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The photo-degradation mechanism of polyethylene
was studied by means of functional group analysis using
infrared spectroscopy. The rates of appearance and dis-
appearance of key functional groups such as hydroperoxide,
carbonyl, vinylidene and vinyl formed during the
photoxidation of the polymer were studied and compared.

The effect of metal complexes which are supposed
to be effective photoactivators for the autoxidation of
polyethylene was, also studied. The efficiency of these
complexes as well as nitrobenzene, and plant pigments as
photoactivators in the autoxidation of natural rubber
was looked into. The mechanism of action of nitrobenzene in
natural rubber was found to be due to the generation of
singlet oxygen; the latter causing depolymerisation of the
polymer. The technological properties of the soft and viscid
products thus obtained were also studied.
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1. INTRODUCTION

Polymers in general undergo deterioration _
during service, losing their useful chemical and
physical properties. The rate of such degradation
processes depends on the chemical structure, the
presence of trace impurities .in the polymer and on

the environment.

Impurities that promote deterioration can
be foreign materials, such as metal ions from polymer-
isation catalysts, or they can be an integral part of
the polymer molecules such as partially degraded mole-
cules, which are a common impurity in polymers and these
modified molecules are mainly responsible for the
initiation of the deterioration. Traces of these impurities
have a pronounced effect on polymer stability. Althouéh
pure paraffins are transparent to visible and near UV
light penetrating the atmosphere, chromophores are nearly
always presen£ in the polyolefiné, as impurities
introduced during pressing, twisting or sheeting out
operations. These include oxidation products ( eg. carbonyl
compounds and hydroperoxides) or even oXxygen substrate comple-
xes. Consequently, the UV light may be absorbed Which Cause
its accelerating action on the oxidation rate. Most of
the harmful radiations emitted by the sun are absorbed by
the atmosphere, and only about 5% of this harmful energy

reaches the earth. This includes the UV region of the
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spectrum, 300 to 400 nm, and it is this fraction that
causes polymer degradation, through chromophores present
in them.

The stability of polymers is also dependent

2 of them.

on the physical structure or morphology
The effect of physical structure is related
to the arrangement of molecules, in ordered (crystalline)
and disordered (amorphous) regions of the polymer matrix.
Many polymers are semicrystalline and thus have both
ordered and disordered regions. The density of an
1ndividua1-polymer is directly related to its degree of
crystallinity. This is modified in many instances by
annealing, crosslinking and deterioration. Factors
affecting permeability of polymers have an important
effect on deterioration. As deteriorvation proceeds, diffusion
of volatile products out of the polymer mass and prog-
ressive changes in morphology can reduce the rate at which
the reactants like oxygen and ozone diffuse into the
polymer. Thus deterioration or rate of oxidation of a
polymer becomes diffusion controlled in later stages of
the reaction although it is not so initially. Permeability
of reactants, like oxygen into the polymer matrix varies
with the degree of crystallinity and compactness of
amorphous and crystalline regiohs. Studiesof the deter-
ioration of linear and branched polyethylenes above their
melting points (1&000) has 516,7,8 shown that they are

at these hmfpem{ ures
completely disorderedAand differences in crystallinity
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evident in the solid state have no effect.

»

1.1 Thermal-Oxidative Effects in Polymer Deterioration

The chemical sequence involved in the oxidation
of polymers-ﬁnder processing conditions is now well
understood1'2. Autoxidation of polymers that takes place
between room temperature and about 300°C proceeds by a
typical free radical chain mechanism. Hydroperoxides
are the first products formed during the autoxidation of
polymers and the well known auto-accelerating behaviour
is due to their increasing concentrationh’33’36. Hydro-
peroxides have proved in generafjﬁifficult to isolate and
in many cases their structure can be inferred only from
the nature of their breakdown productsh. Recognition of
the peroxides as the kéy intermediate in autoxidation
leads to a clear understanding of the mechanism of this
process, On this basis the following kinetic scheme has

been proposed1’11u to account for the autoxidation of

low molecular weight hydrocarbons.

L]

Ipitiator > X Initiation
R)( +R; 5 R‘+XH
'+ ROO*
2 —
Propagation
ROO* + RH S ROOH + R*
ROOH S RO* + HO®
RO® + RH 5 ROH + H° Chain branching
. R -
HO® + RH 5 HOH + R
2R00* oy Inert Products _____ Termination
ROOH + A° ____ Inhibition

ROO* + HA -



This scheme clearly indicates the role of

hydroperoxides on auto-acceleration.

When RH stands for the - CH, =~ CHé - CH2 molecule,

2
it can be represented as follows:

X + - CH2 - CH2 - 032 - s CH2 - CH - CH2 - + HX

"’ Jz
b ?0.
-CHy-CE-CH, + -CH,-CE-CH, €—— CH, - CH - CHy-
00H -CH,-CH,-CH,

J

0.

P scission

0

- CH2 - C - CH2 - S - CH2 - C - 0H

n
0 90 carboxylic group

ketone
or

aldehyde

Hutson and Scott9’3LF in their experiments to
relate processing time in the torque rheometer to embritt-
lement time have reported that in the case of polyethylene
the embrittlement time is markedly dependent on the initial
carbonyl concentration. Also, they have shown that there

is a difference in this behaviour between the two polymers
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polyethylene and polypropylene. In polypropylene, photo-
‘degradation rate does not depend on carbonyl concentration.
Wood and Kollman?lin agreement with Hutson and Scott have
shown that the preexisting chromophores formed duetoa
simulated processing operation,particularly carbonyl,do
not play an important role in initiating the photo
oxidation of normal non-stabilised polypropylene in

accelerated weathering for the following reasons:

1. Oxygen uptake measurements have shown that

PP powder, dried and stored in the absence of oxygen and
photo-oxidised without any processing, have a similar
induction period to a commercial PP powder, which has
been exposed to air for several months. This period is
slightly greater than that for sheet made by compression
moulding the latter polymer at 220°C, with no special
precautioné to exclude oxygen; because the antioxidants

will remove the effects of prior air oxidation.

2. Drastic prior ultraviolet irradiation (A) 300nm)
in hydrogen of PP sheet makes no significant difference
to its rate of subsequent photoxidation. Therefore, -
Wood & Koﬂmasy - have concluded that an ultraviolet
absorbing PP-oxygen charge\transfer complex is likely
to be the main initiating species and not the chromophores

formed during the prethermal treatment.
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Scott et a1.9’10 have clearly shown that under
processing conditions embrittlement time depends on the
way in which the initially formed hydroperoxide, which
is probably the primary chromophore in both cases,
subsequently breaks down. The ultimate products of thermal
oxidation of polyolefins are primarily aldehydes and ketones

with lesser amounts of carboxylic acids.

1.1.1. Stabilization against thermal oxidation

A variety of chemical compounds termed anti-
oxidants are used to inhibit or retard the process of
autoxidation and these fall into mechanistically distinct

classes.
The first type of antioxidant AH, acts by

interrupting the kinetic chain reaction13, primarily by
trapping alkyl peroxy radicals.

OR* HOH
or + AH —> or + A

- CH2 - ?H e QHQ - o CH2' CH - CH2
00. :

O0H

The structural feature of A® must be such that
it will be too stable to initiate further oxidation.;gﬁgﬁés
and phenols behave as in the above equation. Quinones and
polycyclic hydrocarboqs behave in a different way by
trapping active free radicals., The active hydrogen in aryl
amines and hindered phenols compete with polymer for

peroxy radicals and hence they are particularly effective



W
as antioxidants1’35. These compounds interrupt the chain

propagation due to hydrogen transfer.

OH

(0]
tBu tBuW/j\\“tBu tB tBu
+ ROO®__, ROOH+ . . ;
e S ROO*

c : A
CH H3 CH3 OCOR

This mechanism has been supported by kinetic

4 by substitution of deutrium for the

isotope studies1
labile H atom in these compounds. The second group of
stabilizers retard or inhibit the oxidizability by
decomposing the hydroperoxides by a nonradical mechanism,
This is dealt in detail under photostabilization. Inhibition
of chain propagation by a process of electron transfer is

known. Under certain conditions metal ions in lower oxidation

states eg. Cu2', Mn®* can inhibit oxidation by destroying
radicals.
. 2 - == 3+
ROO* + M 5 ROOT + M

Peroxide decomposition is normally accelerated
by certain redox systems; transition metal ions introduced

during processing cah be an important factor. If the metal

ion is reducing:

. n+ . - (n+ 1)+
ROOCH + M > RO + 0H + M



and if oxidising:

n+ . (n - 1)+
ROOH + M 2 BOO® # H" +M5°

Ligands capable of complexing with such metal ions

and thereby acting as anti-oxidants have been reported15,

1.2 Photoxidation of Polymers

Ultraviolet radiation has an adverse effect
therefove

on the stability of polyolefins an@xthe problem of
photodegradation becomes important when used for
outdoor applications. Though the solar spectrum extends
below 300 nm, most of the radiation below 35¢ mm is
absorbed in the upper atmosphere. About 5% of the sun-
light that reaches the earth's surface falls in the
UV range of wave lengths less than 350 nm; having
energy ranging up to 397.9 KJ mol'1. This is the fraction

that is harmful to polyolefins.

eg.
Bond Bond energy kJ/mol
C-H 4+12.9
c-2C 347.3
c-aq 308, 1
c-0 | 351.1

Due to the very low quantum yield of such
fragmentations, degradation by direct absorption of

UV radiation appears to be of little importance.
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Althougf a number of functional groups in polymeric systems
are sensitive to UV light (eg. olefinic units, carbonyl,
and hydroperoxide groups),tne primary process of photo-
xidation of polymers initiated by UV light may be
caused by the contaminants1’16’17 introduced during the

following stages:-

(a) Impurities introduced during manufacture such

as olefins, chain branches and metal ions.

(b) Impurities introduced during processing such

as carbonyl and hydroperoxide. groups.

(e) Impuritieslintroduced by the environmental
contamination such as polycyclic hydrocarbons,

soot, metal vapours, ozone and singlet oxygen.

In the next section,the photo-catalysed inter-
action of oxygen with the hydrocarbon itself, in the
absence of impurities, will be considered. Although — =

it 18 not normally of great éignificance,under
practical conditions, 4t  may possibly be relevant to

polymers which have not been subjected to prior oxidation.

1.2.1 Tnitiation caused by oxygen and oxygen substrate

A possible initiation process is the excitation
of oxygen by UV light from the ground state to the excited
state of higher inter nuclear distance than in the ground
state via[%gizberg forbidden trans%tion18. In this higher
énergy state the life time of the oxygen molecule is very

short and hence dissociation occurs, giving active atomic



oxygen.

0, 337) +m LB ERYs 20Ok
However, since the Herzberg band is near 245.2 mnm,if there
is excitation of oxygen by solar radiation according to
this equation, this should be absent in the UV light
reaching the earth's surface. An absorption band situated
at 759 =765 nm and 687 -692 nm which is very weak and
responsible for the Fraunhofer lines in the solar
spectrum, could cause oxygen absorption corresponding to

the strongly forbidden transition.

e i
03(;_')+hv iy 05 Zg)
S
This fraction is also missing in sunlight, due
to absorption in the upper atmosphere. A second possible
mode of initiation is the excitation of the oxygen per-

the
turbed singlet to/triplet S T transition, which

—
is known in olefinic and aromatic hydrocarbons. MNo

simple relationship exists betweenzghe S T absorption
intensity and oxygen concentration. However,in this
regard,little or nothing is known about aliphatic hydro-
carbons. Free radicals might also be obtained by photolysis
of the charge transfer complexes between oxygen and various
sites along the polymer chains and on this basis Chien?22,%%

has shown that the rate of peroxide formation is a function

~of oxygen concentration. In wavelength regions where no



Permitted transitions exist, UV absorptions for oxygen
saturated cyclohexane have been reported. Similar
19

absorptions have also been reported for aromatic and

&0 containing compounds. These absorptions

for nitrogen
_ have been identified as absorptions due to excited charge
‘transfer states31932 3¢T, A complex of this type in the
absence of light has recently been proposed for oxygen

tetralin and oxygen indene system821.

Chien22 investigated thg photoxidation of
alkanes and alkenes under conditions which minimized
initiation by photolysis of impurities (hydroperoxides
and ketones etc.). at wavelengths 253.7 nm and 313 nm.
He found that the hydrocarbons under examination, when
saturated with oxygen,exhibit UV absorption bands with
tails going beyond 300 nm,where the oxygen-free hydro-
carbons are completely transparent. Such tails are more
intense for olefins. Absorption intensities are directly
proportbnal to the concentration of oxygen, and of the

substrate and increase with decreasing temperature.

On the basis of the experimental conditions
adopted,Cien excluded the possibility of assigning these
absorptions to the "high pressure" bands of oxygen, dis-
covered by Wulfzzgn the basis of this and of other con-
siderations, the UV absorptions observed for fhe alkanes-
oXxygen systems have been mainly attributed to charge

transfer transitions and those observed for alkenes-



- 15

oxygen systems to the sum of charge transfer excitations and

of oxygen perturbed S a T excitations.

The initial rates of oxidation have been
determined by the oxygen absorption techniqueha. The_overall
initiation reaction through hydroperoxide intermediates has

been schematized as follows:

RH + 02 + hv S 2R* + other products

where the quantum yield was found to be of the order

of magnitude of 10'2 moles per einstein. on the basis
of the absorption intensities of the Herzberg bands, the
quantum yield of the free radical formation must exceed

4 to account for the asserted initial rates of photo-
xidation (order of magnitude 10'7moles/sec). Therefore,
processes involving direct excitation of oxygen have been

considered scarcely probable.

By analogy with the absorption intensity, the
initial rate of oxidation depends on the oxygen and the
substrate concentrations. Since UV light absorptions have
been entirely by alkenes or partiallyi%lkanes through
charge transfer transitions, these have been assumed to
contribute to the initiation of photoxidation in all the
systems studied, particularly in the photoxidation of
methyl cyclohexane. Chien proposed the following reaction:
(RH+ - O-)

2

RH 4 02 + hv :
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The separation of ionic species in nonsolvating
media has low probability23. However since these initial
photoxidations are low quantum efficiency processes,
‘preactions of those ionic species which have escaped cage
recombination cannot be completely discounted as initiating
species. Chien admitted other alternative possibilities.

The cage recombination of RH" and 05 might produce free
radicals or the charge transfer absorption might be partially

dissociative, giving rise to radicals; these two possibilities

cannot be readily differentiated.

Two other suggested reactions are:

3cp njCT __BRH + 30
= - 2
3 N T
Gt —_— & 2

It has so far been impossible to evaluate the
relative importance of these reactions in photoxidation.
Finally it was assumed that the part of absorption due to
the oxygen-perturbed S S T excitation that may be

found in an alkene-oxygen system might start photoxidation

according to the following two reactionsgh,
3A + 0 peroxide
e R S
A + 0, + hv >3A + 0o (Tag)



= -
where acceptor A is the olefin. Probably, reaction

3A + 02 ———_ beroxides predominates
in the processes.
It is of some interest to consider the initiation
of photoxidation with respect to olefin groupings. It is
well known that polyolefins, when obtained by polymerization,

using Ziegler-Natta catalyst325’26

contain terminal double
bonds as well as internal double bonds. If the initiation
processes considered so far are important, they will only
affect the very early stages of the polymer oxidation; in
the subsequent stages the predominant role in initiation
of photoxidation should be played by the oxidation products

41

hydroperoxides, ketones etc. Amin’  has shown that the slow

initial linear rate is due to the breakdown of hydroperoxides.

The primary initiation schemes, previously described,
also concern the mechanisms proposed by Millinchuk27 to
explain the results obtained when studying the formation of
free radicals in the presence of oxygen and light. The tests
were carried out at the temperature of liquid nitrogen. The
free radicals were studied by means of electron spin resonance
(ESR) technique and it was found that, when oxygen was present,
UV light of wavelength 300 nm caused the formation of free
radicals in different hydrogen containing polymers (polyethylene,
pelypropylene, natural rubber etec.).

The formation of radical was attributed to oxygen

for the following reacons:



e o

- (a) Free radicals form only in the presence of oxygen
and not‘under vacuum over the iwavelength of 1light-
studieds. . :

(b) The rate of formation and the specific concentration
of the radicals increase with increasing oxygen
content 1in a cell exposed to light. But very recently
Ashley Scott91 has shown that free radicalsare formed
on radiolysis of polybutadiene (A> 300 nm) even in the

absence of oxygen as evidenced by its more rapid subsequent
photoxidation. Free radicals hamabgen shown to reach a

limiting concentration lowerthantiet in the presence of oxygen;
but it looks as though polymers containing unsaturation ko

can be activated without oxygen.

The hyperfine structure of the ESR spectrum shows
that the initial rzdicals produced in the polymer at 77°K
was of the alkyl type. Mullinchuk assumed that UV light
converts molecular oxygen first ;o an excited state or
into atomic oxygen. Successively the active form of oxygen
abstracts a hydrogen atom from the macromolecule according
to the reaction:

RH + O0° R* + OF°
—e—
and yields an alkyl and a hydroxyl radical. The latter,

being very reactive, abstracts a second hydrogen.

RH + °OH S R* + H20

"and again forms an alkyl radical., The sum of these two
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reactions is equivalent to reaction RH + 02 + h» 5 2R*
proposed by Chien. According to Millinchuk, the free
radicals produced are especially stabilized at the

polymer surface.

Recently, TSUj165 has found evidence to
support the view that radicals of the type - CH2_-CH -CH3
are formed on irradiation of polyolefins to light of
wavelength greater than 280 nm rather than the super-
position of two kinds of free radicals - CH,- CHé‘and
-CH,-"CH - CH, - in his ESR studies. Also the samﬁles
irradiated in air or 02 have given an asymmetric

spectrum characteristic of peroxy radicals.

1,2.2 Initiation caused by impurities

A variety of adventitious agents generally can
be incorporated into the polymers during the processing
and extrusion stages. They are mainly catalytic residues
consisting mainly of metal impur;ties or traces of hydro-
peroxide37’38 and carbonyl moities. The polyolefins
obtained by polymerization in the presence of Ziegler-
Natta catalysts always contain transition residues such
as titanium which are left behind in the polymers due to
the difficulty in removing them. The concentration of such
metal impurities is generally less than 50 ppm and their

nature generally depends on the purification process.

It is a well known fact that such transition
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metal ions act as sensitizers for the photoxidation of

101 ot al have shown that the

polyolefins. Kujirai
oxidative degradation of polypropylene in ultraviolet
light is dependent on the concentration of oxygen and of
the metal catalyst residues and this led to their conc-
lusion that the oxidative photodegradation is sensitized

by the initiator residues,

This cannot of course be true in LDPE which
does not involve a metal catalyst. The data available
indicate that the transition metal compounds absorb UV
light and generates free radicals for the initiation of
photoxidation processes. In liquid phase reaction of thisf
kind it has been shown'” that metal cations such as Hg2+
A max 180 nm) Cu2*(Amax 200nm) Pb2* (A max 208.5 nm)
Fes* (A max 230 nm) undergo photoreduction via electron
transfer. They absorb strongly with an Emax of 10“ at
A pax 10 this medium and thé'electron donor in this case
is apparently the water of hydration. These electronic
transitions which are caused by electron transfer from
one ion to another or to the solvent are responsible for
most organic photochemical reactions.

Mﬁn_1)++ H,
MPE0 4 by : Eq(“"' )+H20ﬂ<
mn=D+, .og 4 g*

0 + .OH

Ton pairs formed by complexing these cations with different
anions gives rise to absorption spectra, shifted towards
the visible region and the magnitude of the shift is

almost directly proportional to the decrease in electron
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affinity of the anion. Thus the A___ for Fe3* c17,

ax
Fe3*Br~, and Fe3* SCN- are 320, 380 and 460 nm respectively.
The results obtained in different solvents for molar

extraction coefficients of 3 compounds of pi't+ 2t various

wavelengths still confirms the inverse proportionality

to the electron affinity of the anion. This suggests

that in the ion pair, the anion is the e%xtron donor

and that the primary act of absorption iﬁvolves the
formation of an intermediate followed by several reactions
including dissociation.

