm 

4.5.4 Curing of Polyethylene by Ultraviolet light 

The curing was carried out inside a simple 

radiation vessel made in the department and shown in 

Fig.4.3, to allow the curing to be carried out in the 

presence or absence of oxygen. The ultra violet lamp 

used is described in Section 4.5.2. The radiation vessel 

was kept inside a box in which the temperature was 

-
controlled by m,eans of a thermocouple and may be raised to 

the temperature required by means of heating the element 

surrounding the box. 

The polyethylene samples of size 7 cm x 4 cm 

were usually placed in a sample holder and left inside 



the vessel. The sample holder comprised two aluminium 

frames between which the polyethylene samples were 

placed. 

The distance of 30 cm between the lamp and the 

polyethylene samples was kept constant at all times. 
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When curing was carried out in the absence of air, a 

stream of nitrogen gas was passed through on~ side of the 

vessel and a water pump connected to the other side of the 

vessel. The nitrogen gas was normally passed through 

the vessel ten minutes before curing started and kept 

until the end of the curing time. No nitrogen gas was 

used when curing in the presence of air. After irradiation, 

the samples were analyzed for gel content Gel permeation 

chromatography analysis (GPC) and for flow properties. 

For other tests such as tensile and environmental 

stress cracking (ESC), the full polyethylene sheet was 

cured by leaving it inside the temperature control box wi th

out ' using the irradiation vessel. The distance between 

lamp and the samples was maintained at the same 30 cm. 

Some gel content measurements for the samples prepared 

by the latter method were carried out since th~ intensity 

of light penetration throughout the samples is different 

because of the radiation vessel. The radiation vessel 

which was ~ade of pyrex glass was expected to absorb a 

limited amount of the light. 



+ 
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4.5.5 Measuring the Gel Content 

The gel content was extracted by refluxing in a 

soxhlet apparatus for 72 hours using refluxing xylene 
+ . 

(150 ml) containing antioxidant{0.5~. The flask was 

covered with aluminium foil to prevent further light 

initiated changes from occurrIng. 

Individual samples were weighed and ke~t inside 

the soxhlet thimble of known weight. The weight of the 

soxhlet was recorded after leaving under vacuum at 60°C 

to remove any moisture present both before and after 

extraction. The soluble polyethylene extract precipitated 

in themain solvent flask after cooling down the content 

of the flask. It was filtered and dried under vacuum, 

the~ ru~alysed by gel permeation chromatography. The 

results are given in tables 4.2 to 4.14. 

-Antioxidant used is 2,6Di-Tert-Butyl-/L-methyl phenol 99% 

m.w. = 220.36. 
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TABLE 4.2: Ultra Violet Curing of PE/l Batch Film 

Thickness of 0.3 + 0.05 mm 

Sample Ref. Curing time Curing temp. Atmosphere 0'£ Gel 
No mins °c Content 

LP/l/9/60 60 60 Nitrogen 43.17 

LP/l/8/60 30 60 35.04 

LP/l/7/60 15 60 32.32 

LP/l/6/60 10 60 21.66 

LP/l/5/60 5 60 0.66 

LP/l/4/60 4 60 No gel 

LP/l/3/60 3 60 

LP/l/2/60 2 60 

LP/l/l/60 1 60 

LP/l/9/l20 60 120 + 5 50.28 

LP/l/8/120 30 120 + 5 47.29 

LP/l/7/120 15 120 + 5 36 '.46 

LP/l/6/120 10 120 + 5 32.29 

LP/l/5/l20 5 120 + 5 7.13 

LP/l/4/l20 4 120 + 5 No gel 

LP/l/3/l20 3 120 + 5 No gel 

LP/l/2/l20 2 120 + 5 t No gel 

LP/l/l/120 1 120' + 5 No gel 

OLP/1/9/60 ' 60 60 Oxygen 21.67 ' 

OLP/l/8/60 30 60 18'.5 g' 

OLP/l/7/60 15 60 4.9,,1 

OLP/l/6/60 10 60 4.49 
." . ~ 

OLP/l/5/60 5 60 No gel 

OLP/l,x'4/60 4 60 

OLP/l/3/60 3 60 ' ' 

OLP/l/2/60 2 60 

OLP/l/l/60 1 60 
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TABLE 4.3: Ultra violet Curing of PE/2 Batch Film 

Thickness of 0.3 + 0.05 mm 

Sample Ref Curing time Curing temp. Atmosphere et, Gel 
No. mins °c Content 

LP/2/9/60 60 60 Nitrogen 46.52 

LP/2/8/60 30 46,62 

LP/2/7/60 15 29.53 

LP/2/6/60 10 20.63 

LP/2/5 /60 5 No gel 

LP/2A /60 4 

LP/2/3 /60 3 

LP/2/2/60 2 

LP/2/1/60 1 . I 

LP/2/9 /120 60 120 + 5 51.71 

LP/2/8/120 30 49.60 

LP/217 /120 1.5 43.61 

LP/2/6/120 10 38.29 

LP/2/.5/120 .5 1.76 

LP/2/4/120 4 No gel 

LP/2/3/120 3 No gel 

LP/2/2/120 2 No gel 

LP/2/1/120 1 No gel 

OLP/2/9/60 60 60 oxygen 19 • .57 

OLP/2/8/60 30 16.76 

OLP/2/7/60 1.5 9.34 

OLP/2/6/60 10 .5.7.5 

OLP/2/.5/60 .5 No gel 

OLP/2/4/60 4 

OLP/2/3/60 3 

OLP/2/2/60 2 
OLP/2/1/60 1 
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TABLE 4.4: Ultra Violet Curing of PE/6 Batch Film 

Thickness of 0.3 + 0.05 mm 

Sample Ref Curing time Curing temp. % Gel 
No. mins °c AtmosEhere C t t on en 

LP/6/9/60 60 60 Nitrogen 61.70 

LP/6/8/60 30 56.46 

LP/6/7/60 15 51.94 

LP/6/6/60 10 46.91 

LP/6/5/60 5 
. , 19.53 

LP/6/4/60 4 23.12 

LP/6/3/60 3 No gel 

LP/6/2/60 2 

LP/6/1/60 1 

LP/6/9/120 60 120 + 5 48.02 

LP/6/8/120 30 52.56 

LP/6/7/120 15 46.30 

LP/6/6/120 10 40.°45 

LP/6/5/120 5 19.71 

LP/6/4/120 4 10.07 

LP/6/3/120 3 1.22 

LP/6/2/120 2 No gel 

LP/6/1/120 1 No gel 



TABLE 4.5: Ultra Violet Curing of PE/7 Batch Film 

Thickness of 0.3 + 005 mm 

Sample Ref Curing time Curing temp. Atmosphere % Gel 
No. mins QC Content 

LP/7/9/l20 60 120 + 5 Nitrogen 65.21 

8/120 30 60.31 

7/120 15 57.52 

6/120 10 47.61 

5/120 5 36.46 

4/120 4 1.45 

3/120 3 No gel 

2/120 2 

The U.V. curing for the samples in tables 4.2, 4.3, 

4.4 and 4.5 were carried out inside the reaction vessel~ 

Samples were however, irradiated without using the 

radiation vessel and in these cases all samples were 

irradiated in the presence of oxygen. Also, some 

polyethylene sheets were cured by 60CO V-irradiation. 

This was carried out at S.U.R.R.C. The process was in 

the presence of oxygen and at room temperature. The 

following tables show the Gel content for samples which 

were cured by V.V. light without using the radiation 

Vessel and also for those samples cured byY-irradiation. 

159 
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TABLE 4.6: Ultra Violet Curing of PE/1 Batch Film 

Thickness of 0.3 + 0.05 mm 

Sample Ref Curing time Curing temp. of" Gel 
No mins °c Content 

PE/1/10/60 12 hours 60 25.42 

9/60 60 mins 21.61 

8/60 30 20.95 

7/60 15 25.41 

6/60 10 20.33 

5/60 5 12.48 

4/60 4 5.43 

3/60 3 No gel 

2/60 2 No gel 

1/60 1 No gel 

9/120 60 120 + 5 21.95 

8/120 30 25.80 

TABLE 4.7: Ultra Violet Curing of PE/2 Batch Film 

Thickness of 0.3 + 0.05 mm 

PE/2/10/60 12 hours 60 29.43 

9/60 60 mins 22.34 

8/60 30 20.79 

7/60 15 20.99 

6/60 10 16.52 

5/60 5 10.38 

4/60 4 10.34 

3/60 3 0.58 

2/60 2 No gel 

9/120 60 120 + 5 31.36 

8/120 30 40.67 
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TABLE 4.8: U.V. Curing of' PE/3 Batch f'i1m thickness 

of' 0.3 + 0.05 mm 

PE/3/9/60 60 60 17.47 

8/60 30 60 16.67 

7/60 15 17.08 

6/60 10 13.77 

5/60 5 .1.0.8 

4/60 4 9.42 

3/60 3 0.54 

2/60 2 No gel 

1/60 1 No gel 

9/120 60 120 + 5 31.36 

8/120 30 13.85 

TABLE 4.9: U.V. Curing of' PE/4 Batch f'i1m thickness 

of' 0.3 + 0.05 mm 

PE/4/9/60 60 60 13.22 

8/60 30 60 12.84 

7/60 15 15.36 

6/60 10 11.87 

5/60 5 7.64 

4/60 4 10:08 

3/60 3 0.62 

2/60 2 No gel 

1/60 1 No gel 

9/120 60 120 + 5 42.57 

8/120 30 42.41 
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TABLE 4.10: U.V. Curing of PE/6 Batch film thickness of 

0.3 + 0.05 mm 

PE/6/10/60 12 (hrs) 41.15 

9/60 60 mins 60 3lf.98 

8/60 30 60 35.23 

7/60 15 60 13.83 

6/60 10 60 19.75 

5/60 5 8.08 

4/60 4 6.93 

3/60 3 3.84 

2/60 2 No gel 

1/60 1 No gel 

9/120 60 120 + 5 50.15 

8/120 30 41.22 

TABLE 4.11: U.V. Curing of PE/7 Batch film thickness of ' 

0.3 + 0.05 mm 

PE/7/10/60 12 hrs 60 41.87 

9/60 60 mins 36.36 

8/60 30 30.24 

7/60 15 28.36 

6/60 10 16.99 

5/60 5 11.07 

4/60 4 5.24 

3/60 3 No gel 

2/60 2 No gel 

1/60 1 No gel 

9/120 60 120 + 5 42.52 

8/120 30 41.79 



TABLE 4.12: U.V. Curing of PE/X and PE/M batches films 

thickness of 0.3 + 0.05 mm -

PE/x/8 /60 30 60 9.72 

PE/M/9/60 60 60 No gel 

PE/M/8/60 30 60 No gel 

TABLE 4.13:Pol"yethy1ene film thickness 0.3 ±. 0.05 mm 

from Batch PE/M cured by 60 CO Y -irradia tion 

SamE1e Ref No. Doses in Mrad Gel Content 

PE/M/D200 200 60.29 

D100 100 67.58 

D60 60 41.87 

D40 40 15.43 

D20 20 24.97 

D12 12 19.81 

D10 10 12.1 

D6 6 :3.13 

Dl 1 No gel 
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TABLE 4.14: Polyethylene film thickness of 0 •. 3 + 0.05 mm 

grade 17/00/04 with no additives, cured 

by 60CO V-irradiation at 25°C 

Sample Ref No. Doses in Mrad Gel Content 

PE/D200 200 66.B7 

DlOO 100 65.73 

D60 60 35.67 

D40 40 21.97 

D26 20 16.42 

D12 12 20.12 

DlO 10 25.25 

DB B lB.62 

D6 6 5.77 

D2 2 No gel 

4.5.6 Ahalysis of the Gel Part 

The molecular weight of the crosslinks M was 
c 

determined by the swelling measurements. The gel 

0/., 

part qf the irradiated samples was also analysed by I.R. 

for TAC content in the gel. 

4.5.6.1 Swelling -measurements 

A known weight of the gel part of the different 

individual polyethylene samples was left in xylene 

(which was dried and distilled) for 48 hours at 85°C 

Using a solid state bath. The polyethylene samples and 
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6 ml of xylene were left in a test tube and covered 

with rubber stoppers which were wrapped in aluminium 

foil. The time for the swelling equilibrium was determined 

to be about 30 hours. It was then decided to leave 

the ' individual samples for a further 18 hours to be 

marginally on the safe side. The polyethylene samples 

were left in a vacuum oven at 80°C for 24 hours and 

then having measured their weights, the swe£ling 

experiments were started. 

After the 48 hours, each sample was 'dried 

by using filter paper and then weighed 

using the weighing bottle. 

From the experimental data, the M was determined c 

using equation 4.25. 

From this equation 4.25 

P: the polyethylene density considered to be 

0.917 glml 

v 1 = molar volume of the solvent was calculated by 

using the follow equation:-

v 1 = 
molecular weight of xylene 
xylene density at 85°c = 

106.17 
0.808 = 1 ; 31 X 102 

mole volume 

The xylene density at 8~oC was calculated according 

to the relation established by Johnson and T. Smith (52) 

which states, 
dP 
dt = 
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in which the xylene density at 20°C was considered to be 

0.8600 g/ml. 

x = the interaction parameter was taken to be 

to be 0.27 using Orwall data (49). 

v = which is the swelling ratio and equal to 

= 

the volume of the unswollen polymer 

initial polymer weight 
polymer density 

and v = the volume of the swollen polymer at the 

= 

swelling equilibrium 

weight of the system (Polymer + solvent) 
density of the system P sys 

The system density was determined using the following 

relationship. 

, 
p = P W + sys p p 

where Pp = Polymer density 
, -W = Weight fraction of polymer in swollen 
p 

network 

P s = xylene density 

W' 
= weight fraction of xylene in swollen 

s 

network. 
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The M data was calculated for the individual networks 
c 

from the swelling measurements. This is shown in tables 

(4.15 - 4.21). 

The crosslink densi ty G was determined using the 

simple relationship. 

M = c 
w 
q 

where W is the molecular weight of the polyethylene unit 

i.e. ethylene unit which equals 28. q values for the 

individual network determined from the swe.lling measurements 

are shown in tables (4.15 - 4.21). Also M and q values c 

are determined in reference to the crosslinking coefficient 

o . 

The determination of the latter was applied using 

the following relationship as mentioned in section 4.3.3. 

The crosslinking coefficient ' 0 

from equation 4.14 

w 
s = 

was calculated 

Where the W value was calculated from the gecontent. 
s 

Using equation 4.6.1 the cross1inking densityq 

was determined. 

o = q . p 
w 
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where P = weight average degree of polymerization of the 
w 

P = w 

M original polymer = w 

110600 
28 

w 

M value measured by GPC as shown in section 
w 

4.5.10. 

By determining q the Mc values were also determined. 

Tables (4.15 - 4.21) shows the Mc and q values 

determined in reference to the crosslinking coefficient. 

