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ii.
Abstract

Crosslinking of low density polyethylene'by ultra-
violet light was carried out. The polyethylene was incor-
pPorated with high functionality monomer (crosslinking
agent) and photoinitiator. Saturated and unsaturated
" hydrocarbon model systems were used in the project, in
order that a bétter 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 polyethylene 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,@) were followed.

Although the study of the photolysis of synthetic high
pPolymers 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 polymeré. 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 (h), Oster found that the

efficiency of the ultraviolet curing is as good as the



2,
€nergetic 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 various 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
g€enerate 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
éoncerned started with ICI 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 compound at the processing temperature of low
density polyethylene, Triallyl cyanurate was chosen as a
pPolymerisable additive because of the high functionality

due to the presence of three allyl groups.

Xanthone

A

H HH

| | ] N
H-c=c—c—o-f/ I—
I
H
~
O H H
P
H-C —C=C-H

I
H

Tri-all yl Cyanurate (TAC)

H
!
(o

c-I

o- =C-H

I-0-X

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 understanding of the fundamentals of euch a
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 compounds under
irradiation should in principle lead to a better under-

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 wa;
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 (CHz),. Branching
and unsaturation does exist in the chemical structure.

The extent of branching is strongly dependent upon the
Polymerization cqnditions. 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 densi 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.

The 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 Cqp 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.

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 weight products (C1—05), intermediate hydro-
carbons (017—031), hydrogen and branched Dotria-contanes
C32'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 3 R'-C-R'!

b) Carbon-carbon bond rupture

RH 3 R4C++ RpC:

Where R'-G-R'' is a free radical containing the same
number of carbon atoms as the original hydrocarbon RH
while Rq1Cs and RpCr will have a smaller number of carbon

atoms,

Hydrogen and condensation products may rise by the

following steps

H' + RH > Hy + RC
RC: + R4C- > RRy
RC* + RyC 3 RRj
RC' + RC* 3> 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 RyCe and

RyCe with hydrogen radicals.

R1C'+ H > R1H

R,C++ H > RyH

or from hydrogen abstraction



RqC-+ RH 3 R1H + R3C°

R20'+ RH > R2H + RhC'

or else from disproportionation reactions

Ry - CHp - CHy + Rp > Ry - CH = CHp + RoH

This analysis will be used in the following chapters,
since the photolysis products from hydrocarbon, photo-
initiator and crosslinking agent, will be compared to
similar samples which were irradiated.twp%o 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 quantized and each set can be represented
by expressions involving integers, e.g. the electronic,

Vibrational and rotational quantum number, Fig, 1.1



represents the energy levels and transitions in a diatomic
molecule, Electronic absorption covers the region 75002-
11002, i.e. it falls in between the red end of the wvisible
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 molecﬁles ABC. The primary photochemical
Processes are classified in table 1.2.

1.28:1 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

énergy 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) + hv, > ABC (sq ) (1)
Photophysical Processes:?

ABC(S1V’ )_% ABC - (s1v ) —AM3ABC (S ¢)

vibrational and rotational relaxation (2)
F—3ABC(So) + h% Fluorescence (3)
v
ABC(Sb ) Non-radiative internal conversion
/j” (IC) to higher vibrationally
ABC(S1)\5 excited ground state (&)
\4
ABC(T1 ) Non-radiative intersystem
crossing (ISC) to vibrationally
excited triplet state (5)
D (s)
——>ABC(So) + D(S4) Singlet electronic
energy transfer (6)
v
ABC (Ty4) __S&L, ABC(T4) (7)

> ABC(So) + hVy  phosphoresence: radiative
intersystem crossing (8)

v
ABC(Tq)—ws ABC(So ) Non-radiative intersystem.

crossing (9)
,M ABC(So) + D(T,) Tripletelectronic
energy transfer (10)
hv'

+\9 ABC(T, ) Triplet-triplet absorption (11)

So,S1,Sz = Singlet electronic states

T1, Té Triplet electronic states

Superscriptv = Excess vibrational energy.



TABLE 1,2: Primary Photochemical Processes as reported

by Calvent and Pitts (20)

>AB + C- Dissociation into radicals (1)

—>E + F Intramolecular decomposition (2)
into molecules

> ACB Intramolecular rearrangemént (3)

SABC (S4)0 or
LS ABC (T1)————9 ABC (So) Thotol sonerdzatlan (4)

RH
3 (ABCH) + R Hydrogen atom abstraction (5)

ABC
ABC (s )" 3 (ABC); Photodimerization

ABg?T1) (Photoaddition) (6)

D
3 ABC + products Photosensitized reaction (7)

+ -
S>ABC + e Photoionization reaction (8)
. D - -
| 2 5 apct o (=), pm o (4) (External)
electron transfer (9)

[5AB* 4+ ¢~ internal electron transfer (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 Sq{ or Tq 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' + Ce

II) Hydrogen abstraction by the photoexcited molecule
ABC* from monomer, solvent so as to produce two

radicals,

ABCY% RH S ABCH + R¢

11,
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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* 4+ ABC”
or M «+ ABC+
1.2.2

The Nature and Reactivity of Excited States of

Aromatic Carbonvl 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.

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 6+or a n+.

Singlet-singlet transition involving the promotion of a
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non-bonding 2p electron of the oxygen atom to the
carbonyl group's antibonding orbital is known as the
1 ey ﬂ+ transition. The other two transitions which
may occur are n—————9n+ and n ——> o,

Molecules with n,n+ first excited states generally
differ significantly from those whose lowest states are
T, nt [20]. In particular the natural life-time and
the degree of localization of excitation are greater and
the S1 —> T4 energy gaps are less than fpf n,n+
states.

For most molecules, the energies of the wvarious

bonding and anti-bonding orbitals increase in the

order:; -
c T n +* +*
e << < " <L °©
. N N
o
m A
n T
n
o
> L 4 *
o——0 mT—Tr n—-—1m n—-—o

Usually n ——> 17 transitions are lower in enérgy
than the corresponding 1 —> n+ transitions but the
Positions may differ when the molecule has a high degree
of conjugation in which case the m-orbital has a higher

energy than the n-orbital.
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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
T 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 [ —3 nt
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 — > 17 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.
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/T —— ~f=
/

@)

8@4— o 4 4 e

=

\4+ “IH‘ -

So $4 Ty
First ex- First ex-
groundstate cited singlet cited triplet

The efficiency of intersystem crossing (i.e. S, —> T¢)
in the n —> 17 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 | —2 n+ excitation of the carbonyl
group, 4

Benzophenone derivatives are aromatic carbonyl -
compounds which generally give lowest energy n —> n+
tfansitions with complete conversion Sy —> T4, 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 = O 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 té give such
behaviour include fluorenone, xanthone, phenyl benzophenone

and o, P-naphthyl compounds. As seen below, the triplet

’

excited states of benzophenone and 2-aceto-napthane are

different in character.

Sz ( o ) | sz(n'"-)

Tnr)  sfon)

s L 3
1(“"" ) TZ(n,‘lT.)
Sim) ("'".) T (n.n')
so sO
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.



17,

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
species in the photoreduction of benzophenone by alcohols
was in his terms, the 'biradical' now identified as the
benzophenone triplét.

hv Cs Hs\

(CéHs)g =0 > C=20
C¢Hs”

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:-

hv
(CGH5)2 C = (0] ; [(C6H5)2C

ojS, n—>.517"

v

[ (C¢Hs )L C +

OJT, n—> 1

the general expression for the photo activated

SpeCies (C6H5)2C = O*

(CHs ), C = 0% + Me,CHOH ——> (C4Hs )y ~C-OH + Me, C-OH
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Megé-OH + (CEH5)2C = 0 —> MepC = 0 + (06H5)26-0H

206H5(5-0H —> (CgHs)p - (|3 - ? = (C6H5)2

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.

1.3.2 Photoinitiation by Xanthone

Xanthone was found to have similar properties to

benozphenone, when photoinitiated by ultraviolet light
but was less efficient 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 N1N-dimethyl aniline to give
Xanthopinacol (26).