M™ 4+ X+ By a5 p(n=-1+ %

-1+ | 5. e o=+ x-
Where M is the transition metal ion and X~ is the anion.
Photo excited electron transfer of this type has recently
been used to explain the action of traces of Fe3* as
a photosensitizer in polymers38b. To conclude, the
transition metal residues of the polymerization catalysts
act - as sensitizers in the photoxidation of polyolefins
and of polymers in general according to a mechanism that
should involve light absorption and the production of
free radicals through a photo-excited electron transfer
from the anion to the cation., After rapidly reaching
thermal equilibrium, the free radicals start the oxidation
of the substrate following the reaction pathways dis-

cussed zbove. The nature of the anion associated with
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.the metal ion impurity is also very important for the
resistance of the polymer to photo-xidation. As the
electron affinity of the anion increases thessorption
of the metal compound shifts towards shorter waveléﬁgtbs
than those present in sunlight at earth level. This 1is
the reason why FeCl3 absorbs very little radiation from
the sun falling only within the range 200 -400 nm whereas
ferric acetylacetonate absorbs radiation of longer wave-

length reaching the earthssurface.

1.2.3 Initiation due to oxidation products of the polymer

Processing and fabrication operations of polymers
generally involve anopplication of RAect during which unavoid-
able contact with oxygen in the atmosphere causes the
formation of hydroperoxide groups. It is now generally
accepted that photodegradation of polymers involves the
same free radical chain mechanism as in thermal oxidative
degradation. Although the alkyl hydroperoxides show the
maximum of the 1st absorption band in the 200 nm region,
the tail of the band extends to about 350 nm indicating
that they can absorb a part of the sunlight that reaches
the earth (A)300 nm).

The light absorption by peroxides is due to
the transition that probably occurs between the two
closer lying levels Px,y —> Pz, resulting in absorp-
tions shifted to longer wavelengths4#O, Therefore the

sunlight they absorb breaks the 0-0 bonds and creates
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two free radicals according to the scheme:

hv . >
ROOH 5 RO + OH

L2
Norrish and Searby have shown that the quantum yield
for this reaction is about one. The radical pair thus

obtained (RO* and OH') starts the free radical chain:

RH + OH . R* - HéO
ROOH + R° g RO* + ROH
RO®* + BRH S R + ROH

On the basis of their observation of rapid
Eroupings )

disappearance of vinylidene,during the rapid oxidation
of polymer and on the observation of the formation of
the_insoluble crosslinked gel during this period, the
following sequence of chemical reactions have been
proposed by Kugler and Frank and also by Amin and
Scott39’k1 to account for the main features of the

degradation process.
0-0H 0°*
1

RCH

5 CH2 - CH

2 2 e
1
R r!

I
- CHC = CH, % RCH,CH,CH,- CHC=CH,(R"0*)
2 , 2 2

n

RCECH,CH, C - C = CE
2
by Norrish II J{ h
RCH = CH, + CHy €O C = CH,
R1
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Photo initiation occurs by further reactions of the
primary alkoxy and hydroxyl radicals and crosslinking
through vinyl addition competes with chain scission”

through allylic hydroperoxide breakdown to give aldehydes,
ketones etc. 1
f‘ "
—CH2 CH - CH2 OR > Cross link

RO + ~CH,C = CHQ\Q

R'OE + ~CH C = CH,
i1

X

Chain scission to give aldehydes etc,

1.2.4 Tnitiation due to carbonyl groups

As a result of a "forbidden" electronic tran-
sition which causes an electron to be promoted from a non-
bonding n-orbital localized on the oxygen atom to a deloc-
alized antibonding n? orbital that is distributed over the
entire carbonyl group, aliphatic carbonyl groups particularly
aldehydes and ketones show a relatively weak absorption
band with a maximum between 270 and 290 nmm and extending
into the region beyond 300 nm. This excited '(nm') singlet
state forms the triplet state 3(n7;)* by the processLF2
called intersystem crossing. Both: these excited states are
capable of undergoing a variety of cleavage reactions.
Principal routes available for chain scission are the
Norrish type I reaction and Nérrish type II reaction as

suggested by the known photochemistry of aliphatic

ketones.
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0 0
" n
- = T ' h.? . .
Norrish I process : R C Cu2 R B RC* + CHéR ]
Norrish II process:

0 0
n

"

I hy =5 !
R~-C CH2 CH2 CH2 R S RC - CH3 - CH2 = CHR

Quantum yield measurements of these reactions for aliphatic
ketones has shown that typel cleavage appears to occur
kess frequently than the type II process. Yang, Blliot and
Kim suggested the existence of a biradical intermediate
that quickly fragments®’ or returns to the starting ketone

as the mechanism of the type II cleavage of ketones.

,“'H N 1 i " 1
q CHR OH CHR OH CHR
' "
I i '
RC CH, — RC ok
Sk A aue ot e T W\ &
CH CH CH
2 2 2 0
N i
R-C-CH

Another reaction involving a biradical intermediate
similar to that of the type II process which leads to

cyclobutanol derivatives7+5 has been observed:

0 OH OH
1" hv i . i |
R~-C- CH - CH2 - CH2 R —> RC* +CH - R _ﬁ_R—C_JNﬂ{
I | ey
CH2 - CH2 Cugﬂﬂg



But this is not considered to occur to any significant
extent in polymeric systems compared with the type II
process., The importance of both type I and type II
processes in the photodegradation of polymeric systems
containing carbonyl groups,was first pointed out by
Guillet and Norrish in the photolytic reactions of
pdlymethyl vinyl ketones. Elegant studies by Hartley
and Guill‘etLF6 on ethylene-carbon monoxide copolymers
clearly indicated the importance of the type II process
as a main source of chain scission in model systems

related to polyethylene. Moreover Guillet and coworkersu7

have reinforced Osborn's suggestion that carbonyl photo-
cleavage reactions may be the major cause of photodegradation
in the wide variety of carbonyl containing polymers as well
as in polymers WAHhitRalways contain at least traces of
carbonyl functions as a result of oxidation during processing.

6L

Further Guillet63 et al. and Trozzolo and Winslow have

shown that although the principal routes available for

chain scission are the Norrish type I reaction:

0 0

n ] n

|
RC-CHg—R———-D» R C. + .CHR

and the Norrish type II reaction:
0 0

" "

1
RC - CH20T-I20H2; ~——3> R-C-CH

, + CHy = CHR '

quantum yields of these reactions indicate that the type I
cleavage appears to be much less important than the type 11

process where the quantum yields are in the range 0.2-0.3.
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Additional evidence favouring this view comes from several
st1.1d1‘.t=,-shb1‘l*'9 of photolysis of polyethylene where infrared
studies indicated the presence of vinyl groups in the

oxidised polymers.

1.2.5 Protection from photoxidation

Polymers are usually protected against photoxidation
by the addition of stabilisers to extend their usefulness.
These additives protect the polymer from photodegradation

in 4 different waysh9,52,5h,6h,102,103,104.

(a) By absorbing the UV radiation and undergoing
a radiationlesss relaxation process. They are said to be
screening agents and they will be effective whether incor-
porated 1in the polymer or when present as an external
screen.

(b) By extracting energy absorbed by an excited

chromophore in a polymer. These are the triplet quenchers.

(¢) By acting as hydroperoxide decomposers in a

non radical forming reaction.

(d) Synergistic combinations involvimg more than
one, such as phenols with UV absorbers with which phenols

are synergistic.

Some of the mechanistic suggestions that have been
proposed to explain the activity of these stabilisers are

speculative, and have not been confirmed as due to the

quenching mechanism, Also more than one mechanism may be
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invoived with some stabilisers. Another theoretical
possibility which has to be confirmed is a UV stable
radical trap. One reason phenols may become effective
in the presence ofaUV absorber is because the latter

protects them from photolysis by UV light.

1.2.5 (a) UV Screening

Light screening agents in polymers function
either by absorbing damaging radiation before reaching
the polymer surface or by limiting its penetration in
the bulk of the polymer. Light screerscan be exterior
coatings on the polymer surface, protective films that

are 2xtruded or compression moulded from within the

polymer bulk, or additives that are homogenously dis-
persed throughout the polymer. As far as the chemical
reactions of light screens are concerned, additivés
that are dispersed throughout the polymer are the most
important compounds. The active stabilizers which fall
into this category are mainly metal chelates such as
oximes, and diethyl dithiocarbamates, 2-hydroxybenzo-

phenones and 2-hydroxy benztriazoles.

Many attempts have been made by past workers to
explain the mechanism of UV stabilizing effectiveness of

nickel chelates.
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Ni-o-hydroxy acetophenone oxime Ni-dibutyl dithio-
carbamate

Recently Scott et a1, '8 have reported from their
results of the experiments with cumene initiated by cumene
hydroperoxide and benzophenone, that nickel dibutyldithio;
carbamate is at least in part a UV screening agent. They
suggest that the mechanism involved in the UV stabilising
activity of this nickel complex is not primary ; quenching
of photoexcited states but decomposﬁhmuﬁhydroperDQides
in polymershg. He has shown this clearly by an experiment
carrisd out when it is present as a screen in a separate

solution compared with its behaviour as an additive at

equivalent screening effectiveness.

He has concluded that catalytic hydroperoxide
decomposition is not involved to any extent in the stab-
ilization by nickel oxime; but non-catalytic decomposition
of hydroperoxides occur in this process.,

Guillory and Cook have also shown that nickel

50

chelates do notentireybehave as light screeners, but also .
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at least partly they contribute as UV screening agents,
supporting the view of Scott. Further, they have shown that
the 2-hydroxybenzophenones function as screeners but.

also act by a second mechanism83 which extends the polymer

film life time by several orders of magnitude over that

resulting from a screening effect alone.

These views indicate that at least partly,
screening contributes to the photostabilization of the
polymers from UV radiation. Harmful UV radiation absorbed
by the stabilisers will then be released in the form of
harmless radiation of longer wavelength and thus the

polymer is protected.

1.2.5 '(b) Excited state guenching

In recent years singlet 6xygen ('Ag'O ) Qas
been shown to undergo facile reactions with unsaturation
sites on polyolefins. Experiments on photosensitized
oxidation of polyisoprene have been carried out by Mayo
and Irwin who have shown that,without a sensitizer, oxygen
absorption proceeded with a measurable initial rate, but
soon stopped. Benzophenone sensitized reactions showed an
almost sixfold increase in total oxygen comsumption7h,
In all the photosensitized oxidations, natural pigment
sensitizers such as chlorophyll and carotene utilize

lower energy portions of visible light and are excited

to the first excited singlet state75.
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Initial conversion leads to the first triplet
state (3S%) which then transfers energy to ground state
molecular oxygen 302; yielding singlet oxygen ('02*)

and a sensitizer molécule in the ground state76.

51

According to a suggestion by Trozzolo and Winslow” ,
during the photodegradation of polyethlene, UV excited
macro-carbonyl impurities in the polymer may be quenched
by ground state triplet oxygen to ydield singlet oxygen.

This singlet oxygen then attacks the polymer back-bone to
give the hydroperoxide groups which initiate photo-
degradation. Singlet oxygen is an extremely reactive
relatively long'lived intermediate, when fofmed in certain
reactions such as (NaOCl/Héogjucapable of immediate add-

il

ition to conjugated 1,3 dienes’’, rubber and to anthra-

cenoid hydrocarbons.

In the c¢ase of rubber it forms allylic hydro-

peroxide by the following mechanism:

CH CH,

&< 38 CH-CH.-C —C— &

—t - - 2-UH2 -—+ -c.“'\“m '.’,H
| 0 ----- 0

CH, CH, QOH CH,
-C-CH=CH-CH, + -CH,-C=CH-CE-  + -CHnC-CH-CH

doH dom
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These hydroperoxides undergo thermal break down to give
ketones and hydroxy compounds as given below. Photo-
degradation of these hydroperoxide groups have already

been explained in Page3 .

CH : CH
' : Y 3
s Heat
- ? - CH = CH CHé B CHé - ? - CH = QH -
O0H 0.
; lRH
A scission :
c CH
= e
C-CH=CHy - + .CH, - - CH,~ C - CH = CH -
0 _ R £ .

-»
Much work has been done in the past to quench the excited
states of the activating groups hence to prevent the

photodegradation of polymers.

Chien and Connergh have reported that diethyl
ketone sensitized photoxidation of cumene can be effectively
retarded by the addition of nickel chelates of
22' thiobis (1,1,3,3, tetramethyl butyl) phenol.

According to this conclusion the retardation is attributed
to the quenching of excited states of diethyl ketone by

Ni (1). They have further concluded that Ni (1) also
quenches the phosphorescence of diethyl ketone in ethyl,
propyl, alcohol (EPA) glass in the same manner and the

resonance excitation energy transfer is probably the

d 10
principal quenching mechanism. But Carlsson and Wiles 5
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in their recent investigation of the effects of some of
ﬁhe photostabilisers for polypropylene under vacuum and
in air have.shown that nickel chelates inhibit the
formation of Norrish type I and II products from the
macro ketones. But they suggest that they operate via

a collisional quenching process and radical scavenging
rather than by long range energy transfer. Further, they
have not detected the quenching of the macro-ketone

phosphorescence at 77°K with any of the investigated

stabilisers.

06 have also

Carlsson, Suprunchuk and wiles'
shown that effective photo stabilisers operate by both
chromophore quenching radical scavenging and hydroperoxide
decomposition. They have been able to show that effective
stabilisers of thin films do not depend on UV absorption
for their protective action whereas some relatively ineff-
icient additives operate solely as UV screeners. Adequate

UV protection have been observed when small amounts

( 0.01% by wt.) of effective stabilizers were concentrated

on the surface of commercial films, and the remaining bulk

of the film contained only a very low concentration of

uniformly blended additive.

In a recent study of the UV stabilization
behaviour of nickeldibutyldithiocarbamate (NiDBC),

Guillory and Becker concluded that it did not quench
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qarbonyl triplet. They have further suggested that since
it was destroyed more rapidly in the presence of oxygen
than in its absence interaction with singlet oxygen might

be involved.

Further on_the basis of the rapid destruction
of Ni dibutyldithiocarbamate in the presence of hydroperoxides,
Scott suggests that only two mechanisms are involved in
the UV stabilizing behaviour of Ni DBC, namely screening
and peroxide decomposition. He has suggested that the
quenching of photoactivated species does not play a sig-

#9

nificant role in the photoxidation of polymers™”, under

practical conditions. It may be involved in polymers
which contain a substantizl amount of deliberately intro-

duced carbonyl without peroxides.

Regarding the light stabilizing action of
nickel oxime chelates in polypropylene, Briggs and
McKellar52 nave suggested from the results of their
phosphorimetry and flash photolysis experiments that
stabilization by the oxime chelates is achieved by a
mechanism of efficient energy transfer from photo-
reactive carbonyl groups to the chelate where the energy

is harmlessly dissipated.

The results of the experiments carried out
with aromatic photosénsitisers indicate that the photo-
stabilization of polymers caused by the metal chelates

may at least partly cause the quenching of either the

excited chromophores OT singlet oxygen in their mode of
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gctian. However Ranaweerggs work has shown that this
makes a negligible contribution to inhibition of photo-

oxidaticn of cumene.

1.2.5 (¢) Hydroperoxide Decomposition

It is now a widely accepted fact that some
polymer stabilizers probaéiy operate by hydroperoxide
decomposition. Simple cyclic phosphates react with
hydroperoxides catalytically in a Lewis acid catalysed

manner55 to form non radical products.

CH 0
1

Lewis
@ C - COH e @-011 + CHy - C - CH,
' Acid

CH
3

Metal dialkyldithiocarbamates are rapidly
destroyed by hydroperoxide in a process which gives rise
to an effective catalyst for hydroperoxide destruction
and this phenomenon has been addﬁced to explain the
powerful UV stabilising effect of the dithiocarbamates.
Also Carlsson and Wilesgs have shown that the quantum
efficiency of radical initiation for polypropylene
hydroperoxde is much higher than it is for the derived
carbonyl compounds. Bolland from his kinetic studies
of polymer oxidation concluded that the well known

auto accelerating rate is due to the increase in

concentration of hydroperoxides.
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PART B

1.3 Degradation of natural rubber

It has been found that the molecular weighﬁ
of natural rubber (NR) decreases due to oxidation; and
that a trace of ozone is capable of destroying the
characteristic macromolecular structure of unsaturated
polymers like natural rubber107’108. Surface cracking

and perigshing of rubber is a result of this deterioration.

R' = 2 H ' g

' [} 03 ' 1 1 !
R=-=0=0=~-R > R-C-C-R r R-C~-C-R

| 1 ¥ t 1

0-0-0 SR
-\O/ ;
i ozonide

R!
0

1 n

R-C-0-0 +RC-H

l

1 : '
~ /0‘0\,/R
/"C‘\\ /’c\\\
R Q-0 R

R

L Chain scission

Stable products

Although the structure of NR has been known
for many years, the nature of the chain scission

reaction in the process of oxidation has proved to be

difficult to characterise. All the possible mechanisms
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investigated to explain the deterioration of rubber

were based on the ultimate products of oxidation.

The first detectable product of oxidation
on rubber was found to be rubber hydroperoxide93.
The ultimate products were carbon monoxide, carbon

dioxide, and carboxylic acids.

As 1In the case of polyolefins, initial form-
ation of hydroperoxide involves the attack of the
rubber molecules by free radicals, These free radicals
are formed in the rubber during the process of compounding,
processing and fabrication. These processes involve the )
application of heat, exposure to direct sunlight, and

contamination by metal ions as in the case of polyolefins.

According to Kauzman and Eyring92 carbon

?
carbon bonds of the polymer backbone break directly

into free radicals:

R - p Mechanical ...
Energy
These free radicals then follow the scheme given below
causing the degradation of the rubber molecule through
hydroperoxide intermediates. Hydroperoxide formation
reaction is more pronounced in rubber than in polyolefin
due to a higher degree of unsaturation of rubber.

Bevilaqua93 has proposed a mechanism for the breakdown

of the rubber molecule through the following hydroperoxide
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group giving products which accords better with the

structure of rubber:

CH3 CH3 CH3
' ' '
R-C=CHCH2-CH2—CH—CH:CH-CH2-0=CH-R

lFree radical source

VO, ¢H3
R - C=CH Y - CH=CH-CHy - C=CH-R
/ “CH
W0 =i
= _ CHy—CH,_ e
R-—EJH\_O oG - CH=CHCE, - C=Ci-R
=07 ¢p
3
CH
3 3 CH
' _CH, - CH, vHa
B« CH GC~Cl=CH~-CH -~C=CH~R
2 2
' =0 Fn
00H
CE,
R—CHg-C-CH/ /E<
' 0 - 8 CH = CHR
00H l
CH, /0112 o CH2\ /CH3
RCH, - C + OH CH C [éH =CHR:I
" " "

0 0 l 0 Ozl

3002+2H20+CH3000H+HCOOH CH,O + RCOOH
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1.3b Stabilization of natural rubber

As in the case of synthetic polyolefins,
stabilization of natural rubber involves the incorporation

of antioxidants into the polymer by the following methods:

a) By mixing antioxidants into the rubber dissolved
in a suitéble solvent and then removing the
solvent.

b) By mixing solid rubber with antioxidants on
a roll mill or in a Banbury.

¢) By mixing antioxidants witﬁ the rubber in
the latex form and then coagulating by means

of a coagulant.

