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STABILISATION OF POLYPROPYLENE USING POLYMER-BOUND ANTIOXIDANTS

By Abdul Qadir Ibrahim

SUMMARY
A variety of hindered phenol and hindered piperidine antioxidants
containing vinyl or vinyline functional groups have been
synthesised and some of these were successfully bound to

Polypropylene backbone during processing operations in presemce of
& radical generator.

Up to 20% concentrates were prepared using this technique.

Commercially acceptable concentrates ( MASTERBATCHES) can only be
prepared with antioxidants that are only weakly chain breaking
such as hindered piperidines.

One of the antloxidants, AATP was found to polymerise as well as
bind to Polypropylene. Bound antioxidants were found to be
resistant to such channgls of physical loss as solvent extraction.
Temperature and concentration of the additive and radical
generator were found to be important parameters in the preparation
of the concentrates. The stabillising efficiencies of the diluted
bound antioxidants alone,and in combination (synergistic) with
other antioxidants have been evaluated. Results of both thermal
and photo-oxidative stabllitles of the bound samples in
Polypropylene show that the restriction on free mobility of the
bound antioxidants in the polymer has virtually no effect on its
stabllising efficiency.

Bound AATP was found to generate nitroxyl radicals during the
course of 1ts stabilisation activities, and in combination with a
small amount of Irganox 1076,1t was shown to be highly synergistic
thermally. A mechanism of catalytic phenol regeneration by the
resultant piperidine hydroxylemine was proposed.

Although the mechanical properties of the masterbatches were
affected by the transformation, this was not found to be carried
over to the diluted samples.

This work has shown that bound concentrates can be effectively

prepared in saturated polymers for subsequent dilution to normal
concentrates used in commercial stabllisation.
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CHAPTER 1

INTRODUCT ION

1.1 POLYMER AUTOXIDATION

The second half of the 20th Century has wltnessed the unrelenting
domlnance of man-made high molecular welght materials termed
synthetlc polymers In all aspects of human endeavour. The reasons
for thelr success over such "tradltlonal" materlials as metals,
paper, leather, wood, ceramlics etc, are thelr versatllity,
cheapness and ease of processing. They were originally used as
substlitutes but now they are generally recognised to have unlque
advantages over these traditional materlals. These obvlious
advantages are however limlted to varylng extents by the
susceptiblllty of polymers to oxldatlve degradation, primarily by
heat and Illght. Polymeric articles therefore need to be protected

If a reasonable service llfe |Is to be expected.

Degradatlion results from oxidative attack In three main

clrcumstances.1

1) during processing operatlons (melt degradation)

1) when the solld polymer Is exposed to alr at elevated
temperatures durling use, eg. In under-the-bonnet
appllications In the automotive Industry (thermal

oxldatlion)



1) when polymer |Is exposed to both oxygen and sunlight,
particularly near u.v. component, (photo oxldatlion)

As a result of these degradative reactlons undesirable changes

occur In the physlcal, mechanlical and electrical propertlies of

polymers. The nature of the degradation reactlons varles In rate

and extent, depending on the chemlcal and physlcal structure of

the polymers, the presence of Impurities and the environment to

which they are exposed.

1.1.1.DEGRADATION & STABILISATION OF POLYOLEFINS

Most of the degradation problems assocliated with polyolefins are
not Intrinsic to the structure of the repeat unit, but arlise from
adventitious Impuritles which could, at least In principle, be
elIminated. Inpractice, the solution to the problem Is to
Incorporate additives In the polymer to eliminate or retard some
of the undeslireable reactlons that bring about macromolecular
breakdown. Additlives that perform this function In polymers during

service are normally called ANTIOXIDANTS. e

Typlcal commerclal polyolefins may contaln added dyes and
pigments, catalyst residue from polymerisatlon, hydroperoxides,
carbonyl groups and other oxldatlon products.>** Addltlonally,
they may contain traces of polynuclear aromatics from polliuted
5

urban atmospheres. Polymer-oxygen charge transfer complexesa'

and singlet oxygen a produced by the photolnitiation action of



plgments have been Impllicated as photolnltiators. All of the
factors mentlioned above, can be Important in particular cases but
attentlon has been focussed on hydroperoxldes and carbonyl
groups.1'3’7'8'
Carbonyl groups have been widely Implicated because they have
higher extinctlon coefflclents In the near uv than do
hydroperoxldes.1
However, the quantum effliclency for radical production by )C-O
groups Is extremely low, probably because macroradlcals are
produced In the solld polymer and recomblne within the cage before
they can react with oxygen. In contrasts, hydroperoxlides are
weaker u.v. absorbers but decompose on excltatlon with virtually
100X efflclency to yleld radlcals, one of which Is moblle enough
to diffuse away very rapldly. They are therefore the favourlite
candldates as the majJor Inltlating Impurities In most sltuatlons.2

9,10

1.1.2 INITIATION BY MACRO HYDROPEROXIDES

The mechanlism of hydroperoxlide Initlation was orlglnally proposed,
primarlly as a result of studles on polyunsaturated polymers.w'11

It Is now accepted as appllcable to most hydrocarbon polymers
and organlc compounds. In all cases, hydroperoxlides are consldered

to play a key role in the Initiation steps of the oxldatlve chaln

reactions.



Mounting evidence provided by several workers over the last two
decades has left very |Ilttle doubt about the Initlating role

of macro hydro-peroxldes. 12-31

The generallised reactlon scheme for the oxldative degradation or
autoxidation of polymers Is as follows.

Initiatlion

RH+02__“-> R. + I'O'OH aaooooo-o-collioo(1)

ROOH Bt RO™ 4 B8 sewnies swnunssnonssle)l OF
2RO0H_---, ROO- + RO‘ + Hzolllallllld‘(s)
Propagatlion

ROO. + RH----> ROOH + R.oo.c'o.oooo.oooooo(4}

R. + 02*----, ROO- |d.......l.-l-l-..l.llts)

Termination

ROO*+ R =—=> J INERT PRODUCTS ......s...(6)

It Is now generally accepted that both photodegradation and

thermal oxldatlve degradation involve the same free-radlcal

32,33

mechanlism. The maln difference lles In the nature and rate

of the Initiation step, which Is very much faster In



photolnlitiation than the bimolecular Interactlion of
hydroperoxides, which Is the main process Involved In thermal

Initiatlon.