Zanker and Ehrhandt in their work (25), found that
by irradiating Xanthéne in polar solvent and non-polar
Solvent the photoreduction product will be different.
In the case of the polar ethanol, its molecule interacts
Preferentially with Xanthone. The interaction is specific
to the polar cafbonyl 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 (A7). This phenomenOllwas apparently the cause

for two main different mechanisms established for the
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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,
4 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; -

(o] hy o
Q) —

reduction by

H2 abstraction| rH

o,
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Reaction Path (1)

(.;‘
o

N HO’
dimerization ,OH

' o

9,9'—dihydroxydixanthone

Reaction Path (2)

o o
+ R' —_—ﬁ ”
i HO” 'R

Reaction path (2) seems to be favoured in the case of
Polar solvent as a strong€ 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 foﬁnd that
the dixanthene in the presence of oxygen, will oxidize
to xanthone. It was also found that the dixanthene

was stable photochemically in the absence of oxygen.

1.4 Polymerization of Allyl Compounds

Some chemistry, mainly of Triallylcyanurate and
allyl acetate will:-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.

(1) 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
bresence of monomer to form a growing chain of monomer,
The decomposition of a free radical initiator can be

represented thus

heat/or hv .
Kd ¥ =R

Initiator

The radical R.Will react with the monomer as follows:-

. Ki . J .
R + CH, = CXY —> R - CH; - CXY growing

chain of monomer,
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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 ih three ways.

a) Photolysis of some monomers results in the

formation of an excited state (M)* b; the

absorption of light quanta.
M4+ v —— ()"

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 similar free radicals
generated on the thermai dissociation, such as
benzoyl radicals.

c) Photosensitizers e.g. in the case of benzophenone
and xanthone which were used in this work. In
generai, 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 + CHy = CXY ———> RCH-CXY-CHp-CXY

after n steps
Kp

R—[CHZ-CXY]HCHZCiY + CHp=CXY —> R[ CH2CXY CH,-CXY

]n+l

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[cHyoxy] cH, oXY + R'H ——> R[CH,-CXY] CH,CHXY + R

2

Here R'H represents any chain transfer agent and R
is the radical derived from it.

iv) Termination

This is the termination process of the growing.
Polymer radical by its combination with another growing
Tadical. Termination may also occur by disproportionation

of the growing polymer radical,
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K
o tc
2R[CH2-CXY]nCH2-CXY _ R[CHQ-CXY]nCHchY-CXY-CHz-

[CXY-CH; ] R ... Combination

K
2R[CH2-cxx]n-CHzciY L R[CH, -CXY] -CH = CXY +

R[ CH, -CXY]-CH, CHXY. . Disproportionation

where Kd is the rate constant for the catalyst

dissocia%ion.
Ki is the rate constant for the initiation.
Kp is the rate constant for propagation,

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 ﬁonradical 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, whereas 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, areindependent of the size of the radical.

t
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, kp remains the same for a
chain of any length.

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,.

i.e. d[R] alm]
.and = O
dt dt
: d[RrJ]
then 2 k,[1] - x [R][M] = — = 0
d[ MJ

n
(@]

k,[R] [M] - 2 kt[M'z = —
dt

25.
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where [RJ concentration of free radicals generated
[Ma concentration of monomer free radical.
With the use of these assumptions the kinetic
scheme for free radical polymerization will be

as follows:-

Initiation
Rate
kd
a) I———> 2R Ry = 2ky[TI]
ki ’

b) R+ M —>M R, = kq[RI[M]
Propagation

M4 M ———> M, 3 [M)[M]

[ ] [ ]
Mn + M —3 Mn+l

Termination

2
. . [
M+ M ——> Polymer Zkt[Mn]

where [Rﬂ represents a radical derived from the initiator

M monomer molecule

M growing polymer radical of n monomer units

5 °

M radical derived from the monomer

H e

ghgin Transfer

MDo+ X, —>MX + Ak [M] [xa]

where XA may be monomer,initiator, solvent or other

Substance, and X is the atom or species transferred.
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The rate of polymerization Rp is equal to the rate of
monomer removed in the propagation step and is given

by

R = —aM] kp[Mﬂs[M]

P dt -
[Mﬂs is the steady state radical concentration

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

i.e,

ki 0. 5
R =k —_—
o=k )

0.5
[M][T]

if only a certain fraction of initiator fragments
can successfully react with the monomer then the equation

becomes: -

K. 0.5 0.5
R =k _(——) [M][I]
1Y £

p

In experimental studies, the monomer concentration
1S measured as a function of time for various starting
Concentrations of monomer and initiator and at various

temperatures.

The polymerization rate could be followed
€Xperimentally by measuring the changes in any of the
few properties of the system such as density, refractive

index viscosity or light absorption.
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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

& 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
Nno 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 altgred
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,




29.

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

R, = 28I =2 gE1  [1]

where E represents the molar absorptivity (extinction
coefficient) of the photosensitizer where Io is the

light intensity incident ON the photosensitizer,

I« = BI_ [I] which represents the intensity of
absorbed light in moles (called einsteins in photochemistry)

of light quanta per litre second.

The rate of polymerization may be expressed as

ﬂEIo[I] 0.5

RP = kp[M] (_—i'c';_'—)

and may be expressed by the general equation of R

depending on the particular case.
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There may be a dependence of R, on [M] in the
photosensitized polymerization at low monomer concentrations
or low quantum yields. This would lead to different
dependence of Rp on [M] than the usually free radical

polymerization case.

According to Beer's law, I = Io e-E[N[]b‘Io and I
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 reactioh vessel
containing the solution. This will lead to the phenomenoOn
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
causes non-uniform photopolymerization or photo crosslinking.
The skin effect will be very obvious in our system as it

will be shown in the following chapters.

1.4,1 Ppolymerization 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 allylic C-H (the CH bond alpha to the double
bond) in the monomer is quite weak resulting in facile

chain transfer to monomer (36).
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| |
—wi— CHy = Co + CH,= CH-CY
AN

—M&-CHZ—C H

CHoLY

where Y = O—-CR

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) CH, = CH-CD, OCOCH,, 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 reactions would there-
fore be decreased in the d€Uterated 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 acetatq 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

g8reat., With several evacuations and flushings with nitrogen,
the rate of polymerization was increased 10% over that

observed under air.

It was found by Bartlett and Altschul that the
decomposition of benzoyl peroxide in allyl acetate is
nearly unimolecular at 80°C over a tenfold range of
initial concdntration. The ratio of the remaining
monomer to the remaining peroxide (dNydP) was fairly

constant throughout.

The degradative chain transfer reaction is
€énerally known to give a large decrease in both R_ and

Xn which is the number average degree of polymerization,

The termination reaction in allyl-acetate polymer-

ization may be represented as follows:



0
’ "
R + CHp = CH CHy0CCHj >
i
RH + CHp = CH-C-0-C-CH,

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
wWas slow and gave low molecular weights but the copoly-
merization occurred with remarkable speed (33). Low
molecular weight copolymers of 1-Octene with 10% allyl
acetate (M.W. 350-750) was the only reported copolymer
formed with hydrocarbon (31).

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
Tetard 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).

33.
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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 macroradicals 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.

CH,ZCH=-CH,_ -0

- \/Nwro-CHz-CH:CHz

~ N
|

O-CH,-CHZ-CH,

Triallyl Cyanurate (TAC)

cuz-CH:cn2

o ]

7
CH,ZCH-CH, \( CHy;-CHZ=CH,
o

Triallyl Isocyanurate (TAIC)



Clampitt (37) has used a combination of differential
thermal analysis and infra-red analysis to study the
POlymefization of TAC. It was found that the total
Polymerization of the two allyl groups was followed by

lsomerisation as shown below.