4.5.6.2 I.R. Analysis 

I.R. quantitative analysis technique is a far from 

perfect tool for analysis especially when dealing with 

polymer films. However, it was noticed that two ~istinct 

peaks e.g. at 1560 cm- 1 and 820 cm- 1 characterise ''TAC' 

in the I.R. spectrum of the po1yethy1ene ge10 For that 

reason, the I.R. analysis was used to determine roughly 

the amount of TAC present in the gel. Thin discs of the 

gel part were pressed at 190°C. The size of these discs 

were the same as the KBr discs which are commonly used in 
, 

I.R. analysis. The profile thickness of the discs were 

considered to be the path length. The usual thickness 

obtained was around 0.09 + 0.02 mm. 

By determining the extinction coefficient of TAC 

at 1500 cm- 1 and 820 cm- 1 , the concentration of TAC in 
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the individual gel was calculated from 

their spectra by applying Beer's law, 

A = log !o... 
I = E 1c 

where A = absorption 

1 = path length in cm 

C = percentage concentration 

E- = extincti.<n coefficient 

Tables (4.22 - 4.26) show the ~ w/w TAC content 

of some selected gels in reference to one or both peaks. 



TABLE 4.~5 

Sample Ref.No. M q q M 
c c 

Calculated from swelling calculated from 
measurements 5 5 

LP/L/9/60 2.303 x 105 1.24 x 10-4 1.76 4.45 x 10-4 6.29 x 104 

LP/l/8/60 1.95 x 105 1.44 X 10-4 1.54 3.9 x 10-4 7.18 X 104 

7/60 2.26 x 105 1.24 x 10-4 1.48 3.7 x 10-4 7.49 x 104 

6/60 3.85 x 105 7.27 x 10-5 1.28 3.23 x 10-4 8.66 x 104 

5/60 1.01 2.55 x 10-4 1.10 x 105 

9/120 8.49 x 104 3.3 x 10-4 2.01 5.09 x 10-4 5.49 x 104 

8/120 1.90 4.8 x 10-4 5.82 x 104 

7/120 4.14 x 105 6.76 x 10-5 1.57 3.98 x 10-4 7.03 x 104 

6/120 4.58 x 105 6.12 x 10-5 1.48 3.74 x 10-4 7.49 X 104 

5/120 2.16 x 105 1.29 x 10-4 1.08 2.73 x 10-4 1.02 x 105 

OLP/;l/9/60 1.58 x 105 1.41 x 10-4 1.28 3.23 x 10-4 8.66 x 104 

8/60 1.81 x 105 1.55 x 10-4 1.23 3.11 x 10-4 9.0 X 104 

7/60 2.04 x 105 1.37 x 10-4 1.05 2.66 x 10-4 1.05 x 105 

6/60 . 3.65 x 105 7.67 x 10-5 1.04 2.65 x 10-4 1.06 x 105 
~ 
-J 
0 



TABLE 4.16 

Sample Ref.No. M q 
c 

Calculated from swelling 
measurements 

LP/2/9/60 9.7 x ' 104 2.89 x 10-4 

8/60 1..89 x 105 1.48 x 10-4 

7/60 3.75 x 105 7.47 x 10-5 

6/60 2.15 x 105 1.30 x 10-4 

9/120 1.01 x 105 2.77 x 10-4 

8/120 1.53 x 105 1.83 x 10-4 

7/120 2.67 x 105 1.05 x 10-4 

6/120 3.10 x 105 9.03 x 10-5 

5/120 

OLP/2/9/60 1.08 x 105 2.59 x 10-4 

8/60 1.32 x 105 2.12 x 10-4 

7/60 1039 x 105 2.01 x 10-4 

6/60 2.15 x 105 1.30 x 10-4 

0 

1;87 

1.87 

1.42 

1.26 

2.07 

1.98 

1.77 

1.62 

1.02 

1.24 

1.20 

1.10 

1.06 

q M c 
calculated from 

0 

4.73 x 10-4 5.9 x 104 

4.74 x 10-4 5.9 x 104 

3.59 x 10-4 7.79 x 104 

3.19 x 10-4 8.78 x 104 

5.24 x 10-4 5.34 x 104 

5.02 ' x 10-4 5.57 x 104 

4.49 x 10-" 6.24 x 104 

4.10 x 10-4 6.8 x 104 

2.58 x 10-4 1.09 X 104 

3.15 x 10-4 8.9 x 104 

3.04 x 10-4 9.21 x 104 

2.79 x 10-4 100 x 105 

2.69 ' x 10-4 1.04 x 105 

I-' 
--..J 
I-' 



TABLE 4.17 

Sample Ref.No. M . q 
6 q M c c 

Calculated from swelling Calculated from 
measurements 6 

LP/6/9/60 1.7 x 105 1.65 x 10-4 2.61 6.6 x 10-4 4.29 x 104 
'. 

8/60 1.05 x 105 2.67 x 10-4 2.3 5.81 x 10-4 L~. 8 X 104 

7/60 1~54 x 105 1.82 x 10-4 2.08 5.27 x 10-4 5.3 x 104 

6/60 2.25 x 105 1.24 x 10-4 1.88 4.77 x 10-4 5.87 X 104 

5160 3.57 x 105 7.84 x 10-4 1.24 3.15 x 10-4 8.9 x 104 

4/60 2.16 x 105 1.30 x 10-4 1.30 3.29 x 10-4 8.5 x 104 

9/120 1.45 x 105 1.93 x 10-4 1.92 4.87 X 10-4 5.75 X 104 

8/120 1.07 x 105 2.62 x 10-4 2.11 5.33 x 10-4 5.25 x 104 

7/120 1.67 x 105 1.67 x 10-4 1.86 4.71 x 10-4 5.94 x 104 

6/120 3.41 x 105 8.21 x 10-5 1.68 4.25 x 10-4 6.59 X 104 

5/120 4.1 x 105 6.83 x 10-5 1.25 3.15 x 10-4 8.88 x 104 

4/120 5.25 x 105 5.33 x 10-5 1.11 2.82 x 10-4 9.95 x 104 

3/120 1;13 x 105 2.48 x 10-5 1.01 2.56 x 10-4 1.09 x 105 

LP/7/9/120 6.05 x 105 4.6 x 10-4 2.87 7.28. x 10-4 3.85 x 104 

8/120 7.58 x 105 3.69 x 10-4 2.52 6.38 x 10-4 4.39 x 104 

7/120 1.2 x 105 2.33 x 10-4 2.35 5.96 x 10-4 4.7 X 104 

6/120 1.41 x 105 1.99 x 10-4 1.91 4.83 x 10-4 5.79 X 10/~ 

5/120 J.08 x 105 9.09 x 10-5 1.57 3.98 x 10-4 7.03 x 104 

4/120 1.01 2.57 x 10-4 1.09 x 105 
..... 
-..J 
I\) 



TABLE 4.l8 

Sample Ref.No. M q 6 q M 
c c 

Calculated from swelling Calculated from 
measurements 6 

PE/l/10/60 1.92 x 105 1.46 x 10-4 1034 3.39 X 10-4 8.25 x 104 

PE/1/9/60 1.28 3.23 X 10-4 8.67 x 104 

PE/1/8/60 5.37 x 104 5.2 x 10-4 10 2 7 3.20 x 10-4 8 074 x 10 4 

PE/l/7/60 1.44 x 105 1.94 x 10-4 1.34 3.39 x 10-4 8.25 x 104 

PE/1/6/60 l.63 x 105 1.72 x 10-4 1.26 3.18 x 10-4 8.8 x 104 

PE/1/5/60 2.41 x 105 1.16 x 10-4 1.14 2.89 x 10-4 9 068 x 104 

4/60 5.37 x 105 5.21 x 10-5 1.06 2.68 x 10-4 1.05 x 104 

9/120 9 055 x 104 2 093 x 10-4 1.28 3024 x 10-4 8.63 x 104 

8/l20 8.62 x 104 3.25 x 10-4 1.35 3.4 x 10-4 8 021 x 104 

2/10/60 1.42 3.59 x 10-4 7.8 X 104 

9/60 3.32 x 105 8.43 x 10-5 1.29 3.26 x 10-4 8.59 x 104 

8/60 1.12 x 105 2.5 x 10-4 1.26 3.2 x 10-4 8 076 x 104 

7/60 1.19 x 105 2.35 x 10-4 1.27 3.2 x 10-4 8.74 x 104 

6/60 2.00 x 105 1.4 x 10-4 10 2 0 3.03 x'10-4 9.23 x 104 

5/60 1.82 x 105 1.54 x 10-4 1.12 2.82 x 10-4 9.9 X 104 

4/60 4.87 x 105 5.75 x 10-5 lo12 2082 x 10-4 9.92 x 104 

3/60 1.01 2.55 x 10-4 1.10 x 105 

9/120 5.44 x 104 5015 x 10-4 1045 3 069 x 10-4 7.59 x 105 , 
8/l20 4.8 x 104 5.83 x 10-4 1.69 4027 x 10-4 6.56 x 104 ...... 

--..] 

w 



TABLE 4.19 

Sample Ref.No. M q 0 q M · c c 
Calculated from swelling Calculated from 

measurements 6 

PE/3/9/60 6 098 x 104 4001 x 10-4 1.21 3.07 X 10-4 9.13 x 104 

8/60 1034 x 105 2.07 x 10-4 1.20 3.04 X 10-4 9.22 x 104 

7/60 1045 x 105 1.93 x 10-4 1.20 3 0 05 x 10-4 9.17 x 104 

6/60 1.64 x 105 1.71 x 10"'4 1.16 2.94 x 10-4 9054 x 104 

5/60 2.84 x 105 9.86 x 10-5 1.12 2.84 x 10-4 9.87 x 104 

4/60 3.24 x 105 8.64 x 10-5 1010 2.79 x 10-4 1.00 x 105 

3/60 1 001 2.55 x 10-4 1.10 x 105 

9/120 3.65 x 104 7.67 x 10-4 1.46 3.69 x 10-4 7.59 x 104 

8/120:, 5.96 x 104 4070 x 10-4 1016 2.94 x 10-4 9.53 x 104 

4/9/60 1.09 x 105 2.57 x 10-4 1015 2092 x 10-4 9.60 x 104 

8/60 7044 x 104 3.76 x 10-4 1 015 2.90 x 10-4 9.64 X 104 

7/60 3.18 x 104 8.8 x 10-4 1.18 2.99 x 10-4 9.36 X 104 

6/60 1.96 x 105 1.43 x 10-4 1.13 2.87 x 10-4 9.75 x 104 

5/60 1072 x 105 1.62 x 10-4 1.08 2.74 x 10-4 1.02 x 105 

4/60 1.11 2081 x 10-4 9.95 x 104 

3/60 1 0 01 2.55 x 10-4 1.10 x 105 

9/120 2.76 x 104 1.01 x 10-3 1.74 4.41 x 10-4 6.35 x 104 

8/120 3.05 x 104 9.18 x 10-4 1.74 4.40 x 10-4 6.37 x 104 
I-' 
-.J 
+:-



TABLE 4.20 

Sample Ref'oNo. M Q 0 q M c c 
Calculated f'rom swelling Calculated f'rom 

measurements 0 

PE/6/10/60 3.76 x 104 7.63 x 10-4 1.70 4.30 x 10-4 6.5 x 104 

9/60 . " 5.09 x 104 5.5 x 10-4 1.53 3.89 x 10-4 7.19 x 104 

8/60 3.9 x 10'~ 7.18 x 10-4 1.54 3.91 x 10-4 7.16 x 104 

7/60 4.7 x 104 5.96 x 10-4 1.28 3.23 x 10-4 8.66 x 104 

6/60 1.47 x 105 1.90 x 10-4 1 . 25 3.15 x 10-4 8.88 x 104 

5/60 1.19 x 105 2.35 x 10-4 1 . 09 2.75 x 10-4 1.02 x 105 

4/60 5.3 x 105 5.28 X 10-4 1.07 2.72 x 10-4 1.03 x 105 

3/60 1.04 2.63 x 10-4 1~06 x 105 

9/120 3.24 x 104 8.64 x 10-4 2.01 5.08 x 10-4 5.5 x 104 

8/120 7.0 x 104 4.0x10-4 1.70 4.31 x 10-4 6.5 x 104 . 

7/).0/60 3.81 x 104 "7.35 x 10-4 1.72 4.36 x 10-4 6.43 x 104 

9/60 5.06 x 104 5.53 x 10-4 1.57 3.98 x 10-4 7.04 x 104 

8/60 2.84 x 104 9.86 x 10-4 1.43 3.63 x 10-4 7.72 x 104 

7/60 ,5.74 x 104 4.88 x 10-4 1.40 3.53 x 10-4 6.45 x 104 

6/60 3.52 x 104 7.95 x 10-4 1.20 3.05 x 10-4 9.18 x 104 

5/60 1030 x 105 2.15 x 10-4 1.12 2.85 x 10-4 9.84 x 104 

4/60 1.06 2.67 x 10-4 1.04 x 105 

9/120 4.49 x 104 6.24 x 10-4 1.74 4.40 x 10-4 6.36 x 104 ...... 

8/120 5.59 x 104 5.01 x 10-4 1.72 4.35 x 10-4 6.44 x 104 
N 
'..)1 

X/8/60 1.69 x 105 1.66 x 10-4 1010 2.88 x 10-4 9.98 x 104 



TABLE 4.21 

Sample Ref. No. M g c 
Calculated from swelling 

measurements 

PE/M/D200 7.21 x IcY 3.88 X 10-) 

'M/DI00 7.65 x IcY 3.66 X 10-) 

M/D60 4.83 x 104 5.8 x 10-) 

,M/D40 7.43 X 104 3.77 x 10-4 

' M/D20 5.81 x 104 4.82 x 10-4 

M/D12 1.42 x 104 1.97 x 10-4 

M/DI0 

M/D6 2.38 x 105 1018 x 10-4 

PE/p200 6.21 x IcY 4.5 X 10-) 

/DI00 1.23 x 104 2.28 x 10-) 

/D60 2.77 x 104 1.01 x 10-) 

/D40 4.78 x 104 5.86 x 10-4 

/D20 3.55 x 104 7.89 x 10-4 

/D12 1.45 x 105 1.93 x 10-4 

/DI0 1:17 x 105 2.39 x 10-4 

/D8 1.28 x 105 2.19 x 10-4 

/D6 2.16 x 105 1.30 x 10-4 

0 

2.52 

3.08 

1.72 

1.18 

1.33 

1.25 

1.14 

1.03 

3.02 

2.92 

1.55 

1.28 

1.20 

1.25 

1.34 

1.23 

1.06 

q M c 
Calculated from 

0 

6.38 x 10-4 4.39 X 104 

7.81 x 10-4 3.59 x 104 

4.36 x 10-4 6.43 x 104 

2.99 x 10-4 9.35 X 104 

3.39 X 10-h 8.30 X 104 

3.16 x 10-4 8.87 x 104 

2.88 x 10-4 9.72 X 10h 

2.61 x 10-4 1.07 x 105 

7.64 X 10-4 3.66 X 104 

7.39 x 10-4 3.79 x 104 

3.94 x 10-4 7.11 X 104 

3.24 x 10-4 8.63 X 104 

3.03 x 10-4 9.24 X 104 

3.17 x.l0-4 8.83 x 104 

3.39 x 10-4 8.27 x 104 

3.11 x 10-4 9.00 X 104 

2.69 x 10-4 1 0 04 x 105 

..... 
-..J 
0'. 