Out of these, the third method generally gives a more
uniform mixture. Although there are several methods of
incorporating antioxidants into natural rubber, in
principle the most successful method should be to graft
the antioxidant into the polymer backbone in order to
prevent the problem of antioxidant loss by wvolatility
and extractability6o’70’109’110. This also ensures the
presence of antioxidant groups throughout the life time
of the article. A successful method developed to graft
antioxidant molecules onto the rubber chain, as in the
case of polyethylenes is by means of hydroperoxide groups

formed on them.
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1.3.1 Reactions of hydroperoxides and the use of

hydroperoxides in polymers for initiation polymer-

isation reactions

Hydroperoxides are the first products
formed during the autoxidation of polymers including
rubber and the well known autoaccelerating behaviour
is due to their increasing concentration. Regarding
their instability and the very low concentrations

present, an accurate method is not available for the

57

measurement of their concentration. Wagner proposed

an iodine liberation titrimetric method using isopropyl -
alcohol as the medium for the measurement of hydroperoxides.
But this method is found to be inaccurate for the hydro-
peroxide groups formed on the oxidised polymer films.
Sull:ifs8 has proposed é modification to Wagner's method
to avoid the contamination by atmaspheric oxygen. The
method reported by Bocek is capable of measuring

107" moles of hydroperoxide formed on polymers by a
colorimetric method. All methods available for hydro-
peroxide estimation are dealt with in detail in the

next chapter.

1.3.1.1 Reactions of hydroperoxides

Hydroperoxides are found to undergo reaction

with 502 gas giving an intermediate66 which is very

unstable and hence rapidly breaks down to give radicals.

Hence this system acts as a convenient radical source

for initiating copolymerisation of sulphur dioxide
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with alkenes at low temperatures . Recently it

has been found possible to initiate the radical poly-

113

merisation of vinyl monomers with this catalyst system 3

and strong nucleophiles such as sodium methoxide can
prevent sulphur dioxide from copolymerising-with the

vinyl monomer. The nature of the radical intermediates

112

has however, remained uncertain. I.vin et al have

found that the radical (HO éog or the radical ion SO3
formed by the reactions;

ROOH + 802 > HO + RO - 8=0

n

0
0
"
H' + 80, > H-0- s
0
s OOR .
' 9
ROOH + S0, — 5 6= 5 0=84+0R
0H OH

In 1959 Walling and Rabinowitz67 found that
trialkyl phosphites decomposed hydroperoxides, giving
trialkyl phosphates and alcohol according to the

reaction:

P '
ROOH + (R O)3P = ROH + O=P(CR )3

In certain studies it is proposed that in the intermediate

' + -
step an ion pair[(R 0)3 P - OR, OH] is formed; in other
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work the formation of a pair with a different structur968
(R'o)3P+- OH, OR™ which is converted to the product

by transfer of a proton is considered more probable.

Later Pobidimskii®® studied the kinetics of
the consumption of TBHP in the interaction with triphenyl
phosphite by the methdd of polarography in the presence and
Obgence of Okv&eN. The results of this study have shown
that the reaction of TBHP with phosphites apparently
proceeds according to a radical mechanism as represented

below:

1 - + . |
o s 8 b S R
ROOH + (R 0)3P S ROOH P* (0 )3

' .o '
ROH + 0=P (OR )3 — ROP (OH) (OR )3

This could be used as a radiecal generating process in

polymer chemistry,
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1.4 Yulcanization of rubber

Vulcanigation is the process whereby rubber and
rubber like elastomers are treated with certain chemicals
to increase their strength, durability and fitness for

commercial use136

« Since the discovery of this process in
1839 many refinements and discoveries have followed so that
the modern rubber technologist, without undue difficulty
can compound and vulcanize an elastomer to obtain a satis-
factory product with predetermined specific physical prop-
erties. In general any elastomer subjected to the vulcaniz-
ation process show the following changes:

1. Elimination of tackiness

=% Increaée in tensile strength

3. Becrease in solubility in solvents

4, Decrease in cold flow and plasticity

5. Increase in elasticity

6. Decrease in temperature sensitivity
Many theories have been suggested throughout the course of the
years dealing with possible explanations on the mechanism
of wvulecanization. But apparently the mechanism of vulcanization
is not a simple chemical phenomenon. Even today, no adequate
explanation has been offered for some of the observations made

on the combination of rubber with sulphur in the presence of

other chemicals such as accelerators under various conditions.

As illustrated below vulcanization is primarily
a crosslinking process. This is generally accepted for the
more important rubbers such as MR and SBR.

If we consider the vulcanization of rubber to be

similar to the reaction of sulphur with unsaturated organic

C¢ompounds to form Sulphur bridges then we can write the
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following equations involving atomic sulphur and isoprene

(Csﬂé) the basic rubber unit.

iy v
- CH, = 0= CH « CH.. - - CH\- C = ¢ - CH.~-
2 2 2 2
+ 258 (atomic) S é E
-CH2-C=CH-CH2- g W%
' - CHE- C-C- CH2-
CH’.3 1
CH
3

Thio ketone

combine and/rearrange

CH
r 3
- CHé - ? = C —-CHé -
S
1
S
1
- 3 - - C - CF
Hy - C - CE, - CH,
CH3 vulcanized rubber

One theory has postulated the formation of the thio ketone which
then combines with itself to form a disulfide linkage or thio
ether and thus effect "cross linking"., Some preference has

been shown for structures written differently from the above,
where sulphur links the two cha;ns at carbon atoms other
than those illustrated. This example illustrates the
important point that in this manner two long chain unsat-

urated hydrocarbon units may thus be bridged to form a three
dimensional high molecular weight network to which the term
'vulcanized' has been applied. These sulphur linkages may occur
at widely separated points or in clusters on successive repeating

units of the above rubber molecule,

l.41Accelerators of vulecanization

The precise function of an accelerator of vulcanization

i1s to catalyse or speed up the formation of sulphur radicals
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which are the active species in the vulcanization reaction
so that vulcanization can be achieved in a matter of minutes

or even seconds compared to hours when no accelerator is used.

It is well known that under the influence of heat
an accelerator of the following type will dissociate through

the free radical stage as follows:

i 5 o [CHy § aH 8 /%5
N-C-5s-s-Cc-N& 2 N-C-S. 3‘N--c-s-c-m
CH CHy CH
3 3 CHy CH3
+ .S,

A free radical of this type in contact with added inert S8
sulfur will affect ring opening with formation of a chain

radical. 3

" i

- {: - S + S rjn q {: S -SQ

EONE oo A | 3 7
The long chain radical may then be thought of as dissociating
back to the accelerator free radical and sulphur chain radical
which further dissociatesinto smaller fragments and eventually

atomic sulphur,

> S
e i
kit /N—C-S7 =5, 5 N—C-—S. + .5-5,-5.
3 CH3

-S - 86 - Sn E 2.5 e 82- s. ; 2.8 = S = s. + 2.80

The atomic sulphur thus formed immediately reacts with the
unsaturated portion of the elastomer molscule and it is

reasoned that the two fragments combine since two sulphur atoms
have been found in the average crosslink in wvulcanization of

the elastomer., The conversion of a linear polymer into a network

results in several fundamental changes in its physical

properties as given above.
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1.5 _Scope and objectives of the work

The exact mechanism of photoxidation of -
polyethylene and the role played by hydroperoxide
groups formed in the oxidation process is not fully
established. The main objective of the present work
is therefore to study the mechanism of the photo-
initiated process in polyethylenes and also to study
the possibilities of using hydroperoxide groups for
grafting of antioxidant molecules to stabilize the

polymer.

Another objective of the present work is to
investigate the functional groups formed in these
oxidations; to try and relate the processing conditions
and nature of the additives,which are mainly destroyers
and initiators of hydroperoxides,to the products formed
and to understand the role played by these additives in

these oxidation and stabilization processes respectively.

The work descrived in this thesis will provide
information on products and functional groups formed
and also the embrittlement times of polyolefins under
various conditions of oxidation. .Behaviour of these
polyolefins in the presence of additives which are
powerful photo activators such as FeAcAc and CoAcAc,

delayed action activators such as FeDBC and also photo

stabilisers such as NiDBC and Ni o-hydroxy acetophenone

the rate of appearance

oxime have been studied by means of
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and disappearance of certain functional groups on the IR
spectrum of these polymers at different stages of exposure

to UV light.

This will help to understand the mechanism of
photodegradation of polyolefins, and hence to select the
suitable type of photostabiliser to be used in various

polymers.,

’
Oxidation of NR wvia singlet oxygen in the presence
of various photo activators was carried out to make

1iquid rubber with good physical properties and

hence suitable for practical applications.
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2. EXPERIMENTAL METHODS

2.1, Selection of Material for Investigation

Polyethylene is a high molecular weight
polymer obtainable in pure form. Like low molecular
weight waxes116, polyethylene exhibits a marked
"induction period at lower temperatures when no change
in physical properties is observed, but during which
oxygen is slowly absorbed and hydroperoxide groups
are produced. Polyethylenes, in which:gver way prepared |
are known to be mixtures of crystalline and amorphous
materials, and the high density polyethylenes (HDPE)
contain a higher proportion of crystalline material which
gives rise to the higher melting point, greater stiffness
and other advantages associated with them. These polymers
are known to contain relatively low tertiary carbon atoms

117

to
per molecule and are the most stable/foxygen of all

the simple:pdyolefins in the solid state.

Both high density polyethylene, and low density
polyethylene are available as stabilized or unstabilized
pellets., Unstabilized polypropylene (PP) is available
only in the form of an amorphous powder, which can be
mixed very easily even when the additive is in the

liquid form.

Natural rubber is a very high molecular

weight polyisoprene polymer which contains varying



.amounts of proteins, aminoacids, amines, phenols and
many other compounds as non rubber constituents. The
amount of these substances present varies from clone

to clone and also on the process by which the dry

rubber is obtained. Some of the non rubber substances
are natural antioxidants and these effect the oxidation
process, hence inconsistency of results obtained for
different clones. Hence experiments have also been
carried out with NR after acetone extraction of the

natural antioxidants present to avoid this difficulty.

The high molecular weight and the opacity
of this polymer to visible light makes the analysis of
the functional groups difficult. Also the fragility of
very thin films of unvulcanized raw rubber films makes
the quantitative IR analysis of the functional groups
very difficult. This effect is well marked in the case
of oxidised rubber. Casting the rubber film on a KBr
disc for IR analysis was also unsuccessful as all these
experiments were_carried out in the aqueous phase.

Only the experiments with rubber carried out in chloro-

benzene were analysed spectroscopically.

Hence the major part of the work described
here has been done with polyolefins and mainly with
LDPE. When necessary, other compounds also have been
used to establish certain specific points in the

mechanism of oxidation.
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2.2 Spectroscopy

Infrared spectra were recorded using Perkin-
BElmer spectrometers 457 and 257. Nuclear magnetic
resonance spectra were run on Perkin-Elmer R 14 100
Mc/Sec spectrometer. Tetramethyl silane was used as the
internal standard. Mass spectra were obtained using an
AEI M59 double focusing spectrometer with 70 ev accel-

eration.

2.3 Gas Chromatography

Analysis of the products of the reaction between
sulphur dioxide and tert-butyl hydroperoxide was carried
out on a Pye series 104 chromatograph with flame lon-

ization detector, using polyethylene glycol columns.

2.4 Synthesis of Additives

2.4.1 Cobalt (II) acetyl acetonate dihydrate

This compound was prepared70 by adding a
solution of acetyl acetone (10 g, 0. mol) in aqueous
sodium hydroxide (4g in 15 ml of water) to a sclution
of %.76g (0.05 mol) of cobaltous chloride hexahydrate
in 60 ml of water. The orange precipitate formed was
filtered, washed with water and recrystallised from a

mixture of ethanol and chloroform (3:2 by volume).



HC5H702 + NaOH > NaCSH702 + Hag

2NaC H,0, + CoCl,6H,0 » C0(CsH,05), (Hy0)5.

+ 2NaCl + 4H20

2.4,2 Cobalt (ITI) acetylacetonate

This compound was prepared86 by adding
60 ml of 10% hydrogen peroxide drop wise to a heated
solution of 5g of cobalt (II) carbonate (0,042 g mol)
in 40 ml of acetyl acetone (0.4 mol) while stirring.
At the end of the reaction which took about 45 mins,
the mixture was chilled in an ice-salt mixture and
filtered., The green solution was recrystallised from

a solution of benzene and petroleum ether.

Nickel dibutyldithiocarbamate (NiDBC) and
Ni complex of hydroxy acetophenone oxime was obtained

from Mr. M.R.N. Fernando of the Department of Chemistry.

Ferric acetylacetonate Fe (05H702)3 and
ferric dibutyl dithiocarbamate (Fe DBC) was obtained
from Dr. E.A. Boga a research fellow attached to the

Chemistry Department.

2.9 Infrared spectroscopic studies of model compounds

Infrared scans were made of diisobutene and

oct-1-ene in the presence and absence of the UV stabilizer

NiDBC using sodium chloride cells. The solution containing
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additives were irradiated in the sunlamp and black

lamp (SB) cabinet using 25 ml silica tubes and samples

were taken from time to time and scanned in the Specﬁrometer.
Spacer was selected in such a way that the absorption due

to vin&l groupwas of at least medium size.

2.6 Purification of reagents

Tert-butyl hydroperoxide stabilized with 6%
of a 15% w/w slurry of aqueous sodium carbonate,
(Koch - light Ltd.) was purified by the following pro-
cedure. 50 g (1.25 mole) of caustic soda in 10 ml of water.
was added to 90.g (1.0 mole) of hydroperoxide in ligroin :
at 0°C, the sodium salt filtered and this was washed with
25% caustic soda solution; then with petroleum ether, and
suspended in 500 ml of water. A stream of carbon dioxide
was bubbled through the suspension and dry ice was added
instead of carbon dioxide gas, and when all the hydroperoxide
had been re-liberated, the solution became opaque and
separated into two layers. The lower aqueous layer was
extracted three times with petroleum ether, and the com-
bined ethereal fraction washed with dilute sodium bicar-
bonate solution, and dried over anhydrous sodium carbonate.
After removal of the solvent the product was distilled
at 52 - 55°¢ 0.01 torr as a colourless liquid M§2 = 1.5238
(53°%¢ M§0= 1.5242), Purity by iodometric titration was
better than 98%.

Styrene was washed with aqueous 5% sodium

hydroxide to remove inhibitors and then with water, dried
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yith anhydrous magnesium sulphate and distilled under

reduced pressure.

Diisobutene and oct-1-ene were purified
by passage through a column of alumina of activity
grade 1 and were stored under N2 in the refrigerator.
This compound was tested for hydroperoxide groupsusing

IR spectroscopy before use.
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3, REACTIONS AND DETERMINATION OF HYDROPEROXIDES

3.1. Todometric determination of hydroperoxides

Todometry is one of the most widely used techniques
for the estimation of hydroperoxides. In this method the
jodide is oxidised quantitatively to iodine by the hydro-

peroxide in acid. medium.
QOO + 27 + B > ROE + EJ + I,

Peroxides also oxidise iodide to iodine, but slowly.
The conditions used are important and many variations of

this technique have been published.

The method used in this work was the modified
procedure adopted by Dudley Sully57 & 58 of the method
of Wagner which utilizes chloroform as the solvent and
which also acts as the indicator of the titration.
Potassium iodide was used instead of sodium iodide in

this titration.
The method has the following advantages:

(a) The loss of liberated iodine due to purging
or boiling is prevented due to the formation

of the triiodide ion which is involatile.

12 _+ e Ig

R
(b) The triiodide ion will not add to the double
bonds so that errors due to unsaturation are

eliminated.
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(¢) The use of chloroform as solvent and the
absence of strong acids in the system elim-

inates atmospheric oxidation of iodide.

(d) Heavy and inert chloroform vapour prevents
atmospheric oxygen entering the reaction vessel.
(e) The plane glass condenser of length 75 cm
which acts as the fractionating column,and
the water jacket at the top,prevents the
escape of the solvent.
(f) The absence of water in the system avoids
low results due to retardation of the iodide-

hydroperoxide reaction.

In addition the method is rapid, accurate and needs

only simple apparatus.

Reagents
Glacial acetic acid

Analar grade chloroform

Analar potassium iodide crystals

0.01 N sodium thiosulﬁhate solution stabilized with a few

drops of chloroform was stored in a bottle covered with

aluminium foil. The sodium thiosulphate solution was

standardised using a standard solution of potassium

iodate.
Method
A 100 ml round bottom flask was fitted with a

ground glass joint to a plain reflux tube about 75 cm
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long and 9 mm internal diameter, the upper 15 cm of the
tube was cooled with a water jacket. 10 ml of chloroform
and 10 ml of acetic acid were added to the flask and the
mixture boiled until the vapour rises to the top of the
tube, where it was condensed by the water jacket. The
plain portion of the tube acted as a fractionating column
to remove traces of dissolved oxygen, and further, by
adding potassium iodide solution and the sample through
the column it was possible to ensure that they too were
de-aerated before a reaction occurs with the reagents in
the flask. When the acetic acid-chloroform mixture was
refluxing steadily, a solution of 1g of potassium iodide
was poured slowly down through the column, for refluxing
from the water jacket to continue without interruption.
Then added the organic peroxide (which is to be determined)
sither in the form of a liquid or as oxidised strips of
£film, down the column. The cooling water was turned off
in order to raise the condensation level and thus ensured
that the entire sample was washed into the flask. The
sample was boiled for a further 3 mins. The contents of
the flask were cooled and the liberated iodine was titrated

with 0.01 N sodium thiosulphate in the usual way.

Percentage of hydroperoxide

s X NX ¥
and dihydroperoxide 20
2 X W
Where V = Volume of thiosulphate used
N = Normality of thiosulphate solution

W Wweight of the sample
One of the drawbacks of this method 1is the interference of

dihydroperoxides.



3.1.2 Colorimetric determination of hydroperoxides

Very few methods of peroxide analysis are
sufficiently sensitive to measure very low concentrétions |
found in processed polymers. The method of Bocekjeeis
capable of measuring 10‘6 moles in polymer samples of
convenient size. The method was found to be irreprod-
ucible when applied to polyethylene fillgm\and two
contributory reasons were jdentified which accounted

for this:

1. The iron phenanthrolene complex, which is
estimated by UV spectrophotometry at 510 nm,
is unstable to light of this wave length and
repeat measurements on replicate samples are

necessary.

5, Due to the slow penetration of the solution
into the polymer film, it was found that
measurements were reproducible only after the
solution was in contact with the film for
5 hours. Then the absorption at 510 nm becomes
maximum. A minimum time of 2% hours was used
in practice. The method was calibrated using
pure tert-butyl hydroperoxide.

Reagents
(a) 5% solution of o-phenanthrolene in benzene.
(b) The buffer solution - containing 1.5 ml of
orthophosphoric acid in 1000 ml of methanol.
(¢) 0.025 M ferrous sulphate solution stabilized
with concentrated sulphuric acid in benzene

and methanol mixture.
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Procedure:

The film containing the hydroperoxide and
dihydroperoxide groups were cut into thin strips and
placed in a small conical flask. Exactly 10 ml of the
0.025M ferrous sulphate solution and 1 ml of the phosphoric
buffer solution were added and allowed to stand for half
an hour at room temperature. The liquid part was drained
into a 25 ml graduated flask, the polyethylene strips
were washed, and the washings were collected in the
same graduated flask. To this system 1 ml of the o-
phenanthrolene solution was added by means of a pipette

and kept in the dark for not less than 24 hours. 5

This was diluted by mixing 2 ml of this
orange coloured solution with 3 ml of methanol and
measured the absorption at 510 nm using the PE 137 UV

spectrophotometer.

A standard curve was drawn using varying

amounts of tert-butyl hydroperoxide.
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3.13 Infrared spectroscopic method for the estimation

of hydroperoxide content in oxidised polyolefins

Several methods have been presented by
previous workers for the estimation of hydroperoxide

groups. The methods used could be divided into two types.