H ]
I
o-C-c-C TAVAVAVAV N VoV
T L
H H H
H H H N
' H H H
T ~ T T
H-c=C-C-0” Nn""Y0-c -C-c VW
| | l
H H % H
f
—x

Poly (TAC)
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Poly (TAIC)

Gillham and his workers (38) found that thermal
initiated polymerization of TAC will take two steps.
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 TA1C., i.,e. the Polymerization

Oof TAC will produce a polymer of the isomers as shown

below,
TALC — > Poly TALC
TAC —> Talc —Be2Y 5 po1y(TALC)
TAC B > PolyTac —288% 5 po1y(TAlC)

The large extents of reaction observed during

Polymerization of TAC and TAlC are attributed to the
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formation of intramolecular rings. The higher conversions
Obtained with TAC are attributed to the extra length and
flexibility of its allyl group.

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 obser%ed, an
initial release of 39 kCal/mole corresponding to the
reaction of two allyl groups and a later exotherm
believed to represent 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 crosslinking occurring,
during the homopolymerization will tena to cause cracking
and lack of uniformity through polymer cast sheets.
Solution homopolymerization was used to partially prepare
2 prepolymer which can be used in conventional wet-léy

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 29, Benzoyl peroxide and by heating (40).
The resulting polymer sheet was a clear, ligﬁt yellow
and hard. The polymerization of TAC could be promoted
by Nickel, manganese and mercury. Polymers ranging in
Properties from viscous o0ils to rubbery solids were
obtained and reviewed by Kropa in the American Cyanaimde

Patent (41),

6000_ Y

Radiation polymerization of TAC using
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 54 B.P,,

was irradiated for 17 hours at 1 foot from mercury lamp (43).

The copolymerization of TAC and its isomers with
€:8. methylmethacrylate, styrene and vinyl acetate (4%4)

has attracted more interest than homopolymerization,

TAC is readily compatible and copolymerizes with

highly unsaturated polyester (alkyd type)(45), Xropa in
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his American Cyannide patent copolymerized TAC with
bPolyester along with glass fibre. Kropa copolymerized
5% and 95% styrene containing 2.5% benzoyl peroxide by
heating for 48 hours at 100°c. An example was also
given of copolymerization of an unsaturated viscous
liquid ester polymer obtained from a mixture of equal
bparts of TAC and Methyl Methacrylate.

On initiation with peroxides, heating or with
higher energy radiation it was found that the.polyfunctional
allyl monomer TAC was effective in small concentrations
@S a crosslinking agent for preformed polymers. Such
& compatible crosslinking 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 (QS). Hewson
added TAC to cellulose acetate sorbate and cast films,
which were cured for 6 minutes at 160°C. Pinner (12)
Teported 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 120°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

g80es down to 2,5% or less,
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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. Estiéates 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
a@s far as enhancement of crosslinking processes and
improvements of certain pProperties are concerned. Apart
from the studies already reported no other fundamentél
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,

h1.
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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 xanthqn% made to
throw light on the analogous process occurﬁng:nl
Polyethylene. Model saturated and unsaturated hydrocarbons
containing primary, secondary and tertiary carbon atoms

were studied.

The liquid products from both photoinitiation and
6000 Y-irradiation 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

a@nalysis to which it could be usefully subjected.

2.2 Experimental
2.2,1 Materials
Hydrocarbons: The hydrocarbons used in this wo}k
were ! -
i) saturated hydrocarbons

Octane s.L, (supplied by Fison) (B,P. 125-127°C)
was firstly distilled and then used in the photo-

induced reactions,
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3-ethyl pentane and tetracosane (CZM) (supplied

by Aldrich) was used without any further purification.

Unsaturated hydrocarbons

1-Octene 979 (B.P. 122-123°C) trans-2-Octene 989
(B.P. 123°C) and 2-methyl-l-hexene 98 (B.P. 02°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

recrystallization from hexane (M.P. 31°C, B.P. 14o0°C

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

i)

ii)

iii)

Apparatus

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.

Vacuum line: 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,

Temperature controller: All the reactions described
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in this chapter were carried out at 60°C which
was maintained by using a water bath.
iv) 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 ;02.
vii) I.R. spectrophotometer, Perkin Elmer 397.
viii) Mass spectrometer, AEI MS9.

ix) NMR spectrometer, Perkin Elmer R1yj.

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 Type of Conc. of Xanthone Conc. of TAC
Ref. No. hydrocarbon Moles/litres Moles/litres
1 n-Octane 2.6 x 107° L.0 x 1070

-6 -6
2 1-Octene 2.6 x 10 4.0 x 10
-6 -6
3 2-methyl 1-hexene 2.6 x 10 L.0 x 10
-6 -6
A 3-ethyl pentane 2.6 x 10 .0 x 10
5 Trans 2-Octene 2.6 = 10"6 ) L0 x 108
6 n-Octane 5.1 x 10-6 -
7 n-Octane - , 8.0 x 10-6
-8 -6
8 n-Octane 5.1 % 10 2.4 x 10
-8 .
9 1-Octene 5.1 x 10 2., x 1070

2.2.3.2 Reaction of the hydrocarbons

A series of experiments were run using a series of
dilatometers containing identical solﬁtions which were
to be exposed to U.V. light for varying perids of time.
After filling each dilatometer the éystem was degassed
then sgaled.

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 60°C. 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,
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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
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 -

/, 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 fine 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
59 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 4O 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.
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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-Octene 2-0Octene and Methyl hexene, Reduction of the
TAC content occurred in those solutions where saturated
hydrocarbons were incorporated, e.g. Octane Fnd 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
irradiating 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 solutioms.



TABLE 2.2: Xanthone and TAC concentrations at different

U.V. Irradiation time for Solution 1

[n-Octane + TAC + Xanthone ]

U.V.irradiation

time(minutes)

15
30
60
90
120
180
240

300

Conc,

of TAC left
in the solution
moles/litres

L,0o x 1076

k.o
3.6

3.2
2.4

X

X

TABLE 2,3: Xanthone and TAC

1076
1076
1076
1076
1076
1076
1076

1076

Conc. of Xanthone

left in the
solution moles/litres
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2.5 x
2.2 x

5.7 x

1076

1076

1077

1077

10”8

10”8

concentrations at different

U.V. Irradiation

time for Solution 2

[1-Octene + TAC + Xanthone]

Uﬁﬂirradiation
time (minutes)

0]
15
30
60
90

120
180

2Lko
300
510

Conc,

of TAC in
solution moles/litres

Conc, of Xanthone

4,0 x 1076

No Change

Concentration

Observed

in

in solution
moles/litres

2,5 x 1076

2.2 x 1076

X

X

1076
1076
1076
1077
1077

1078

x 1078

10”8
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TABLE 2.4: Xanthone and TAC Concentrations at different

U.V, Irradiation time for Solution 3

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

UV irradiation Conc. of TAC in Conc., of Xanthone

time(minutes) solution moles/litres in solution
moles/litres
0 4,0 x 1076 2,5 x 1076
30 1\ 2.5 x 1076
=6

60 ~ No Change ,2'5 = 10
90 . 2,5 x 1076

in

2. ~6

120 Concentration 3 = 10
2.2 ~6

2ko Observed = 5 10
350 1.6 x 1076
L2o 1.4 x 1076
480 1.3 x 1076

TABLE 2,5: Xanthone and TAC Concentrations at different

U.V. Irradiation time for Solution 4
[3-ethyl pentane + TAC + Xanthone ]

Conc, of Xanthone

UV.irradiation Conc. of TAC in : -
in solution

time(minutes) solution moles/litres

moles/litres

0 L.o x 107¢ 2,5 x 107%
15 L,o x 107¢ 2,5 x 1076
30 L,0 x 107¢ 2,5 x 1076
60 3.8 x 1076 8.7 x 1077
90 | 3.6 x 1076 2,0 x 1077
180 3.4 x 1076 L,6 x 1078

300 3.3 x 1076 4.6 x 1078



54

TABLE 2.6: Xanthone and TAC Concentrations at different

U.V. Irradiation time for Solution 5

[Trans 2-Octene + TAC + Xanthone ]