TABLE 4.22: % TAC w/w in gel measured by I.R. Analysis 

Sample Ref. Wg 
No. 

LP/1/9/60 0.432 

8/60 0.35 

7/60 0.32 

6/60 0.22 

5/60 0.007 

9/120 0.50 

8/120 0.47 

7/120 0.36 

6/120 0.32 

5/120 0.07 

OLP/1/9/60 0.22 

8/60 0.19 

7/60 0.049 

6/60 0.045 

% TAC w/w in Ref to 

1560 cm- 1peak 820 cm- 1peak 

0.345 0.405 

0.379 0.404 

0.366 0.414 

· 0.294 0.325 

0.257 0.328 

0.219 0.262 

0.231 0.289 

0.182 0.251 

0.350 0.40 

0.384 0.49 

0.461 0.48 

0.383 0.49 
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TABLE 4.23: 01, TAC w/w in gel measured by I.R. Analysis 

Sample Ref. Wg at, TAC w/w in ref to 
No. 1560 cm- 1peak 820 cm- 1peak 

LP/2/9/60 0.47 0.674 0.77 

8/60 0 0 47 

7/60 0.30 0.537 0.616 

6/60 0.21 0.463 0.494 

9/120 0.52 0.427 0.530 

8/120 0.50 0.419 0.534 

7/120 0.44 0.346 0.413 

6/120 0.38 0.362 0.461 

5/120 0.018 0.491 0.616 

OLP/2/9/60 0.2 0.64 0.758 

8/60 0.17 0.84 0.964 

7/60 0.09 

6/60 0.06 0 0 448 0.496 
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TABLE 4.24: O,~ TAC w/w in gel measured by I. R. Analysis 

Sample Ref. Wg % TAC w/w in rei' to 
No. 1560 cm- 1peak 820 cm- 1peak 

LP/6/9/60 0.62 0.304 0.354 

8/60 0.56 0.318 0.35 

7/60 0.52 0.335 0.415 

6/60 0.47 0.197 0.367 

5/60 0.20 0.316 0.38 

4/60 0.23 0.209 0.239 

9/120 0148 0.106 0.158 

8/120 0.53 0.219 . 0.290 

7/120 0.46 0.154 0.202 

6/120 0.40 

5/120 0.20 0.038 0.041 

4/120 0.10 

9/120 0.65 0.401 0.471 

8/120 0.60 0.438 0.512 

7/120 0.58 0.401 0.467 

6/120 0.48 0.392 0.484 

5/120 0.36 0.468 0.587 

4/120 0.01 
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TABLE 4.25: o~ TAC w/w in gel measured by I.R. Analysis 

Sample Ref. Wg cl, TAC w/w in ref 
No. 1560 cm- 1peak 820cm- 1peak 

PE/1/9/60 0.22 0.532 0.631: 

8/60 0.21 0.514 0.611 

7/60 0.25 0.344 0.358 

5/60 0.13 0.365 0.431 

9/120 0.22 0.257 0.322 

2/9/60 0.22 0.796 0.901 

8/60 0.21 0.636 0.660 

7/60 0.21 0.579 0.594 

6/60 0.17 0.632 0.714 

5/60 0.1 0.366 0.416 

4/60 0.1 0.235 0.267 

9/120 0.31 0.646 0.781 

3/9/60 0.17 1.898 

8/60 0.17 1.592 

7/60 0.17 1.33 

5/60 0.11 1.09.5 

9/120 0.31 1.641 

4/9/60 0.13 3 • .51.5 

8/60 0.13 3.32 

7/60 · 0.15 3.70 

.5/60 0.08 1.304 

4/60 0.1 1.384 

9/120 0.43 2.256 

8/120 0.42 2.43 
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TABLE 4.26: ot, TAC w/w in gel measured by I.R. Analysis 

Sample Ref. Wg 0/, TAC w/w in Ref 
No. 1560 cm- 1peak 820 cm- 1peak 

PE/6/10/60 0.41 0.351 0.400 

9/60 0.35 0.32 0.42 

8/60 0.35 0.545 0.64 

7/60 0.14 

6/60 0.20 0.585 0.770 

5/60 0.08 0.354 0.42 

9/120 0.50 0.314 0.400 

8/120 0.42 0.311 0.390 

7/9/60 0.36 0.687 0.783 

8/60 0.30 0.940 0.96 

7/60 0.28 0.908 0.95 

6/60 0.17 0.763 0.86 

5/60 0.11 0.450 0.559 

9/120 0.43 0.518 0.648 

8/120 0.42 0.509 0.634 



4.5.7 Light Penetration through the polyethylene films 

To study the effect of light penetration through 

different thicknesses of catalysed films, two experiments 

were made. 

A. Measuring xanthone concentration in the polyethylene 

films. 

The xanthone concentration was followed throughout 

the U.V. curing of two sets, each of four catalysed 

polyethylene films left on top of each other i.e. each 

set is a film of four layers. 

The xanthone concentration was determined by using 

U.V. analysis and by considering the film thickness as 

the path length. The polyethylene films contained l~ TAC 

w/w. The xanthone concentration for the two sets are shown 

in table 4.27 and in table 2.28. 

The films were irradiated at ·60oC without using 

the radiation vessel described in the ' beginning of section 

4.5. The distance between the lamp and film was 30 cm. 

B. Measuring the MFI for cured films 

The melt flow index is used as a rough ,guide for 

crosslinking and rapid assessment for layers of five 

-polyethylene films, cured by light. The U.V. curing, 

which was carried out without the use of the radiation 

vessel, was continued for 25 minutes at 60°C. 
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TABLE 4 . 27 Xanthone concentration in the treated layers 

of po1yethy1ene film. 

Curing time of, w/w xanthone sheet 

minutes A B C D 

0 0.17 0.16 0.16 0.17 

5 0.15 0.16 0.16 0.17 

10 0.14 0.15 0.16 0.17 

15 0.13 0.14 0.155 0.16 

20 0.12 0.138 0.15 0.158 

25 0.116 0.13 0.143 0.152 

30 0.113 0.127 0.14 0.146 

35 0.113 0.126 0.137 0.143 

40 0.113 0.123 0.133 0.139 

45 0 . 113 0.118 0.131 0.137 

50 0.113 0.118 0.128 0.135 

The set containing of four layers thickness of 

sheet A (top layer) = 0.207 mm 

B = 0.215 mm 

C = 0.18 mm 

D = 0.16 mm 
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TABLE 4.28 Xanthone concentration in the treated layers 

of po1yethy1ene film. 

Curing time at, w/w xanthone sheet 

minutes A B C D 

0 0.045 0.054 0.054 0.057 

5 0.030 0.044 0.050 0.055 

10 0.019 0.031 0.046 0.048 

15 0.013 0.023 0.037 0.043 

20 0.0085 0.026 0.032 0.038 

25 0.0064 0.016 0.025 0.031 

30 0.0043 0.011 0.018 0.028 

35 0.0043 0.0078 0.014 0.024 

40 0.0077 0.012 0.019 

45 0.0062 0.0088 0.014 

50 0.0047 0.007 0.012 

55 0.012 

60 0.012 

The set containing of four layers thickness of 

sheet A (top layer) = 0.141 mm 

B = 0.21.5 mm 

C = 0.18mm 

D = 0.16 mm 



The melt flow index (MFI) of the polymer is the 

weight of the polymer extruded in ten minutes at specific 

temperature. The MFI was measured for each individual 

l~~er of the 25 minutes curing time. Fig.(6.3) shows 

the MFI effect versus the thickness of the film. 

The flow index of the starting material was 7.3 g/ 

lomin". The additives were O.2~ w/w xanthone. and lol, w/w 

TAC. 

The MFI measurement, was carried out according 

to ASTM D1238. The MFI machine is a simple barrel and 

piston rheometer where the pressure for extrusion E 

supplied by a weight acting vertically on the piston. 

The weight used was 2.61 kg. The test was carried out at 

190°C. 

4.5.8 Post Curing of Polyethylene films 

As found from previous sections, the gel content 

of around 5~l was the highest one achieved. To study 

whether or not a higher gel content could be obtained, 

185 . 

a few post U.V. irradiation was introduced to the films, 

after the primary curing of half an hour each. Before each 

cycle of post radiation, each film went through a 

treatment of 12 hours in TAC/xanthone/Toluene solution 

at 50°C, so that more of the additives will be introduced. 

They were then left in a vacuum oven for 12 hours to 

be dried from toluene and afterwards were irradiated by 

D.V. for half an hour. 
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The initial po1yethy1ene film contained 0.1% . 

w/w xanthone and 0.5~ w/w TAC. The toluene solution 

of additives contained O.lo~ w/v xanthone arid 0.5o~ w/v 

TAC. The following table shows the different films and 

the gel content obtained in each case. 

TABLE 4.29 Gel content of post treated Polyethy1ene films 

Sample Ref.No. 

PE/RO 

PE/R1 

PE/R2 

PE/R3 

PE/R4 

No. of treatment in No.of 
xanthone/TAC solution postcuring 

o 

1 

2 

3 

4 

o 

1 

2 

3 

4 

et, Gel 
content 

15.27 

25.85 

38.44 

41.23 

46.43 

The gel part of the above samples were analysed by 

elemental analysis, by taking specimens randomly from the 

same gel part of the individual samples. As far as the 

nitrogen content was concerned the results were not 

consistent as shown in the following table, 
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TABLE 4.30 Elemental Analysis for the gel part of cured 

polyethylene 

ot 
Sample Ref.No. Specimen Carbon Hydrogen Nitrogen 

PE/RO 1 85.05 14.35 0.98 

2 85.55 14.33 Nil 

PE/Rl 1 85.04 14,\23 0.78 

2 85.94 14.43 Nil 

PE/R2 1 85.01 14.28 Nil 

2 85.45 14.29 Nil 

PE/R3 1 85.02 14.03 1.64 

2 83.87 13.91 traces 

PE/R4 1 84.07 13.76 0.42 

2 84.38 13.89 0.47 

The elemental analysis showed the same inconsistency 

with the other gel samples. 

The crosslinking density 'q I and the molecular 

weight between the crosslinks M were determined for c 

these samples using the two different experimental data 

as in section 4.5.6.1, namely from the swelling measurements 

data and the gel content data. Table 4.31 shows the Mc 

and q for these samples. 



TABLE 4.31 M 
c 

Sample Ref No. 

PE/RO 

PE/RI 

PE/R2 

PE/R3 

PE/R4 

and q for the post treated po1yethy1ene fi1ms o 

M q 6 q M 
c c 

Calculated from swelling Calculated from 
6 

9081 x 104 2.845 x 10-4 1.18 2.99 x 10-4 9.37 x 104 

5 i 04 x 104' < 5.56 x 10-4 1.35 3.42 x 10-4 8 019 x 104 

3.64 x 104 7.69 x 10-4 1.62 4.11 x 10-4 6.81 x 104 

1.40 x 104 2.01 X 10-3 1.70 1.3 x 10-4 6.5 x 104 

1.45 x 104 1.93 x 10-3 1.87 4.73 x 10-4 5.92 x 104 

t-' 
0:> 
0:> 



4.5.9 The Effect of Cross1inking on the Tensile Strength 

Elongation and Environmental Stress Cracking 

Resistance [ESCR] 

Preliminary tensile strength and elongation tests 

were carried out for samples of 2 mm thick, the tensile 

properties remaining unchanged. 

The elongation was also slightly changed. No 

further tests were carried out since the primary results 

were not very encouraging. 

Nevertheless, the following table shows the typical 

results obtained for one specimen using a R10 cutter to 

cut the po1yethylene film. The tests were carried out 

at room temperature. 

TABLE 4.32 Me chanica1 ·Propertie s of U. V. Cured Film 

Sample Yield stress 
kg/cm2 

Blank polyethylene 76 

Catalysed polyethylene 79 

(0.25o!, w/w xanthone + 
1% w/w TAC) 

irradiated for one hour 
(30 minut~s each side) 

o!, elongation 

585 

500 

189. 



190 

The environmental stress cracking tests were 

carried out on po1yethy1ene samples which were catalysed 

with 0.2~ w/w xanthone and l~ w/w TAC and also irradiated 

for 15 and 30 minutes. 

The specimens used for the tests unnotched R10 

specimens or that of 12.5 mm ,.vide notche s by 2 mm deep 

using a razor blade. 

Different stresses were applied at room temperature 

to the samples in an isopropyl alcohol environment using 

blank po1yethylene specimen as controls. 

Fig.(6.23) shows that the resistance of the poly

ethylene film will be improved by U.V. curing. 

4.5.10 The Characterization of the Sol Part by GPC 

Charlesby (4,25,50) concluded many years ago that 

the radiolytic behaviour of po1yethy1ene and other polymers 

could be most easily explained by assuming that both main 

chain scission and crosslinking occur randomly along the 

polymer chains. Whichever one of them or both takes 

place depends on the chemical structure of the polymers, 

not on the type of irradiation used. 

In the case of po1yethy1ene, Char1esby concluded 

that the distinct possibility of radiolytic chain 

scission was negligible or zero. At sufficiently 

high cross1ink densities, provided that the chain 

scission probability is very low, the soluble fraction 



consists almost solely of material that has not been 

affected by crosslinking. 
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Using high temperature gel permeation chromatography 

(GPC) an investigation of the changes in molecular weight 

distribution in the soluble fraction of U.V. irradiation 

polyethylene was undertaken. Also the analysis of the 

soluble fraction ofY-irradiated polyethylene was carried 

out. Unfortunately, due to the non-availability of the 

RAPRA instrument only a limited number of samples were 

analysed at I.C.I. (Corporate Labs). 

GPC is a special type of liquid-solid solution 

chromatograph based on the permeation of solute molecules 

into a liquid gel particles. The separation of molecular 

species through the gel particles, occurs according to 

their size. 

Molecules whose size is too great to allow them 

to enter the gel pores, pass through the column solely 

by way of the interstitial volume. Smaller particles 

permeate the beads to a greater or lesser extent depending 

upon their · size and on the distribution of pore size 

available in gel particles. 

Therefore the largest molecules emerge from the 

column first followed by smaller molecules which must 

follow a more circui toUs pa th through the column. Details 

of GPC techniques are well covered by P.E. slade J.R.(50). 
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The actual machine used was manufactured by 

Applied Research laboratories Ltd. with the basic design 

and made operation,based on the work done by Hemming 

of the Corporate Laboratory (51)0 

The core of the instrument consisted of four columns 

packed with a porous glass medium known as 'Porosil'. 