Other sources of Initiatlon iInclude transitlion metal lons, in-

34,35

chaln ketones and senslitisation of triplet carbonyl! by

singlet oxygen e

1.2. ANTIOXIDANTS & THEIR MECHANISMS OF ACTION

From the sequence of Initlatlon and propagation reactlons given
above, It Is apparent that inhibitlon of polymer oxlidatlon can be

achleved In two or three main ways:

1) by scavenging the reactive radicals formed, thus terminating
the kinetic chaln (reactions 4&5)
ii) by decomposing hydroperoxides formed In a non-radlcal process,
thus preventing Inltliation (reactions 2&3) and

i1i)by preferentlally absorbing the deleterlous part of u.v. light

L

by u.v. screeners, also preventing Initlation.

1.2.1 THE CHAIN BREAKING (CB) MECHANISM
Free radical oxldatlon chaln reaction In polymers can be
Interrupted In two ways, elther at the alky! (R') or alkylperoxyl

(ROO") radical stage.

Scheme 1.1 Is a summary of such a mechanism 40



2
(-e) (+e)
. H'
10l p— > ROOH
+

R 4====> -C-CH2 Electron Donor mechanism

+ CcB-D

wt (CB-D)

Electron acceptor mechanism

(CB=A)
SCHEME 1.1: Redox mechanlism

CB-A mechanism Involves the removal of the alkyl radlical by an
oxldatlon process to glve a carbenium lon or a derived product
while CB-D Involves the reduction of the alkylperoxyl radlcal,
forming hydroperoxlide

1.2.1.1 Chaln Breaking (Donor) (CB-D)

Typical antloxldants in thls group include hindered phenols (1)
and aromatlec amlnes G I D

OH



Both are able to donate a H atom to an alkylperoxy! radical(R0O0").
The products formed by further reactlon of the Initlally formed
phenoxy! radlcal are complex and may have elther antloxlidant or

pro-oxidant activity.

Scheme 1.2 Is a summary of a typlcal hindered phenol reactlons and

t h e p r o d u c¢c t s f o r m e d 2
//’/’,a’ (2)
CH, OR O
(4)
CH O0H
3
+ AH
(5)
OH

SCHEME 1.2 Oxldatlve transformatlions of Butylated

hydroxytoluene. (BHT)



The stilbene quinone (6) Is also an effective antloxlidant although
It functions by a complementary CB-A mechanism. On the other hand,
the peroxydienones (2) and (4) are potentlal prooxidants due to
the presence of a lablle peroxlde bond. The stlibene quinonold
products are less volatlle (Increased molecular mass) than the
parent phenols and are therefore superlor antloxldants where
volatility Is lmportant.41Secondary oxldatlon products formed from

aromatic amines are also very powerful antlioxldants 42

1.2.1.2 Chaln Breaklng (Acceptor) CB-A

Macroalkyl radicals, unllke alkylperoxyl radlcals are not powerful
oxldising agents but are themselves readlly oxldised by electron
acceptors. A varlety of oxldislng agents are capable of removing
alkyl radlcals from an autoxidising system, and provided they are
able to do this In competition with alkylperoxyl radicals, they
have antloxldant activity. In general, the molecular requlrement
for a CB-A antloxlidant are the same as for polymerisatlon
inhibitors. This Includes quinones, nltrocompounds and stable free

radlicals of which nltroxyls43_48and phenoxyls49_51have been the

most studied.

1.2.1.3 Complementary Mechanisms Involving Both CB-D & CB-A

CB-D antloxldants functlon most effectively In the presence of
excess oxygen while CB-A mechanism operates best In oxygen

deflclency or at high Initiation rates. Antloxldants which exhlibit



both kinds of actlivity clearly have an advantage over those
operating by a single mechanlsm since In most oxldatlion processes,

both alkyl and alky! peroxyl radicals are present to some extent.

Hydroqulinone Is the best known example of this type of

antloxldants (Scheme 1.3).

H # | OR
~ROQ* __ ROOH - {5 —
CB-D : CB - A
H OH OH
A
|
| ROO* CB-D
l
|
OH 0 OR
R’ . _, dimers
5 TB-K >
H. 0 0. %

SCHEME 1.3 CB-A/CB-D Mechanlsm of Hydroqulnone
1.2.1.4 Regeneratlve Chain Breaking Antloxldants

These exhlblt catalytlic behaviour under conditlions where both
alkyl and alkylperoxyl radicals are present.52 The simplest type
of catalytic antloxlidant Is represented by transition metal lons

eg.
)

2+ __ o
Cu -t_a Cu

The regenerative mechanlsm (redox) Is illustrated In Scheme 1.4



O'
~CH,, CH=CHCHCH . > =CH, cn-cugncnz- (ROO")
cB-A | cu?t
~CH,=CH=CHCHCH = ——--—--> ~CH, CH=CHCH=CH-+HT+cu’
+
rRoo* + cut B2 . Roo™ + cu?t

SCHEME 1.4 Regeneratlive Mechanlsm

The overall reactlon can be summed up as shown In equatlon 7.

0
2-CH, CH=CHCHCH, - S T ~CH, CH=CHCHCH

cufbu®t +

CH CH-CHCH-CH - -.llll.ll7
“ 2

Thls Is of consliderable practical relevance to the stablllsation

of thermoplastic polymers since Cu2+ lons have been found to be
53

effective thermal antloxidants In polyamides and polyesters

10



Dlary! amines such as N-lIsopropyl~N‘phenyl~p~phenylene dlamine
(IPPD) on the other hand, owe thelr antl-fatigue actlivity to thelir

conversion to the corresponding nitroxyls.

ROO* .
O-»-O-mr = O+~

(IPPD)
l ROO®

@-— (1%1. -—@—Nmpr + RO ©— E —<—Q>'¥'Ulipr
- OOR

Hindered allphatlc amines such as bls(2,2,6,6,-tetramethyl-4-
plperidinyl) sebacate (TInuvin 770) behave In the same way

30In both

although they are less effective as antifatigue agents.
cases, the parent amines are converted to the corresponding
nitroxyl radlicals durilng the mechanochemlcal proéess and the
concentratlion of the alkylperoxy! which Is Intlally present falls

to an immesurably low value once the nitroxyl radlcals begln to be

formed In the system.