Conc, of Xanthone
in solution
moles/litres

UV.irradiation Conc, of TAC in
time (minutes)  solution moles/litres

0 4,0 x 1076 2.5 x 1076

60 T 2,5 x 1076
120 No Change 2.2 x 1076
180 : in 1.7 x 1076
300 Concentration 1.1 x 1076
L2o Observed 1.0 x 107§
480 l 8,7 x 1077

In solution 8, which contains Octane with a lower
concentration of TAC and Xanthone, the Xanthone
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 1-chene with a lower
concentration of TAC, the Xanthéne concentration after
one hour irradiation was 1.62 x 1078M, =~ After exposire
for a further hour the xanthone concentration became _

zero,
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iii) Qualitative Analysis by Gas Liquid Chromatograph (cLc)

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 other were thought
to be due to the isomers of C8 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,

Figs. 2.5, 2.6, 2.7, 2.8, 2,9, 2.10 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 Cg dimer
will be outside the scope of this thesis. However, to
obtain more information about these peaks, some 6°CO
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 times in solutions containing
saturated hydrocarbons, was separated by filtration,
washed with methylene chloride and then dried.. The
amount of product was small, i.e. alfew milligrams 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:-
Sample Element % present in the powder
Nitrogen Carbon Hydrogen Oxygen
1 11.k40 64,52 742 16.66
2 11.542 63.56 7.27 17.76
3 11,02 66.57 7.28 15.13

In 11.05 64,88 7.50 16.57

Powder taken from Octane/TAC/Xanthone solutions wasfiltenxL
washed with methylene chloride and dried in a vacuum

oven before analysis.

2.2.4 oOctane, 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

Soluti Conc, of Xanthone TAC Conc,
==-ution Ref,No. moles/litres moles/litres
10 . 1.27 x 107° 2,0 x 1077
11 in - 2,0 x 1073
Octane _
12 1,27 .x 1073

13 only octane



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 concentrations of 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 95 TAC reacted 9 xanthone
reacted is approximately constant throughout the reaction,
which would indicate a first order relationship between

the two in whatever reaction is occurring.

TABLE 2,8: Xanthone and TAC concentrations at different

U.V, irradiation time for Solution 10

U.V., irradiation Conc., of TAC Conc., of

Sample Ref.No.

time/minutes moles/litres xanthone
moles/litres
S$10-0 0 4,38 x 107> 9.8 x 1076
$10-1 30 2;93 x 1077 4,8 x 1076
$10-2 60 2,37 x 1075 3,29 x 1076
S10-3 90 2,29 x 107> 3,06 x 107¢
S10-4 120 1,85 % 100" 8.1 = 1676
S10-5 420 1.16 x 1075 8,16 x 1078
S10-6 | 720 1.16 x 107> 8,16 x 1078

S10-7 24 hours 1.16 x 1075 8,16 x 1078
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Table 2.9 and Fig. 2.16 show the concentration of
xanthone in solution 12 after various periods‘of

U.V, irradiation.

TABLE 2.9: Xanthone concentration at different U.V.

irradiation time for Octane/Xanthone Solution

Sample Ref No., Irradiation time Conc, of Xanthone
(mins) (moles/litres)
S12-0 0 1.27 x 107°
S12-2 30 1.07 x 1077
S12-3 60 7.96 x 1076
si2-4 120 6.28 x 1076
S12-5 180 4,08 x 1076

Figs, 2,17 and 2.18 show the U.V, spectra of the

irradiated solutions at different times.

During the U.V. irradiation of solution 10 and
Solution 12, some fine crystals began to appear in the

Solution, in addition to the insoluble yellowish product.

In solution 12, the formation of these crystals was
Clearer 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
dnalysis which was found (C: 79.02¢, H 4.84) theoretical

C: 79.169, H: 4.609).

For comparison, solutionsll and 13 were also irradiated

+
by €0gg . ¥=radiation. Two sets of dilatometers 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 1l1.

Four dilatometersof set two were all sealed after
degassing. The twelve dilatometers were irradiated by
60¢co gamma =radiation at room temperature at the following

doses as shown in table 2,10,

TABLE 2.10: Octane solutions irradiated by 6°CO

Y-radiation

Solution 13 Solution 13 Solution 11
degassed undegassed degassed Dose B rad

Al Bl Cl 5.54
A2 B2 Cc2 16.3
A3 B3 G3 23.4
AL B4 4 32,9

(b+) 6OC s 5 . i % . "

O Source facilities at Scottish Universities

Tesearch and reactor center in East Kilbride.
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2,2,4,1 Analysis of the Y _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.
The I.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 Y -irradiated solutions
Cyy C3, C3, and C, did not show any TAC peak in the
chromatogram i.e. all the TAC in solution 11 has

Teacted in the case of Y -irradiation.
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TABLE 2.11

Element %

Powder (insoluble product)

from Nt oen, Carbon Hydrogen
c1 14.76 58.93 7.11
c2 17,.02 59.06 7.06
c3 1,.26 59 .11 7.33
Cl 1,.58 51.61 11.81

2.2,5 Tetracosane (C2h hydrocarbon), Xanthone, TAC,

mixture. Irradiation and analysis

Hydrocarbons with higher molecular weight such as Cgh
(tetracosane), would be helpful for the qualitative inter-
Pretation as will be shown further.in the discussion. A
mixture of C2h containing xanthone and TAC was prepared in
Toluene., The solutions were prepared as shown 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.

Solution No. C,,Content  Xanthone TAC
LA 10 gram 0.075 gram 0.15 gram
15 10 gram 0.225 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 secénd 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 /8 hours,
to ensure that all the toluene has evaporated; The
dilatometers were then sealed and were ready for UV
irradiation.

The degassed mixtures were irradiated at 60°C for

different time intervals as shown below.

Solution Ref. No. Irradiation time (hrs.)
14-1 ‘ L
14-2 12
15=1 A
15=2 12

Each of the four irradiated dilatometers were
broken from both sides and left in the extraction ap-
bParatus. The extraction was carried out for 2/ 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

613

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 Having

2"

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 apct chromatogram for irradiated
Czh which shows that the shape of the peak has change.
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 WET€ obtained.

Soluble product after

Standard C

2) U.V. irradiation
M 151 1779
M 1,60 ‘ ' 2091
M, 1,69 2557
M /M 1.02 1.17

GLC analysis for the product in toluene was not succes-

sful, simply because the GLC instrument columm was

limited with temperature which could be achieved.
However, the main reason for irradiation for the

Czh mixture was to analyse the insoluble part.

+
(GPc chromatogram obtained from ICI Corporate Labo-

Tatories GPC unit analysis.

GPC data shown above obtained from GPC unit analysis,

Pure ¢ Applied Chemistry Department.



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
sensitization process of xanthone was different from that
which was observed by Zanker with the saturated hydrocarbong1)
Because of the decrease in concentration 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
énergy to the surrounding solvent or to the molecules of
the same species, by processes that must involve collision
(BY, wiien Am tmom wAZR be uidllzedl £5 xelts methus
S'pecies 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
[ET1 = T4.2 kcal]3 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

muca/brone to encounter a solvent molecule.

However, the Qnergies of the triplet s?ates 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 (h). 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 —3 Tq transition/has an Ep  value
of 82 kcal. Therefore the unsaturated hydrocarbons used

in our experiments have E values well below the 82 kcal.

Ty
Hence it is below the ET1 of xapthone, 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 ﬁlace slowly during irradiation, it

Seems that the xanthone excited state did abstract

hydrogen from the solvent and formed the respective

66
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hydrocarbon free radical followed by the formgtion of
the respective dimer,

Fig. 2.,/ 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-Octene > 2-Octene > 2 methyl hexene. ,

The quenching efficiency will be higher in 2-methyl

hex€ne.