The four 'porosil' columns had the following exclusion 

limi ts; 104 , 4 x 103, 103 and 8 < x 10 run. 

Orthodichlorobenzene (ODCE) was used as the solvent 

which was stabilised with 0.1% w/v Topano~ OC. The sol 

part of polyethylene to be characterised was dissolved 

in ODCE and left overnight before the analysis was 

carried out. The instrument was maintained at 135°C. 

The elution volume from the GPC was measured by a drop 

counter while the polymer concentration was measured 

by Grubb-Parsons Infrared spectrometer which monitored 

the 'CH' stretching frequency at 3.42 microns. 

Table (4.33) shows the ,weight average molecular 

-
weight 'M ' number average molecular weight 'M ' viscosity . w n 

average molecular weight 'M ' and the molecular weight v 

distribution for the sol part of some selected samples. 

[-<value considered to 0.20J. 
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TABLE 4.33 GPC Analysis for the Sol Part of Treated 

Po1yethy1ene Films 

Sample Ref.No. M M Mw/M M n w n v 

Po1yethy1ene 18100 110600 6.11 83000 standard 

PE/RO 14700 154800 10.53 96500 

PE/RI 12700 115100 9.10 73600 

PE/R2 11000 41000 3.73 32500 

PE/R3 9800 32300 3.29 26600 

PE/R4 7400 22400 3.00 19200 

PE/D20 10200 85700 8.36 58800 

PE/D40 8100 53500 6.63 37500 

PE/D60 7200 32900 4.58 24900 

PE/D1 OO 4600 12400 2.68 10500 

PE/D200 3800 11000 2.91 9100 

PE/H/D20 10400 61700 5.94 45900 

PE/M/D4 0 8700 48000 5.52 36300 

PE/M/D60 6900 26000 3.76 20900 

PE/M/D1 OO 4100 11400 2.78 9600 

PE/M/D200 4900 12000 2.45 9900 



4.5.11 The Cross1inking Effect on Glass Transition and 

Melting Temperature, Tg and Tm 

Using thermal analysis technique, namely, 

Differential scanning ca10rimetry (DSC), Tg and Tm 

were determined for untreated samples of po1yethylene 

together with a few selected highly cured (UoVo and 

irradiated) polyethylene samp1e~. Perkin-Elmer's DSC-2 

instrument was used in each individual run. The scan 

was from l40 ' K, using liquid nitrogen, up to 400 K. 

Each spe cimen was cool'ed again and scanned -for a 

second time. The scanning speed was 40 : K/minute. 

The analysis was carried out on a cured sheet, 

without separating the sol part from the gel part. 

The Tg value of (_103°C + 2) was observed in all cases 

without any significant changes. The same applied to the 

Tm value of (111°C + 3). 
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4.5012 The Crosslinking Effect on the Degree of Crystallini!r 

X-ray diffraction was used to determine the effect 

of crosslinking on the crystallinity of the polyethylene. 

The analysis was carried out at I.C.Io Corporate Labs 

using Phillips PW 1056 diffractometer. The analysis was 

carried out on standard polyethylenesheets together with 

some selected highly cured samples by U.V. and ~irradiation. 

The percentage crystallinity observed for all samples 

were almost the same, ranging from 40-43% without any 

significant changes. 
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CHAPTER 5. 

THE CHARACTERIZATION OF CROSSLINKED POLYETHYLENE BY 

RHEOLOGY STUDIES 

5.1 Theory 

Crosslinking often affects the mechanical, thermal 

and flow properties. In this crosslinking system, it seems 

that there are significant changes in the resulting 

rheology of the polyethylene. Therefore, an extensive 

study of the system, using rheological techniques, will be 

presented in this Chapter. 

Rheology is the science of deformation and flow. 

Polymers show a viscoelastic behaviour which may 

divided into two terms, namely elasticity and viscosity. 

The elastic properties are dealt with in 

accordance with Hooke's law, which is expressed in the 

following - relation. 

Stress ex Strain 

where stress is independent of the rate of strain. 

The viscous properties are dealt with in accordance 

-
with Newton's law, which is expressed in the following 

relation. 

Stress cr Rate of Strain 

where stress is independent of strain. 



The behaviour of solids approaches Hooke's law 

fo r infinitesimal strains, although deviations may occur 

when a finite strain is imposed in which case a more 

complicated relationship will occur between stress and 
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strain and it will be non-Hookean. Similarly, the behaviour 

of liquids approaches Newton's law for infinitesimal rates 

of strain. Some non-Newtonian flow will be exhibited 

when steady with finite strain rates. The deviation from 

the two laws depend on the individual materials. 

There will be possibilities of combinations of the two 

characteristics, e.g. liquid-like and sol~d like systems; 

such materials are known as viscoelastic. lanear viscoelastic 

behaviour is a function of time or frequency. 

The relations between stress and strain, as a function 

of time, are described by rheological equations of state. 

The viscoelastic properties of polymers are related 

to the nature and rates of the configurational rearrangements, 

e.g. branching, crosslinking,and they are also related to the 

molecular weight. The disposition and the interaction of the 

macromolecules in both their short range and their long 

range interrelations may be obtained from measuring the 

viscoelastic properties. 



There are different types of flow which polymeric 

systems exhibit; Newtonian flow; Pseudo plastic; 

Bingham body,with yield stress and dilatant. 

, .. 
:I 

• • , .. 
~ 

Flow rat. 

Fig.5.l Different type of flow 

Since changes in flow properties of crosslinked 

polyethylene has been described (1) as a function of 

melt viscosities and of melt flow index, it was 

thought to be a useful technique for characterization 

of the light cured polyethylene. Various moduli will 

be introduced for such a characterization,since they 

vary according to the nature of the polymer. Moduli 

such as stress relaxation modulus, storage modulus, 

the loss modulus, the dynamic viscosity, and the loss 

tangent could all be used for characte~ization and also 

comparison between light-cured polyethylene and the 

radiation cured polyethylene. This kind of comparison 

should be interesting since two different methods of 

crosslinking are involved. 
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A brief outline will now be given of these moduli 

which are to be studied. 

I 

The storage modulus G (w) is defined as the stress 

in phase with strain in sinusoidal shear deformation 

divided by the strain. It is a measure of the elastic 
, 

stored energy that is recovered per cycle. G (w) is 

measured by varying the radian frequency 'w'. For 
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viscoelastic liquids, G'(w) approaches zero with decreasing 

frequency. The stress relaxation modulus G(t) is 

defined as the stress/strain ratio at cons-tant deformation. 

G(t) is measured as a function of time. At short time 

G(t) appears to keep a limiting value due to its 

rigidity in the absence of backbone rearrangements. In 

the case of the crosslinked network, G(t) almost keeps 

a constant value at long time intervals, yhereas in the 

case of uncrosslinked polymers, G(t) falls rapidly and 

eventually vanishes. 

This may be explained in molecular terms due to 

the resumption of average random configurations by the 

macromolecule coils, which have been freed from the 

constraints originally imposed on them. The zone into 

which the G(t),value falls is called the terminal zone. 

Since G(t) and G'(w) are measures of stored 

elastic energy where 
1 

t = /w ' then 

When G(t) is changing 

very slowly. 



G'(w) values may be approximate mirror 

images of those for G(t) i.e. at long frequency, for 

uncrosslinked polymers, a sharp increase in G'(w) where 

no change is expected when characterizing crosslinked 

polymers at high frequency. 

II 

The loss modulus G . (w) is defined as the stress 

90° out of phase with the strain divided by strain. 

G"(w) measures the dissipated energy per cycle. Like 

G'(w), G"(w) will be measured as a function of the 

radian frequency. 

The complex quantity for the storage modulus and 

the loss modulus will be represented by lGr which is 

Dynamic viscosi ty I'll is defined as the ratio of 

stress in phase with rate of strain divided by the rate 

of strain. 

A frequency dependent viscosity is 
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The loss tangent, 'tan [)' is dimensionless andhas no 

physical magnitude but is a measure of the ratio of the 

energy lost to the energy stored in cyclic deformation 

i.e. 

tan [) = 
G' , 
~ 
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Usually tan [) is inversely proportional to the 

frequencies at low frequencies for uncross1inked polymers. 

It has been found that tan [) has different values in 

the transition zone for different types of polymers; 

e.g. for amorphous polymers whether cross1inked or not 

the tan [) is approximately one and ranges from 0.2 to 3, 

for glassy and crystalline polymers; tan [) is approximately 

0.1 and for lightly cross1inked polymers the tan [) has a 

very low value at low frequencies in the range of 0.01. 

The loss tangent reveals molecular motions, 

small changes in polymer structure such as the presence 

of entag1ement will modify the tan [) value. It can be 

often more conveniently measured than any other viscoe1astic 

function (1). 

5.2 Instrumentation 

As many industrial materials, e.g. polymers, 

cannot be classified as simply Newtonian, 

most conventional viscometers w'i11 not be of use since 

they are mostly designed for materials obeying the Newtonian 

law. To characterise non-Newtonian materials in a sat.isfactory 

way, an instrument with a different variable ~hou1d be 

used. The rheogortbmeter (Weissenberg) was developed as a 

-research instrument to measure the stress rate of shear 

dependencies at every point in the fluid under test on 

both tangential and normal planes. 

The basis of the Weissenberg Rheogoniometer is the 
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simple cone and plate viscometer (2). The lower plates of 

the instrument can be .. oscillated in a rotary direction 

over a range of frequencies. 

There is facility of measuring the vernial force 

so that the movements and forces within the specimen 

in all three dimensions 

of space are measured at each instant of time during 

the test. This allows the determination of elasticity 

and Vi5cosi~y over a very wide range. 

The instrument is equipped with a temperature control 

so that tests could be carried out at different temperatures. 

However in this work the temperature was constant at 

1600c for all the individual runs. The chambers used are 

arranged so that the specimen can be held in an atmosphere 

of 'inert - gas. 

The sample temperature ,was maintained at 1600c 

by two methods (a) a surrounding oven, and (b) a background 

heater. The background heater served two purposes, firstly 

as it operated by blowing hot nitrogen gas into the oven 

it provided an inert medium to minimise any possible 

degradation from occurring during the course of a 

measurement and secondly, the circulating effect maintained 

an even temperature throughout the oven. The response 

of the polymer to the applied oscillatory shear was measured 

by pressure transducers. Frictional losses were 

minimized by supporting the upper plate on an air bearing. 



205 

The output from the pressure transducers was fed into 

a data processing unit which not only calculated the 

shear modulus G 
I 

but also the elastic Gw and viscous 

" Gw components of the shear modulus. 

The measurements were usually taken from each sample 

at different speeds, on tre instrument equipped with a 

driving unit. Though about sixty different.speeds were 

available on the instrument, the measurements used only 

five of these. Both continuous and oscillatory measurements 

were used on each providing both the desired moduli, 

tan b and viscoelastic behaviour of the polymer melt. 

As described above, the Weissenberg Rheogonio.meter 

is basically a simple cone and plate viscometer, therefore 

the theoretical considerations of this instrument are 

mainly developed from the simple cone and plate 
, 

viscometer theory which has been dealt with in Weissenbergs 

papers (2). 

5.3 Experimental 

The specimens used for the rheo10gical analysis 

at l600c were cured sheets (without separating the gel 

from the sol part), in the form of small discs ' 25 mm in 

diameter and about 1 mm in thickness. To achieve such a 

thickness the cured sheets were folded. After allowing 

five minutes for temperature equilibration to occur, the 

G'(w) and G"(w) components were measured for each sample 

with a range of different frequencies, The first measure-



ment was repeated to check for any rheological change 

that may have occurred during the run. 

Similar runs were carried out in different ranges 

of temperature and frequencies for V.V. cured poly-

ethylene samples and Yirradiated samples. 
of 

A set/G~, G~' values were measured for similar 

sample in reference to the time by keeping the frequency 

constant and constant shear. 

Appendices A, B, C, D, E and F show ~, G~', /G/ and 

20 f 

tan 6 for the different runs of each individual specimen. 
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Appendix A Rheology Analysis for LP/l Batch Crosslinked 

6 00 at 0 C. and 120 C 

Sample No. LP/l/9/60 

w G' G' , /G/ \ ~ I Tan [) 

1.0 9.7 4.6 10.7 10.735 0.4742 

3.1 13.3 7.9 15.5 4.929 0.5986 

10.0 18.1 9.7 20.5 2.054 0.5359 

31.4 26.6 15.6 30.8 0.982 0.5868 

100.0 38.0 23.9 44.9 0.449 0.6289 

314.0 53.4 39.2 66.3 0.211 0.7337 

1 .0 9.3 4.4 10.3 10.288 0.4731 

Sample No. LP/1/8/60 

w G' G' , /G/ I Tl 1 Tan. [) 

100 9.0 6.8 11.'3 11.280 0.7556 

3.1 130 8 9.2 16.6 5.282 0.6667 

10.0 20.9 13.6 24.9 2.494 0.6507 

31.4 31.1 20.5 37.2 1.186 , 0.6592 

100.0 46.1 31.3 55.7 0.557 0.6790 

314.0 67.9 50.1 84.4 0.269 0 07378 

1.0 9.3 5.9 11.0 11 .. 014 0.6344 
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Sample No. LP/l/7/60 

w G' G' , /G/ 1 11 I Tan 0 

1.0 6.6 4.6 8.0 8.045 0.6970 

3.1 10.0 6.6 12.0 3.816 0.6600 

10.0 15.5 10.1 18.5 1.850 0.6516 

31.4 23.9 15.6 28.5 0.909 0.6527 

100.0 36.2 24.5 43.7 0.437 0.6768 

314.0 54.7 40.1 67.8 0.216 0.7331 

1.0 6.6 4.1 7.8 7.770 0.6212 

Sample No. LP/l/6/60 

w G' G' , /G/ 
\ 11 I Tan 0 

1.0 3.8 3.1 4.9 4.904 0.8158 

3.1 6.6 5.4 8.5 2.716 0.8182 

10.0 11.2 8.7 14~2 1.418 0.7768 

31.4 18.6 14.2 23.4 0.745 0.7634 

100.0 29.9 22.6 37.5 0.375 0.7559 

314.0 45.3 39.1 59.8 0.191 0.8631 

1.0 4.2 3.3 5.3 5.341 0.7857 
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Sample No. LP/1/5/60 

w G' G' , /G/ I 11 I Tan 0 

1.0 1.9 2.2 2.9 2.907 1.1579 

3.1 3.8 4.1 5.6 1.780 1.0789 

10.0 7.3 7.1 10.2 1.018 0.9726 

31.4 13.5 11.8 17.9 0.571 0.8741 

100.0 23.4 19.8 30.7 0.307 0.8462 

314.0 36.9 35.3 51.1 0.163 0.9566 

1.0 2.6 2.3 3.5 3.471 0.8846 

Sample No. LP/1/3/60 

w G' G r r /G/ ( 11 I Tan. 0 

1.0 1.5 2.4 2.8 2.830 1.6000 

3.1 3.5 4.8 5.9 1.892 1.3714 

10.0 9.9 10.7 14.6 1.458 1.0808 

31.4 15.1 15.1 21.4 0.680 1.0000 

100.0 27.3 25.5 37.4 0.374 0.9341 

314.0 44.8 44.1 62.9 0.200 -0.9844 

1.0 1.5 2.4 2.8 2.830 1.6000 
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Sample No. LP/l/9/120 

w Gr G r r /G/ \ TJ \ Tan 0 

1.0 6.8 5.3 8.6 8.621 0.7794 

3.1 10.7 7.6 13.1 4.180 0.7103 

10.0 17.0 11.3 20.4 2.041 0.6647 

31.4 25.8 17.1 31.0 0.986 0.6628 

100.0 38.8 26.9 47.2 0.472 0.6933 

314.0 55.8 45.3 71.9 0.229 0.8118 

1.0 7.3 4.8 8.7 8.737 0.6575 

Sample No. LP'; 1 /8/120 

w Gr Gr r /G/ °1 TJ I Tan 0 

1.0 5.2 4.1 6.6 6.622 0.7885 

3.1 8.4 6.3 10.5 3.344 0.7500 

10.0 13.5 9.6 16.6 1.657 0.7111 

31.4 21.2 14.8 25.9 0.823 0.6981 

100.0 32.5 22.9 39.8 0.398 0.7046 

314.0 48.2 38.3 61.6 0.196 0.7946 

1.0 5.3 3.8 6.5 6.522 0.7170 
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Sample No. LP/1/7/120 