(a) Direct method: where the absorption of hydro-
peroxide group 1is measured.

(b) Indirect method: where the hydroperoxide group

66

is converted into a derivative~~ and the absorp-

tion of the derivative is measured.

One of the major difficu}ties encountered in
using the direct method is that the hydroxyl groups tend
to form hydrogen bonds among themselves and with other
polar groups. The intensities of the absorption depend
on the degres of association in the system. Although
most of the previous workers have used the intensity of
the hydrogen bonded hydroperoxide groups as the hydro-
peroxide band intensity, there are many other hydroxyl
groups which are commonly present in oxidised polymers

appearing at the same region of wave numbers.

The band due to pure isolated hydroperoxide groups
which is very sharp and not very stable at temperatures

above 100°C due to thermal decomposition appears at

3550 em~! yhich is completely separated from the hydrogen
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bonded and associated hydroperoxide band. (Fig 4, Ruge 74)

2 ROOH we——its (ROOH)2
AgR—
Associated
Hence all the hydroperoxide intensity measurements
were made corresponding to the total intensity of
the pure hydroperoxide band and not by measuring the

hydrogen bonded hydroperoxide band.

3.1.% Indirect measurement of hydroperoxides by IR

spectroscopy

Fairly rapid reaction has been observed by
Mitchel and Perkins?* of sulphur dioxide with hydro-
peroxide groups formed during the early stages of
oxidation of polyethylene. Measurements in the infrared
spectrum of the resulting strongly absorbing groups
which could be a stable fragment of this unstable
sulphate forms the basis for this new, specifie,

sensitive method of analysis.

0

n
RO - S - OH

"

0

ROOH + 302 3

Wwith slight modification, this method is suitable for
rough determination of hydroperozides in polypropylene

and other polyolefins.

Procedure: Samples of polyethylene films (1 mil film)

were thermally oxidized by heating in air. After
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d;fferent perdads of time, portions were scanned in

a double beam infrared spectrophotometer PE 457. The
same specimens were then placed in a desiccator, air -
was evacuated, and gaseous sulphur dioxide int roduced
to a pressure of 1 atmosphere. After several hours
exposure, samples were removed from the desiccator and

rescanned. Band intensities at 920 cm'1, 1195 cm™ ]
and 3520 cm” ] were measured using base line technique.

Band at 920 em™! is due to hydroperoxide sulphate
Band at 1195 cm™' is due to hydroperoxide sulphate
Band at 3520 cm~! is due to pure hydroperoxide

3.2 RESULTS AND DISCUSSION

3.2.1 Zstimation and reactions of hydroperoxides

The results of the experiments carried out using the
iodometric titration indicate that the method is applicable
for estimation of hydroperoxide formed in the polymer during
the process of heating the sample at temperatures close
to 150°C for more than an hour. Use of an indicator 1is not
necessary as the final change in colour is from yellow to
colourless. The accuracy of the method depends on the'

following factors:

(a) Manner in which the samples are arranged in the
oven, that is the geometry of the arrangement

of the samples in the oven.
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(b) Availability of a sufficient supply of oxygen

or air.

Misleading results are obtained when the films‘are
piled up in the flask. Oxidation of the films on a petri
dish does not give good results as the film becomes
brittle and sticks on to the dish on ageing, making the
transfer into the titration flask difficult. Hence the
results are not accurate and not reproducible under these
conditions.

The difficulties can be overcome by evenly spreading
the film, cut into small pieces, in single layers, in the
open conical flask. Ageing and titrating being carried .
out in the same flask. Air inlet to the ageing oven is

open throughout the ageing period.

In this process of oxidising the film, the temp-
erature was maintained between 145° and 150°C because at
temperatures below 145°C the amount of hydroperoxide formed
cannot be detected by iodometric titration. Temperatures
above 150°C cannot be used as the film of polymer melts

and charring occurs above 150°¢.

In any case hydroperoxide contents obtained by
Wagner's method for different sets of film samples of the

same thickness followed no definite pattern.
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Table 1 - Results of titrations

Ageing temp. ggiygioggf Vol. of 1.025N | Hydropero-
and lene film | Ye2S203 used xide content
TIME

1% urs at 150°C | 0.1446 g 23.0 ml 564 x 10~Cmoles
1% nrs at 150°¢ | 0.1152 g 18.8 ml 459 x 10~Cmoles
1% nrs at 150°%¢ | 0.2117 g 28.0 ml 690 x 10~Cmoles
14 hrs at 150°C | 0.287% g 30.6 ml 755 x 10"%moles
2% hrs at 150% | 0.2535 g 25.4 ml 625 x 10~Cmoles
23 hrs at 150°C | 0.3190 g 25.0 ml 615 x 10 %moles
2% hrs at 150°¢ 0.2562 g 30.0 ml 740 x 10'§molés
3.2.1.1 Inconsistent Results

Inconsistency in the hydroperoxide concentration

obtained by ageing and titrating polyethylene may be due

to the preoxidised parts of the unstabilised polymer or

due to the method of oxidation of the polymer in the oven.

Visual observation and manual removal of the discoloured

brittle portions of the material was essential to obtain

i)

reproducible resultslke those Carlsson and wile39 obtained

in their colorimetric determination. Also these errors

8 .
were found to be minimised when Sully:; modofication was

nsad indicating that both those factors contribute to the

final results.

.22 Spectroscopic methods for hydroperoxides

The sulphate methods for the determination of

hydroperoxides formed on the polyethylene f

found B& car

ilm has been

eful analysis to be a good method66 although
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Variation of intensity of the band at 920 cm™

with ageing time.
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¢eriticised by Carlsson and w11e337. There are two important
bands in the IR spectrum of the film containing hydroperoxide

after sulphur dioxide treatment.

L region,

1. Carbonyl band which appears at 1720 cm™
which slightly decreases after SO, treatment of
the film.

2. New band appearing after 802 treatment of the

oxidised film which appears at 920 em~ 1,

Band due to pure hydroperoxide that is formed on the

1

£i1m on oxidation and appearing at 3520 cm™ '. This band

disappears after the 302 treatment.

; 0

n

ROCH + 502 5 R-00-S-0H 5 ROH + 803

The intensity of all these bands increased proport-
ionately with the time of ageing reaching a maximum at
4 hrs. Beyond 4 hours they decreased again owing to thermal
decomposition. It was also noticed that the intensity of
the band due to the sulphate at 920 em™! as well as the
band at 3520 em™' decreases with time of exposure of the
film to air outside the 802 chamber. In the case of the

band at 920 cm"1

this decrease occurs gradually until it
reaches an equilibrium point where only the bonded sulphate
groups remain on the film. The decrease is supposed to be
due to the unbonded surfece absorbed sulphur dioxide mol-

‘ecules lost from the surface under atmospheric conditions.
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Intensity deerease of the band due to unbonded

hydroperoxide at 3520 em™ !

is due to the breaking down
of the unstable hydroperoxide groups to ketonic groups
under atmospheric conditions. This can happen even in

the absence of oxygen and light.

In measuring the intensity of the band only the
sag due to the band at that particular wavelength is

measured. The carbonyl band at 1710 cm™-

is found to
decrease slightly but proportionately to the amount of
oxidation that has been taking place after sulphur

dioxide treatment.

1

The intensity of the band at 920 cm™ ' for a

sulphur dioxide treated oxidised polyethylene film can
be used for the quantitative determination of the hydro-
peroxide concentration on that film by comparisoh with

a standard.

The standard was part of .the oxidised polyethylene
film whose hydroperoxide content has been determined by
iodometric titration prior to the sulphur dioxide treatment.
IR analysis of both test samples and standard was then
carried out (Fig.1 ).

For example if the intep§ity of the band roughly measured
using a ruler[%grgggsgﬁple containing hydroperoxides up to
5% 1is 3.5 cm; then the concentration of hydroperoxide on

a film which is also aged at the same time, at the same
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Femperature, and 502 treated, which gives a band of

intensity X cm at the wave number is :-

= 2.0 ¥ X percent
3.5
This gives an approximate value for the
hydroperoxide concentration formed on the film. The
same procedure is applicable to the pure hydroperoxide
band also. But in this case a test piece of the standard

need not be treated with 802.

In the case of hydroperoxide and carbonyl
bands, when the ageing time exceeds 4 hours at 150°¢,
the intensity of the carbonyl band increases'slightly,
whereas the intensity of the hydroperoxide band drops.

This can be explained by the following reaction:

H H
oty é . Thermal R
g N i Degradation i ? - CHp
O0H 0
Alkoyl radical
fifcission
0 0
n "
- CHé- cC - CH2- + - CH2- C -H
Ketone Aldehyde
(0)
0
"
+ CHy=i 0 = OH

Carboxylic groups
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A
Intensity

Concentr-

of O00H
gm moles

60 x 1P |

X Spectroscopically
® Chemically
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30 35 %0 e 20 W

Processing time min
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VARTATION OF HYDROPEROXIDE CONCENTRATION WITH
IRRADIATION TIME ( MEASURED CHEMICALLY AND SPECTROSCOPICALLY

MEASURING THE BAND INTENSITY AT 3520 CM' DIRECTLY)
Fig. 1b.
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Some of the hydroperoxides undergo thermal
decomposition followed by oxidation to give more and more
carboxyl and carbonyl groups. These 3 groups appear at

12 1720 cm_'1 region in the IR spectrum. The

1710 em”
intensities of the carbonyl and sulphate bands obtained
for different ageing times were plotted on the same

graph. It is clearly seen that on both curves near the
transition point the intensity of the band varies anoma-
lously giving points scattered over that region due to
varying concentration of the hydroperoxides at that stage.
This is the stage at which the rate of thermal breakdown
of hydroperoxides starts to exceed the rate at which they
are formed. In the ascending part of the curve the rate

at which they are formed is always greater than the rate

of decompositioﬁ.

2 ROOH —= RO. + ROO. + HéO
T —

3.2.3 Colorimetric determination of hydroperoxide

ﬁery few methods of peroxide analysis are

sufficiently sensitive to measure the very low concentrations
found in processed polymers. BOCeE“%%s proposed a color-
imetric determination of hydroperoxides using a standard
ferrous ion solution. This method seems to be sensitive
enough to measure 10”6 moles in polymer samples of conv-
enient size. .

In this method a specimen containing hydroperoxide

groups is immersed in a standard solution of ferrous
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sulphate solution in the presence of phosphoric acid
buffer. The hydroperoxide groups in the specimen then

reacts with the ferrous ions by oxidising them to ferric

ions.

ROOH + Fe2* RO. + OH" + PFe3*

——i

After some time this solution is treated with
1,10-phenanthrolene. Only the ferrous ions in excess of
those which reacted with ROOH and was converted to ferric
ions, reacts with o-phenanthrolene to give an orange
coloured solution, the intensity of which is measured

later. The following facts have to be taken into accounts:’

1. It was observed that the iron-phenanthrolene
complex, which is estimated by UV spectrophotometry at
510 nm, is unstable to light of the wave length and repeat

measurement on replicate samples are necessary.

2. Due to the slow penetration of the solution into
the polymer film, it was found that measurements.were
reproducible only after the solution was in contact with
the films for 2 hrs. A minimum time of 2% hrs was used
in practice. The method was calibrated using pure tert-

butyl hydroperoxide.

This procedure was found to be the best of all the
B ‘ﬁe |
methods given in/literature. Also the procedure 1s found

to be reproducible and capable of measuring concentrations

of 10“6 mol/i in polymer samples of convenient size, whereas
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other methods cannot be used where concentrations are low.

3,3 Reactions of hydroperoxides with sulphur dioxide and
triphenyl phosphite

The formation of radicals by the reaction of
sulphur dioxide gas and triphenyl phosphite with tert-
butyl hydroperoxide was studied by means of styrene
polymerisation by dilatometry.

A mixture of freshly distilled styrene
with varying concentrations of the initiator system
purged with a stream of N2 gas was used in the
polymerization studies using dilatometers. The initiator
used was a mixture of tertiary butyl hydroperoxide with
a solution of sulphur dioxide gas dissolved in carbon
tetra chloride. The same experiment was repeated with
triphenyl phosphate dissolved in carbon tetrachloride
in place of the hydroperoxide/sulphur dioxide mixture.

The reaction was carried out in a water
bath at 80°C and the kinetics of the reaction was followed
by measuring the depression of the liquid meniscus in the
dilatometer using a cathetometer at different intervals of
time, Extremely low concentrations of 80, were used as
the complex formed between hydroperoxide and sulphur
dioxide is very unstable and decomposes violently liber-
ating a large amount of heat. The rate of polymeris-
ation initiated by hydroperoxide in the absence of any
other additive was also studied at 80°C,

Decomposition of tert-butyl hydroperoxide

in the presence of sulphur dioxide was rapid at the

beginning and the rate of decomposition retarded gradually and
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reached a slow almost steady rate of decomposition

(fig. 3).

The highest concentration of sulphur
dioxide showed the highest activity and the auto-
retardation commenced at a lower hydroperoxide
concentration compared to that observed with lower

concentrations of sulphur dioxide.
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The 302 concentration was kept constant at
0.0010 moles. The rate of dé%omposition of hydroperoxide
was found to increase with the concentration of sulphur
dioxide used. Therefore this reaction is a pseudo first

order reaction of the type.

-d (hydroperoxide) = K2 (Hydroperoxide) (802)
dt

(Hydroperoxide) = Concentration of hydroperoxide

(802) Concentration of sulphur dioxide

Sulphur dioxide should either be in excess or
should not be consumed in the reaction in order to obtain

the observed kinetics.

The rate of decomposition of hydroperoxide in
the presence of triphenyl phosphite was not as rapid as
it was in the case of sulphur dioxide. The highest rate
of polymerisation was shown by a-critical concentration of.0012m

oles
of phosphite above which the rate drops again.(Fig.2).

3.4 Gas chromatography

80 of the reaction between

Analysis of the products
t-butyl hydroperoxide and sulphur dioxide gas was carried
out on a Pye 104 chromatograph with flame ionization
detector. Matched giass columns of five feet long and
quarter of an inch in diameter packed with 15% poly-

ethylene glycol 20 M on 80-100 mesh universal support



were used. Nitrogen was used as the carrier gas at a flow
rate of 60 ml/min., The method required that the column
be operated according to :the following temperature ‘

conditions:

Constant temperature of 145°¢ for 5 minutes.

Detector temperature of 200°¢.

for the analysis of the reaction products, reactants were
diluted with carbon tetrachloride and the two components
mixed just before analysis while the reaction vessel was
immersed in ice. 5-10 micro litres of the diluted solutions
were used in the chromatograph. Different oxidation products
were identified by sending pure t-butyl hydroperoxide and |
pure sulphur dioxide gas dissolved in carbon tetrachloride

and comparing the retention times.

Retention times of the different compounds under
the above conditions are given below:

TABLSE 3 - RETENTION TIMSS AND RSLATIVE INTENSITIES OF TBHP
AND ISOPROPYL ALCOHOL IN THE GLC

Compound Retention Relative
time (min) Intensity
Pure TBHP T ' Weak
5 Strong
7 Medium
Isopropyl 1,5 Very strong
alcohol and the only
peak
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' From this it is clear that one of the products

of the reaction between tert-butyl hydroperoxide and

sulphur dioxide is isopropyl alcohol.

Another very sharp peak was also seen in the
chromatogram at a very short retention tiﬁe indicating that
it is due to a gaseous product. Although it was suspected
that this could be due either to uncombined 802 gas or due
to the SO. gas produced in this reaction, it was not

3

possible to confirm it.
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4, EFFECT OF PROCESSING AND THERMAL-OXIDATION ON
UV_STABILITY OF POLYETHYLENE

The deterioration of polyolefins on outdoor
exposure may be induced by a number of factors. Among
those factors UV radiation, oxygen, moisture,-
ozone and metal vapours are the most important in causing
the degradation of polyolefins. The mechanism of such
degradation particularly in polyolefins is now generally
accepted as an oxidative chain reaction initiated by
UV light. In polymer photoxidation those factors or agents
which cause this initiation to occur are more imggrtant :
than any other factor, and indeed in free radical mechanism
it is the initiation reaction that allows the subsequent

reaction steps like propagation to take place.

Tt is known that the most important chromophoric
groups which are the initiators of photoxidation in
polyolefins, are hydroperoxides and their breakdown
products, notably carbonyl compounds. The purpose of this
study is to relate the rate of UV degradation of the
polyolefins to the thermal oxidative treatment which 1is

always involved in their manufacture.

wiles and his co-workers have shown that the
quantum efficiency of radical initiation for polypropylene
hydroperoxide is much higher than it is for the derived

95

‘carbonyl compounds’’, Polyolefins containing varying
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géncentrations of hydroperoxide and carbonyl groups were
prepared by processing it in the torque ‘rheometer for

varying time periods at different temperatures.

L1 BExperimental

4.1.1 Processing in the Toraue Rheometer

Processing conditions were simulated by use
of the prototype RAPRA Torque Rheometer?2 which is essentiﬁllﬁ
a small mixing chamber, containing mixing screws contra-
rotating at different speeds. It has good temperature:control,
and a continuous read out is provided of both melt temp-
erature and the torque required for mixing. The chamber m;y
be operated either open to the atmosphere or sealed by a
pneumatic ram. Experiments showed that this provided a
virtually air-tight seal. A full chame was 35 g of HDPE
and when this charge was used the chamber was sealed. When
it was desired to process in the presence of oxygen, a
charge of 20 g was emplﬁyed, and the chamber left open to
the atmosphere. A minimum mixing.time of 5 mins was

required to ensure complete gelation of the polymer.

On completion of mixing, the polymer sample
was rapidly removed and quenched in cold water to prevent
further thermal oxidation. The material was compression
moulded at 160°C for 2 mins into sheets of thickness 0.008 1in.

using a special grade of cellophane as mould release agent,
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4.1.2 Infrarsd spectroscopic method for the estimation

of carbonyl content in oxidised polyethylene

The infrared spectroscopic technique is widely
used in the estimation of carbonyl groups and many otﬁer
functional groups formed in polymers during oxidation.
Estimation of carbonyl groups present in irradiated and
oxidised polymer films were'carried out using the Perkin-
Elmer 457 spectrophotometer. A thin £ilm of thickness 7
to 9 mil mounted on bristol-board frames was used for the
measurement of carbonyl absorbance while the reference is
air. Weak absorptions due to different types of carbonyl .
groups appeared as shoulders on either side of the main -
absorption at 17195 o', The total intensity of the carbonyl

absorption of the sample at 1715 em™

1

and in the neighbour-
hood of “1715 em™~' was measured as absorbance. The base
line technique was used to determine Io. The term absorbance

A refers to the quantity:

A= Logm Io
I

Wwhere Io is the intensity of the IR irradiation effectively
entering the sample.
And I is the intensity of IR irradiation before

leaving the sample.

From Beer - Lambert's law
Absorbance A = Ecl
Wwhre B = Extinction coefficient
¢ = Concgntration of the absorbing material

1 = Path length of the IR irradiation
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Another method to determine the relative amount of
éarbonyl groups is by the measurement of the carbonyl
indices. This is done mainly to compensate for the efrors
arising due to variation in sample thickness. Carbonyl
index is theratio of the carbonyl absorbance to the
absorbance of the group chosen as the standard.

gagbonyl = Absorbance of carbonyl peak
Heak Absorbance of the standard peak

One of the requirements in choosing the standard peak
is that it should not vary with any treatment of the
material. Reasonably accurate values of carbonyl indices
could be obtained only when the standard peak is of
medium intensity. The accuracy of this method drops when
a very large peak or a very small peak is used as the
standard.

The absorption band at 1895 cm™! which is
due to an overtone of C-H stretching in the spectrum of

polyethylene was of the required size at the thickness

range used and was chosen as the standard peak.