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~
Oof xanthone decomposition in unsaturated hydrocarbon
wlill 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.
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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 that the consumption of xanthone 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 foliows.

hV &

Xanthone —————3 S (B )
s* N Rf energy trangﬁné . (R/)* (2.2)
* + B ooteaetior S+ (®) (2.3)
(R,)* Isomerizatign ﬁ? (2-h)
(R’f+(R’f Dimerizatign R(-R/ (2.5)
s"+ (R > s-R (2.6)
s* "Xanthone excited state

R, Unsaturated hydrocarbon

7 & ) .
(R ) Excited hydrocarbon species

s
R/ Isomer of unsaturated hydrocarbon
s’ XanthydKﬂfree radical

OH
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(R) Hydrocarbon free radical
/7
R -R Dimers of different isomers (Branched)
/
S-R Xanthydrols where hydrocarbon fragment

in 9c position,

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).



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 08 dimer., Fig. 2.20 shows that
these peaks, after GOC-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
Cus hydrocarbon did indeed form, although definite
Proof could not be submitted due to the limitation of
analysis with the instruments avaiiable.

Therefore by irradiating Octane/xanthone solution
with U,V, light, one would obtain the dimer of 08 and

the dimer of xanthone. The following reaction schedule

may be drawn according to 1.

hv *
Xanthone e S (2.7)
* throgenE . .
S +R abstractdd ° N = (2.8)
g4 g dlmerlzatlon> S - s (2.9)
. ,‘ . . 2 / //
R+ B dlmerlzatlon> R - R (2.10)

R saturated hydrocarbon
R® hydrocarbon free radical

S xanthydKﬂradicalw
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o
OH
R -R . Branched hydrocarbon dimer of different isomers.

9,9' dihydroxy dixanthene

OAl,OH

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. Such a process will indeed reduce the
formation of the Cq dimer. In the case of the saturated

hydrocarbon namely octane and ethyl pentane, the insoluble



pProduct is some kind of TAC polymer. This TAC polymer

was also analysed by I.R.(Fig.2.13) and its spectrum still
shows the TAC, S-Triazine 815 cm ' and ether, 1130 cm™ '
bands, together with the reduction of the allyl 925 and
990 cm™ ' bands. These facts indicate that the polymer is
Poly(TAC) rather than the polymer of TAC isomer i.e. TALC.
The latter fact was supported by the non-appearance of a
C=0 1700 cm ! band. Because of its lack of solubility

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 99 conversion
of TAC will result in the appearance of the insoluble
Polymer, In our system, the insoluble polymer appeared

in Octane and ethyl pentane solutions, after about 459 and
159 conversion respectively, as shown in Fig. 2.3, This
indicates, that, the formation of gelled polymer after

%% 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 459 or

159, conversion, where the gelled polymer will separate

from the respective solution,

The polymerization of TAC is due to the allyl
Tadical formation which took place either by a direct
initiation process from xanthone, or indirect initiation
Processes due to the presence of octane radical in

Solution, Since the direct initiation process did not
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a@ppear 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.

R + TAC > TAC (2.11)
TAC >  PolyTAC (2.12)
S + TAC > S+ TAC (2.13)
TAC >  PolyTAC (2.14)
s" + S > s-S (2,15)

Also according to Zanker, the following two steps

may be possible

s + R s - R (2.16)

A4

S - TAC (2.17)

n
+
)
>
o-
v



S -

S -

due to steps 2.11 and 2.12,

cannot be certain at this stage.—

R )
)
)

TAC

molecule.

Xanthydrols where, hydrocarbon or TAC

fragments in the 9-C position of xanthone

The formation of PolyTAC grafted with hydrocarbon,

could be possible but

However, the initiation

step 2,11 could be classified in either of the following.

R

o] '
¥ R

where

Radical formed

o
+ TAC RTAC

v

effective N .
chain transfer ~ R + TAC

+ TAC

(2.114)

(2.114)

RTAC could have the following chemical structure

o

I
H-C-H

|

, H=-C-

R |
o C—C—H

R |

H

g
Where R-C-R'' represents the hydrocarbon molecule



i :
and TAC would have the following chemical structure

" o : HoHoH
| 1o
H-c= c c OT;NI,Otz c=C-H
H
QQ/’
|
?
H-C-H
|
H-cC-
[
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. 2.1 The dilatometer used for degassing
and irradiation
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Fig. 2.2

The vacuum line which was used throughout the project
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Fig. 2 _3 TAC Rate of conversion during the UV radiation
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Fig.2-5 GLC chromatogram

A Ssolution (1) before UV irradiation

Xanthone
peak &5

B Solution (1) UV radiation for 15
minutes

FASA A

C Solution (1) UV radiation for 30
minutes

Retention time B ==



Fi g. 2.6 GLC chromatogram

A Solution (1) UV radiation for an hour

Xanthone peak

B Ssolution (1) UVEfadiation for two hours

SRAN,

C solution (1) UV radiation for four hours

AN,

e
-
Retention time



Fig. 2_17 GLC chromatogram

A Solution (2) before UV irradiation

TAC peak

Xanthone peak

N

B sSolution (2) UV radiation for 15
minutes

A~ I\

C Solution (2) UV radiation for 30
minutes

A\

Retention time



Fig., 2.8 GLC chromatogram

A Solution (2) UV radiation for an hour

TAC peak
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B  solution (2) UV radiation for two hours
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Fig. 2= GLC chromatogram

A Solution (5) before UV irradiation

TAC peak

Xanthone peak

B solution (5) UV radiation for two hours
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C solution (5) UV radiation for three

N
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Fig. 210 gLc chromatogram

C solution (5) UV radiation for
eight hours

TAC peak

Xanthone peak

N

B Solution (5) UV radiation for
seven hours

0 WARS

A Solution (50 UV radiation for
five hours

N
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Fig. 2_11 c¢Lc chromatogram

A solution (6) before irradiation
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B Solution (6) UV radiation for 3.5 hour
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Fig. 2_12 TAC, IR spectrum using KBr disc
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IR spectrum for the insoluble product appeared
during UV radiation in solution (1) & (10)
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F'ig. 2_14 TAC and Xanthone concentration throughout
the UV radiation process in solution 10

"Octgne + Xanthone + TAC"
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F:ig.2_15 TAC rate of conversion during the UV
radiation of solution 10 "Octane +
Xanthone + TAC"
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Fig. 2_16 Decomposition Xanthone throughout the UV
radiation of solution 12 "Octane +
Xanthone"
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Fig. 2_17 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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Wavelength (nm)



1:ig. 2_18 Xanthone UV spectrum in Octane solution
(10) before and after the UV radiation

i
A before UV radiation
B after UV radiation
250 300 350

Wavelength {nm)



I’ig.‘2_19 IR spectrum of Yoirradiated TAC in Octane solution (C series)
using KBr disc
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Fig. 2_20A 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 gLCc chromatogram Y-irradidted C4 solution
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Fig. 2adl GPC chromatogram for tetracosane
before and after UV radiation
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f’ig.z-zz Xanthone UV spectrum in 1-Octene solution

A before UV:radiation

B after four hours of UV
radiation. The appearance
of the new peak due to
Xanthone Substitute
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Fig 2_23 Xanthone: UV spectrum in 2-methyl-

hexene solution

A Dbefore UV radiation

B - after eight hours of UV radiation
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[7ig. 224 Xanthone UV spectrum in trans 2-Octene

A Dbefore UV radiation

B after eight -hours of UV radiation
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Fig. 225 Mass spectrum of the crystals formed from solution 12
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CHAPTER

MODEL SYSTEM II, ALLYL ACETATE, XANTHONE AND HYDROCARBONS

3.1 Introduction

In the previous chapter, it has been shown that
the Cg 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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3.2

3.2.1
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The effect of polymerization at different temper-

s was also studied.