W G' G' , /G/ l ~ , Tan. 0 

1.0 3.5 3.5 4.9 4.950 1.0000 

3.1 6.3 5.7 8.5 2.706 0.9048 

10.0 10.8 9.2 14.2 1.419 0.8519 

31.4 18.1 14.7 23.3 0.743 0.8122 

100.0 29.3 23.9 37.8 0.378 0.8157 

314.0 43.9 41.1 60.1 0.192 0.9362 

1.0 3.7 3.4 5.0 5.025 0.9189 

Sample No. LP/1/6/120 

w G' G' , /G/ t ~ I Tan El 

1.0 2.7 2.8 3.9 3.890 1.0370 

3.1 4.7 4.8 6.7 2.139 1.0213 

10.0 10.7 10.0 14.6 1.465 0.9346 

31.4 15.0 13.1 19.9 0.634 0.8733 

100.0 24.9 21.2 32.7 0.327 0.8514 

314.0 40.7 35.2 53.8 0.171 0.8649 

1.0 2.6 2.7 3.8 3.821 1.0769 
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Sample No. LP/1/5/120 

G' G' , /G/ I '1 I Tan 0 

1.0 1.7 2.4 2.9 2.941 1.4118 

3.1 3.6 4.5 5.8 1.835 1.2500 

10.0 7.3 7.9 10.8 1.076 1.0822 

31.4 13.7 13.3 19.1 0.6-08 0.9708 

100.0 24.5 21 0 0 32.3 0.323 0.8571 

314.0 40.5 37.0 54.9 0.175 0.9136 

1.0 1.7 2.4 2.9 2.941 1.4118 

Sample No. LP/1/4/120 

w G' G' , /G/ I '1 I Tan 0 

1.0 1.2 2.2 2.5 2.506 1.8333 

3.1 . 2.8 4.4 5.2 1.661 1.5714 

10.0 6.4 8.2 10.4 1.040 1.2812 · 

31.4 13.1 14.4 19.5 0.620 1.0992 

100.0 24.4 24.8 34.8 0.348 1.0164 

314.0 40.7 43.6 59.6 0.190 1.0713 

1.0 1.2 2.3 2.6 2.594 1.9167 
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Sample No. LP/1/3/120 

w G' G' , /G/ Tan 0 

1.0 0.8 1.5 1.7 1.700 1.8750 

3 . 1 2.0 2.9 3.5 1.122 1.4500 

10.0 4.5 5.5 7.1 0.711 1.2222 

31.4 8.8 10.0 13.3 0.424 . 1.1364 

100.0 16.3 17.2 23.7 0.237 1.0552 

314.0 28.4 29.8 41.2 0.131 1.0493 

1.0 0.8 1.5 1.7 1.700 1.8750 

Sample No. LP/1/2/120 

w G' G' , /G/ \ T) \ Tan.o 

1.0 0.6 1.3 1.4 1.432 2.1667 

3.1 1.6 2.7 3.1 1.000 1.6875 

10.0 6.0 7.4 9.5 0.953 1.2333 

31.4 8.1 9.3 12.3 0.393 1.1481 

100.0 15.4 16.2 22.4 0.224 1.0519 

314.0 2,6.5 27.9 38.5 0.123 1.0528 

1.0 0.6 1.3 1.4 1.432 2.1667 
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AppendixB Rheology Analysis for OLP/1 series Cross1inked 
0 

at 60°C and 120 C. 

Sample No. OLP/1/9/60 

w G' G" /G/ I '1 I Tan, 0 

1.0 2.1 2.5 3.3 3.265 1.1905 

3.1 3.8 4.3 5.7 1.828 . 1.1316 

10.0 7.5 7.6 10.7 1.068 1.0133 

31.4 13.2 12.2 18.0 0.572 0.9242 

100.0 22.8 20.0 30.3 . 0.303 0.8772 

3.14.0 36.9 35.6 51.3 0.163 0.9648 

1.0 2.0 2.4 3.1 3.124 1.2000 

Sample No. OLP/l/8/60 

w G' G1
' /G/ , '1 I Tan 0 

loO 1.8 2.9 3.4 ' 3.413 1.6111 

3.1 3.8 5.0 6.3 2.000 1.3158 

10.0 9.6 10.0 14.1 1.408 1.0729 

31.4 14.8 15.0 21.0 0.671 1.0135 

100.0 26.6 24.9 36.4 0.364 0.9361 

314.0 45.0 41.6 61.3 0.195 0.9244 

1.0 1.9 2.7 3.3 3.302 1.4211 
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Sample No. OLP/l/7/60 

w G' G' , /G/ Tan (; 

1.0 1.2 1.8 2.2 2.163 1.5000 

3.1 2.6 3.5 4.4 1.389 103462 

10.0 5.5 6.4 8.4 0.844 1.1636 

31.4 10.6 11.2 15.4 0.491 1.0566 

100.0 19.4 18.7 26.9 0.269 0.9639 

314.0 33.2 32.7 46 06 0.148 0.9849 

1.0 1.2 1.9 20 2 2.247 1.5833 

Sample No. OLP/l/6/60 

w G' G' , /G/ I ~ I Tan (; 

l.O 1.0 1.8 2.1 2.059 1.8000 

3.1 2.3 3.6 4.3 1.361 1.5652 

10.0 6.9 8.3 10.8 1.079 1.2029 

31.4 10.7 12.1 16.2 0.514 1.1308 

100.0 20.4 20.4 28.8 0.288 1.0000 

314.0 35.6 36.2 50.8 0.162 0.0169 

1.0 100 1.8 2.1 2.059 1.8000 
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AppendixC . . •.. . Rheology Ana1ysls for LP/2 Series Cross1inked ... 
at 60°C and 120°C. 

Sample No. LP/2/9/60 

w G' G' , /G/ \11 \ Tan [) 

1.0 10 • .5 2.9 . 10.9 10.893 0.2762 

3.1 14.4 8.3 16.6 .5.293 0 • .5764 

10.0 21.0 11 • .5 23.9 2.394 0 • .5476 

31.4 30.4 17.0 34.8 1.109 0 • .5.592 

100.0 44.0 26.1 .51.2 0 • .512 0 • .5932 

314.0 63 • .5 42 • .5 76.4 0.243 0.6693 

1.0 10.6 .5.1 11.8 11.763 0.4811 

Sample No. LP/2/8/60 

w G' G' , /G/ \ 11 I Tan [) 

1.0 6.9 4.3 8.1 8.130 0.6232 

3.1 10.0 6.1 11.7 3.730 0.6100 

. 10.0 14.9 9.2 17 • .5 1.7.51 0.6174 

31.4 22.3 14.3 26 . .5 0.844 0.6413 

100.0 33.7 22.4 40 • .5 0.40.5 0.6647 

314.0 49.7 37.8 62.4 0.199 0.7606 

1.0 6.7 3.9 7.8 7.7.52 0 . .5821 
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Sample No. LP/2/7/60 

w G' G' , /G/ I '1 I Tan. cS 

1.0 3.8 4.1 5.6 5.590 1.0789 

3.1 6.5 5.5 8.5 2.712 0.8462 

10.0 11.3 9.0 14.4 1.445 0.7965 

31.4 18.1 14.0 22.9 0.729 q.7735 

100.0 29.1 22.7 36.9 0.369 0.7801 

314.0 37.9 33.1 50.3 0.160 0.8734 

1.0 4.0 3.2 5.1 5.122 0.8000 

Sample No LP/2/6/60 

G' G' , /G/ I '11 Tan cS 

1.0 3.6 2.8 4.6 4.561 0.7778 

3.1 6.5 6.1 8~9 2.839 0.9385 

10.0 16.7 14.9 22.4 2.238 0.8922 

31.4 19.8 16.9 26.0 0.829 0.8535 

100.0 36.0 29.0 46.2 0.462 0.8056 

314.0 52.0 45.0 68.8 0.219 0.8654 

1.0 3.8 3.5 5.2 5.166 0.9211 
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Sample No. LP/2/5/60 

w G' G' , /G/ I ~ I Tan 0 

1.0 1.2 1.5 1.9 1.921 1.2500 

3.1 2.6 3.0 4.0 1.264 1.1538 

10.0 5.0 5.4 7.4 0.736 1.0800 

31.4 9.4 9.5 13.4 . 0.426 1.0106 

100.0 16.8 16.1 23.3 0.233 0.9583 

314.0 27.1 29.6 40.1 0.128 1.0923 

1.0 1.3 1.7 2.1 2.140 1.3077 

Sample No. LP/2/4/60 

w G' G' , /G/ I ~ I Tan · 0 

1.0 1.6 2.4 2.9 2.884 1.5000 

3.1 3.5 4.5 5.7 1.816 1.2857 

10.0 7.2 7.9 10.7 1.069 1.0972 

31.4 13.5 13.7 19.2 0.613 1.0148 

1·00.0 . 24.5 22.5 33.3 0.333 0.9184 

314.0 41.7 38.5 56.8 0.181 0.9233 

1.0 1.7 2.4 2.9 2.941 1.4118 
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Sample No. LP/2/9/120 

w G' G' , /G/ l ~ I Tan cS 

1.0 15.2 6.4 16.5 16.492 0.4211 

3.1 20.6 9.3 22.6 7.198 0.4515 

10.0 30.0 14.8 33.5 3.345 0.4933 

31.4 39.1 18.6 43.3 1.37.9 0.4757 

100.0 53.7 27.8 60.5 0.605 0.5177 

314.0 73.6 46.4 87.0 0.277 0.6304 

1.0 15.2 . 6.5 16.5 16.531 0.4276 

Sample No. LP/2/8/120 

w G' G' , /G/ I ~ I Tan cS 

1.0 8.1 4.4 9.2 9.218 0.5432 

3.1 . . 11.5 6.4 13.2 4.191 0.5565 

10.0 16.7 9.5 19.2 1.921 0.5689 

31.4 24.2 14.3 28.1 0.895 0.5909 

100.0 35.2 22.6 41.8 0.418 0.6420 

314.0 51.6 36.9 63.4 0.202 0.7151 

1.0 8.3 4.2 9.3 9.302 0.5060 

-
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Sample No. LP/2/7/120 

w G' G' , /G/ I ~ I Tan 0 

1.0 8.9 5 . 0 10.2 10.208 0.5618 

3.1 12.2 7.5 14.3 4.561 0.6148 

10.0 18.3 11.2 21.5 2.146 0.6120 . 

31.4 27.3 17.1 32.2 1.026 0.6264 
. 

100.0 40.4 26.5 48.3 0.483 0.6559 

314.0 58.7 44.0 73.4 0.234 0.7496 

1.0 8.6 4.9 9.9 9.898 0.5698 

Sample No. LP/2/6/120 

w G' G' , /G/ I~ I Tan 0 

1.0 5.5 4.2 6.9 6.920 0.7636 

3.1 8.7 5.9 10.5 3.348 0.6782 

10.0 13.7 9.2 16.5 ' 1.650 0.6715 

31.4 21.5 14.0 25.7 0.817 0.6512 

100.0 32.7 22.4 39.6 0.396 0.6850 

314.0 49.3 38.2 62.4 0.199 0.7748 

1.0 5.9 3.9 7.1 7.672 0.6610 
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Sample No. LP/2/4/120 

w G' G" /G/ r T) I TanS 

1.0 1.8 2.4 3.0 3.000 1.3333 

3.1 3.7 4.7 6.0 1.905 1.2703 

10.0 10.0 10.4 14.4 1.443 1.0400 

31.4 14.7 14.3 20.5 0.653 0.9728 . 
100.0 26.3 23.7 35.4 0.354 0.9011 

314.0 44.4 40.6 60.2 0.192 0.9144 

1.0 1.6 2.5 3.0 2.968 1.5625 

§.amp1e No. LP/2/3/120 

w G' G' , /G/ IT) 1 Tan,S 

1.0 1.4 2.2 2.6 2.608 1.5714 

3.1 3.3 4.4 5.5 1.752 1.3333 

10.0 7.1 8.1 10.8 1.077 1.1408 

31.4 13.9 14.1 19.8 0.631 1.0144 

100.0 25.0 23.8 34.5 0.345 0.9520 

311j.0 42.2 42.0 59.5 0.190 0.9953 

1.0 1.4 2.3 2.7 2.693 1.6429 
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Appendix 0 Rheological analysis of the crosslinked LP/6 Series 