NH + ROOH —=---

) NOH + ROH

~

l ROOH

\

/NO + H20 + RO P T

The concentration of the nltroxyl then becomes statlonary54as 1t

converts to hydroxyl amine and Its alkyl derlvatlives.

11



\

- L] \
/NO + R o /NOR lo.nalln10

which then acts as a reservolr for nitroxyl radicals.
1.2.2 Peroxide Decomposers (PD)

These fall Into two maln classes: stolchlometric reduclng agents

and catalytlic peroxlde decomposers; (PD-C)

1.2.2.1 Peroxlde Decomposers ~ Stolchlometric (PD-S)

These essentlally reduce hydroperoxldes to alcohols
stolchlometrically, without substantlal formatlon of free
radlicals. Phosphlte esters are examples of such antloxidants, a
typlcal example of which Is trisnonylphenylphosphite, which Is a

commerclial stablllser for raw rubber.

+ ROH sl end b
Compounds contalning an Imino group have also been found to be
effective antloxidants. An example |Is the Nlckelphenylhydroxyl

Imine complex, which consumes 8 molecules of hydroperoxlide In

being converted to sallicyllic acld (reactlion 12)30

12



CH3

Sy=¢c<{ H
\““~h /’ ROOH
COOH

oll .
+ NL(NOB]Z

1.2.2.2 Peroxlde Decomposers -~ Catalytlc (PD-C)

A wlde varlety of sulphur compounds fall Into thls class. These
compounds have the ablillty to destroy peroxlides through the
formatlion of acldlec products In a radlcal generating reaction
involving the hydroperoxide. In all cases, the antlioxldant
functlon Is preceded by a pro-oxidant stage, and the Importance of

the pro-oxlidant stage Is a functlon of 'the structure of the

sulphur compound.55 Thus, In the case of the
dlthlocarbamatesao'ss’ﬂ'58 (1) the dlthlophosphatesss'sg’so(II).
the mercaptobenzthlazolatese1'62 (1t1) and the

mercaptobenzamlidozolates 63(IV). the pro-oxlidant effect maybe

translent and of no great signilflcance to the long term

antloxldant function.

i
\/\/ 2

"

/\

(RO) P P(OR)2 crn

AN
S S

13



- C-S 4 M (11

S~ M (1)

C -
~//

_ A
H

In the case of the dlialkylsalphldes RSnR1(n-1-B) or the
dlarylsulphldes, RSnR1(R,R1- aryl,n> 1) and the corresponding
thlols (RSH), conslderable Initlal pro-oxldant effects are
normally observed.ao

Metal dlalkyldlthiocarbamates have been used for many years In the
plastics Industry for both thermal and photostabllisation of
polyolefins. Although the steps by which the oxldation Inhibltion
specles are generated have not been fully resolved, these
stabllislng specles have been ldentifled as sulphur aclds. Recent

worksa'64

on the In complex, zinc dlethyldlithlocarbamate now
appears to have Identified the Intermedliates, leadlng to the flnal
oxldatlon products. However,these Intermedlates appear to be
different from those of analogous NI 1l and Fe |11 complexessa.at
least In model compound studles carried out In thls recent
work.Two processes were Involved; a free radical decomposition of

the peroxlides, which predominate at molar ratio of 10:1 (CHP/In

14



Complex) and an lonic predominance at higher ratlos,although there

Is a radlcal contribution at all ratlos>C,(Scheme 1.5.).

NG S
¢ e ¥ 27\ + ‘\
NeZ ROOH Zn + ¢%CNR, + RO® +°OH
Rl S SO Rl i+ P, + R0" 4
AH AH
ROH +A®
0S:e Y
~
s ONR, . _SH
27\ +  .A°
S S. S
//\ ¥
R NC S// GNR2 oxidation . Sulphur acids.
1]
0

SCHEME 1.5 Dithlocarbamate Reactlion Mechanlsm

1.2.3 Synerglsm

In principle, antloxlidants which function by complementary
mechanlisms should exhibit the phenomenon of synerglism. In
practice, synerglism between CB-D antioxldants and peroxlde
decomposers has been found to occur In a wide variety of polymers.
Combining the two kinds of actlvity In the same molecule Is termed
autosynergism. New trends In polymer stablllsatlon polnt to a very
promising future for thls type of antloxldant deslgn.65

Homosynerglism Is the co-operative effect of two mechanistically

simllar antloxldants of differing reactivity, while

15 .



heterosynergism Involves two or more antloxldants acting by

different mechanisms.

1.2.4 Photo-oxlidatlion & Photostabllisatlon of Polyoleflins

As mentloned ear!lier, both photo and thermal-oxldatlve degradatlion

of polymers Involve the same free radlcal mechanlsmaz'aa'es‘

The
maln difference lles In the nature and rate of the Inltlating
step, which Is much fasterin photo-oxldation.The key processes In

photo-oxidation can best be represented as In Scheme 1.6

¥ g

16, Scacs

: 02*/ \
:Ch*—Y——5Ch a>?'—->ROO'———> 0OH
a hv
\ |12*% hy a¥Vv,
/C=0 <—== G=0«= RO

'a' Indlcates processes whilch can cause backbone scisslion

Chromophor lc photosensitisation

SCHEME 1.6

An Important chromophore (ch) for polymer photodegradation Is the

hydroperox lde a1 and to a lesser extent, the carbonyl group.

15,6

Carlsson and Wlles 7 have shown that hydroperoxldes formed In

polymers durlng processing and other operatlons are potentlally

significant Initiators of photo-oxidation of polyolefins °°*°%,

16



They surmised that exclted carbonyl specles can transfer thelr

energy to hydroperoxlide groups according to reaction 13.70—72

\ hv * ~QOH * \
/c-o_,_)c-OJ 5. [-00H] " +)C=0 T

radlcal products

28,73,74,75

Scott and Co-workers have demonstrated that

hydroperoxldes formed during processing operations are the malin
photolnlitlators In the early stages of photo-oxldatlion. In the
case of the carbonyl groups elther exclted singlet or triplet
Intermedlate stages are Involved. For chemlcal purposes, the
exclted triplet state (formed by Intersystem crossing from

singlet) Is more Important than the singlet, since the former has

a longer llfetime.