4%.1.3 Infrared spectroscopic measurement of vinyl and

vinvlidene groups

Infrared spectroscopy is widely used for the
estimation of wvinyl group formation on oxidised poly-
ethylene. But (regarding the low intensity and the short
lifetime on UV irradiation) there is no published
information on estimation of the variation of wvinylidene

band intensity in polyethylene subjected to UV light.
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Important interesting data were obtained in the laboratory
by the careful measurement of vinylidene band intensity
uging the base line technique79. Before the samples- are
subjected to UV irradiation vinylidene band at 887 em™
has a fairly measurable intensity. But on irradiation
this band started to disappear while the vinyl band at
909 em~! started to grow gradually. The .rate of growth
of the vinyl band is so fast that after a very short time
of irradiation weak absorption due to the vinylidene band
appeared as a shoulder of the vinyl band. At this stage
accurate measurement of the intensity of the vinylidene
band was very difficult without the use of Du Pont analyser.
This machine greatly helped to resolve the two interfering
peaks by the principle of Fourier analysis to a fairly

good accuracy. Vinylidene-and vinyl indices were calculated

with respect to the intensity of the band at 1895 cm™

4.1.% Gel content determination

1g samples of pure aﬁd additives incorporated
LDPE films irradiated for different lengths of time were
taken in 25 ml contcal flasks containing 15 ml of chloro-
benzene and heated to boiling until the undissolved
pieces completely disappears. The solution was filtered
through No. 3 accurately weighed sintered glass crucibles
and dried in the oven at 7000 and the crucible containing

the gel part reweighed.
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4.1.5 Experiments with singlet oxygen

The experimental82 set up is shown in Fig. No. 5.
The flow tube system is constructed of 13 mm quartz tubing.
Air was admitted to the flow system at a few torr pressure
(2-10 torr) with an estimated flow rate of 1073 ml/min
and passed over mercury at 23°C and then through the
discharge region in a micro wave cavity. The discharge was
generated by a Raytheon Microtherm generator at 2350 M Hz.
The mercury forms a brown coating of mercuric oxide down
stream from the discharge, which efficiently removes oxygen
atoms and apparently enhances the 10; concentration. Thef
presence of the slightest trace of singlet or triplet atoms
was easily detectable by the existence of a yellow green
emission from nitrogen dioxide. Checks were made from time
to time to confirm the absence of this emission. The gas
emerging from the discharge region was passed into the
sample vessel which was also a glass vessel fitted with an
outlet tube. Formation of 10; was checked by having
carotene 1in the sample vessel which discoloured on exposure

1

to 02.

Procedure

Film samples both pure and those containing
excited state quenchers were placed in the sample vessel
and 10; was allowed to pass thrbugh for varying periods
from 1 hour to 10 hours. After exposure, they wefe scanned
on the PE 457 IR spectrophotometer to check the appearance

of new functional groups.
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4.1.6 Embrittlement Testing

Embrittlement testing was done by flexing a
fresh piece of the sample through 1800, or by means of
the impact modulus tester (fig.6) using a falling weight
of 5 g. Normally repeat tests gave values for embrittlement
time lying withn10% of the mean value. Occasionally, values
lying well outside this range were obtained. The reason for
this is being investigated but these values were ignored.
Normally not more than 3 tests were required; in no case

was more than five samples needed.

Impact modulus testing was carried out by placiné
the sample on the sample platform and covering it with the
upper platen. Then a medium weight of mass 5 g held at a
height of exactly 30 cm fromthe sample film by means of the
magnetic arrangement 1s carefully released. After every
impact samples were taken out and examined for tiny cracks
in the central area. Repeats were.done with fresh samples

. of exactly the same thickness.

4,1.7 Determination of carboxyl groups in the presence of

carbonyl groups

Acids, ketones and aldehydes, which are the end
products reported from these oxidations, have similar
spectra in the 5.5 - 6.0+ region. It is only in this
carbonyl stretching region that the products have suitable

absorptivity to give quantitative data. The absorption
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ELECTRO MAGNET TO HOLD THE
FALLING WEIGHT IN POSITION

SAMPLE PLATFORM

Fig. 6 . Impact modulus tester.
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band of the acid (5.84%+), ketone (5.814#) and aldehyde

(5.77 ) groups present in polyethylene overlap to give
only a broad band on laboratory standard spectrometers.
Interpretation of these data, based on the increase in

total carbonyl rather than on a single chemical moiety

could lead to incorrect conclusions because of the large
differences inlthe absorptivity of the various oxidation
products. Acid absorptivity has been reported to be 2.4
times greater than that of ketones and 3.1 times greater

than that of aldehydesS+187,

Cooper and Prober87 have used alcoholic sodium-
hydroperoxide to convert the acid groups to sodium carbonate
which appears at (6.4« to analyse polyethylene oxidised

with corona discharge in the presence of 02 and ozone.
Procedure:

Films containing carbonyl groups after oxidising
for different time intervals were placed in a 250 ml
conical flask and 25% w/w solution of sodium hydroperoxide
in ethyl alcohol was added and allowed to react at room
temperature for 4 days; films were taken out washed with
water and alcohol and dried in a desiccator for 24 hours.

Dry films were scanned in IR spectrophotometer.

4.1.8 UV treatment

Polymerisation and UV ageing tests for the

polymer films were carried out in the sun lamp black
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lamp (SB) cabinets supplied by CIBA - Geilgy Ltd . These
cabinetssg’96 consisted of cylindrical metal bodies with
30, twenty watts lamps mounted around the periphery. The
lamps were alternating equal numbers of fluorescent sun
lamps and black lamps, the spectral characteristics
approximating to that of sunlight. In order to maintain a
constant spectral intensity the lamps were changed in

strict rotation, one lamp being replaced every three days.

The fluorescent sun lamps have intensity less
than sunlight at the longer wave lengths and much more
intensity below 300 A°, Since the emission extends to
shorter wave lengths than sunlight, ageing tests on clear
plastics are harsher. Quartz glass facilities the use of

the higher energy for polymerisation purposes.

Evans59 has compared the transmission charact-
eristics of quartz-tubes to pyrex and soda glass tubes
and reported that quartz transits throughout the scanning
range, but the others only begin transmission at wave
lengths above 300 nm. Hence guartz tubes were used for the
sample solutions and were sealed with rubber stoppers.

The sample tubes or the films mounted on cardboard frames
were hung on the circumference of a motor driven wheel
which is concentric with the cabinet and could be rotated
at a constant speed. Temperature inside the open ended

cabinet was 33 % 2%.
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4,2 Results and discussion

when low density polyethylene is processed in
the torque rheometer at 160°C for more than 10 mins marked
differences were observed in the IR spectrum (P17 )
specially in the 3500,1700 and 900 nm regions. Bands at
990 and 909 are due to the presence of unsaturation points
of vinyl type (-CH:CHg). Unsaturation of the pendent type
(R1REC= CH,) usually known as vinylidene and appearing at
887 em~ ! was found to be highly unstable when the polymer
was exposed to UV light. Both hydroperoxide (3550 cm'1)
and vinylidéne band intensities were found to decrease
rapidly when the processed polymer was exposed to UV
light while the vinyl at 909 cm~ ! and carbonyl bands at
1700 - 1785 em™ ! were growing. The disappearance of vinyl-
idene cannot be followed to completion since in the later
stages of degradation, the 887 cm™ absorption is observed
only as a shoulder on the 909 cm‘1 absorption. However the
peak height can Dbe measured reproducible until the intensity

has been reduced to 25% of the initial value by means of

the Du Pont curve analyser.

Aminu1 and Luongo91 have identified the functional

groups present at the end of a mild processing operation

and they are as given in table 4+ .
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Table 4

FPunctional groups identified in typical LDPE film

before and after UV irradiation

O |

Functional

(cm-t)' Absorbance
group
Unirradiated Irradiated
(1500h)
RCOCH, 1725 ¥ 1 0.005 -
RCOR ' 1720 I 1 - 0.815
-0H 3400 0.015 0.067
-COOH 1710-13 - 0.929
o= o gg7 % 1 0.045 -
R
R-CH=CH, 909 0.006 0.268
RCH=CHR ' 1645 £ 1 0.013 0.083
- CHO 1735 - 0.929
- COOR 1748 - 0.698
% 1785
== - Oo
Rore) 333
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Rapid disappearance of vinylidene (887 ém'1)
{nitially present in a mildly processed sample on UV
jrradiation accompanied by the formation of significant
amount of carbonyl ( Pig, 8 )} suggests that vinylidene
decay must be in some way associated with the photo
initiation step. It was also noticed that the vinyl
(909 cm'1) band intensity also increases in parallel
with carbonyl intensity during this period. This is
the expected sequence of events if wvinyl is formed by

1X
Yorrish/breakdown of carbonyl.

_ The vinyl intensity curve levels off on prolonged
irradiation. This could be associated with the fact that :
carbonyl concentration decreases as irradiation proceeds,
owing to the formation of volatile carbonyls such as
formaldehyde and acetone and gaseous products such as

carbon monoxide and carbon dioxide.

0 0
1 " 1 hy 1 " |
- ? - C - ? - 5 - ? - C. + .C -
Type 1 o

- C. + CO +.C-

Irradiation of a sample of LDPE in vaccuo inside a
silica tube and analysis of the gaseous products by
mass spectrometry shows that formaldehyde, acetaldehyde

and carbon monoxide are formed in this reaction.(seect6)
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TABLE 5 - MASS SPECTROSCOPIC ANALYSIS OF GASEOUS

PRODUCTS FROM IRRADIATED POLYETHYLENE

Peak at Mass No. Probable compound
28 Carbon monoxide
30 Formaldehyde
Ll Acetaldehyde or
Carbon dioxide

The formation of aldehydes (1735 cm'1)
and carboxylic acid (1185 cm'1) are almost certainly
a consequence of Norrish I photolysis of carbonyl.
These results support the conclusion arrived at
earlierh7 that once significant amounts of carbonyl
are present in the polymer either as a result of thermal
oxidation or by UV catalysed oxidation then they are
involved in the photodegradation process. However the
rapid disappearance of vinylidene suggests that other
photoxidative reagtions occur involving this group and

that this process precedes carbonyl formation.

Samples of polyethylene processed in the
presence of air were examined for hydroperoxide by the
method of Bocek modified as described in the experimental
section. ( Fig.7 ) shows the results which were obtained
and the associated changes in vinylidene and carboﬁyl

during processing operation.

It was seen that formation of carbonyl was

first order with respect to initial hydroperoxide
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concentration and this is clear from the (Fig.10 ) which
'is a plot of rate of carbonyl formation with the initial
hydroperoxide concentration. Hydroperoxide could not be
accurately determined by this method before 20 min or

after 40 mn processing. It reached a very sharp maximum

at about 30 mins and samples stored at room temperature

in the dark were found to have the same hydroperoxide conc-
‘entration after several weeks, " It is stated in

the literature that the hydroperoxide band formed in
processed polyethylene is highly unstable85 and disappears
at room temperature in a few minutes. It is clear that
hydroperoxide formation precedes carbonyl formation when
the polymer is processed in the presence of air and that
under mild processing conditions, where changes in the

UV lifetime of the polymer are greatest, hydroperoxide

and vinylidene must-both be involved in the photoinitiation
process. This is in accord with the autoaccelerating

nature of the carbonyl formation during the initial stages
of both thermal and photoxidation and confirms the essential
similarity of the two processes. Fig.yt clearly indicates
the instability of pure hydroperoxide band at 3520 nm

in the IR spectrum of the oxidised polyethylene which drops
steadily with irradiation time. Further a plot of logarithm
of hydroperoxide band intensity Vs irradiation time is

a straight line ( Figﬁﬁ indicating that this breakdown is

1st order with respect to irradiation time.
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From (Fig. 7) it is clear that the disappearance of
vinylidene during processing is related to the formation
of hydroperoxide and indeed, the hydroperoxide concen-
tration curve appears to be a slightly displaced integ-
ral of the vinylidene concentration curve. This is the
behaviour expected if the rate of disappearance of
vinylidene is directly related to the hydroperoxide
concentration.

(Fig. g and 14) relate the change in vinylidene
and carbonyl concentration respectively on UV irradiation
to the processing conditions and to carbonyl initially
present in the processed polymer. Films prepared from
the polymers produced in the series of experiments reportéd
in (Fig.15) were irradiated and the carbonyl indices were
measured at intervals. In the case of samples containing
hydroperoxide and vinylidene there was a sharp increase
in carbonyl formation due to the above photoxidation
which destroys both vinylidene and hydroperoxide. This is
clear from Fig. ( 13) where the curve (a) represents the
rate of carbonyl growth with irradiation time. In the
initial part of this curve the rate is much higher due
to the presence of vinylidene and optimum concentration
of hydroperoxide, which are undergoing destruction under

UV light resulting in carbonyl groups.

when the hydroperoxide concentration of the
same sample is reduced to a minimum by heating at 150%¢

in a vacuum for 10 min, the initial sharp increase in
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Carbonyl
Index ,’2

10 1

a.[[] Sample containing highest
©oH (30min processed)

b. © Same sample after destruc-
tion of [0OH] thermally

-

Irradiation time
hrs

25 50 75 100

VARIATION OF CARBONYL INDEX WITH INITIALOH]
ON EXPOSURE TO UV RADIATION

Fig. 13
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carbonyl content disappears as indicated by the curve (b).
The behaviour of the carbonyl growth curve is then as in
the case of extensively oxidised samples; supporting the
mechanism suggested below. More extensively oiidised-
samples have a lower peroxide and vinylidene content but
a higher initial concentration of ketonic carbonyls

(1721 em™'). This photolyses rapidly by Norrish type II
process and is followed by a slower growth of secondary
carbonyl compounds, notably carboxylic acid, peracid and
aldehyde. Ketonic carbonyl cannot be detected in the
later stages of photoxidation. Also, the photolysis of
polyolefins containing higher concentrations of carbonyl
groups in vacuum indicated the formation of volatile
carbonyls such as formaldehyde and acetaldehyde as shown
in spectrum No. 6, which volatilise and escape from the
£film surface. These also cannot be detected in the IR
spectrum of the film. This may be one of the reasons for
the slight drop in carbonyl growth rate as the irradiation

continues as indicated in (Fig.15).

In the case of the curves for extensively oxidised
samples, photolysis of initial concentration of carbonyls
resulting in volatile components could be the reason for
the initial drop in carbonyl growth curve. But with the
slower growth of secondary carbonyl compounds with irrad-
iation the curve starts rising again.

The fact that the more lightly oxidised polymers

exhibit a sharp pro-oxidant effect whereas the heavily
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?xidised polymers undergo photolysis is of great significance
and indicates that hydroperoxide initiation of vinylidene
oxidation is much more important than activation of carbonyl
in commercial plastics. A commercial processing operation
would normally be of shorter duration than that involved

in the present studies and would involve lower oxygen
content than the experiments described, although at the
higher temperatures used the induction period to hydro-
peroxide formation would be shortér. From this it follows
that antioxidants which destroy peroxides or in some other
way inhibits the oxidative chain reaction are likely to be
much more effective in commercial polymers than agents :
which quench excited states of photoactivated carbonyl
although this may be significant at advanced degrees of
photoxidation. The significance of these results for the
mechanism of UV stabilisation has been discussed in the

next chapter.

The results obtained serve to explain the puzz-
ling reversal of the change in mechanical properties of

LDPE which is observed during photoxidation. This is exem-

plified by an initial increase followed by an increase in
melt flow index and a decrease followed by an increase of
dynamic modulus. A study of dynamic modulus decrease carried
out under the conditions described has shown that this occurs
during the first 30-50 hours after which reversal occurs

due to the supervention of chain scission. This is the
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same period during which rapid oxidation of the polymer
occurs (Fig. .8) and vinylidene disappears rapidly. An
insoluble cross-linked gel is also formed during this

period.

4.3 Gel content determination

The gel content of irradiated LDPE was determined
by dissolving a accurately weighed piece of LDPE in hot
chlorobenzene (at 160°C) and then filtering through No. 5
sintered glass crucible. Pure LDPE dissolves completely
without leaving a residue whereas cross linked LDPE does
not dissolve completely due to the crosslinks. The crucible
containing the gel part was then dried completely in the
vacuum de;iccator for 2 days and weighed accurately. It
was seen that the percentage gel content increased with

irradiation time and reached a maximum after about 100 hours

in the case of pure LDPE. When the above procedure was
repeated with LDPE containing a hydrOperbxida decomposer
such as N;jDBC, it was found that the gel formation is very
much slower and after 100 hours the percentage gel content
was about 20%. This indicates that crosslinking occurs
through the radicals formed by hydroperoxide breakdown and
in the presence of a hydroperoxide decomposer the cross-

linking ability is much lower.Figis

The following sequence of chemical reactions is

proposed to account for the main features of the photo-

degradation process.
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o PURE LDPE
100-/]

GEL
CONTENT

50/ |

LDPE + NiDBC .1%

>
20 40 60 80 100

IRRADIATION TIME
HOURS

Fig;Té

Variation of gel content with irradiation time.
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00H 0.

' s " .
RCHé CH2CH - ? - CH2 5 RCH2 CH2 CH? - CH2(RO.) + OH

R R'
0
n

RCH, - CH20H2 - C = ? = CH2

R

Norrish II hv

RCH = CHé + CH3COE = CH,

Appearance of a shoulder to the carbonyl band
at 1685 cm™! in the spectrum of oxidised LDPE is an
evidence for the formation of conjugated ketones. Photo;
initiation occurs by further reactions of the primary
alkoxy and hydroxyl radicals and cross-linking through
vinyl addition competes with chain scission through

allylic hydroperoxide breakdown.
Crosslink

Mo

~CH, - CH - CH,0R

" /
RO. + ~GH2 = Cﬁé\&"

n OH 4 CHO = CH,

Chain scission

4.4, Depemdence of embrittlement time of LDPE on

initial thermal treatment

(Fig. 17 ) indicates that the ultra-violet life

time in a fluorescent sun lamp/black lamp cabinet
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which is directly proportional to the embrittlement time
is critically dependent upon the extent of oxidation. A
similar but straight line dependence of embrittlement‘time
on oxidation of high density polyethylene is also obtained
as shown in (Fig. 18). .

At the initial stages of processing, the carbonyl
content which is the most important chromophore in poly-
ethylene degradation is low. But at higher processing times
carbonyl content increases and hence the life tihe of the
polymer drops. But there was no linear relationship between

the initial carbonyl content and the irradiation time.