Experimental

Materials

Octane and 1-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
was used after having been recrystallized

in Chloroform,

AEEaratus

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.

bPart
Fig,
to a

(0.1

Two different dilatometers were used in this
of the work. The first type was as shown in
2,1, The second type was one which was modified.
different shape and then connected to a U.V, cell

cm path) to enable the measurements of U.V,

Spectrum throughout the irradiation process. Fig. 3.2

Shows the modified dilatometer.
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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, xaﬁthone and

hydrocarbon for qualitative analysis

Five solutions were prepared using different
concentrations of xanthone and by using octane and
l-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
Conc, of

S . . o

_Qlu;ion Ref. Composition %%%i§;$§ xanthone
205 =ompoSIt. Loles/litres
16 Allyl acetate - 5.1 x 10™2M
17 Allyl acetate: octane 1:1 5.1 x 107°M
18 . Allyl acetate » 1.3 x 1079M
19 Allyl acetate: octane 1: 1 1.3 x 107°M

20 Allyl acetate: 1-octene 1:1 1.3 x 10_5M



The above five
times at 60°C.
samples was 30 cm (1ft).
transferred to

then connected

freezing,

carried out in each case at least five times,
dilatometers were sealed after the degassing process and

used for the irradiétion experiment,

the dilatometers.

degassing and heating up process,

solutions were UV irradiated for different

The distance between the UV lamp and the

Ten millilitres of sample were

The dilatometers were

to the vacuum line for degassing by

which was

The

indicates the different radiation times for each of the

five solutions.

Solution Ref, No,

16.1
16,2
16.3
191
17 .2
1743
18,1
18.2
1843
19.1
19.2
19.3
20.1
20,2
20.3

20."

TABLE 3.2

Radiation Time (hrs)

12
2/,
L8
-12
2/
18
12
2/
18
12
2L
n8
12
Ry
36
1,8

The foilowing table
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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 freeze 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 vacuﬁm oven for 1,8 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 were 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

81
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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

bPeak did not changé significantly and conseéuently

no concentration changes could be detected.

The concentration of the unreacted xanthone was
measured for solution 18,19 and 20 by UV énalysis as
shown in table 3.3. A full quantitative analysis for
this system will be studied in the following section.

TABLE 3.3

Conc. of unreacted

Xanthone Mole/Litre

Solution Ref. No,

18 1.3 x 107°

18,1 7.33 x 1076
18.2 | 5.0 x 1076
18.3 2,1 x 107¢
19 1.3 x 1077°
19.1 2,9 x 107¢
i9.2 2,96 x 1077
19.3 1.77 x 1077
20 1.3 x 107>

20.1 3.66 x 1076
20,2 4,13 x 1077
20.3 4,13 x 1077

20,4

4,13 x 1077



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 whiqh 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 ecm (1 %) »
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

No.

;

}—l
OV IOV £EWN -

NN RFREHRR R
NHOWVWOIAW &N

Solution No.

21
22
23
25
2l
26
27
28
28
30
31
32
29
33
34
L
36
37
27
38
27
27

Allyl acetate/octane
ratio in mole

oMW

LWLLLLLLVLVLVUMWLWELMDHFLLVLLWS

FRAFRUWUEFOUNRRRERRBEHRBRRREQO &WNH

Irradiation
temp °C

60
60
60
60
60
60
60
60
30
60
60
60
60
60
60
60
60
60
60
60
60
90

Condition before
sealing

degassed

not degassed
degassed

98



TABLE 3.5: Xanthone Concentration throughout irradiation

process (Run 1) for Solution 21.

U.V.,irradiation Conc, of Xanthone
time (mins). left in solution
moles/litres

0] 2,26 x 1076

1 2,26 x 1076

2 2,25 x 1076

K 2,17 x 107¢

n 2,16 x 1076

5 2,15 x 1076

7 2,08 x 107¢

10 1.94 x 107¢

15 1.68 x 1076

20 1.35 x 1076

25 1.09 x 1076

30 8.75 x 1077

40 4,61 x 1077

50 1.89 x 1077

60 7.09 x 1078

90 1.18 x 1078




TABLE 3.6:

87

Xanthone concentration throughout irradiation

process (Run 2) for Solution 22,

U,.,V,irradiation

time

(mins).

NI s R I )

10
15
20
25
30
4o
50
60
75
90

Conc., of Xanthone
left in solution
moles/litres

2,12 x 1076

RelB
2,1

2,1

2,1

2,09
2,07
2,01
1.94
1.82
1,78
1.68
1.44
1.2

1.00
7+21
4.73

X

LA I R T T - A A

1076
1076
1076
1076
1076
1076
1076
1076
1076
1076
1076
1076
1076
1076
1077
1077
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TABLE 3.7: Xanthone Concentration throughout irradiation

process (Run 3) for Solution 23.

U.V, irradiation Conc. of Xanthone
time (mins). left in solution
(moles/litres)

0 2,22 x 1076

5 2,19 x 1076
10 2.15 x 1076
15- 2,13 % 1076
20 2,08 x 1076
25 2,03 x 107¢
30 1.99 x 107¢
35 1.91 x 1076
4o 1,88 x 1076
45 1.82 x 1076
50 1.76 x 1076
55 1.70 x 1076
60 1.63 = 10°%
75 1.44 x 1076
90 1.28 x 1076
105 1.11 x 1076
120 " 9,57 x 1077
150 6.86 x 1077
180 4.73 x 1077
210 3.07 x 1077
270 1.42 x 1077

X

330 9.46
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TABLE 3.8: Xanthone concentration throughout irradiation

process (Run 4) for solution 25.

U.V, irradiation Conc. of Xanthone

time (mins) left in solution
Moles/litres
0 2,17 x 1076
5 2,17 x 10°¢
10 2,15 x 1076
15 2,15 x 1076
20 2,14 x 1076
25 2,13 x 1076
30 2,08 x 107¢
35 2,08 x 1076
4o 2,06 x 1076
L5 2,03 x 1076
50 2,01 x 1076
55 1,99 x 1076
60 1.96 x 1076
75 1.91 x 1076
90 1.87 x 107¢
120 1.73 x 1076
180 1.38 x 1076
240 1.15 x 1076
300 8.63 x 1077
360 6.86 x 1077
480 4,26 x 1077
600 2,72 x 1077
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TABLE 3.9: Xanthone concentration throughout irradiation

process (Run 5) for solution 24

U.V. irradiation Conc. of Xanthone
time (mins) left in solution
moles/litres
0 2.26 x 1076
5 2,01 x 1076
10 1.56 x 1076
15 1.36 x 107¢
20 7.68 % 1077
25 4,61 x 1077
30 2,36 x 1077
35 1.18 x 1077
Lo 2,36 x 1078
45 5.91 x 107°

TABLE 3.10: Xanthone concentration throughout irradiation

process (Run 6) for solution 26

U.V. irradiation Conc, of Xanthone
time (mins) left in solution
moles/litres

0 5.3 x 3077

5 - h,26 x 1077

10 , © 3.42 x 1077

15 2,48 x 10™7

20 1,77 x 1077

25 1.3 = 1077

30 8,27 % 107®

45 J:55 w 207"

65 3.55 = 16™®
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TABLE 3.11: Xanthone concentration throughout irradiation

process (Run 7) for solution 27.