\ hv 1\ - 3\ "
(/C-O) ._).(/C-O)_>(/C-O) vesesssld

Norrish type | and 11 reactlons are principally Involved during

the photolysis of alliphatic ketones 75'77. In the Norrlish type |
reaction, the bond between carbonyl group and an adjacent carbon

Is homolytically cleaved producing two radicals.

1 l1

RCO'+ R" '===2-c5R"+ CO + R

RCOR ————— —— 000301015
R+ R CO"=—meeem >R+ CO + R’

A non-radlical Intramolecular process which occurs wlith the
formatlon of a slx membered cycllic Intermediate Is Involved In

Norrish type |l reactlons.

17



RCH,~ CH, = CH,- 3 - j' MY _p-gife O~

2~
R 4 g Sty
RCH=CH + CH = C-R! <==—— R CH-CH -CH -¢ —R

c'- R

l T(Emol form)

CHy E—R1(keto form)
Scheme 1.7. Norrish Type || reactlons

Although both types | & Il lead to scisslon, only type | has

radical products which Is therefore the maln photolnitiating path.

Direct hydrogen abstraction by an exclted triplet carbonyl Is also

a possible means of Intlation 5.

Carlsson & Wiles 7have concluded In thelr review that the actual
nature of the key chromophore(s) responsible for photo Initlatlon
wlill probably never be unambligliously Identifled. This Is In view
of the fact that PP (or PE) samples are seldom Identlical; the
potentlal chromophorlic Impuritles in a given sample wlll depend on
the conditlions of polymerisation and general processing operatlions
as well as delliberately Introduced specles such as plgments and
dyes.

Hydroperox ldes undoubtedly play a majJor part In PP photo-oxidation

elther from the onset of Irradlation or very soon after the start
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of oxldatlon regardless of the photolnitliating species at the

early stages.7’78.

1.3 ANTIOXIDANT SUBSTANTIVITY
1.3.1 Polymer Additive Compatibllity

The theory of solution of macromolecular substances Is often
applled to mixtures of polymers with low molecular mass substances
(additives) or to polymer-polymer mlixtures. The maln factors
which determine the effectliveness of stabllisers In polymers,
beside the Intrinsic behaviour of the stablliser are solublllty,
compatiblliity and permanencen.-"9_83 The concentration of additlive
In a polymer Is steadlly depleted during service primarlly as a
consequence of chemlical reactions of the stablllser and physlcal
loss (volatilisation) from the polymer. In certaln cases, this

latter phenomenon may be the major cause of addltlve disappearance

from the system.

For an additive to be effective In Its stablllsation function, It
must be evenly dlstributed. Even distribution can only be achleved
If the additive Is compatible with the polymer. Fertig and co-
workers 83showed the Importance of compatiblility, to the
performance of an additive In a polymer system using polymerlc Uv

absorbers.
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In crystalline polymers such as polyolefins, the distribution of
stablllisers Is not uniform, owing to the presence of crystalline

and amorphous phases.

Low molecular mass compounds (addltlives) are lodged malnly In the
amorphous reglons of the polymer. Blllingham & co-worker984_86
investigated the distribution of low molecular mass compounds In
different polymers. They found that re)ectlion of the stablllisers
into the amorphous reglions on the boundarles of spherulltes was
observed durlng spherulltic growth. The average concentration In a

spherul lte was reckoned to be reduced by about 30%.85

Such fortultous preferentlal distribution of additives In semli
crystalliline polymers appears to be very advantageous because the
amorphous portion of most polymers, especially polyolefins Is the

reglon most sensitive to degradation.2’ 91

1.3.2 Additive Volatility

Although typlcal formulatlons of an addltive In a polymer Is
usually less than 1% by welght of the additlive In most cases, thls
Is enough to produce a supersaturated solution at ambient
temperatures. Additives therefore diffuse from the Interlor of the
polymer and are precipltated on the surface. Because they are low

molecular mass compounds, they have a measurable vapour pressure

20



even at thls temperature and are easily lost to the environment

through a process of blooming and subsequent evaporation.,

1.3.3 Addlitive Extractabllity

The automotive, marine and aerospace Industrlies are makling
Increasing demands on the use of polymeric materlals at elevated
temperatures out of doors, and In presence of solvents capable of

extracting the additives from the polymer.

To meet these challenges of Incompatliblllty, volatility and
extractablllity of additives In polymers, novel methods, some of

them emplirical have been devised over the last' two decadess

2,83,92,93

1.3.4 Addltive Optimlisatlion

To reduce additive volatlillity, higher molecular mass compounds
were developed to replace their lower molecular mass analogues. A
triphenolic¢ antloxldant 1,1,3, Tris(2-methyl-4-hydroxy-5-t-
butylphenyl) butane "TOPANOL CA" was desligned by ICI while
steary|-B-(3,5~-dIt-butyl-4-hydroxyphenyl-proplionate) (lrganox
1076) (1) and Pentaerythrityl tetrakls (3,5-dlt-butyl-4-

hydroxypheny!l proplonate (lrganox 1010) were chemical products

from Ciba Gelgy.
CH-CH—O-%-G H
HO % B37
(1)
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The |lnear alkyl chaln of | was designed to Increase compatibliity

with an esent(ally non-polar hydrocarbon polymer.

Another technique In stabllliser optimisation Is to Incorporate
more than one, In some cases several stablllsing groups In the
same molecule, some of them functloning synerglistically. SANOL LS
-2626 (11) developed by researchers at SANKYO 65 Is a good example
of an autosynerglistlic antloxldant Incorporating both hindered

plperidine and hindered phenol functlonal groups with both thermal

and photostabilising propertles.

o

0 S—

! &cuscn —/O H
HO cazcuz—c-o-cuicmg—; 0 5Cly

(1I1)

Olligomerlc and low molecular mass polymerlc stablllisers of which
SPINUVEX A-=36 (111) and Tinuvin 944(1V) are examples, were natural

extenslons of high molecular mass uv stablllisers, but thelr use lIs

|Imited by mobllity, solublllty and compatibility with polymers.®?
.94 - . —t—
9 N\ (CH,) g -N (cn,) ¢
N
| i i —n
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—  NH-C_II. (Iv)
1.3.5. POLYMER-BOUND ANTIOXIDANTS 817

The ultimate solution to antloxldant substantivity Is to
chemically bind the antloxidant on to the polymer backbone.
Polymerlc and bound antloxidants do not provide the undeslireable
characterlistics of toxlclty, potentlal carclnogeniclty and

allergenlcltyaa'95

and other side effects assoclated with low
molecular mass compounds. But thls Is only the "lcing on the cake"
compared to the total non-volatlllity and non-extractabllity by

solvents.