4,5 EBxperiments with singlet oxygen

Experiments carried out with singlet oxygen,
b} exposing LDPE films directly to singlet oxygen stream
indicated that singlet oxygen has no reaction with pure
LDPE. Exposure to the gas stream followed by IR analysis
of the polymer film indicates no band due to hydroperoxide
groups. But as in the case of a stream of pure oxysgen
carbonyl band intensity varies with irradiation time indicating
that there is no change in the rate of carbonyl formation when
LDPE is exposed to singlet oxygen (Fig. 19 ). Films of
carotene exposed to the same gas stream undergo a colour
change indicating that singlet oxygen has been formed although

it does not react with the polyethylene film.
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A
Carbonyl
Index
4 i
0, treated
3
12
S
Sd
reéted
3‘
O2 treated
2 L 6 8 Irradiation time

hrs
VARIATION OF CARBONYL INDEX WITH IRRADIATION

TIME FOR LDPE TREATED WITH 03, 02 & SINGLET OXYGEN

Fig.19
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4.6 Action of ozone on LDPE

In order to determine the nature of the oxidised
groups in the polyethylene exposed to ozone, polyethylene
films which had been exposed to ozone for 6 to 18 hours
were scanned in the Perkin Elmer 457 spectrophotometer (Spec 8).
There was virtually no difference between the IR spectrum
of this and of pure unexposad 'polyethylene spectrum except
in the carbonyl region. Even the analytical method failed
to show the presence of any hydroperoxide groups. Carbonyl
absorbance of the sample exposed to 03 was slightly higher
than that of the film exposed to oxygen (Fig. 1) “) ot lia
addition to the carbonyl band the spectra of both types of
oxidised films showed a broadening of the OH bands around
3200 cm™', prpbably due to the OH of carboxylic acids, and
a band of low intensity at 1415 cm'1, which is characteristic
of ketones having long paraffin chains attached to the
carbonyl groups. The absence of any detectable absorption
at 3360 cm'1, indicates that no appreciable amount of
alcoholic hydroxyl groups were present. The 3550 cm” ! band
associated with hydroperoxide groups was also absent. The

carbonyl band which had its maximum absorbance at 1717 cm-1
had a shoulder at 1745 cm'1, which is consistent with

‘aldehyde groups, but which is believed to be due principally
to associated carboxylic acid groups. The position of the
main band is consistent with ketones or associated carboxylic
groups; esters and anhydrides in polyethylene absorb at
considerably higher frequencies. There may be ozonide

groups present the film after the ozone treatment. But there

is no experimental method available to detect the presence
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of these groups. Presence of dialkyl hydroperoxide groups
is also doubtful as the analytical method for hydroperoxide
groups gave negative results. The contribution of carb-
oxylic acid groups to the absorbance at 1717 em™ ! was
determined®’ by converting the acid to carboxylate ions

and measuring the change in the absorbance.

4,7 Conversion of the carboxylic acid group to carboxylate ion

Samples of oxidised film were allowed to stand
in 0.2 N solution of sodium hydroperoxide in 95% ethanol
at room temperature. The film was removed, rinsed with
water and its infrared spectra was measﬁred. The shoulderf-
at 1735 em~' disappeared, and a new band, characteristic
of the carboxylate ion appeared at 1575 cm™1, In the case

of a sample exposed to ozone, sample from t he discharge
1

with a corresponding increase in absorbance at 19725 cm'1.

area showed a slight decrease in absorbance at 1717 cm™

It has been known for many years that the ozonization of
a variety of olefins leads to thé formation of chemically
defined peroxidic bodies, the ozonides, although any
absorption due to hydroperoxy groups was not seen. The
chemical studies of Criegee and Bailey give strong support
to the idea originally proposed by Staudinger that the
ozonide is a secondary product of ozonisation and that

an initial unstable molozonide must be formed by addition
of ozone to the double bond which arranges rapidly with

scission of the original double bond.
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0
57 6
3o e

1 ' .
RcH = ¢’ 903 ~. RCH - CHR' _ RCHOO + RCHO

This indicates the absence of any hydroperoxy groups-
formed by the reaction and the increase in carbonyl
content after exposure to ozone can also be explained
from this reaction. Chemical anélysis of the polyolefin
samples after ozonolysis indicates that there is no
hydroperoixde group formation in this process. But there
may be dialkyl peroxide group formation according to the
mechanism given below. Also the behaviour of the films
exposed to ozone towards UV light was exactly the same
as films containing initial varying concentration of

carbonyl from preoxidation.

DA S Y
c RCH
00" )
00

\CHR
~
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5. EFFECT OF METAL COMPLEXES ON UV STABILITY OF POLY-

ETHYLENE
Metal complexes such as cobalt acetylacefonate
(CoAcAc), ferrous acetylacetonate (FeAcAec), Nickel
dibutyldithiocarbamate, (NiDBC) Nickel oxime and carotene
which are powerful activators and retarders of photo-
degradation of polymers were used in this study. The

following two standard methods were used.

1. Infrared spectroscopic studies of the formation
and disappearance of functional groups on
polyolefin films incorporated with the above

compounds in the torque rheometer.

2. Oxygen absorption of a thin film of the polyolefin

in the presence and absence of the above compounds.

In the infrared spectroscopic measurements films
containing varying concentrations of the above compounds
were scanned in the PE 457 IR spectrometer after exposu}e
to UV light in the SB exposure cabinets for w;%ying lengths
of time. All these spectroscopic experiments were carried
out at room temperature with attenuator in the reference
beam. The four concentrations used were 0.01%, 0.05%,0.1%
and 0.25% by weight of the polymer. Mixing was done in the
torque rheometer at 16000 for 5 mins., Films of thickness
7-9 mil were used for both oxygen absorption and IR

measurements, All IR spectra were run at medium scan and
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the growth of carbonyl, vinyl and hydroperoxide groups
were studied carefully. In the case of processing exper-
iments at 160°C, the disappearance of the vinylidene group

was studied carefully.

=

All the oxygen absorption experiments were
carried out in 100% oxygen atmosphere inside silica cells.
By comparing the oxygen absorption curves obtained in
the presence of different additives with the oxygen
absorption curve of uncatalysed pure polyethylene films,
the accelerator activity of the two metal complexes
CoAcAc and FeAcAc were compared. In all these oxygen
absorption experiments, the sample and the reference tubeé
were inside the SB cabinet at 35°C. Detailed studies of
this oxygen absorption experiment could not be carried
out as the UV exposure chamber was not free for more than

2-3 weeks. Results of these experiments are given below.

5.1 Results

In these experiments the accelerating activity
of the metal complexes was found to be in descending order
¢ Figz, 20 to 25): CoAcAc) FeAcAc) FeDBC) NiDBC ) Carotene)
Ni oxime. This is the samme order as that found by Cooma-
rasamy in similar studies carried out with methyl cyclo-
hexene. Of the complexes studied acetyl acetonates of
ferrous and cobalt metals showed powerful oxidation act-
ivities  (@ig, 2+ and 25) while Ni DBC and Fe DBC like

compounds retarded the oxidation at the beginning as shown
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Table 6-Variation of. carbonyl indices with irradiation times
for LDPE incorporated with metal complexes

Additive
Irr.Time hrs| CoAcAc 0.1%| FeAcAc .1% |CoAcAc .05%| Ni oxime .1%| NiAcAc .1%|Control| NiDBC. 1/
50 15.2 9.6 9.9 7.1 5.0 0.95 [ 0.50
100 27 19,3 10.3 6.6 b 1.6 0.50
150 - 19.2 1241 6.2 4.1 2.2 0. 51
200 3 2 14,2 6.1 4.3 2.4 0.51
250 - - 20.3 6.2 55 3.1 0.52
300 . - - 9.0 7.5 4.0 0.52
500 = - - 11:3 10.0 e ? 0.70
750 P 4 . 14,0 13.7 7.5 2.0
1900 E a . 18.2 20. 1 10.9 2.8
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by a long induction pariod (Figs 27,30 and 34).

After exceeding this induction period, activity was
much faster than in the case of the pure LDPE film
indicating its delayed action activity. This is clear

from the carbonyl growth and vinyl growth curves as

shown in Figs. 20,21, and 26.
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The rate of oxidation of polyethylene in the
presence of FeAcAc is much faster than in the case of
polyethylene containing FeDBC. In the case of the polymer
containing the latter although the metal ion 1s the same
the initial rate of oxidation (within the induction
period) was lower than the steady rate of oxidation
in the absence of any additive. This shows that the
complexing agents or the ligand also %ffects the activity
of metal ions. The redox potential of the metallic ion
in its environment was considered important to explain
this difference in activity. Extent of oxidation in all
these cases is shown by the rapid increase in the
carbonyl content of vinyl contents of the compound
(Graph 21, 22 and 23) as these are the products of photo-
degradation of polyolefins or by the embrittlement time.
In oxygen absorption measurements, this is indicated by
thekrapid rise in the rate of oxygen consumption of the
material. A change in colour of the films exposed to

UV light is also noted in these experiments.

According to these results the metal complexes
studied seem to fall into 3 main categories which are given

below.

1. Metal complexes which are powerful activators

for oxidation from the initial stages.

2. Metals which act initially as powerful
activators, but logse their activity gradually

and in some cases become antioxidants.
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3. Metals which retard the oxidation initially,
showing induction periods, but become pro-
oxidants at later stages of oxidation; these

are the delayed action activators.

5.2 Discussion

The photoxidation of olefins and hydrocarbons
in general at moderate temperature and pressure is a
free radical chain process which could be schematically

represented by the following reaction sequence.

Initiation which is the production of radicals

R* and RO:

2
ROOH . :
_BL RO* + OH
2RO00H ——> RO* + ROé - H20
Propagation:
R + ('.)2 S 302
ROé + RH : Rogﬂ . R*
HOé + RH > ROEM'
ROM + O .
2 ) 5 H02M02
RO M* > RO + MO
HQ‘q-RH > ROH + R
RO* + RH . ROM
Termination

2R° '
R+ égé::;>-%;> Non radical products
2RO

2
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Where M denotes the unsaturated monomer, RH. Compounds
which retard the oxidation of the olefin are known as
antioxidants. Compounds which protect the polymers ‘
from photoxidation caused by UV radiation are known as

UV stabilisers.

Activity of UV stabilisers have been explained
by three mechanisms:

1. Screening of UV light

2. Quenching of photochemically excited states

3. Decomposition of hydroperoxides

The first is well established in the case of
2-hydroxybenzophenones and 2-hydroxybenzotriazoles. But
most of the arguments for the second and third mechanisms
are based on inference rather than direct observation,
For example it is known that many nickel complexes are
efficient UV stabilisers in polyolefins and are effective
in quenching carbonyl triplet states or oxygen singlet
states which can be formed from them by energy transfer
to oxygen triplet. However, there is a lack of correlation
between quenching ability and UV stabilising effectiveness.
for example ferric acetylacetonate is an effective quenching
agent for triplet carbonyl and yet is a photo-activator

for polyolefin photodegradation.

The mechanism of the action of hydroperoxide

decomposers can be explained by the following equation.
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If A stands for the hydroperoxide decomposer:

Inactive products which do

ROO_H + A —> not split into radicals

Compounds like triphenyl phosphite, sulphur dioxide

and some of the metal complexes like NiDBC behave in
this manner. The activity of triphenyl phosphite and
sulphur dioxide on hydroperoxides have been studied in
detail in chapter 3. This chapter deals with the activity
of NiDBC and many other metal complexes on the photo-

degradation of polyolefins.

The activity of radical deactivators or scaven-
gers in their role of stabilising polyolefins from photo-

degradation can be explained as follows:

st I BOOE e X
ROé + A 5 ROA i; > Inactive products

Formation of inactive products or inert radicals

‘prevent the propagation of the chain reaction.

5.2.1 Activity of metal ions on hydroperoxides

In metal catalysed oxidations metal catalysts

can react with hydroperoxides during autoxidation.

o BO* 54 Me R + D+ L o (a)

RO; + Me™ + HY — (b)

RO.H + Me™

2

R02H + Me(n +1)+ 5

RO.H + Me™

. L] n+
5 ; RO"® <+ 302 + H.O + Me

2
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The products formed in the above equations are
exactly the same as those obtained in bimolecular decom-
position of hydroperoxide and metal acts as a catalyst
in promoting this decomposition. The metal reversibly
changes to higher and lower oxidation states. This first
reaction (a) or the second (b) or both, will preferentially

occur depending mainly on the type of metal catalyst used.

Other reactions of metal catalysts during auto-
xidation include those with oxygen substrate and - with

oxy radicals.

In the above experiments some metal ions were
found to be more active than other metal ions or complexes.
Similar observations have been made by earlier workers
in oxidation of cis-polyisoprene rubbers and they have
shown than even the same metal in two different oxidation
states such as cobalt (II) and cobalt (III) show this
type of behaviour]19 This may be due to the difference in
rates of reaction (a) and (b) with the two different oxid-
ation states of the metal ions and the overall rate of
production of radicals in the presence of one ion may be
different from the rate of production of radicals in the

presence of the ion of different oxidation state.

In most of these cases the faster rate of oxidation
in the presence of the complex with metal ion in the lower
oxidation state may be due to the production of radicals by

direct attack of the metal ion in its lower oxidation state
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on the substrat989’119.

The change in colour of most of the films
in the presence of cobaltous and ferrous salts after
exposure to UV for some time may be due to the conversion
of the metal ion from one oxidation state to the other (mainly

from lower to higher oxidation state).

Results obtained in these experimentslwith
some metal complexes when present in varying concentrations
show that higher concentrations are in fact less active than
lower concentrations. This may be due to the fact that the
concentration optimum of the catalysts were low and that ¢
the concentrations used in the experiments were higher than

the concentration optimum.

Ingoldag, has investigated that the anti-
oxidant activity of cobalt ions above a certain concent-
ration can inhibit the oxidation completely. Reduction of
alkyl peroxy radicals to the corresponding anion has been

suggested.

. 2+ - : 3+
ROC* + Co ;,ROO ¥ Co

Another reaction suggested was that of interaction of alkyl
peroxy radical with the metal. Thus some of the metal ions

react with peroxy radicals as follows.

302 = MA
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‘ Such reactions may be responsible for the lower
activity of metal catalyst, when higher concentrations were
used. This reaction may be responsible for the loss of
activity observed as the reaction proceeded. The loss of
activity of the metals during the reaction may be due to

the less active or insoluble complexes formed with the
oxidation products. This type of inactive compounds form-
atiog?ggggén for the steps obtained in the vinyl band
intensity Vs. irradiation time cure (Fig.3% for LDPE
incorporated with NiDBC complex. This behaviour was not

seen in any other complex other than in NiDBC.

E. Boga90 has shown that there is precipitate
formation in the case of methyl cyclohexane incorporated
with Co(AcAc)3 exposed to UV radiation. This precipitated
compound is supposed to be inactive when compared to
Co(AcAc)3 and he has found a sharp inflexion in the oxygen
absorption curve at the point of appearance of the prec-

ipitate.

-

Compared to Co (II) complex the ferric complex was
found to be moderately active and the oxygen absorption
profile obtained (" ®igs, 24 and2g)suggests that the inter-
action of metal with the hydroperoxide is the probable mode !
of action. When LDPE containing NiDBC was exposed to UV
light some steps were seen in the vinylidene intensity Ve
Irradiation time curve (fig. 33). This was not seen in the
presence of any other complex. This can be due to the

formation of a compound which is inactive as a photostabiliser
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by the action of UV 1light and hydroperoxide formed on the
polymer on the metal complex. In this work, when this complex
was dissolved in benzene containing 2% tert-butyl hydro- '
peroxide and irradiated, a precipitate was formed and on

analysis this was found to be nickel sulphate.

5.2.2 Delayed action photo activators

In the above paragraphs the development of
antioxidants which act by catalytically destroying hydro-
peroxides during polymer processing and subsequent exposure
to UV light was discussed. They are however, destroyed at i
the end of the photoxidation induction period and subsequeqtly‘
catalyse the photodegradation process. This type of system-
has considerable potential as a delayed action photoinitiator

for the environmental destruction of polyethylene type plastics.

Fundamental studies of the mechanism of the
antioxidant action of metal dithiocarbamates has shown that
they act by generating a Lewis acid which acts as a catalyst
for the destruction of hydroperoxides. At the same molar
concentration, all the metal dithiocarbamates destroy hydro-

62 The

peroxide in a first order reaction at the same rate
length of the induction period to peroxide destruction

does vary, however. The products formed from cumene hydro-
peroxide are phenol and acetone which are diagnostic of a

Lewis acid catalyzed process.
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?H i CH CH3
: 1 !
= homolytic . RH
(O g-om  Em( po-o BOo-cm
CH
3 CH3 CH3

\\\\\“\\HE§L + 6H
@- OH + (CHy), C = 0

_This Lewis acid in this case is believed to be 802 or

possible SO3

ation of the dithiocarbamate complexes.

which has been shown to be formed by the oxid-

S
: op g

(3 S gr, & WBOOE G (2,0) s
5 )o Ry NC-8-0) M 727" RN C = OH

—_—
O
+ 502

R-N=C=8 + ROH

The formation of sulphur dioxide is believed to be the
reason for the very powerful antioxidant activity of the
dithlocarbamate complexes under processing conditions in the
polymer, but unlike some other peroxide decomposing anti-
oxidants, the dithiocarbamate also reacts rapidly with
hydroperoxides at ambient temperatures. This is almost
certainly the reason for the UV stabilizing activity of this
class of antioxidants. But it is found that at higher conc-
entrations ferric diethyl dithiocarbamate 1s an effective
stabilizer. With decreasing concentration, the behaviour of
this metal complex changes from that of a UV stabiliser

through a delayed action UV activator ( in which the rate
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of UV degradation during the induction period is lower
than it is for the control sample), to a powerful UV
activator. This unusual behaviour is characteristic of a
large class of peroxide decomposing antioxidants based on
sulphur and nitrogen ligands and is quite different from
the energy transformers of which benzophenone and a variety
of substituted benzophenones are typical. The latter are
activated to the triplet (diradical) state by UV light and
have the ability to hydrogen abstract from the polymer,
followed by the expected radical reactions of the polymer
radical so produced. In the presedce of oxygen, this init-
iates the normal free radical chain process. As might be
expected, the rate of oxidation initiated by the benzo-
phenone triplet will be related to concentration in - a
different way. In fact, very much higher concentrations
are required to achieve a rate of oxidation similar to
that found with the metal complex activators, Moreover,
instead of being auto-accelerators of oxidation, these
materials in the later stages lead to autoretardation and
under comparable conditions much longer times are required
for embrittlement even at high concentration than are
possible with the metal complexe%-(Eig 34 ) shows that

at concentration between .05% and .01% induction period

is minimal. At concentrations around 0.1% quite substantial

induction periods are obtained in polymers processed under

industrial processing conditions. This process is proving

of considerable commercial significance because as mentioned



- 164 -

earlier, the package user requires a minimum useful
lifetime in his products and this can be arranged by

adjusting the concentration of the photo activator.

3

The delayed action system shows an initial
delay time before changing autocatalytically. Scott
has shown that the delayed action UV activator system
is not limited to sulphur ligands only, but a ferric
complex not containing sulphur acts in a parallel way

to the dithiocarbamate complexes;

Delayed action activators consisting of trans-
itional metal ion with a complexing agent to restrain the
metal ion during processing are proving to be very usefulT

because of the wide range of delay times and photodegradation

rates that can be achieved.
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A. NEANUFACTURE' OF " LIQUID) RUBBER: FROM STNGLET »OXYGEN
OXIDATION: OF 1R, AND GOMPARISON OF THR ACTIVITY
QF A"073NITH METAL) COMPLEX AND PLANT PIGME
CATALYSED OXIDATION

Singlet oxygen was used as it is very active
and can attack double bonds in an unsaturated polymer,
producing hydroperoxide groups unlike the case of free
radical initiated oxidation, where hydroperoxide formation
occurs only on the allylic methylene groups of the polymer

chain130

. Also hydroperoxide formation by singlet oxygen
does not involve chain scission at the moderate temp-
eratures used, and hence, there is no molecular breakdown,
carbonyl group formation or cross linking such as occurs
in the case of the free radical initiated process. Further
a higher concentration of hydroperoxide may be obtained

by singlet oxygen attack. Singlet oXygen oxidation of
1-methyl olefin leads to the formation of vinylidene
groups(1);_and hence the increzse in the intensity of the

vinylidene band is evidence of singlet oxygen attack76.

CH3 CH2 COH

, ' ot

~C=CH- —23 - CH, - 0 - CH - (1)

This compares with reaction (2) which is a

typical radical initiated reaction.

3 > A
“ % CH = wweep = CH=0 - CH - (2)
0 1

2 00H
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In 1-methyl olefins, the reaction of photo-
chemically formed singlet oxygen should be distinguishable
from the more familiar radical oxidation (2), which f
can be initiated by sensitizers such as benzophenone

with hydrogen abstraction.