Conc. of xanthone
U.V. irradiation left in solution
time (mins) moles/litres
0 4,02 x 1077
5 2,96 x 1077
10 2,25 x 1077
15 1.65 x 1077
20 1.06 x 1077
25 . 5.9 x 1078
30 3.55 x 1078
Lo 1,18 x 1078

TABLE 3.12: Xanthone concentration throughout irradiation

process (Run 8) for solution 28,

Conc. of xanthone

U.V. irradiation left in solution
time (mins) moles/litres

0 2,48 x 1077

5 1.89 x 1077
10 1.42 x 1077
15 8.27 x 1078

20 4,73 x 1078

25 2,36 x 1078

Iﬂ§£§,3.133 Xanthone concentration throughout irradiation
process (Run 9) for solution 28,

0 2,60 x 1077
5 2,19 x 1077
10 1.54 x 1077
15 1.06 x 1077
20 7.09 x 1078
25 4,73 x 1078
30 3.55 x 108




TABLE 3.1A4:
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Xanthone concentration throughout irradiation

TABLE 3.15:

process (Run 10) for solution 30.

time (mins)

0

5
10
15
20
25
20
35

Conc. (moles/litres)
3.9 x 1077

3.66 x 1077

3.19 x 1077

2,84 x 1077
2,6 x 1077

2.25 % 1077

2,01 x 1077

1.66 x 1077

Xanthone concentration throughout irradiation

TABLE 3.16:

process (Run 11) for solution 31.

time (mins)

0

5
10
15
20
25
30
35

Conc. (moles/litres)

4,10 x 1077

3.61
3. 07
2,48
2,01
1.54
1,18
8.27

X

L T T B

1077
1077
1077
1077
1077
1077
s s

Xanthone concentration throughout irradiation

process (Run 12) for solution 32,

time (mins)
0
5
10
15
20
25

Conc. (moles/litres)

k.10
3,19
2,36
1.6

8.87
L.73

X
X

X

X
X
X

1077
1077
1077
1077
107%
1078
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TABLE 3.17: Xanthone concentration throughout irradiation

process (Run 14) for solution 33

time (mins) Conc. (moles/litres)
0 4h.,0 x 1077
5 2,72 x 1077
10 1.54 x 1077
15 7.09 x 1078
20 2,96 x 1078
25 1,18 x 1078

TABLE 3.18: Xanthone concentration throughout irradiation

process (Run 15) for solution 34.

time (mins) Conc, (moles/litres)

0] 4,0 x 1077

5 3.45 x 1077
10 3,01 % 1077
15 2,6 x 1077
20 2,13 x 1077
25 1,65 x 1077
30 1.3 = 1077
35 1.0 = 10°°
Lo B.2%7 = 10°°
L5 5,9 =x 107%
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TABLE 3.19: Xanthone concentration throughout irradiation

process (Run 16) for solution 35

time (mins) Conc. (moles/litres)

0 4,1 x 1077

5 3,96 x 1077
10 3.6 x 1077
15 3.31 x 1077
20 2,96 x 1077
25 2,6 x 1077
30 2,25 x 1077
35 2,01 x 1077
Lo 1,65 = 1677
L5 1.48 x 1077

TABLE 3.20: Xanthone concentration throughout irradiation

process (Run 17) for solution 36

time (mins) Conc. (moles/litres)

0 3.9 x 1077

2 3.55 x 107"
10 3.25 - 107
15 ' 3.01 x 1077
20 2,6 x 1077
25 ' 2,36 x 1077
30 2,13 x 1077
35 1.89 x 1077
4o 1,65 x 1077
45 1,42 x 10677




TABLE 3.21:
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Xanthone concentration throughout irradiation

TABLE 3,22:

process (Run 18) for solution 37

time (mins)

o

5
10
15
20
25
30
35
Lo
45
50

Xanthone concentration throughout irradiation

Conc. (moles/litres)

3.9 x 1077
3.55 x 1077
3.43 x 1077
3.07 x 1077
2,72 x 1077
2,48 x 1077
2,25 x 1077
2,01 x 1077
1.77 x 1077

1.6 x 1077
1.48 x 1077

process (Run 19) for solution 27)

time (mins)

0

5
10
15
20
25

Conc. (moles/litres)

L.,2 x
J.31 x
2,36 x
1:.65 =
1.18 x
8.27 x

1077
1077
1077
1077
1077
1078
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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 1077

5 3.55 x 1077

10 3.37 x 1077
15 3.19 x 1077

20 3.07 % 1077

25 2,9 x 1077
30 2,78 x 1077
35 2.6 x 1077
Lo 2,36 x 1077
45 2,25 x 1077

50 2,13 x 1077
55 2,01 x 1077

60 1.89 x 1077

TABLE 3.24: Xanthone concentration throughout irradiation

process (Run 21) for solution 27

time (mins) conc, (moles/litres)

0 4,2 x 1077
5 4,08 x 1077
10 3,91 x 1077
15 . 3.66 x 1077
20 3.43 x 1077
25 3.25 x 1077
30 3.08 x 1077
35 2,78 x 1077
Lo 2,60 x 1077
.50 1.95 x 1077
55 1.65 x 1077
60 1.54 x 1077
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TABLE 3.25: Xanthone concentration throughout irradiation

process (Run 22) Solution 27

time (mins) Conc, (moles/litres)

0 4,2 x 1077

5 2,84 x 1077
10 2,13 x 1077
15 1.77 = 1077
20 1.30 x 1077

22 1,18 x 19’7
30 9.47 x 1078

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 irradiating solution

The individual peaksmay be illustrated as follows.,

Peak (i) 6.1 T Proton resonances due to O-CH,
Peak (ii) 7.97 ! ' ! CH; -C -

Peak (i1ii)8.7T ' ! ! -¢-CH2-¢-

The NMR peaks shown in Fig., 3.5 have an additional

Peak at 8,2 T, This peak may be due to the proton

Tesonance of ((E_ é).n "
i

18,
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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 -0-CHz

Peak (ii) 7.9 T . ! ' g{H?,"I -
Peak (iii) 8.2 T v J ! G‘E‘ (F)n
Peak (iv) 8.7 T ' d ' ‘-C:?-_CHQ-(::-
Peak (v) 9.1 T ' ' ' CH3'(::' ¢‘

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, di§cussed above, there
Were a series of peaks which appeared in the region of
2-1T‘. These are possibly due to the aromatic hydrogen
Tesonances, 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
°f unreacted xanthone even in the polymer. However this

Will not interfere with our analysis since the peaks
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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 (y) 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

I
the end of the hydrocarbon chains, i.e. (CH3-?—R).

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 is polymerized.

As no other explanation could be given as to the
Presence of such a peak at 9.1T7 , therefore, the following
Structures of the polymers formed in the individual cases

Mmaybe sketched.

The formation of poly allyl acetate by irradiating

Solution 18, which was predicted , will have the following

Structure (I).
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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
CHy CH{ CH,- CH},C-R
CH,  CH, K
0 Q
O:CI O:?
¢, CH

(11)



’

; i
Rets i Ty G

(111)

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,.

3.3.2 Discussion based on the GLC qualitative results

The GLC chromatograms obtained for solutions 16 and

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

3.13 and 3.1k,

Fig, 3.13, which is the GLC chromatogram for
allyl acetate solution after irradiation iﬁ 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

101
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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,

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., it shows that after 2/ and /8 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, gquantitative results

It was desirable, however, to study the kinetics
of polymerization of allyl acetate and 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

€Xpected due to the presence of solvent,
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This low conversion of polymer will cause difficulties
in following the rate of polymerizationby acommon 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 willlact exactly as one of thé allyl
g8roups 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
UV, As has been discussed in the previous chapter,
thelefficiency of xanthone to initiate a reaction in
the Presence of unsaturated hydrocarbon was low, as the
enérgy 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
°f xanthone of initial concentrations about 2.2 x 10-.-6
moleS/litres. It appears that the decomposition of
Xanthone was low (4.5 x 1072 moles/litre” 'mins” ') in
the case of allyl acetate solution, Whereas in the case
of the octane solution, the xanthone rate of decomposition

Yas 6,67 x 10 8moles 1 '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 which will be
followed by the reduction of xanthone to one of xanthfne
derivatives, in addition to the polymerization of the

allyl acetate.

The most obvious xanthfne 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 xanthydrol

Tadicals will form the corresponding xanthene with allyl

AcCetate,

This postulation is supported by Figs. 3.17 and

3 .

18 which show the UV spectra of allyl acetate solutions
duri <

Uring different periods of UV irradiation. New UV peaks

a
¥ 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
Probabl€ 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’ (3.1)

0

. . ]
hydrogen > S + CH‘Z =I?I_I?I_0_0_CH3 (3.2)

S
+ Allyl acetate abstraction

o
here S| is the xanthone excited state

St  xanthydrol free radical (IV)

O
OH
(IV)

The allyl acetate free radical formed in equation
3.2 is the degradative type free radical (2,3,h), which

1S a stable radical due to the resonances.
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'CH, -CH = CH-0-C-CH,

The formation of such afree radical centlre will

obviously not lead to a high conversion of monomer,

However, the main process in this case which causes the

reformation of xanthone may well be the process which will

cause further polymerization. The reformation of xanthone

may be due to two different processes:-

l.