Ant loxldants can be Incorporated during polymer synthesls by co-
polymerisation of vinyl antloxidants with vinyl monomers.

95,96

Workers at Goodyear claimed to have successfully emulslon

polymerised a vinylic antloxldant of the structure

H
1
Q-NH —Q- NH — co-c=cﬂ2

to glve antloxldant modifled SBRs and NBRs.

However, thls method of copolymerisation Is not presently
commerclally attractlve, so attentlon Is now directed at chemlical

binding with an already manufactured polymer.
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There are broadly three maln approaches to chemlcal binding, but
for convenlience, these methods can be classified Into elght (8)
distinct areas of binding technigques. These wlll be briefly

discussed In the following section.

1. Use of NItroso Compounds

Caln and CO—workarsg7showed that durling vulcanisatlion, nitroso

compounds were successfully bound to natural rubber as evidenced
by the high antloxldant activity after the azeotrope extraction
process. Based on model compound studies on 2—methy|penteneg?'98

N,N-dlethyl-p-nitrosoaniline Is thought to undergo the following

reactlon during the vulcanisation of natural rubber.

AN O — AN

|
N-[-l .........*16

| Et
Et

Results of antioxidant effectiveness after binding shows that the
reduction In moblllity as a result of binding does not
signiflicantly reduce Its effectiveness. The binding reactlons have
also been carrled out successfully with SBR, NBR and chloroprene

rubbe rgg .

2. Use of Polymerlisable Compounds
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Polymerisable compounds contalning an antloxldant functlion could
be grafted to polymers. Grafted compounds on natural rubber latex
Include 3,5-dl-tert,butyl-4-hydroxybenzyl| acrylate (DBBA) and N-

10 101

(4-anllinophenyl) acrylamide by Cooray 0and Amarapathy .

3. Epoxy Modiflicatlion of polymer Chalns
The principle of thls process involves the Introductlion of a

reactive epoxy group Into unsaturated polymers. (eg.

polybutadiene) and reacting the epoxidised polymer with the

additive 92+103
?H
-CHz—qs:?H-CH2-+ HZNW<:::>}+&L—<z::j> — CH;—CH-CH-CH;~
0 |
NH eeeel?
|
NH

4. Use of u.v. Irradlation

All the methods mentioned so far can only be applled to rubbers
and other unsaturated polymers. Saturated polymers such as PP can
also be stablilised with a bound antioxlidant using a varliety of

technlques. One of these Is the use of u.v. Irradlation.

1
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Evans and Scott94grafted DBBA onto PP artefact by u.v. Irradiation
in presence of a benzophenone inltlator. Scott and Yusoff41also

used u.v. Irradlation to bind a benzyl mercaptan, BHBM to PP

successfully.

5. Use of Reactive Carbene Derlvatlives of an Antloxlidant

The reactive specles here Is a divalent carbon known as carbene
which Is obtained by dlazotising anlline and subsequent heating or

photochemical reactlion of the resultant dlazooxlde Into a carbene.

H 0
hv or
diazotis ation S ﬂ_—* sse 018
HNO
2 oe
NH, )

It Is known that carbenes can Insert themselves Into C-H bonds,

and It Is this reaction which has been explolited by Kaplan & co-

workers1°4’1°5to produce a polymer-bound antloxldant In saturated

polymers such as PP.
0 CH
T3 s | 3

hv or heat ., 1 __
CHy-C-CH;~C— + - — CH;—C—+ N, 19

H 5 i

It Is significant that the binding could be achlieved during any

heat treatment In the conventlonal processing of polymers.
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6. Use of Mercapto Compounds

A lot of work has been done here by Scott & co-workers' 00~ 120

114'116’117833118’120

especlally on ABS , PP modified EPDM and

latterly with polyolefins'?'.

Antloxlidants containing alphatically I|lInked sulphur, elther as
free thiol or sulphlde can be readlly combined chemically with
unsaturated rubbers durlng a shearing operatlion In a closed
Internal mixer. This mechanochemical binding process was recently

used to bind BHBM and MADA to PP backbone“a.

ASH + P.----> As. + PH .IIII.II20

P' + AS'———=> PSA

The high extent of binding formed here could not be explalned
solely on the basls of production of macroalkyl radicals by shear.
It was therefore thought that the hydroperoxyl radicals formed
Initlally In the polymer, abstract hydrogen from the polymer chaln
to glive more macro alkyl radicals, which then combine with thilyl

radlcals to glve a bound additlive.

POO" + P H == > POOH + P°
POO" + ASH —————> POOH + AS’ T~ |
AS" + P’ ———meee > PSA
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Up to 1.4g In 100g PP of bound antlioxidant was obtained using this

mechanochemlical technique.
7. Use of Nitrones

The 1,3-cycloaddlition of nltrones to the double bonds In
elastomers provides a general technique for Iintroducling an
antloxldant group (A or A') Into rubbers. This technique has been
successfully applled to clis-polybutadiene and clis-polyisoprene

during vulcanlisatlion, using a varlety of curing systems1°6'120.

0

A—N=CHA + — CH'é- CH=CH- CHZ_

|

—CH-—- CH—-—CH—CH—

CH-

\/

....-...-....22

0
Amine and phenollc nlitrones of the structure R-ﬁ-CHA were found to

react readily with rubber during vulcanisation.

8. Usling Radical Generators
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The use of radical generators to bind antloxldants containing
unsaturated groups wlth saturated polymers Is a loglcal extenslon
of all the above methods. Whether the binding process Is mechano-
chemlcal, therma! or UV Induced, the technologlcally useful
process taklng place Is the generatlon and subsequent reactlon of
a free radlcal. If such free radicals can be created In slitu In
both the antloxlidant and polymer substrate without substantlal
unwanted slde reactlons, then even higher polymer bound
concentrates can be prepared using this technique. This Is
therefore potentlally the most Important route to polymer-bound
antloxlidants.