Isopropyl alcohol is a very reactive acceptor (4)
for radical oxidation, according to the following reaction,

but it is inert in dye-sensitized photoxidation130;

R* + AH 3 BH + A°
A+ O2 > A02
A02 + RH 5 R* + AOeH

Where A02H is the peroxide formed, and R* is the radical.

There are two mechanisms given for the explanation of
dye sensitized pPhotoxidation of organic compounds. The
first mechanism was originally suggested by Schanberg133
and was generally accepted until recently. In this
mechanism the triplet sensitizer reacts with triplet
oXygen to give a sensitizer-oxygen complex. This complex
then reacts with acceptor (A) to give the product (AO )

and regenerates the sensitizer:

1
Sens > Sens

'Sens S 3Sens

3Sens ¥ S

02 > Sens - 02

AO + Sens

Sens - 02 + A N 5

The second mechanism was originally proposed
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124

by Kautsky in 1931. 1In this mechanism, energy is

transferred from triplet sensitizer to oxygen to give
excited singlet molecular O0xygen. The singlet oxygen
then reacts with acceptor to give the peroxide:

1

3 3
Sens + 02 s Sehs + 02

S A02

This mechanism was largely ignored although it was

occasionally discussed as a possibility.

Energy transfer from triplet sensitizer to
triplet oxygen, forming singlst oxygen is a spin allowed
process. The lowest energy states of oxygen are shown
below with the electron distribution in the highest
occupled orbitals which is the degenerate131 state. The
&Lg state has only 22 K cal energy , above the ground
state; both electrons are carried in a single orbital,
leaving the other vacant. This state resembles ethylene
electronically, but is more electrophylicc whereas the
higher singlet state (Ez:g+) resembles ground-state
oxygen and might be expected to undergo one electron free
radical reaction. Both these states have been identified
Spectroscopically as products of electrode -less discharge
and of the chemiluminescent reaction of sodium hypoehlorite
and hydrogen peroxide. The &;g has been shown to have a
much" longer lifetime than the 'E:E, and is the major

product of the hypochlorite-hydrogen peroxide reaction.
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state of the Occupation of Energy above

02 molecule orbitals ground
Second excited \ 37 K Cal.
state _T— -‘t_

First excited .4%. P 22 K Cal.,
state

Ground state 2 +_

6A.1 Reactions of NR with singlet oxvgen

It has been shown123 that the degradation

of rubber by singlet oxygen, H’OCl/H209 occurs in two

‘stages:
CH
v 3 Stage I 952
- CH, - C =CH - CHy ————» -~ CH ~C - CGE - CH:~
b & doH
5 3
Stage II
3
Heat/ 02
CH,

n
= CHéC - CH - CH2 o
1

0% . 40N

low molecular weight products

The purpdse of this study is to examine the
chemistry at the two stages in more detail. Tne rubbers
obtained by singlet oxygen degradation were vulcanised

at optimum cure after examination in the Monsanto
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Rheometer to study the curing characteristics. Tensile
properties were measured in order to determine the
technological behaviour of these rubbers and to relate
these to molecular weight, and functional group

concentrations.

6A.2 Metal complex catalysed oxidation of elastomers

The main feature of metal ion catalysed
oxidation is that the reaction is free radical initiated
and the hydroperoxide formation is at the allylic position
and not at the double bond as in the case of the singlet

oxygen initiated process.,

- In metal catalysed oxidation metal catalysts
can react with hydroperoxides during autoxidation1’119;
and the process may be schematically represented as
follows:

n+ . (n+1)+ -
ROOH + M s RO®* + M + 0H

-+

ROOE  + M{B*1)+ ROO* + M + H

—
The products formed in the above equations
are exactly the same as those obtained in bimolecular
decomposition of hydroperoxide and the metal acts as the
catalyst in promoting the decomposition. The metal

reversibly changes to higher and lower valency states.

No vinylidene formation is expected in this

case based on studies in model compounds. Chain scission
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with the formation of compounds are expected as.

concomitants of hydroperoxide formation.

In this study photo-activating metal
complexes such as FeAcAc and CoAcAc were used. These
metal complexes in their role as photo-activators
are known to be unstable in UV light and hence
breakdown79’u9 to give free radicals which initiate

the photo-degradation process as explained above.

The solubility of these rubbers oxidised
by means of metal complexes were tested in the NR
solvent, tﬁrpentine, in order to determine the
possibility of gel formation in the sequence of these
reactions. Reactions of ¥R in UV radiation in the
presence of the singlet oxygen generator, chlorophyll,
and singlet oxygen quencher, carotene, were also studied
to see whether these plant pigments have any effect
in regard to their high absorb -tivity of UV radiation.

6.A.3 Bxperimental

6A.3.1 Oxidation of 'R by singlet oxygen

Singlet oxygen was generated by the
reaction of 5% of hypochlorlte (NaCZ1) containing
10-1% % available chfg}inei The hypochlorite solution
was prepared by saturating a solution of 10% NaOH,
cooled in ice, with chlorine gas and then diluting the
resulting solution with water until the chlorine

content was 10-14% when titrated with standard sodium
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thiosulphate solution. The latex ﬁsed was pure unstabilised
field latex, with 30% dry rubber content (DRC). To
prevent coagulation during the reaction, the latex was
stabilised by adding a solution of.Vulcastab LW in water
(3 g of Tulcastab LW in 46 ml of water to 100 ml of
field latex). _

The mixture of dilute latex and sodium
hypochlorite was cooled to Ooc, with ice in a flask
and more sodium hypochlorite was added. Hydrogen
peroxide solution was added dropwise from a burette
below the surface of the latex/sodium hypochlorite
mixture, while stirring it vigorously so that the
singlet oxygen, as it was formed, was rapidly diss-
eminated through the solution. The mixture was stirred
for five hours at OOC, after the addition of the hydrogen

peroxide, because Foote120

et al. have shown that
singlet oxygen is unstable at 30°C whereas it is stable
between -5000 and OaC. The measurement of hydroperoxide
concentration after the reaction at OdC (Stage I) was
extremely difficult, since the solution was turbid, a
part of the unconverted H202 remained trapped in the
coagulum during the titration, and the hydroperoxide
concentrations ﬁresent were extremely low. At the end
of 5 min the temperature was raised to 20°¢ and another
three 5 ml portions of H202 were added at intervals of
1 h to allow the reaction to complete (stage II). The

mixture was stirred for another 1h and a 100 ml portion
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of the latex was taken and coagulated with acetone.
The coagulum was then washed with water, followed
by acetone, and dried in a vacuum desiccator.

The amounts of hydrogen peroxide and sodium hypo-
chlorite used were varied for different runs while
the temperature and the time were kept constant.
Hydroperoxide contents of the final rubber were

determined by iodometric titrations.

6A 3.2 Molecular weicht determination by viscometry

After coagulation and drying, the samples
of rubber treated with singlet oxygen were dissolved
in toluene. The concentration of rubber in the solutions
was not allowed to exceed 2% by weight. Anhydrous
magnesium carbonate was added to absorb moisture from
these solutions and then the solutions appeared
transparent and clear. Aliquots were taken from each
of these solutions and their viscosities determined at
three different temperatures, using the Ubbelohde

dilution viscometer.

6A 3.3. TR spectroscopic analysis of the rubber samples

exposed to UV light and singlet oxygen

Small quantites of the rubber treated with
singlet oxygen or exposed to UV light were dissolved in
carbon tetrachloride. To remove the cloudiness of the
solution, which was due to moisture, a little anhydrous

sodium sulphate was added and the solution allowed to
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settle for some time. The clear solution thus obtained,
containing not more than 2% of rubber by weight, was
then scanned in the infrared spectrometer, using sodium
chloride cells. This experiment was repeated for rubber
samples containing varying amounts of hydroperoxides
after singlet oxygen treatment and also for samples
exposed to UV light for different lengths of time.

A similar experiment was carried out for a liquid

rubber sample, prepared in the same way, which contained
a higher concentration of hydroperoxide and was kept

under vacuum for 24 hours.

6A 3.4 Activity of metal activators and plant pigments
on the photo degradation of NR

The action of the metal activators FeAcAc,
and CoAcAc, the stabiliser NiDBC, and also carotene and
cnlorophyllcgghﬁﬁg“ﬁﬁ%ﬁgﬁEggﬁﬁﬁégﬁﬁime NR was studied
as follows:

Pale crepe IX rubber, which is the purest
and whitest available form of natural rubber, and therefore
would offer less resistance to the penetration of sunlight
than any other form of NR was used. Samples of this
material were impregnated with 0.01%, 0.05% and 0.257% by
weight of the above named complexes, by mixing in an
open mill for 2 min until a homogeneous colour was
obtained and then sheeted out into films O.5mm thick.

These sheets were placed flat on plane glass plates and

exposed to sunlight for varying periods of time, ranging
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from 1h to 8h until the final product was soft and
plastic. The compressibility, or the initial plasticity,
of these rubber samples was determined by means of a
Wallace Rapid Plastimeter, which gives a measure of

the molecular weight of the material. As the molecular
weight drops following oxidation, the rubber becomes
softer and consequently the initial Wallace Plasticity

number (Po) drops.

The Wallace Rapid Plastimeter provides an
accurate method of measuring the oxidisability of
materials like rubber. The determination of the Plasticityf
Retention Index (PRI) by means of this instrument consists
of two steps:

1. Determination of the initial Wallace Plasticity
number (Po) which shows the compressibility of a

sample 1 mm thick before heating, and

2. Determination of the plasticity number (PBO) after
rapid ageing, which is the compressibility, determined
in the same way, for a sample of rubber heated for

30 min, at 1&008, in air.

For uncompounded raw rubber P30<?o. Then the plasticity

retention index is given by the ratio
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This method of assessing photo degradation
was found to be more suitable than any other for crepe
rubber subjected to UV treatment. It was not applicable
to rubber oxidised by N’aOCl/H202 treatment as the rubber
took more than 5 days to dry, due to emulsion formation
in all cases, and during this period it was impossible
to prevent contact with oxygen. The emulsion was formed
because this reaction was carried out in an agueous

phase.

6A 4., Results and Discussion

The product obtained by the N’aOCl/H‘BO2
method was much softer than that obtained by any‘other
method. When the hydrogen peroxide content was kept
constant and the volume of NaOCl was increased; for
.systems where more than 20 ml of NaOCl was used for
oxidation, an almost viscid product was produced.

At this stage, further PRI determination was impossible
as the product was too soft, It was also observed

that coagulation and drying of the viscid product is
difficult and hence no viscosity measurements could

be carried out on these samples. The flow rate of

each of the less oxidised samples at the end of stage 2
of the reaction at the same predetermined hydrogen
peroxide concentration is a measure of its viscosity (m).
The relationship of 4 to the average molecular weight

¥n is given by the egquation:
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The molecular weight drops gradually as the molar ratio:

T\TaOCl/HEO2 increased as shown in Table 7. ¥ for

ordinary ‘R varies from 50,000 to 100,000.

Table 7

Variation of molecular weight Mn with the amount

of NaOCl used at the end of stage II of the reaction

Temperature | Molar ratio of[NaOCﬂAHQOé]keeping[ﬁzoé]
constant
0.25 0.33 0.417 0.50
35°C 5997 .6 4699.0  3712.8 3226.7
40°¢ 5589.6 4528.8  3508.8 3063.3
45°¢ 5304, 0 4324, 8 3345.6 2907.1

Fig. 37 gives the relationship between molecular weight

and the concentration of NaOCl used. It shows the rapid

drop in molecular weight, as the rate of formation of

singlet oxygen increases. Th

e rapid increase of carbonyl

groups in the sample of rubber treated with the highest

concentration of singlet oxygen, when exposed to UV light,

is shown in Fig.

hydroperoxide content on the

38. This cannot be related to the initial

polymer as some of the

hydroperoxide was converted to carbonyl under the conditions
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in which the reaction was carried out. This is clear
from Table (7b) where the initial hydroperoxide contents
are given against the rate of initial carbonyl increase.
As the final products after 102 treatment were liquids
this study could be carried out only in the solution
phase, using carbon tetrachloride as the solvent.
Measurement of (00H was extremely difficult, using the

- colorimetrie techniqus, as the solution was turbid

after dissolving the rubber, Hence the vidlues obtained
are given in table 7 b as approximate values. The
titrimetric method for hydroperoxide measursment failed

as’the final eolour change could not be accurately

detected owing to the turbidity of the solution.

Table 7 b
Initial (00H] Initial rate of oxidation in
g moles fpprox)perg rate of increase of carbonyl
; " index/min
0.047 1.33
0.053 1.18
0.021 ' 0.97

The results show that, when the concentration

of H’QO2 was about four times as high as that of NaOCl, the
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approximate rate of singlet oxygen formation was
determined by the concentration of NaOCl. There was
no indication of any chlorine or HCl being evolved
during the reaction, except from the NaOCl solution,
before it was added. This was confirmed by the
NH,OH vapour test. There was also no indication of
any substitﬁted chlorine groups in the spectra of

the films after treatment.

The use of a non-ionic stabilizer
prevented the coagulation of latex during the addition
of sodium hypochlorite and during deammoniation prior
to the reaction. The coagulation was due to the change
of pH in the latex by nypochlorous acid and hydrochloric

acid.

In the presence of unsaturated compounds,
hypochlorous acid may add to a double bond by an ionic

addition reaction.

: H H
Ry-C=C-FR, Hdl, Ry, - C=-C=- Ry
1 1
E H Cl OH

gigh temperatures accelerate the decomposition of sodium
hypochlorite and hydrogen peroxide and also promote the
transition of oxygen from the singlet to the triplet

state. Singlet oxygen is comparatively stable below 0°C,
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but the oxidation of latex could not be carried out
below 0°C, as the latex solidifies due to the formation
of ice. During the second stage of the experiment, when
air was passed through the reaction mixture, chain
seission was accelerated. In all sets of experiments
the change in molecular weights recorded in Table 7

are all after completing the stage II of the reaction.
To obtain a 1iquid rubber there should be chain scission
of the high molecular weight rubber. Chain scission was
observed when the sample treated with NaOCI/H'QO2 was
heated in the presence of air, because atmospheric
oxygen causes oxidation of the polymer chain, as shown

by Hernendez and Quim122.

6A 4.1 Study of the effect of metal activators on rubber

by plasticity determination

Samples of pale crepe IX rubber, when
mixed with different quantities of metal complexes and
exposed to sunlight became soft, forming liquid rubber.
The rate of softening was fastest when the concentration
of the metal complex was highest. Concentrations ranging
from 0.1 to 0.25% by weight of crepe rubber were used
in the study of the complexess ferric acetylacetonate,
nickel dibutyldithiocarbamate and cobalt acetylacetonate.
The rate of decrease in initial wallace Plasticity
number (Po) which measures the compressibility of the
rubber sample at 100°¢ indicated the rate at which the
breakdown of the rubber molecules took place in the

presence of sunlight.
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Fig. 39, showing the variation of initial
plasticity number with irradiation for these systems,
indicates that the cobalt complex is most active fbr
rubber too, as had already been observed for LDPE.

The order of their activity is again Co>FedNi. As

rubber is a long chain hydrocarbon like polyethylene,
the mechanism of the activity of the metal complexes is
the same as that for polyethylene degradation in the
presence of metal chelates, excep: for NiDBC which has
already been discussed in an earlier Chapter. In rubber,
NiDBC acts as a photoactivator as shown in Pig. 39,
whereas it is a well known photostabiliser for LDPE.
When the concentration of the metal chelate is 0.25%
the rubber samples became viscid after about 6 hours
eXposure to sunlight and hence plasticity determinations
were impossible beyond this point (Fig. 39). IR
spectroscopic studies of these liquid rubber samples in
carbon tetrachloride show the increase in the intensity
of the carbonyl band with irradiation time, thus confirmming
the mechanism suggested for the breakdown of LDPE in the
presence of these activators. Unlike in the case of LDP=,
the nickel dithiocarbamate complex in this exXperiment
did not show any stabilising effect. This may be due to
the fact that the Ni complex in rubber is unstable and
undergoes fragmentation to give metal ions and the metal

lons then react with the hydroperoxides to give free
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radicals, causing the photolytic degradation as in the
case of other metal complexes, by the mechanism given

below:

RO,H TR s RO+ Me{MD)+ | o

+

B + Melnt1)+ s ROy + Me™ 4

RO

The hydroperoxide ROOH thus obtained undergoes
photolysis causing the degradation of the moleculehg’go
and acts as a pro-oxidant. It is also a well known fact
that the dithiocarbamates of Ni are good hydroperoxide
decomposers. But if the hydroperoxide decomposing effect
in this case is not as powerful as the photolytic effect
of light on the complex it leads to a pro-oxidant effect.

| The mechanism given above indicatesthat the
metal ion is undergoing reversible redox reaction. These
redox reactions of metals are almost always associated with
colour changes. This may be the reason for the colour
changes that have been observed, when these rubber films,
incorporated with metal lons,undergo irradiation in

sunlight,

The effect of these metal complexes during
thermal oxidation was studied by heating samples of NR
containing 0.25 % of each of these complexes and nitro-
benzene, in an oven at 100°C. There was no marked
difference in the case of any of these metal complex
incorporated samples compared to UV irradiation. Only

the sample containing FeAcAc became soft faster, than
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the samples containing the other complexes (Fig.40. The
sample containing nitrobenzene did not show any effect
compared to the control, except for the initial low
Plasticity number recorded, due to the incorporation of
nitrobenzene in the mill., The sample containing NiDBC
showed resistance to heat ageing compared to the

other metal complexes. It showed antioxidant properties

for thermal ageing.

6A 4.2 Effect of carotene and chlorophyll on photoxidation

of NR

NR was extracted with acetone for 48h to get
rid of naturally occurring phétosensitizers such as
chlorophyll, singlet oxygen quenchers such as carotene
and the naturally occurring antioxidants in NR, which
play an important role in the autoxidation of rubber.
Using this as the control, chlorophyll extracted from
lezves, and carotene (synthetic product) were in turn
incorporated with the extracted rubber in the two roll
mill and exposed to'sunlight for varying lengths of time.
Samples were taken after different intervals of exposure
time and dissolved in benzene. IR spectra were run on
each of these solutions and the growth and decay of the
hydroperoxide band and the growth of the vinylidene band

were measured.

In the case Oof pure rubber free of natural
antioxidants, oxidation is much faster than unextracted
pale crepe (fig.41) and the hydroperoxide band intensity

increases with irradiation time. Reverse resulls were
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obtained in the case of extracted NR samples incorporated
with carotene, where it acted as a photostabiliser. This
may be because carotene is a well known guencher of

singlet oxygen.

The growth of the vinylidenc band in the
latter case was pronounced, compared to the slow growth
of vinylidene in the pure extracted rubber (Fig. 42).
There were also indications of shifts in the absorption of
the ene-chain double bond in all cases wherethe additive

was incorporated.

Caroteneis a singlet oxygen quencher.

Increase in the viﬁylidene band intensity in the presence
of chlorophyll is an indication of singlet oxygen attack.
Hence the explanation that could be given is that chlor-
ophyll acts as a singlet oxygen generator in UV light by
the mechanism suggested by Canava75 and Oster98, In their
view, natural pigments, which are the sensitisers utilize
the lower energy photons of visible light and become
excited to the first excited singlet state:

Senso + hv :>‘1Sens* b BSens*

The singlet state then undergoes internal
conversion to the triplet state (38)* which then transfers
energy to the ground state molecular oxygen 302, yielding
singlet oxygen 102 and a sensitiser molecule in the ground

state:

3 * 3 1 1%
Sens + 0:2 = Senso + 02
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This 1s the species which causes the rapid oxidation in
the presence of UV radiation, when singlet oxygen

generators, such as chlorophyll, are incorporated.