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.

The zanthydrol 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 ;f
semipinaéol 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- gl_lﬂp&_) xanthone + A.A* (3.3)
transfer
(12)
AAY 5 mainly leadsto isomerization (3.4)
or
AAY hydrogen N
+ Allyl acetate abstraction
H H 0 q
| . | 1 . |
H-?—?—C-O-C—CHg + HoC = c-clz-o_c-CH3 (3.5)
| I
HHH HH

(V) (vI)

LV i
1s allyl acetate activated state.

Where the first free radical (V) from step 3.5 will
Propagate to form a polymer chain, as the second free
Tadical (VI) is the degradative type. The initiation

Process due to assumption No.2 may drawn as follows:-



C III ["‘I };I 9 I;{ hydrogen S
+ H—C:C—CI-O-C _C_H transfer i
I’ H ﬂ
OH
" B " OH
+ B-C-C-£~0-C~C-H
_ H HH H
0 (V)

The allyl free radical formed from step 3.6 could

Propagate and form the polymer chain.

108

.. (3.6)

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:-

i H 7 B
I
H-C - + H-C=C >
| i |
"H- c-n ==t
|
|
0 0
| |
0=C 0=C
l |
H-C-H H-C-H
|
H H
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(PI.) e (3.7)

O ETH
H-C-C-C-C-Cc-C.

| | 1

H H
H-C-H H-C- }h-C-H

I | 1

O O O

I , |
0=C 0=C o0=C

| ] I
H-C-H H-C-HH-C-H

H H H
()

(3.8)

The propagation process will not go very far to
form high molecular weight polymers, due to the chain

transfer process(2’3’h)

Pl

n + AA ——> Poly Allyl Acgtate +

CH, = CH-C-0-C-CH, (3.9)
The polymer formed may possibly contain as little as

three monomer unlts(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 follows:®-

. . Combinationog

P’ + P s P (3.10)
" n Coupling et
. Disproportion-
H a ation
where Pn g Pn agd Pm are poly allyl acetéte of different

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

Allyl acetate! Octane Rate of decomposition
ratio in moles moles/litres ! min~*
0:h 6.67 x 10”8
1:3 5.0 x 1078
2:2 | 2,0 x 1078
3:1 1.08 x 1078
L:0 4.5 x 107°

It is quite clear that the higher the octane ratio, the
faster the rate of decomposition, This indicates that
the xanthone aétivated 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 the contert 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 (]]).

Initiation
hv *
Xanthone —m [xanthone ] (3.12)
[Xanthone]‘ + octane —>S + R (3.13)
R + AA —> Py (3.14)
R + an Bydrogem, p . 4 (3.144)
abstraction
R+ aa  2ydrogen . p . a4 (3.14B)

transfer



112

where

ﬁ{ represent

K o H

R-C-C-C

H H
H-C-H

|

@)

|

0o=C

|
H-Q—H

H

St xanthydrol radical as(IV

e

R: octane free radical | Carbon No.=2

will be the possible location for the free radical
centre ]

AA: from step 3.14A represent the allyl acetate
degradative radical as VI)

AAX: from step 3.14B represent the allyl acetate free
radical as(V)

Propagation

. . (AA) _ (AA) o

B o+ AA—> B —> P~ > P (3.15)
degradative chain transfer

Bjh+ AA —— Bpp+ AA (3.16)
termination

Pah+ By, —> Pnsh (3.17)

S ¢+ § —— § -5 (3.18)

R+ R ——> R-R (3.19)
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where Phh represents poly allyl acetate copolymer

as(II)

ﬂhilrepresentspoly allyl acetate copolymer
as(111)

S-S ¢ dihydroxy dixanthene

0
HO'l, oy (vir)

)

R-R: branched hydrocarbon dimer (C,¢)

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 3.14B 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

with hydrocarbon and hence will contradict our conclusions
from section 3.3.1 which are based on the N.M,R., results.
From the conclusions drawn from section 3.3.1, the polymers
formed fromlallyl acetate/octane solutions contain a

hYdrocarbon chain,

However, our suggestion that the hydrocarbon will
be added to the allyl acetate and initiate the polymer
Chain, is supported by other work done by Lewis and

May$81 in which case the allylic 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 follows:-

AN + AA —m4mm (A_A)2 © (3.20)
R + AL ——3 R-AA (3.21)
Pph+ R —— By (3.22)
S +AA ———  sS_AA (3.23)
S + R ——3 SR (3.24)

where (AA)z is allyl acetate dimer

R-AA} Octane/allyl acetate molecules combined
together,

4

Fhph ¢ polymer with a structure similar to TIIT

S-AA! Xanthene derivative

HO HC - CH
|H 3
2

(vin)

(@)=
Hj
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S-R: Xanthene derivative with octane molecule

in 9-C position.

#
(IX)

HO HC-R

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/octane 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,

In the case of the allyl acetate/l-octene solutions,
no Crystals.were observed which means that the xanthene
Was 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-octene
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 aré 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
- 0f xanthone has an index of [0.6] in reference to the
Octane present in the irradiated solution, whereas the
decomposition rate has a negative index of [0.38] in
Teference to allyl acetate present in the irradiated

Solution as shown in Fig. 3.27. This in fact will



117

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 present, the faster the rate of
decomposition with an index of [1.29] 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
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°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 beén affected by changing the media temperature
from 60 to 90°C. Again the rate of decomposition values

are almost the same considering the experimental error,

Runs 19 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.
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It appears that the rate of decomposition will
slow down from 1.6 x 10°® moles liter ' min~ ' to
2,0 x 107° moles ! min 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 cal/mole

9
and E; = 102 kcal/mole](.)

Different meéhanisms were suggested fa; the quenching
Process by oxygen(Hnin 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 xantﬁone by U.V. light, Pig. 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, spectmim shown in Fig. 3.33. This agrees with the

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



also agrees with the Hammonglgt 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 improved
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. 3-2 The modified dilatometer with UV cell
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Fig. 3.5

NMR spectrum of the polymer formed after fortyeight
hours UV radiation of solution (18) "Allyl Acetate
+ Xanthone" 11

N |

111

(XX N

-

N
D
- oh
-1

10+
P.P-M.



Fig. 3-6

NMR spectrum of the polymer
formed after twelve hours UV
radiation of solution (19)
"Allyl Acetate + Octane +
Xanthone"
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Fig. 3_7
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NMR spectrum of the polymer
formed after fortyeight hours I

UV radiation of solution (19)
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Fig. 3.8

NMR spectrum of the polymer which——~___
was formed after twelve hours UV ‘
radiation of solution (20)
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"Allyl acetate + 1-Octene +
Xanthone"
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Fig. 3.9 .
11
NMR spectrum of the polymer
which was formed after twenty ————‘—\\‘~N\_______\‘~_~__—__—_—
four hours UV radiation of
solution (20) "Allyl acetate v———‘—_\\‘"““~———————\___\__~__N
+ 1-Octene + Xanthone"
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Fig. 3-10 NMR spectrum of the polymer which
" was formed after fortyeight hours
UV radiation of solution (20)
"Allyl Acetate + 1-Octene + Xanthone"
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Fi g. 3.12 GLC chromatogram of

A Allyl Acetate

B Solution 16 "Allyl acetate + Xanthone"

C Solution 17 "Allyl acetate + Octane + Xanthone"
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Fig. 3-13 GLC analysis of solution 16 "Allyl
acetate + Xanthone" after UV
radiation,

A Chromatogram after twelve hours radiation

B Chromatogram after twenty four hours radiation

C

Chromatogram after forty eight hours radiation

A
+ Xanthone peak at retention
time 7,0 minutes
-~‘ L] 1 4
B

+ Xanthone peak at retention
time /0 minutes

C

+ Xanthone peak at retention
time /0 minutes

The appearance of new peak
at retention time 15 minutes

Retention time E—



F'ig. 3.14 GLC analys