Researchers at Clba-—Gelgy121

explolited this technique to bind a
substantial amount of a trlazlne derlivative (V) contalning four
ethyllnically unsaturated groups on to PE backbone, using dicumyl

peroxlde as an Inltlator. [ H.C=CHCH,NH
2 2
CH,.=CHCH

: ZN-“\N/ _(cuz)3
— A
(V) H

The mechanlcal propertlies (¥ elongatlon) of the bound PE were

reported to be greatly Improved durlng oven agelng compared to the

control.
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1.4 MECHANISM OF ACTION OF HINDERED PIPERIDINE UV STABILISERS

Hindered pliperidine U.v. stabllisers and related compounds are a
new class of light stabillisers that have come Into prominance only

during the last decade.65

They have the general structure [VII].

HN -R [VII]

They are presently the most widely spread polymer stablllsers
found to be effective more especlally for polyolefins, but also

for polystyrene, polydienes, SBR, ABS, PVC, Polyacetals,

polyethers, polyamldes and polyurethanes.122

The mechanism of actlon of thils class of compounds cannot be
dlIscussed separately from that of the related compounds, the

stable nltroxyl radlicals, thelr hydroxylamlnes and ethers. It Is

30,52

known that the amline Itself Is only a weak antloxlidant but

generates a powerful antlioxlidant, the stable nitroxyl radlcal

which Is an efficlent scavenger of alkylradlicals 30.

NO.+R. ,NOR .Q.....IQ.I‘.23
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The comblnatlon product NOR traps alkyl peroxyl radlcal and
regenerates the nitroxyl radical or otherwlse disproportionates,

glving an olefin and the hydroxylamlne 123.

NOR B et > NO' +RO0R oooo.-uo-24

NOH + -&=¢-

1.5 BASIC FREE RADICAL CHEMISTRY

Free radlical chemlstry came Into Its own as a tool of organic
synthesls only during the last §0 years. The accldental synthesls
of triphenyimethyl radical by Gomberg,'2* In 1900, probably opened
a whole new chapter In “"reactlve Intermedliates", although thelir

potentlal was not reallsed untll long after that discovery.

The class of radical generators of relevance to thils work Include
dlalkylperoxlides and azo compounds that are stable enough to be
handled at amblent temperatures and reactive enough to decompose

at greater than 99.9% at normal processing temperatures and times.

1.5.1. Dilalkylperoxides
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Primary alkylperoxldes are unstable. The lowest members (eg
dimethylperoxlide) are sensltive to shock and are exploslve when
pure. Dltert-butylperoxide (DtBP) on the other hand can be
distlilled at atmospherlic pressure, but In the case of peroxides
with higher molecular mass, distillation must be carried out under

vacuum.

Dlalkylperoxldes decompose homolytlically elther thermally or

photolytlically.

ROOR—————é> 2RO’ i o328

The fate of the Inlitially formed alkoxyl radical (RO') depends on
the environment, temperature and structure of the R group. In the
absence of a substrate, tert-alkyl peroxides glve tert-alcohols,
ketones and lower hydrocarbons along with epoxlides ethers and

carbon monoxlde.

Tert-alkoxy!l radicals, RO" are also effliclent hydrogen

abstractors.

RO" + R He===em- >ROH + R ° erssseces 26

This reaction Is extensively utalised In the polymer Industry,

especlally In polyolefin crossllnklng125.
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With reactlive substrates, thermal or photolinduced decomposition of

ROOR offer many synthetic possiblliitlies.

In the gas phase, DtBP decomposes unimolecularly to glve tert-

butoxyl radlicals which fragment further to glve ethane and

acetone.
t t t 2
Bu 0-0-'Bu ——--> 2 'BUO'——--> 2CH," + 2CH3HCH3.........27
CHe

Decomposlition In solution often ylelds tBuOH. Indicating that H
atom abstractlon by the tert-butoxyl radical from the solvent

competes with fragmentatlon reactlon.

'8u0°" + S-H ——> ‘BUOH + S°

lllltl...luiblloza

where S° Is a solvent radlcal

The ratlo of alcohol: acetone Indlcates the ease of
abstractabllity of H from the solvent126 . If the solvent Is a
molten polymer such as PE or PP, then crosslinkling or chaln

scisslon could be the Ilkely end of the radicals. In presence of a

reactlve additive, such as a vinyl type antloxldant, a coupling

reactlon between S° and the additive could result.
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Dlcumy| peroxlide (DCP) decomposes at about the same rate as DtBP.
Fragmentation of the cumyloxyl radlcals yields acetophenone,
Indicating a preference for‘p-allmlnatlon of a methyl radlcal

rather than a phenyl radical.

H H H 0
Ph-EEO-O—EEPh—-—>2Ph-§§0' ——— Ph-i-{»CH :
H

5
Hy Hy Ha 3

ll..l'....l.l2gl
1.5.2. Dlacylperoxlides

The primary decompositlon mechanlsm, under the same condltlons are

simllar to dlalkylperoxlides.

g 0
R~8-0-0-C~R ===> 2RE— 0" .....vvvve...30

The acyloxyl radicals then fragment to glve alkyl radlcals and

002 -In the absence of an easlly abstractable hydrogen.

0o
R&—o- -_->R.+C02 ..ll..lll.ll..l.31

Acyloxyl radicals, especlally the lower homologues resulting from
the homolyllc cleavage of the peroxlide |inkage decompose to 002

and alkyl radicals more rapidly than they react with the solvent.
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Acetlc acld Is therefore not observed as a reactlon product In the

decomposlition of acetylperoxide In Inert solvents127.

Unimolecular decomposition of benzoylperoxide on the other hand
yields benzoyloxy radicals, which are stable enough to react with

many substrates at rates comparable to the decarboxylatlion rate.

1.5.3 Induced Decomposlitlion

Decomposlitlion of most peroxides elther neat or In presence of a
solvent with an easlly abstractable hydrogen glives a half I|lfe
conslderably shorter than that glven In Filg 2.9 because of Induced

decomposition.