Sample No. LP/6/9/60 

G' G' , /G/ Tan.o 

1.0 13.7 4.9 14.5 14.550 0.3577 

3.1 20.3 7.9 21.8 6.937 0.3892 

10.0 29.7 13.8 32.7 3.275 0.4646 

31.4 35.2 14.3 38.0 1.210 0.4062 

100.0 47.9 21.5 52.5 0.525 0.4489 

314.0 6409 34.8 73.6 0.235 0.5362 

1.0 15.8 5.5 16.7 16.730 0.3481 

Sample No. LP/6/8/60 

G' G' , /G/ Tan 0 

1.0 . 16.5 9.7 19.1 19.140 0.5879 

3.1 20.5 8.2 22.1 .7.032 0.4000 

10.0 27.3 10 08 29.4 2.936 0.3956 

31.4 35 00 17 00 38.9 10 239 0.4857 

100.0 50.1 24.7 55.9 0.559 0.4930 

314.0 67.9 42.4 80.1 00255 0.6244 

1.0 14.9 5.2 15.8 15.781 0.3490 
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Sample No. LP/6/7/60 

w G' G' , /G/ Tan 0 

1.0 8.6 6.8 11.0 10.964 0.7907 

3.1 12.6 7.4 14.6 4.654 0.5873 

10.0 18.6 11.3 21.8 2.176 0.6075 

31.4 27.3 16.9 32.1 1.023 0.6190 

100.0 40.6 26.2 48.3 0.483 0.6453 

314.0 60.3 43.2 74.2 0.236 0.7164 

1.0 8.6 4.8 9.8 9.849 0.5581 

Sample No. LP/6/6/60 

w G' G' , /G/ Tan 0 

1.0 6.0 6.0 8.5 8.485 1.0000 

3.1 9.0 6.6 11.2 3.554 0.7333 

10.0 14.6 10.2 17.8 1.781 0.6986 

31.4 23.0 15.8 27.9 0.889 0.6870 

100.0 35.6 24.9 43.4 0.434 0.6994 

314.0 52".6 42.9 67.9 0.216 0.8156 

. 1.0 6.1 4.1 7.3 7.350 0.6721 
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Sample No. LP/6/5/60 
" 

w G' G' , /G/ Tan 0 

1.0 2 08 4.1 5.0 4.965 1.4643 

3.1 6.9 7.6 10.3 3.269 101014 

10.0 13.2 12.7 18.3 1.832 0.9621 

31.4 23.9 20.7 ;31.6 1.007 . 0.8661 

100.0 40.3 33.6 52.5 0.525 0.8337 

314.0 64.9 56.5 86.0 0.274 0.8706 

1.0 3.5 4.2 5.5 5.467 1.2000 

Sample No. LP/6/4/60 

w G' G' , /G/ \ 1) \ Tan 0 

1.0 2.7 4.7 4.9 4.909 1.5185 

3.1 5.6 6.8 8.8 2,.805 1.2143 

10.0 11.3 11.7 16.3 1.627 1.0354 

31.4 21.0 19.5 28.7 0.913 0.9286 

100.0 36.4 32.0 48.5 0.485 0.8791 

314.0 60.3 53.0 80.3 0.256 0.8789 

1.0 2.7 3.6 4.5 4.500 1.3333 
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Sample No. LP/6/9/120 

W G' G' , /G/ ! 11 I TanS 

1.0 23.1 6.5 24.0 23.997 0.2814 

3.1 28.6 9.5 30.1 9.598 0.3322 

10.0 36.1 12.7 38.3 3.827 0.3518 

31.4 46.3 17.2 49.4 1.573 0.3715 . 
100.0 59.7 24.9 64.7 0.647 0.4171 

314.0 75.4 38.4 84.6 0.269 0.5093 

1.0 23.1 6.5 24.0 23.997 0.2814 

Sample No. LP/6/8/120 

G' G' , /G/ Tan S 

1.0 17.6 7.5 19.1 19.131 0.4261 

3.1 24.4 10.2 26.4 8.422- 0.4180 

10.0 32.6 13.9 35.4 3.544 0.4264 

31.4 43.8 19.1 47.8 1.522 0.4361 

100.0 58.7 28.5 65.3 0.653 0.4855 

314.0 79.3 44.4 90.9 0.289 0.5599 

1.0 19.1 7.0 20.3 20.342 0.3665 
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Sample No. LP/6/7/120 

G' G' , /G/ ll1 I Tan.O 

1.0 10.6 6.8 12.6 12.594 0.6415 

3.1 15.6 8.6 17.8 5.673 0.5513 

10.0 22.7 12.3 25.8 2.582 0.5419 

31.4 32.5 17.9 37.1 1.182 0.5508 

100.0 46.1 27.1 53.5 0.535 0.5879 

314.0 65.4 42.3 77.9 0.248 0.6468 

1.0 11.2 6.0 12.7 12.706 0.5357 

Sample No. LP/6/6/120 

iJJ G' G' , /G/ l ~ I Tan 0 

1.0 5.2 4.1 6.6 6.622 0.7885 

3.1 9.5 6.2 11.3 3.613 0.6526 

10.0 16.5 11.2 19.9 1.994 0.6788 

31.4 22.6 14.0 26.6 0.847 0.6195 

·100.0 33.9 21.9 40.4 0.404 0.6460 

314.0 49 0 0 38.3 62.2 0.198 0.7816 

1.0 6.4 4.1 7.6 7.601 0.6406 
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Appendix E Rheo1ogica1 analysis of' the cross1inked LP/7 series 

Sample No. LP/7/9/120 

w G' G" /G/ \ '1 } Tan 0 

1 2.5.8 8.2 27.1 27.1 0.318 

3.1 31.8 11.3 33.7 10.73 0.3.55 

10 41.2 14.8 43.8 43.8 0.359 

31.4 53.4 20.3 57.1 f.82 0.38 
. 

100':' 70.4 29.1 76.2 0.762 0.41 

314 80.3 41.6 90.4 0.298 0.52 

1.0 26.4 8.1 27.6 27.6 0.307 

.§.amp1e No. LP/7/.8/120 

w G' G' , /G/ l 1) \ 
Tan 0 

1 12.2 6 . .5 13.8 13.8 0.533 

3.1 17.6 9.1 19.8 6.31 0.517 

10.0 25.2 12.6 28.1 2.81 0.5 

31.4 3.5.6 18.1 39.9 1.27 0.508 

100.0 49.8 27.1 56.7 0.567 0.54 

314.1 69.3 43.1 81.6 0.26 0.62 
---
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Sample No. LP7/7/120 

w G' G'I /G/ l 11 \ Tan S 
.- -- -- ----- -

1 17.1 7.9 18.8 18.8 0.462 

3.1 - 23.1 11.1 25.6 8.15 0.481 

10.0 33.3 17.1 37.4 3.74 0.514 

31.4 44.1 21.5 49.0 1.56 0.488 

100.0 60.6 31.8 68.4 0.684 0.525 

314.1 82.3 52.7 97.7 0.31 0.64 . 
1 16.9 7.7 18.6 18.6 0.456 

Sample No. LP/7/6/120 

w G1 G11 /G/ l 11 I Tan · S 

1 12.4 6.1 13.8 13.8 0.49 

3.14 . 16.8 8.7 18.9 6.02 0.52 

10.0 25.9 14.6 29.7 2.97 0.56 

31.4 34.0 18.3 38.6 1.23 0.54 

100.0 47.8 28.2 55.5 0.555 0.59 

314 66.4 47.4 81.6 0.26 0.714 
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Sample No. LP/ 7/5 /120 

w G' G" /G/ l Tl \ Tan -o 

1 2.7 3.0 'l .0 '1 . • 0 1. 11 

3.14 5 . 1 5.4 7.4 2.36 1.06 

10.0 11.7 11.2 16.2 1.62 0.957 

31.4 17.2 15.1 22.9 0.73· 0.88 

100.0 29.2 25.0 38.4 0.384 0.86 

314 46.3 43.1 63.3 0.20 0.93 

1 2.6 2.9 3.9 3.9 1.12 

Sample No. LP/7/4/120 

w G' G' , /G/ 
\ Tl 1 Tan, 0 

1 3.9 4.2 5.7 5.7 1.08 

3.14 7.2 6.8 9.9 3.15 0.94 

- 1000 15.1 13.2 20.0 2.0 0 087 

31.4 22.4 1709 28.7 0.91 0.80 

100.0 36.6 28 . 5 46.4 0.464 0.78 

314 59.4 45.6 74.9 0.239 ' 0077 

1 3.9 3.9 5,5 5.5 1 
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Appendix F Rheo1ogica1 analysis of the Y -irradia tion po1y-
ethylene films 

Sample No. PE/M/D200 

w G' G" /G/ l '1( Tan. 5 

1.0 7.5 1.6 7.7 7.669 0.2133 

3.1 8.5 1.2 8.6 2.734 1.1412 

10.0 9.6 1.7 9.7 0.975 0.1771 

31.4 11.1 2.6 11.4 0.363 0.2342 

100.0 13.4 4.7 14.2 0.142 0.3507 

314.0 16.5 9.0 18.8 0.060 0.5455 

1.0 10.6 0.8 10.6 10.630 0.0755 

Sample No. PE/D200 

w G' G" /G/ I '1 I Tan 5 

1.0 2.0 1.6 2.6 2.561 0.8000 

3.1 4.9 1.3 5.1 1.614 0.2653 

10.0 6.2 107 6.4 0.643 0.2742 

31.4 7.9 2.7 8.3 0.266 0.3418 

100.0 10.2 4.4 11.1 0.111 0.4314 

314.0 13.0 8.8 15.7 0.050 0.6769 

1.0 7.2 0.9 7.3 7.256 0.1250 
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Sample No. PE/M/D100 

w G' G' , /G/ I Tl \ Tan 0 

1.0 25.8 1.1 25.8 25.823 0.0426 

3.1 27.0 1.5 27.0 8.612 0.0556 

10.0 27.8 1.4 27.8 2.784 0.0504 

31.4 28.6 2.3 28.7 0.914 0.0804 

100.0 29.9 3.9 30.2 0.302 0.1304 

314.0 30.3 6.6 31.0 0.099 0.2178 

1.0 27.6 1.3 27.6 27.631 0.0471 

Sample No. PE/D100 

w G' G' , /G/ I Tl I Tan 0 

1.0 20.8 0.6 20.8 20.809 0.0288 

3 .• 1 20.5 1.0 20.5 6.536 0.0488 

10.0 21.4 1.4 21.4 2.145 0.0654 

31.4 22.7 2.4 22.8 0.727 0.1057 

100.0 24.7 4.1 25.0 0.250 0.1660 

314.0 32.9 16.5 36.8 0.117 0.5015 . 

1.0 21.4 0.7 21.4 21.411 0.0327 
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Sample No. PE/M/n60 

w G' G' , /G/ \ ~ \ Tan. 0 

1.0 3.4 1.8 3.8 3.847 0.5294 

3.1 4.6 2.8 5.4 1.715 0.6087 

10.0 6.7 4.2 7.9 0.791 0.6269 

31.4 10.0 6.4 11.9 0.378 0.6400 

100.0 14.9 10.1 18.0 0.180 0.6779 

314.0 22.0 16.6 27.6 0.088 0.7545 

1.0 3.6 1.8 4.0 4.025 0.5000 

1.0 4.3 1.9 It.7 4.701 0.4419 

§.ample No. PE/n60 

w G' G' , /G/ \ ~ I Tan 0 

1 . 0 6.2 1.9 6.5 6.485 0.3065 

3.1 7.6 3.8 8.5 2.706 0.5000 

10.0 9.7 4.4 10.7 1.065 0.4536 

31.4 13.1 6.4 14 . 6 0.464 0.4885 

100.0 18.0 8.0 19.7 0.197 0.4444 

314 . 0 25 .,0 18.0 30.8 0.098 0.7200 

1.0 6.6 2.2 7.0 6.957 0.3333 
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Sample No. PE/M/n40 

w G' G' , /G/ \ ~ I Tan 5 

1.0 3.8 2.8 4.7 4.720 0.7368 

3.1 4.9 3.1 5.8 1.847 0.6327 

10.0 7.5 4.9 9.0 0.896 0.6533 

31.4 10.7 7.6 13.1 0.418 0.7103 

100.0 16.3 12.2 20.4 0.204 0.7485 

314.0 23.9 22.2 32.6 0.104 0.9289 

1.0 3.8 2.0 4.3 4.294 0.5263 

Sample No. PE/n40 

w G' G' , /G/ \ ~ \ Tan 5 

1.0 3.9 2.6 4.7 4.687 0.6667 

3.1 6.6 3.9 7.7 2.441 0.5909 

10.0 9.8 5.9 11.4 1.144 0.6020 

31.4 14.9 9.3 17.6 0.559 0.6242 

100.0 21.8 14.5 26.2 0.262 0.6651 

314.0 33.2 24.6 41.3 0.132 0.7410 

1.0 6 . 3 3.0 7.0 6.978 0.4762 

1.0 6.4 3.3 7.2 7.201 0.5156 
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Sample No. PE/M/n20 

G' G' , /G/ \ ~ \ Tan 0 

1.0 70 2 3.2 7.9 7.879 0.4444 

3.1 7.8 4.8 9.2 2.917 0.6154 

10.0 11.4 7.0 13.4 1.338 0.6140 

31.4 16.9 10.7 20 00 0.637 0.6331 

100.0 25 00 16.7 30.1 0.301 . 0.6680 

314.0 65.1 55.1 85.3 0.272 0.8464 

1.0 5.5 2.9 6.2 6.218 0.5273 

Sample No. PE/n20 

w G' G' , /G/ \ ~ \ Tan 0 

1.0 6.3 1.2 6.4 6.413 0.1905 

3.1 8.4 5.3 9.9 3.163 0.6310 

10.0 15.5 10.9 18.9 .1.895 0.7032 

31.4 17.0 11.5 20.5 0.654 0.6765 

100.0 26.1 18.0 31.7 0.317 0.6897 

314.0 37.7 3007 48.6 0.155 0.8143 

1.0 5.3 3.0 6.1 6.090 0.5660 

1.0 5.3 2.9 6.0 6.042 0.5472 
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Sample No. PE/H/D12 

w G' G' , /G/ \ ~ l Tan. 5 

1.0 3.6 3.0 4.7 4.686 0.8333 

3 01 6.1 4.6 7.6 2.433 0.7541 

10 00 9.0 6.0 10.8 1.082 0.6667 

31.4 15.0 10.0 18.0 0.574 0.6667 

100.0 22.0 17.0 27.8 0.278 0 07727 

314.0 34.0 28.0 44.0 0 0140 0.8235 

1.0 3.8 2.7 4.7 4.662 0.7105 

Sample No. PE/D12 

w G' G' , /G/ I~ I Tan 5 

1.0 3 . 1 2.9 4.2 4.245 0.9355 

3.1 6.1 If.3 7~5 2.377 0.7049 

10.0 9.2 6.5 11.3 1.126 0.7065 

31.4 14.2 9 08 17.3 0.549 0.6901 

100.0 21.7 15.6 26.7 0.267 0.7189 

314.0 32.1 26.1 41.4 0.132 0.8131 

1.0 3.6 2.5 4.4 4 0383 0.6944 



23 6 . 