The normal radical oxidation does not involve
the methyl group to a great extent, whereas hydrogen
migration from the methyl group is the preferred reaction
in the case of singlet oxygen attack resulting in a

vinylidene group:

% 3
-C=CH-CH - CH, - C=CH -
3
M/<;2 \\Xfe
EHE ?HB ?OH ?HB
- C - CH - CH, - CH, - -C=CH-CH-CH, - C= CH-
!
00H l/
=
-C-CH=CH-
1
“00H

This mechanism explains the growth of the hydroperoxide
band and the shift of the ene chain double bond towards

the vinylidene region.

6A 4.3 Heat treatment of oxidised rubber

Samples of rubber mildly treated with o,

by the N’aOCl/H’gO2 method were milled and divided into two

portions. Samples which were heavily treated could not be
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subjected to this heat treatment as they were viscid

and complete drying for spectroscopic analysiswas
impossible. The first portion was heated at 100°¢ for

6h in a vacuum desiccator., The second was heated at
100°¢ for 6h in air, followed by 6h in a vacuum. The
concentrations of hydroperoxide, vinylidene and carbonyl
groups were measured spectroscopically at different
intervals of time. Colorimetric techniques could not be
used for hydroperoxide measurements as the concentrations
of hydroperoxide present on these samples treated with
low concentrations of NaOCl/H,0, mixture were too low

for measurement.

In the first case when the samples were
heated in a vacuum thers was a gradual drop in hydroperoxide
content. But no gel was seen in the samples after this heat
treatment in vacuum. Vinylidene band intensity also did not

show any appreciable change (Fig.43).

In the second case when the singlet oxygen
samples were heated in air, the vinylidene band intensity
dropped to a2 minimum with increasing hydroperoxide
concentration (Fig.W4), Samples were not completely
soluble in benzene due to gel formation as in the case of
metal complex initiated oxidation. All these results are
in agreement with the free radical type of oxidation,
where gel formation is an indication of cross linking.
There was a steady increase in carbonyl content ¢ ig.45)

when these samples were subjected to UV radiation,
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Similar behaviour was seen in the case of LDPE when

exposed to UV light as explained in a previous chapter.

If - CH2- ? = CH2

R

stands for the general formula of
,

the polymer, the cross linking caused by the hydro-
peroxy radical from singlet oxygen attack followed
by degradation could be explained as follows:

"n n
RO + - CHé - C = CH2 > CH2 - C =~ CHQOR

1
/

R

cross linking

The amount of gel formation in this case was so small
that quantitative estimation was difficult; but this
was possible in the case of LDPE where the gel was

fairly hard and easy to separate.

6 B. MECHANISM OF NITROBENZEMEAS A PHOTOSENSITISER FOR

TS DEGRADATION OF RUBBER

It has been shown previously by MRPRA that
nitrobenzene causes rapid molecular weight reduction of
NR during UV exposure, to give a viscid product which is
miscible with non-polar organic solvents. It differs from
other photosensitisers such as metal complexes which
appear to give a gel. The reason in the process was

suspected to be due to the absence or lowering of
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vinylidene in this case and this was investigated. The

oxidation mechanism in this case was also studied.

Nitrobenzene containing rubbers were
exposed to sunlight for varying lengths of time and the
formation of peroxides, vinylidene and carbonyl group
intensities was measured and attempts were made to compare
with similar degradation caused by nitrobenzene to
unsaturated model compounds such as and E;;Tug

ion.

in order to determine the mechansim of the react

6B 2 Results and Discussion

When the rubber incorporated with nttro-
benzene samples, were exposed to direct sunlight, the
sample containing 0.5% of nitrcbenzene became very soft
after 2 h; but was not viscid. The samples with 1.0% and
2% nitrobenzene became viscid in less than 1h exposure to

sunlight, as given in Table 9.

Table 9

Results of the nitrobenzene initiated oxidation of NR

% nitrobenzene Ixposure time Appearance of the
by weight to sunlight . product
0.5% 1h Fairly soft. But opaque
0.5% : 2h Not viscid. But very

soft and opaque

1.0% 1%4h Viscid, transparent
and yellowish in colour
like a thick oil

2.0% n Viscid, transparent and
yellowish in colour
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It was also noted that the pro-degradant activity of nitro-
benzene on rubber in UV light is very much faster than
that of the metal complexes (Fig.42). Further the final
products of nitrobenzene initiated systems is pale
yellowish in colour whereas the product obtained in metal
complex initiated systems were of dark colour. It is also
clear on comparison of Figs. 1 and 42 with Fig. #6 that
the vinylidene and hydroperoxide concentration increases
with the time of irradiation indicating that the photo-
activity of nitrobenzene is through the formation of
singlet oxygen and not through free radical formation.
This 1is confirmed by the absence of gel formation in
nitrobenzene initiated oxidised products of rubber. If

it is a radical reaction the reverse should have besen

3

the case.

From the results it could be concluded that
nitrobenzene on exposure to UV light gets excited to an
Iexcited triplet state and the ground state oxygen absorbs
this energy to reach the activated.singlet state, which
ultimately causes the degradation reaction. If nitrobenzene
is denoted by NB, the reaction could be explained by a

set of equations as follows:

NB hvy > NB
1 3,
NB N NB
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NB= Nitrobenzene

1NBEE Nitrobenzene in singlet state

3NBEE Nitrobenzene in triplet state

But there is no evidence to show that a radical initiated

process of the following type occurs in this reaction:
O, /O

N
[::i:] hy 5 Activated triplet state—s>

- Abstract hydrogen as
a free radical generator

When methyl cyclohexene was used as the model compound to
study the photoactivity of nitrobenzene, identical results
were obtained. There was an increase in the vinylidene and
hydroperoxide level intensities of the IR dpectrum of the
treated compound. These were in good agreement wigﬁ the
results obtained by Foote120 in his photoactivated process
for methyl cyclohexene, which is now accepted as due to
the action of singlet oxygen. Percentages and nature of

products obtained by him in this reaction are given below:

I
OH H QH
AHy
lFrom photo;a
Ll

a ~?
oxygenation 0% 36%

Gas liquid chromatographic studies of these products to
determine the percentages of products could not be done

due to unavoidable circumstances.
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7. VULCANISING CHEARACTERISTICS OF LIQUID RUBBER OBTAINED
BY SINGLET OXYGEN OXIDATION AND PHOTOXIDATION OF MR

It has been shown in the previous chapter .
that in addition to the NaOC1/H202 system, nitrobenzene
causes rapid molecular weight reduction of NR during
exposure to UV to give liquid rubber which is miscible
with non-polar solvents in any proportion. The techno-
logical properties of these liquid rubbers obtained by
all these methods have been studied by mixing them with
vulcanising chemicals in a ball mill, with 10% mineral
terpentine as a thinning agent, and curing at 120°¢ to
produce test peices in a mould, for tensile tests. A
Monsanto Rheometer was used to assess the curing char-
acteristics of liquid matural rubber, obtained by various
processes., The Monsanto Rhecometer provides informatioﬁ
regarding the curing behaviour of the wvulcanizate, hence

the theoretical aspects of this method are described briefly:

7.1.1 Monsanto Rheometer studies of a vulcanisate

fhis instrument provides a continuous smooth
curve of variation of the elastic modulus (S) with cure
time13#. This curve is ideally suited for direct comparison
of elastomers. A specimen of the compounded polymer is placed
in the wvulcanisation chamber under the test temperature and
pressure and a metal disc is oscillated through a small arc
exerting a shear strain on the test specimen (see diagram
overleaf). The torque required to oscillate the disc is
proportional to the stiffness or the shear modulus of the

polymer and this increases when cross links are formed during
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cure.

A complete cure curve is obtained when the recorder
torque value either increases to an equilibrium valﬁe
or a maximum value. The time required to obtain- a
cure curve is a function of the test temperature and
the vulcanisation characteristics of the polymer
specimen. In certain cases this maximum can further
increase or decrease after some time, indicating a
secondary vulcanisation or a reversion, respectively.

Reversion can be caused by the breakdown of cross links.

l&hqgk

“q
N

40/
My

zau

™M
L, * ¢ a
lo 20 320 - Min.

The following measurements can be pead off a rheograph:

(1) Time for incipient cure or the scorch time :tsx
(2) Minimum torque : M,

(3) Equilibrium torque: M..(lb inch), or the maximum

HE
torgue in the cass of reverting curve: MqH
(4) Highest torgue attend in a cure whers no equilibrium

or maximum wvalue MHR is attained.
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Minimum torque is proportional to the viscosity of the
uncured compound. Scorch time is a measure of the process
safety: Fully cured torque is a measurement of the shear
modulus or stiffness of the compound. It should be noted
that the wvalue MHR must be selected on the basis of
closeness of fit, since reversion or even secondary cross
link formation can occur. This glves a measure of the
ultimate cross link density. The method used to assess the
ageing characteristies of liquid rubber vulcanisates is by

continuous stress relaxation.

Z.1.2 Stress relaxation

The dependence of a stretched rubber like
elastomer upon time of application, when held at a constant
temperature and elongation, provides valuable information
about the material. This employs simple apparatus, but
measurements of a high degree of accuracy and reproducibility
can be obtained. This method of accelerated ageing has been
successfully used in the rubber industry to predist wvarious
reactions tzking place during the thermal oxidation of

vulcanised rubber135.

The interpretation of stress relaxation is
based upon the kinetic theory of rubber elasticity,
according to which the stress of an elongated sample is

glven by:
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Where f is the tension, S is the number of chains per
unit volume supporting the stress, k is Boltzmann's
constant, T the absolute temperature, 1/10 the

ratio of stretched to unstretched length and Ao the

unstrained cross sectional area.

Therefore, if a sample of rubber can be
maintained in extension at a constant length and
temperature the value of the stress f will be proportional

to S the number of stress supporting chains.
f/fo = S/SO

As chain scission occurs during thermal
degradation of rubbers, the decay in stress is a direct

measurement of the degradation of the elastic network.

A Wallace extension stress relaxometer was used in the
following experiments where the sample of the vulcanised
rubber was held extended between two fixed points and
fully submerged in a thermostatically controlled ageing
oven with a regular replacement of preheated air. The
stress of the extended piece of rubber is balanced by a
helical spring. If the tension in the strip falls, a
small servo motor reduces the length of the spring to
decrease its tension so that this balance is maintained.
This is automatically recorded. The stress at any part-

icular instant can be directly read from the record chart.
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Adhesion properties of the liquid rubber compounded to
the above two recipes were tested by applying the
compounds containing turpentine on vulcanised rubber
sheets and pasting them on rubber, wood and cotton -

fabrics, respectively.

7.2 Experimental

About 20g of liquid polymer mixed in a
motor, to the recipe No.2 given below, were placed one
at a time in the die cavity located in the large elect-
rically heated platens of the Rheometer at 120 ¥ 0.5%

and the platens were closed.

The disc oscillation motor when started,
makes the disc oscillate through a small arc of 3 degrees
by means of an eccentric wheelb attached to the motor
shaft. The force required to oscillate the disec which
applies a shearing strain to the polymer specimen is
measured electrically by the torque arm transducer andia
smooth continuous cure curve of modulus versus cure

time is thus obtained.

Tulcanising Recipes

Recipe No. 1 Recipe No.2

Liquid NR - 100g Liquid MR - 100g

Zn0 - 5.0g Zn0 - 3.0g

ZDC - 1.0z ZEP - 3,08

S = 2.08 HX - "1.5g
Curing at room temp. in 48h MBTS - 0.25g
or in 10min at 120°¢ Curing at room temp. in

0
15h in 2-3 min at 120°C
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.Z<3 Results and Discussion

Monsanto Rheographs of the liquid and
soft rubber compounds made to recipe No. 2 above do
not show an initial drop in the viscosity (see
Rheographs) of the compounded rubber which is usually
seen in raw natural rubber. This is due to the very
soft nature of the compound initially, which does not
undergo appreciable softening in the Rheometer.
Rheometric studies of liquid rubber products obtained
by N'aOCl/H'aO2 treatment were not possible as the
ultimate product emulsified, and the separation of
moisture from this emulsion was impossible by drying
or centrifuging. But the Rheograph of the mildly
treated sample by that method is given below along
with the other curves Fig. 47.

Cure time for the nitrobenzene initiated system
was found to be between the cure times obtained for
Co and Fe complex initiated systems as shown in the
diagram. Cure time for & sample of Tubber mildly treated

with N&OCl/HEOQ-was almost the same as for the-nitrobenzene

1nipiaped sample.
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Table 10

Properties of the vulcanised products

I
Test Co complexs Fe complex Nitrobenzene |NaOCl/
incorporated incorporated {ncorporated Héog
mildly
treated
MOD L, Ok 4,42 4,22 3.87
Tensile 400 Psi 344 Psi at 410 Ps% 384 Psi
strength at 700% 600% elongad at 700% ai 700%
elongation tion‘ elongation gogngat—
Cure time 36mins 18 mins 22 mins 23 min

The tensile strength of untreated 'R is about

450 Psi at breaking point. The Co complex initiated system gave

a tensile strength of 400 Psi, which is comparable to that of

NR; but the Fe initiated sample gave a value of 344 Psi, which

1s considerably lower than for MR. Compared to the metal

complex initiated systems, the nitrobenzene initiated system

gave the highest tensile strength, which was closest to that

of MR. The wvalue dSbtained for .a 'sample of rubber mildly treated

with N3001/H202 was also low as in the case of the Fe initiated

complex,

The Malaysian Rubber Producers Research Association

(MRPRA) had studied the use of nitrobenzene for producing

liquid rubberTgs; however, they did not pursue these studies,

perhaps due to the difficulty of getting a good end product
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at the lower sunlight inténsity at which they worked. Under
Srl Lanka conditions, the nitrdkenzene initiated viscid
rubber, when compounded with fast accelerators, as described,
showed excellent room temperature curing adhesive properties,
But there was no means of measuring the bond strength of

these adhesives at the Rubber Research Institute laboratories.

Z.3.1 Ageing Properties - Stress relaxation

Liquid rubber samples, mixed with a morhar
and pestle to the recipe Wo. 2 above, were vulcanised
separately into sheets of 5-74 thickness.

Long thin samples were cut using a die and
their continuous relaxation curves were obtained at TOOOC
while passing air at the rate of 20 ml per minute. The same
procedpre was repeated with the control samples of pure
pale crepe mixed to the same formula as in recipe No.1.
Trom the curves obtained, plots of log f/fO against the

time were made and are shown in the Fic. 48,

As clearly seen from this diagram the stress
of the metal complex initiated system decays very much faster
than the nitrobenzene initiated systems., This may be due to
the combined effect of the cations Fet** and Co™** which are
good initiators of radical oxidation of polymers and the
anions acetyl acetonate which is also pro-exidant active.

In this study too, only the samples of rubber mildly treated
with N’aOCl/H'zo2 were used as the heavily treated samples gave
emulsions which could not be separated by easy techniques,
Therefore, it can be concluded that, in ageing too nitro-

benzene initiated viscid rubber gives better properties compared

to liquid rubber obtained by other methods.
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8, CONCLUSIONS

The work described in this thesis show that the
ferrous ion o-phenanthrolene technique is capable of -
measuring 10'6 moles of hydroperoxide groups present in
oxidised films. However this method would have been
irreproducible when applied to polyethylene if the two
contributory reasons which have been identified in this

work were not taken into account.

In these studies it is shown that, during the
processing of low density polyethylene, the hydroperoxide
content increases rapidly to a very sharp maximum and then =
declines. Vinylidene groups initially present in the palymer
decreases to zero after an induction period and the rate of

destruction is related to hydroperoxide concentration.

Carbonyl concentration increases in an auto-
accelerating mode in a process which follows the formation
and delay of hydroperoxide, when the carbonyl concentration
is low, hydroperoxide and vinylidene are the main sources
of the photoinitiation step. In the latter stages of the
reaction Norrish II photolysis of carbonyl is the most

important process.

These results serve to explain the puzzling
reversal of the change in mechanical properties of LDPE
observed during photoxidation; that is the reversal of
dynamic modulus that ocecurs during the first 30-50h éxposure

to UV radiation which is due to the supervention of chain
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scission. This is found to be the same period during which
rapid oxidation of the polymer occurs and vinylidene

disappears rapidly, forming an insoluble gel.

00H O.
1 ! .
RCH2-CHé-CHé-CH;? = CHé hya RCHg-CHg-CHé-CHC=CHé + OH
R' F't'
0
"
CHjCO? = CH2 + RCH = CH2 hy RCHQ-CHz-Cﬂa-C-C - CH2
' "
R R'

Photoinitiation occurs by further reactions of the primary
alkoxy and hydroxy radicals, and cross linking through vinyl
addition competing with chain scission through allylic

hydroperoxide breakdown.

/CHzt:JH - CH20R" crosslink

R 0" +~CH,C =
2y
1

CH2
R XII A
R OH + ~CHC = CH2 chain scission
L]
1

R

In the study of the activity of metal complexes on photo
degradation of polyolefins, by IR technique and by oxygen
absorption studies, three kinds of behaviour were observed.

Some metal complexes acted as powerful accelerators for

oxidation from the start; others acted initially as retarders

but gradually increased their activity and became activators;
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while still others acted as antioxidants from the initial
stages. When mixed with rubber and exposed to daylight,
acetylacetonates of Co (II) and Fe (II) showed much more
effective photoactivation than was observed in the case

of polyethylene. The rate of carbonyl formation was auto
accelerating and the final product became progressively
softer on exposure to light. Nitrobenzene is the best out
.of all the photoactivators tested. After about 2h exposure
to direct sunlight, the rubber containing 1% of the nitro-
benzene became almost flowable. Mechanism of photodegradation
of natural rubber caused by nitrobenzene is shown to be
through the formation of singlet oxygen, as a result of
which thereis vinylidene formation during this photolytic
process. Vulcanising properties of the gummy product thus
obtained was as good as in ordinary rubber. This is a very
good method for making liquid rubber using solar energy
and allows the complete elimination of the pre-mastication
step, which is normal in the process lines in making
rubber articles and is of particular importance in view of

the world wide energy shortage.
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9. SUGGESTIONS FOR FURTHER WORK

Further investigations of the behaviour
of these metal complexes in breaking down the rubber
molecules and improving the vulcanisate properties of
the product that is formed with carbonyl end groups,
using a bifunctional carbonyl reagent, such as bis
hydrazide as the vulcanizing agent, might help to
produce liquid rubber with superior properties.
Inferior technological properties of liquid rubbers
obtained by photoxidation when compared to ordinary
crepe rubber is supposed to be due to the low molecular
weight of the degraded mo?ecules. Another factor which
reduces the number of end uses of the liquid product is
the carbonyl type end groups of the short molecules
which cannot be crosslinked by means of ordinary
vulcanising agents. Hence by means of suitable chemical
modifications of the molecule, the number of end uses of
the liquid rubbers obtained by the above mentioned
methods and specially from tﬁe nitrobenzene initiated
system could be improved. Some of the possible ways of
modifying the liquid rubber obtained from nitrobenzene

initiated system are:

1. By epoxidation of the low molecular product
in order to get the epoxide which could be
used as a reinforcing agent for fibres, as

a substitute for epichlorohydrin.
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2. By chlorination of the 1liquid rubber. One of
the defects of chlorinated rubber made by
chlorinating NR latex is the insolubilit} of
the chlorinated product in solvents. But
owing to the short molecular nature of the
chlorinated product obtained from liquid
rubber, this defect could be completely
eliminated.

3. By converting the carbonyl end groups of the
liquid rubber molecules to hydroxyl or —NH2
groups by suitable chemical. reactions, and
which could be more easily crosslinked by
means of simple chemicals to get better

vulcanising properties.

Further attempts will be made by the author to analyse
the molecular weight distribution, of the liquid product
by means of gel permiation chromatography and also the
functional group distribution, in collaboration with
various other organisations other than the Rubber
Research Institute of Sri Lanka, which will result in

a great deal of improvement to the liguid rubber obtained.
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