The rates of decompositlion of dlacylperoxlides are especlally
enhanced In certaln solvents. Thils enhancement, In some cases Is
the result of direct Interactlion of solvent with the peroxlide In
polar reactions. Solvents such as ethers and alcohols enhance the
decomposition of dlacylperoxides by up to slx orders of magnltude.
In certaln amlnes, reaction with dlacylperoxides are spontaneous
even at room temperature and apparently do not require any
unimolecular decompositlion of the peroxide to start a chaln
process. The reactlon of benzoyl peroxlide with dimethylanlline

proceed readily at temperatures as low as 000126
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1.5.4 Azo Compounds

These decompose thermally, ylelding free radicals and Na.

A
HN-NR —— e 0 23.+ N2l llllll'llllllaz
The rate of the decomposlition reaction Is markedly Influenced by

the stablilities of the radlcals produced.

Azoblslsobutyronlitrile (AIBN) decomposes readlly In the
temperature range of 60-90°C and its decomposition Is not Induced
by solvent derived radicals. However, the Isobutyronitrile
radicals are generally less reactive than the radical fragments

encountered In the decomposition of most peroxlides.

— 2(CH3)2 C° + N

(CHs)z_cl_ = c—(CH 2 .'....'.Ilisa

I 3l
CN CN CN

The Isobutyronitrile radlcals add readlily to most reactlive double
bonds. AIBN Is therefore wldely used as an Initiator In vinyl
polymerisatlon.

The radicals often couple to form elther tetramethyl-

succlnonitrile (1) or the ketenimlne (11).
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(cH,) —_— CH. )=C—cC(CH,)
32?+‘f(c§3)2—-p( 32||(32
CN ' CN CN CN i
(CHl) ,C—C=N  "C(CH,),
+ CN PR, (CH3)20=CEN—?(CH3)2

CN

(CH3}§G=G=N

Coupling reactlons of the radicals often occur In the solvent

cage.

1.6 OBJECTIVE OF THE PRESENT WORK

Polypropylene Is the fastest growling general purpose thermoplastilc
In exlstence today!27lt Is extenslvely used as a copolymer and as
modlfled polypropylenes In englneering appllicatlons and as general
purpose plastlics. It Is the only high volume thermoplastic that Is
processable by all four majJor fabrlcatlon methods: moulding,
extrusion, film and flibres. However, the cholce of PP as a base

polymer In stablllisatlion goes further than that. Experlience has

shown that antioxldants and stablllsers found to be effective In

PP are also generally effective on other polyolefins and In many
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cases other saturated polymers. The development of a stabllisation

technlque on PP therefore, has a wider application potential.

The loss of additives through volatillsation, exudation and
solvent extractlon has put a great constraint on the use of

polymers In more speclallsed areas of appllcation.

The commerclial production of bound antloxidants In saturated
polymers could dramatically reduce the constraint presently
Imposed on the use of polymers as a result of physical loss of the

additives to the environment.

The obJectlve of this work Is to devise a technologlcally
feasible, economically viable and commercially competetive method
of produclng concentrates of bound antloxldants (MASTERBATCHES)
that could be used In diluted form for the stablllsatlion of
polymers. The final product has to be reslstant to solvent
extraction and must generally compare favourably with conventional
thermal antloxlidants such as Irganox 1076 and u.V. stabllisers

such as Tlnuvin 770

The production of concentrates for subsequent dllution In

commerclal saturated polymers clearly Implles that not all the

methods elaborated upon In Section 1.4 could be employed.
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Methods 1,2,3, & 6 could only be used with unsaturated polymers
(rubbers) as the = bond Is necessary as a reactlive site. The
technique of u.v. Irradlation (method 4) has to contend with the
constraint Imposed by Lambert-Beers’ Law, as only thin flims can
be used, Invarliably on finlshed products, this technique has a
very limlited appllication potentlial and unsultable for masterbatch
productlion. Because of the multitude of reactlive sites with the
consequent cross-linking tendency, method 7 Is also unsultable for
masterbatch production as subsequent uniform dillution would be
impossible with a crosslinked polymer. Method 5§ Is potentlally
attractive but has several steps which reduces the flnal yleld of
product. Only 1.4g of additive In 100g polymer was reportedly

achleved.

The method used In the present work has taken cognlsance of all
the above constraints with the ultimate objJective of producing a
high enough concentrate that can be homogenously distributed In
diluted form In a base polymer, a target not presently attalnable

by any of the other technlques.
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CHAPTER 2
2. EXPERIMENTAL

2.1 GENERAL EXPERIMENTAL TECHNIQUES

2.1.1 Materlials: Sources & Puriflicatlion Methods

Polypropylene (PP) was supplled in powder form and unstablllsed

under the trade name PROPATHENE HF 22 by I|.C.l. It was stored In a

refrigerator at -5 C .
The parent hindered amine, 2,2,6,6-tetramethyl-4-piperidinol was
kindly donated by Ciba Gelgy SA of Switzerland and was used

without further purlflcation.

The following chemlcals and reagents were used as general purpose
grades: Mercaptoacetlic aclid, acryloyl chlorlide,
tetraisopropyltitanate, trliethylamine, 2,6=dlitert. butylphenol,
allyibromlide, malelc anhydride and acryllc acld (ex Aldrich

Chemicals). Sodlum hydroxlde, ethanol and sodlum metal (ex BDH).

For spectroscoplc measurements, the following spectrograde
solvents were used: methylcyclohexans, Iscoctane, dichlorobenzene
and tetrahydrofuran (THF) (ex Aldrich) and dodecane (ex Koch

Light).
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All other solvents were standard laboratory reagents. These
include hexane, dlethyl ether, petroleum ether, chloroform,

dichloromethane, toluene, benzene and acetone.

The followlng radical generators used were purified as follows:

Azoblslobutyronitrile (AIBN) was recrystallised from dlethyl
ether . DicumyIperoxide (DCP) was recrystallised from methanol.

Benzoylperoxlde (BP) was recrystalilised as follows:

It was dissolved In chloroform and separated frorm the aqueous
layer (top) used to dampen the peroxide for safe storage and
hand!ling. The chloroform was then evaporated at low temperature
é<40°C). It was then dissolved In methanol, flitered and drled In

the oven at room temperature.

Tertlary butylhydroperoxide (TBH) and di-tert-butyl peroxlide

(DtBP) were used as supplled.