Sample No. PE/M/n6 

w G' G' , /G/ \ ~ \ Tan 0 

1.0 1.7 2.1 2.7 2.702 1.2353 

,3.1 3.2 3.6 4.8 1.534 1.12.50 

10.0 6.2 6.2 8.8 0.877 1.0000 

31.4 11.0 10.5 150 2 0.484 0.9545 

1DO.0 19.0 17.3 2507 0.257 0.9105 

314.0 32.0 29.3 43.4 0.138 0.9156 

1.0 1 06 1.9 2.5 2.484 . 1.1875 

Sample No. PE/n6 

w G' G' , /G/ t ~ \ Tan 0 

1.0 3.1 2.8 4.2 4.177 0.9032 

3.1 4.8 4.5 6.6 2.095 0.9375 

10.0 8.4 7.3 11.1 . 1.113 0.8690 

31.4 14.2 11.9 18.5 · 0.590 0.8380 

100.0 23.1 19.3 30.1 0.301 0.8355 

314.0 35.8 32.9 48.6 0.155 0.9190 

1.0 2.7 2.5 3.7 3.6800 0 09259 
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Sample No. PE/M/n4 

w G' G' , /G/ ·1 ~ r Tan 0 

1.0 1.9 2.6 3.2 3.220 1.3684 

3.1 3.7 2.6 4.5 1.440 0.7027 

10.0 10.1 10.2 14.4 1.435 1.0099 

31.4 13.1 12.5 18.1 0.577 0.9542 

100.0 2G.6 20.7 30.6 0.306 0.9159 

314.0 37.5 35.7 51.8 0.165 0.9520 

1.0 1.7 2.2 2.8 2.780 1.2941 

Sample No. PE/n4 

w G' G" /G/ I Tl I Tan. 0 

1.0 1.6 2.4 2.9 2.884 1.5000 

3.1 3.4 4.6 5 .• 7 1.822 1.3529 

10.0 7.2 8.4 11.1 1.106 1.1667 

31.4 13.8 14.4 19.9 0.635 1.0435 

100.0 25.1 24.1 34.8 0.348 0.9602 

314.0 42.9 40.9 59.3 0.189 0.9534 

1.0 . 1.6 2.4 2.9 2.884 1.5000 
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Sample No. PE/M/Dl 

w G1 G I I /G/ I ~ I Tan.S 

1.0 1.0 ... 2 2.2 2 . .5 2 . .5 06 1.8333 

301 2.8 4.4 .5.2 1.661 1 • .5714 

10.0 6.4 8.2 10.4 1.040 1.2812 

31.4 13.1 14.6 19.6 0.62.5 1.114.5 

100.0 24.2 24.9 34.7 0 0347 1.0289 

314.0 31.7 30.3 43.9 0.140 0.9.5.58 

1.0 1.1 2.2 2 • .5 2.460 2.0000 

Sample No. PE/Dl 

w G1 G11 /G/ t ~ I TanS 

1.0 0.7 1.3 1 . .5 1.476 1.8.571 

3.1 1.6 2.6 3.1 0.972 1.62.50 

10.0 3.9 .5.2 6 . .5 0.6.50 1.3333 

31.4 7.7 9.2 12.0 0.382 1.1948 

100.0 14.6 16.1 21.7 0.,217 1.1027 

314.0 24.4 29.8 38 • .5 0.123 1.2213 

1.0 0.6 1.3 1.4 1.432 2.1667 
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

6.1 Discussion based on the results obtained from the 

polyethylene networks 

240 

The results obtained from the previous two chapters 

can be classified into three categories:- Gel charac-

terization, Sol characterization and the polyethylene 

network as a whole. 

Two points should be mentioned here, before dis

cussing the characterization results obtained from the UV 

irradiated polyethylene. The first point is the the cross

linking process, with which this thesis deals, was carried 

out in the solid state i.e. polyethylene films. This 

means that reactants such as the TAC and Xanthone, which 

are incorporated in the matrix, will not be very mobile, 

but will have to diffuse from site to site.' However, it 

is possible that such foreign materials in a solid matrix 

are more free to move when the polyethylene is in the 

molten state. 

In the case where the reactants are required to 

diffuse, the rate at which the reaction proceeds may be 

governed by the rate at which the reactants approach 

one another, and also to the collisions of their inter-

mediates with surrounding molecules. 

It should be noted that when UV radiation is used, 

the depth of penetration into the film must be considered. 

The rate of xanthone decomposition will depend mainly on 

the light intensity. 



The following scheme can be envisaged for the ir-

radiation of the polyethylene film. 

1--7 

/ 
/ 

/ 

< 

I 
I /--------

dx 

Fig. 6-1 

-,I+dl 

where dx in the film thickness and dI will be numerically 

negative. 

The effect of light penetration through different 

thicknesses is-- demonstrated in section 4.5.7 and is shown 

in Fig. 6.2. This shows the effect of film thickness on 

the decomposition of xanthone. Light penetrates layer by 

layer, decomposing xanthone at each stage. 

This phenomenon and its effect on the crosslinking 

process is clearly shown in Fig. 6.3. The melt flow 

Index (MFI) values will normally be very low for a cross-

linked polymer. As seen in Fig. 6.3 the top l~yer will 

have a very low MFI value of around 0.001 whereas the 

bottom layers have hardly been affected by the process. 

This lack of light penetration throughout the film 

is mainly due to the low energy of light and also to the 

xanthone which absorbs most of the light in the top layer 

due to its high~tinction coefficient. 
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This phenomenon is known in the photoinitiation 

process as the skin effect. 

Since the irradiation is carried out in ·the solid 

state, the light intensity will decrease due. to scattering 

from the different morphological siteSin the matrix i.e. 

crystalline and amorphous phases (Fig. 6.4). 

Fig. 6-4 

1 i near 
The crystalline zone consists of/fcH21 chain units. 

The other zone is the disordered amorphous phase, where 

{CH21 
units/are in a non-ordered 'conformation and where the chain 

branching is present. The third -region is located at the 

diffuseboundnary between the ordered and the disordered 

zones. The region is not regular in structure. When 

incorporating additives to such a polymer, they will reside 

mainly, if not, solely in the amorphous region since it is 

:Ln a non-ordered state. So in our system where initiation 

is expected to originate where the xanthone is located, one 

~ould postulate that most of the reaction and crosslinking 

~ould only take place in the amorphous region. 
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6.1.1 Gel and Sol characterization results 

From the gel content results shown in tables 'J..2-

'J..12, it is quite clear that the maximum gel content was 

up but not exceeding 60%. Where the TAC initial con-

centration exceeds 1%, the gel content will drop. Where 

the xanthone concentration is increased from the 0.1% w/w 

to 0.25% w/w, the gel content increases. It was also noted 

that, whenever oxygen is present,the gel content decreases 

and when the irradiation temperature increases,the gel 

content also increases. 
In 

It should be noted that increases/the irradiation 

time (i.e. greater than 30 minutes), produced no significant 

change in gel content. 

For TAC containing systems, 5-10% gel formation 

will occur after approximately four minutes. When TAC was 

not present, the gel content for polyethylene did not 

exceed 10% which indicates that the TAC monomer plays a 

major part in this type of crosslinking. The slight 

increase in the gel content, when the process was carried 

out at 120
0

C, is due to the fact that most of the crystalline 

region will be destroyed at that temperature and the 

additives will have a chance to diffuse into the molten 

crystallites. 

Figs. 6.5-6.7 show the IR spectra of the extracted 

gel for some selected UV irradiated samples. The gel 

obtained from crosslinking with TAC in the presence of the 

photoinitiators showed clearly the three distinct peaks of 

the polymerized TAC. 6 -1 The peaks were at 15 0 cm , -1 cm 

and 820 cm- 1 . These three peaks were obviously not noticed 
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when TAC was not incorporated e.g. in the gel from sample 

PE/X/8/60. Although the IR quantitative analysis for 

this system will not be very accurate, it was still carried 

out and the analysis was based on the two peaks at 1560 cm- 1 

and 820 cm- 1 

Figs. (6.8-6.11) compare the gel fraction and gel poly 

TAC content versus the irradiation time. It was clear from 

these figures that the poly TAC content in the gel increases 

with the initial TAC concentration in the polyethylene. 

Although the poly TAC content in the gel did not reach the 

original TAC concentration, the maximum content observed was 

around 3.5% w/w. It was also noted from Figs. (6.12, 6.13) 

that the gel fraction will be reduced, when the initial TAC 

concentration goes over 1% w/w. This clearly means that the 

TAC present in the polyethylene will polymerize and form a 

polY' TAC network, which in turn, will be terminated at one 

stage between polyethylene molecules. The polyethylene 

network will then form. 

Using the Flory-Huggins equation, to determine the Mc 

from the swelling measurements is far from ideal since no 

account was taken for the structural imperfections (as men

tioned in ~.3.3). These would probably be present in our 

systems. However, the Mc values obtained from the swelling 

measurements and the gel fraction measurements (tables 4.1h

~.21) were within the same range. 

The Mc values were of the order 50,000 ~ 20,000. 

Since this is almost half of the original polyethylene 

molecular weight, it is evident that only a small per

centage of the carbon atoms in the polyethyle~e molecules 

actually take part in the crosslinking process. For a 

low radiation time, e.g. 15 minutes, the Mc values are 

around 120,000, which is in the same order as the molecular 

weight of the original polyethylene. Therefore, the 

percentage of carbon atoms taking part in the crosslinking 

process is very small. This again indicates that poly TAC 

formed will be the major factor for formation of the 

polyethylene network. It is very important to note that 

there is a considerable difference between UV and Y-irradiated 

polyethylene. In the latter process the Mc values 

were of the order 6000-7000, indications that a higher 



percentage of the carbon atoms in polyethylene were 

involved in the crosslinking process. 

Figs.6.14-6.16 show the log crosslinking density 

to the gel fraction relationship. It shows that,when a 

higher concentration of crosslink agent is used, the 

crosslink density is greater,when the gel content is 

lowered. 

This could be compared in Fig. 6.17 where it is 

shown that in the case of the V-irradiated polyethylene, 

a higher gel content is needed to achieve high cross-

linking density. 

This fact is very clearly shown in the GPC analysis 

of the sol part in table 4.33. The molecular weight 

distribution (Mw/Mu) of "3" was determined for a DV ir-

radiated network containing around 50% gel. Whereas 

aY-irradiated polyethylene, the molecular weight dis

tribution (Mw/Mu) was 2,45 for a network containing 

around 60% gel. Figure 6.18 shows how the higher end of 

the molecular weight will disappear with DV irradiation. 

At 50% gel content, the sol part will contain a high 

molecular weight fraction of Mw about 2 x 105 • In figures 

6.19 and 6.20, it is shown that the high molecular weight 

fraction disappeared with the V-irradiated sample. At 

60% gel content, the sol part contains only a high 

molecular weight fraction of Mw about 1 x 105 • 

For comparison, the polyethylene was subjected to 

60Co V-irradiation with and without the TAC. Generally 

24:=: 

speaking, the gel fraction was about the same in both cases, 
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at medium doses of radiation. The polyethylene and TAC 

produced a slightly higher content of gel as shown in 

Figure 6.21. Cross and Lyons(2) analysed polyethylene/TAC 

crosslinking and found that the TAC inhibits gel formation 

at low doses. At higher doses, the gel formation is con

siderably increased. Cross and Lyons also reached the 

conclusion that, at TAC concentrations of 0.5-5.0 % each 

additive molecule crosslinks between 2.5 and 3 polymer 

molecules, whereas they indicated that allyl ~olymerization 

is not significant. In our studies IR analysis of the 

gel content of the UV irradiated system and Y-irradiated 

system showed that in the latter case, polymer crosslinked 

did not show any poly TAC in the gel as shown in Figure 

6.22. In the UV irradiated polymer, the poly TAC content 

is very clearly present in the gel (Figures 6.5-6.7) . This 

indicates that in the Y-irradiation crosslinking, TAC will 

not be incorporated in the gel formation as poly TAC. 

However, at low doses of Y-irradiation, namely < 10 Mrad, 

poly TAC was noticed in the gel part of the polyethylene 

network, 't"hUs confirming the results of Cross and Lyons. 

The results obtained from the post-curing experi

ment, which involved the incorporation of additives by 

means of swelling after different times of UV irradiation, 

proves that the' gel content will reach a maximum of 45%-

50%. The polyethylene employed in this work contains 

55-60% of amorphous material. The gel content corresponds 

to essentially 90% gelation of the amorphous regions and 

the crosslinking of the crystalline regions does not occur. 

This is consistent with the earlier statement, that most 
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of the additives will reside in the amorphous region. 

Even when further amounts of additives are introduced by 

means of swelling, they were expected to be absorbed only 

in the amorphous regions of the polyethylene, as was sug

gested by Richards3 and McCall. 4 

From the elemental analysis obtained for the gel 

samples, the nitrogen present in the network, which is an 

indication of poly TAC present, is scattered throughout 

the system. It means that the poly TAC is randomly 

incorporated in the network. This agrees with the obser-

vations noted when the gel samples were obtained using 

different UV irradiation times. For times less than 10 

minutes, it was sometimes observed that the film showed 

areas of non-uniformity. However, with times greater 

than 10 minutes the thin sheet appeared completely 

homogeneous. 

The molecular weights between crosslinks i.e., 

Mc, in the gel part of the post-cured irradiated poly

ethylene are shown in table 4.31. This indicates that 

for 25~ gel there were small per~ent~ges of carbon atoms 

of the polymer involved in the crosslinking. On the 

otherhand there was a decrease in the number average 

molecular weight. Mn, for the sol part and an increase 

in the weight average molecular weight Mw as shown in 

table 4.33. This means that even at the total one hour 

irradiation, the gel content was 38~ but there were few 

polymer molecules linked together which did not form a 

network i.e., were still soluble. However, after the one 

hour curing time, the samples started to show a reduction 



in both the Mn and Mw, forming a narrower molecular weight 

distribution together with a reduction in the Mc values as 

shown in tables 4.33 and 4.31 respectively. 

This means that, in the first instance crosslinking 

mainly involves TAC and a small percentage of carbon atoms 

from the polyethylene. At further stages more of the 

polyethylene's carbon atoms are involved in the network 

formation. 

This agrees with the results obtained ~rom the TAC 

content in the gel (tables 4.22-4.26) where in most cases 

the TAC, incorporated in the gel after the first five 

minutes of irradiation, will be > 50% of its original 

concentration. This only applies where the starting con-

centration of TAC is less than 1%. 

This observation was similarly noticed by Odian 

and Bernstein5,when they were irradiating polyethylene 

248 

in the presence of certain poly functional monomers by 

60 gamma radiation from Co and electrons from a Van der Graaf 

acceleratOfr ; ~ . • 

It was generally noticed that when the initial TAC 

concentration in the polyethylene film exceeds the 1% w/w, 

the TAC was found to migrate to the surface of the poly-

ethylene film, if a long enough period was allowed to 

elapse between pressing and irradiating the film. This is 

an indication that the system is not compatible, which 

will eventually lead to a two phase system even after 

forming the network. 



6.12 Polyethylene network characterization results 

As seen from section 4.5.9, the tensile strength 

and elongation tests did not show any significant dif-

ferences between the untreated low density polyethylene 

and the one hour cured sheet. 
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From the x-ray diffraction and DSC analysis, it 

was noticed that there were no changes in the degree of 

crystallinity and Tm values respectively. These results 

indicate that the physical structure of the polyethylene 

after the UV irradiation was not affected. It was 

reported by Charlesby and coworkers6 Rejan7 and Collins and 

CUlkins,8 that in most cases of Y-irradiated polymers, 

the mechanical properties are only significantly altered by 

high radiation doses. In the case of polyethylene the 

tensile strength was altered significantly above 100 mrad 

dose "whereas the elongation was signifcantly altered 

above a 50 Mrad dose. At these doses the crystallinity 

was also affected. However in the UV system, although a 

moderate gel content was achieved, the degree of crystal

linity was not affected and it was not sufficient to alter 

the mechanical properties. 

The mechanical properties were also affected by 

other factors, 9 such as molecular weight (Mu)?f the 

polymer. Comparing Mu values of the sol part for the 

untreated polyethylene and the PE/I sample which was cured 

for one hour, it was observed that the Mn values did not 

have a significantly large reduction which obviously 

indicates that the molecular weight has little direct 

effect on the yield stresses. Nevertheless, the molecular 
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weight changes will have a more definite effect on the 

other mechanical properties such as fatigue and environ-

t 1 t k "'O men a s ress clac 1ng. The Tg which was obtained 

from the DSC analysis, did not show any significant dif-

ference. 

Factors which normally influence the glass tran-

sition temperature are the main chain structure of the 

amorphous zone and the side groups present in the zone. 

If there is any change in the main chain structure, this 

will produce changes in the molecular flexibility which 

in turn shows the effect in the Tg values. The nature 

of the side groups will influence the free volume in the 

zone. Free volume" is defined as an overall population 

of holes due to local density changes on a molecular 

scale. In general chemical crosslinking raises the 

temperature of the glass transition. 9 For a very highly 

crosslinked material, there is no glass transition. This 

behaviour can be interpretated on the basis of changes in 

free volume, as chemical crosslinking brings adjacent 

chains closer together, reduces the free volume and hence 

raises the Tg. 

It seems in our systems that the main chain structure 

has not been effected to the extent where it w~ll affect 

the glass transition. The poly TAC involved in the chemical 

network is so small in size, the free volume has hardly be-en 

affected. 

The environmental stress cracking (ESC) did show 

an improvement using the light cured treatment as shown 
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in Fig. 6.23. The ESC is defined as a delayed brittle 

failure of the polymer under stress in the presence of an 

active environment. The active environments that cause 

failure in polyethylene are polar liquids or waxes. 

Although much is now known about the factors affecting 

stress cracking, the actual cause is still little 

12 13 understood.' Factors affecting stress cracking can 

be divided into three areas:- stress, environment and 

polymer characteristics. 

As far as the polymer characteristics are con-

cerned, three variables are important, molecular weight, 

melt index and crystallinity. The latter which usually 

increases the cracking will not be considered here as it 

was already found that there was no change in crystal-

linity on the polyethylene treated sheet. However, the 

melt . index, which is usually related to the molecular weight 

of the polymer, will affect the ESC in a way that a low 

melt index means a higher viscosity. This is exactly con-

sistent with our system, where the MFI values are usually 

very low for the irradiated polyethylene. However, the 

low MFI values will be due to an increase in the molecular 

weight and a narrowing of the molecular weight distribution. 

Swelling of polymers introduces an additional 

stress into the' polymer due to interaction with the solvent 

molecules. Brawn14 has proposed that this additional stress 

is reduced by crosslinking and hence will result in an 

improvement in the ESC characteristics. However, in our 

light cured system, it was found that the amorphous and the 

crystalline zones were little affected by the presence of 
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the microstructure of poly TAC. Therefore, it will be 

correct to say that the improvement in the ESC is due to 

the resistance of swelling in the amorphous phase. 

6.1.3 Flow properties of the polyethylene network 

The rheological studies carried out on the poly-

ethylene sheets indicated an increase in visco elastic 

be~our. In general,polymer melts have high viscosities 

due to restrictions in molecular motion as a result of 

chain entanglements. This situation also exists {n the 

case of polymer networks. Furthermore, high elasticity 

depends on the length of the polymer chains. This results 

in a decrease in elasticity of network polymer since the 

chains are shortened due to crosslinks. 

In general, the storage modulus, loss modulus and 

loss tangent for a polymer behave as shown in Fig. 6.24. 9 
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At low frequencies, the polymer exhibits rubber

like characteristics since it has time to respond to the 

applied deformation. At high frequencies, the system 

becomes rigid (i.e. glassy) since molecular motion is too 

slow to follow the perturbation. 

However, at intermediate frequencies we may have a 

mixture of two processes i.e. rubber like and glassy 

behaviour. This region is therefore, known as the 

viscoleastic zone. 

The position of the transition zone with reference 

to the frequency scale varies among polymers. It was 

reported by Ferry'5 that moderate crosslinking effects the 

transition zone only to a minor degree. 

The viscosity study in chapter 5 was carried out 

at intermediate frequencies. However, the studies did not 

cover the whole frequency region. For the purpose of 

studying the effect of crosslinking on the system, it was 

sufficient to study only part of that region. 

As seen from the data in chapter 5, it seems that 

the crosslinking process did change the' viscoelastic 

properties of the polymer. In a UV crosslinked network, 

the storage and loss moduli will change in the transition 

Zone (at intermediate frequencies). This is due to the 

short range conf~gurational changes which will obviously 

increase with crosslinking. 

Fig. 6.25, shows how the complex modulus and 

Viscosity will increase with the degree of crosslinking. 

The other data for the different crosslinked films are 

shown in the Appendices of chapter 5, which clearly shows the 
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changes in the rheological parameters. 

Fig. 6.26, shows the changes of the loss tangent 

(Tan 0 ) with a range of frequencies for selected cross-

linked films and untreated polyethylene films. Most of 

the crosslinked films show the behaviour of a UV cross

linked polymer as demonstrated by Ferry.15 

In general, polymers containing both crystalline and 

amorphous regions, whether crosslinked or not, have a 

value of tan 0 = 1 as reported by Ferry.1 5 

Fig. 6.27-6.29 show the complex modulus and 

viscosity will change by altering the temperature. As seen 

from these figures, the effect on the treated film is less 

severe compared to the effect on the untre ated film. 

The thermal stability is better demonstrated in 

Fig. 6.30 where the complex modulus and viscosity at 

constant frequency were plotted against temperature. Again 

it is clearly shown that with increasing temperature, the 

UV treaUrl film maintains its flow properties reasonably 

well in comparison to the untr eated film. 

It was interesting to note the effect of ageing 

on the properties of UV and Y-irradiated systems. As shown 

in Fig. 6 .• 31 the viscosity of the UV treated film is 

constant with respect to time. However, the ,Y -irradiated 

material shows a slight increase in viscosity with time. 

The changes in viscosity in the Y-irradiated system is 

due to the presence of trapped free radicals which at 1600 c 

cause further crosslinking~ 
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6.2 Conclusions 

The incorporation of triallyl cyanurate (TAC) into UV 

treated polyethylene films causes only slight changes in some 

physical and mechanical properties (Tg and Tm), but signifi-

cant changes in others such as viscous flow and environmental 

stress cracking. These latter appeared to be the result of a 

modification of the polymer molecular weight which occurred 

by the UV irradiation. The effect on these properties seems 

to reach a maximum at around 1% w/w incorporation of TAC even 

though higher levels were shown by infra-red analysis to con

tain an increased poly (TAC) level. Because of .the skin effect 

it is best in practice, to work at xanthone levels below 0.5 w/w. 

If the xanthone photoinitiation mechanism is established 

and the conclusions obtained from chapter 2 and 3 are applied 

to the low density polyethylene, then the crosslinking process 

taking place is reasonably clear. 

In the case of the loaded polymer, with xanthone only, 

the photoinitiator will be activated by light, abstracting the 

hydrogen from the polyethylene backbone. At this stage the 

Polymer will have a few free radical centers which will also 

migrate' to a certain extent along the polymer molecules. These 

free radical centers will eventually be terminated by combin

ation with another polymer molecules or within the same molecule 

to form a polymer network. However, su?h a process will give a 

low gel content as shown from the data obtained. 

The picture will then be different if the TAC is present 

in the polymer together with the photoinitiator. The free 

radical centers will form within the polyethylene molecules 

due to hydrogen abstraction, and will again migrate throughout 

the polymer molecules. 

These free, radical centers, will diffuse and collide 

~ith the TAC molecules present within the polymer matrix. 

Their collisions will cause the initiation of the TAC mono mer 

by one of the means suggested in chapter 2 and 3 i.e. hydrogen 

transfer, hydrogen abstraction, or by chain addition reactions. 

In any of these cases, the TAC will polymerize and will 
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eventually form a crosslinked poly TAC within the polymer 

matrix. This will occur by chain addition pol~nerization 

which involves propagation as well as termination steps. The 

crosslinked poly TAC formed will be dispersed within the 

polyethylene matrix. This picture is similar to the formation 

of the insoluble dispersion, which occurred in the model poly 

TAC/octane system. The polymerization of TAC will create, in 

addition to a network, a high functionality (active chain ends) 

polymer which will terminate at one stage by either colliding 

with another activated TAC molecule or by coliiding with a 

polyethylene molecule. By this procedure, the polyethylene 

will be crosslinked in different centers according to the 

presence of TAC within the matrix. 

From the data obtained in chapter 'h', it appears that 

this crosslinking process will mainly take place within the 

first ten minutes of the UV exposure to the loaded film. In 

this period the probability of collision between activated 

polymer molecules and the TAC molecule will be high. However, 

the higher concentration of TAC will cause a slight reduction 

in the gel content. This observation is consistent with a 

process whereby poly TAC terminates with its own species 

rather than with polyethylene molecule. Also with the higher 

TAC concentration, the possibility of chain transfer and 

forming the degradative allyl radical will be higher. This 

meqns a smaller short chain network with a possibility that 

more than one will link within the same polyethylene molecule. 

In general, the poly TAC network domain will be 

small. The network will indeed form due to the high 

functionality of the TAC resulting in low conversion. The 

possibility of chain transfer reactions and the formation of 

degradative radicals will limit the size of the network. 
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There was an attempt to see the gel part by electron 

microscopy, with the film stained with Osmium tetraoxide. 

Unfortunately, circumstances prevented the carrying of such 

an analysis, which would no doubt have been very useful 

especially if separate domain of poly TAC could be seen. 

This would then have verified our assumption of such a 

domain in the polyethylene matrix. 

As was noticed from the incompatability of the TAC 

in the polyethylene film, one could only assume that the 

polymer of such an incompatible additive, if formed within 

the polyethylene matrix would be a separate phase i.e., 

dispersed within the polymer. 

The mechanism of the c.rosslinking process could be 

summarised, as follows in terms of the chemical equations:-
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6. 11 

The final picture of the process could be represented 

by the following drawing. 

* S 0 

S ': 

TAC ': 

Poly 
TAG 0: 

polyethylene chain 

Xanthone activated state 

Xanthydrolfree radical 

Free radical in one of the allyl groups in the TAC 

TAG growing polymer chain with the possibility of 

three dimension polymer due to the high functionality. 

As could be seen from the above scheme, the more TAG 

present in the system, the more poly TAC microphase is 

sprea~ within the polyethylene matrix. The overall gel 

content will be the same, since the same polyethylene 

molecules will be linked with the growing poly TAC network. 

It should also be mentioned that the polyethylene 

molecules which are more likely t .o link to such a system 

will be the branched part of the polymer rather than the 

linear part i.e. the part which is present within the 

amorphous region. This statement is verified by the GPC 

analysis where the higher MW fraction of polyethylene 

disappears from the Sol part of the network. 

For further work in this system, it would be worthwhile 

to investigate the morphology of the system in more detail 

and to analyse it by electron microscope. It could then be 



used to verify the presence of such a separate domain in 

the network. 
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Fig. 6-2B 
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Fig. 6- 5 
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Fig. 6- 6 IR spectrum of' the gel part of polyethylene + TAC + Xanthone film, 
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Fig . 6-10 Gel content and TAC % w/w in gel, in relation 
to the UV radiation time 
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Fig. 6_12 Gel fraction after a 30 minute UV radiation 
in relation to the initial TAC % w/w con-
centration in the polyethylene sheets 
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Fig. 6-13 Gel fraction after a 30 minute UV radiation 
in relation to the initial TAC % w/w concen
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Fig. 6_14 The relationship between the crosslinking 
dens ity and the gel fraction of the UV 
irradiated polyethylene sheets 
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Fig. 6 _15 The relationship between the crosslinking 
density and the gel fraction of the UV 
irradiated polyethylene sheets 
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Fig. 6_16 T ' , -;- J:.t ~, i onship b t" t-ke en the crosslinking 
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Fig. 6_17 The relationship between the crosslinking 
density and the gel fraction of the UV 
and Y irradiated polyethylene sheets 
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Fig. 6_18, 

Ge~ permea~ion chroma~ography ana~ysis of ~he pos~-~rea~ed 
pO~yf! thy~ ene t'i ~ms '. 
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Fig. 6_19 Gel permeation chromatography analysis of the Y-irradiated 
PQlyethylene films 

• PE / M/0200 

0 PE / M/0100 

£. PE I M '060 

Do PE/ M I 040 

• PE/ M I 020 

0 Untreeted PE 

t / 

10 

Molecular weight 

1; 



Gel pe~neation chromatography analysis of the Y-irra~iated 
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Fig. 6_2 f 
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IH spectra of the gel part of the Y-irradiated 
polyethylene films 
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Fig. 6,..23 Th~ environmental stress cracking [ESC] 
uv treated polyethylene films 
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Fig. 6_28 The rhe ological oehaviou r of trpated pol yethyl e n e sheets 
(LP / 6 / 9 / 6 0 ) at diffe rent temperatu res 
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Fig. 6-29 
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, . '.::, :. c al beha \' :. IY,; :~ of treated and 
,_: ,; :', u ":: e d polye t ;;: ::'e n e at frequency 
-., := ~ ; . i / t rad/sec 

N le __ . 
z 2 

N le 
• z 
c::" 

A I GI LP/6/9/60 

0 I GI untreated PE 

• I ~ 1 L p/6/9/eo 

1 I ~ I Untreated PE • 

3 ' • 
80 120 160 200 240 

t e m per.ture Gc 



o. 

Fig. 

• 
• 

N 
'E • Z 

r=-

1 1 

The dyn.amic viscosity! '1 I of treated . 
and un trea ted polye thylene' films at 
continuous shear ('angular velocity 
'W = 1 rad/sec) and at teniperature = J60

o
C .. . _ . ... 

L Pj6jS /60 

. PE/ D 200 

... 

.--- • 

10~ ________ ~~ __________________ ~ ________________ _ 

1 10 