A phenollic antoxldant, n-octadecy!=-3-(3',5'-di=tert-butyl-4-
hydroxyheny!) proplonate under the trade name Irganox 1076 and
Bis(2,2,6,6,~tetramethylpiperdinyl) sebacate (Tinuvin 770) were

suppllied by Clba Gelgy.

The commerclal u.v. stablliser, 2-hydroxy-4-octyloxy-benzophenone

(UV531) was supplied by American Cynamid.
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2.2 SYNTHESES

2.2.1 Synthesls of 2,2,6,6-Tetramethylpliperlidinyl

mercaptoglycollate (TPMG)(I)

E TIPTA
H-N OH + HO- —CHz—S—H —====> H-N 0=~ -CHz-S—H + H20

31.5g (0.2 moles) of 2,2,6,6-tetramethylpiperidinol was placed
Into a one litre 3 neck flask contalning 600ml toluene, previously

dried with anhydrous calclium chlorlde.

A solutlon of mercaptoacetic acld (0.25 moles) In 200ml toluene
was then carefully added Into the flask while It was heated In an

oll bath and mechanlically stirred.

The equlpment was then assembled with a thermometer, Dean & Stark
apparatus with a condenser and purged with nitrogen. When It
started refluxlng, 0. 02 mol es of

tetralsopropyltltanata128

(TIPTA) was added as a catalyst. After 30
hours, the stolchlometric amount of water (3.6g) was collected In
the water trap. Toluene was removed using a rotary evaporator,
leaving a yellow sticky solld which hardened when cool. Thils was
then dissolved In chioroform and flltered. The flltrate was

preciplitated In Isopropyl ether, giving pale yellow crystals.

These were further puriflied by recrystallisation from chloroform
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and Isopropylether or through column chromatography using alumina
column and methanol as the eluent. Methanol was then evaporated
giving white crystals of the ester, with a melting point of 118"~
120°¢.

TLC of the product in methanol on alumina support gave one spot.

Analysls

(a) Infra-red (KBr disc) Fig 2.1
1

N-H (hydrogen bonded) 3400 cm~

S-H ( " ) 2480 cm™

Ester carbonyl (c=0) 1735 cm™ !
() THnmr

Plperidine proton

..

3.955 (singlet)

Methy! protons 1.6-1.75 (doublet)

Ring Sec. protons

2.15-2.255 (doublet)

RIng Tert. protons

5.50-5.55 (triplet)<

Sec protons

..

2.75

Thlol protons:

3.55

(c) Elemental Analysls

C=57% (Calc.57) H=9.1% (Calc. 9.0) N=5.9% (Calc. 6.0)

2.2.2. 1-Acryloyl=-4-acryloyloxy-2,2,6,6~tetramethylpliperidine
(AATP)

129

Thils compound was prepared according to |lterature as follows:
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(C.H_).N 0
259 . cnz-cn-g- -o-&—cn-cu2

HN OH + 2 CI—E—-CH-CH2
+ (C HIoNHCI™

A solutlon of 60g of acryloy!l chlorlde In 800ml of dry toluene was
added dropwise with stirring and Ice cooling to a solutlion of 52g
of 2,2,6,6-tetramethylpliperidinol and 70g of triethylamine In
1litre of benzene. The resulting mixture was stirred for 1 hour
under lce coollng and then at room temperature for an additlonal
8h.

The precipltated trliethyamlne hydrochlorlde was removed by
fllitration and the flltrate washed with an aq. sodlum blcarbonate
and then drled over K2C°3' The toluene was distllled off under
reduced pressure and the concentrate was then dissolved In elther
Iso octane or hexane to preciplitate any remaining reactant or by-
product Impurlty. The clear solutlon was then decanted, the

solvent evaporated with a rotary evaporator, leaving the product

as a colourless olly liquld.

2.2.2.1. Analysls

(a) Infra red. (Na Cl cell) See fig 2.2

EStOF C m O .ovvvveeveennenenees.1725cm )

Unsaturation (VINYI) eeeeeeenee...1640cm

Acryloamide C = 0 ................1610cm_1

(b) 1H nmr (FIg 2.3) Ref TMS
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Proton NoJ 1 2 3 4 5 6 7 8 9 10 11

> (ppm) 6,20 ?635 ?647 1.5711.54 2t86 2t80 5t82 Gth stgo Btg

to -
6.14/ 6.20{5.44 1.90| 2.20 5.20/ 6.22{5.70 |(6.42
d d d S S t d t d d d

(c) 130 (proton decoupled) nmr (Fig 2.4) Ref TMS

__C_No
_Sppmi1651 1311 1241 30.6 130 [55.61 43 | 66 |128 [135 169

(d) Mass spec. Fig 2.5

Fragment Mass Xint.
mt 265.9 0.7
+
Mt-15 251.0 | 12.3
&
mt-65 210.9 0.5
M+—88(8ASE% 178.0 100

(e) Elemental Analysis
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FIG. 2.3 Hm n.m.r, Spectrum of AATP
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Element C _H N

Eound 67.9 8.62 5.20

Calc. 67.7 8.66 5.27

2.2.3 3,5-di-tert.butyl-4-hydroxybenzylmercaptoglycollate(DBBM)

OH OH

+ H-O—E-CHz T g ] )L 0
H,~0-H H,~0— ¢ —CH,-S-H

The alcohol used for thils reactlion was prepared according to the

method gliven In 2.2.4a below.]

To a 0.1 mole (23.6g) of the alcohol In 600 ml toluene, was added
0.1 mole (9.2g) of mercaptoacetic acld In 100 ml benzene Into a
one llitre 3 neck flask. Finally, 3 ml of TIPTA was added as a
catalyst. The flask was then placed In an oll bath on a hot plate
with a magnetlc stirrer. Dean and stark apparatus with a condenser
and thermometer were then placed In position. Nitrogen was purged

Into the reactlion flask whlle It was heated. After 5 hours, 1.89
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of water was removed from the reactlion mixture, which was exactly

the theoretical amount of water.

The 6:1 toluene/benzene mixture ensured a mild refluxing
temperature of 102°C, to minimise an alternatlive reactlon between

the alcohol and the thlol of the acld.

H H
+ H-S-CH -g-ou S

H20H Hz —S—CHz-g—OH + H20

2.2.3.1 Purlification

Even at such a miid temperature, some of the phenol-sulphlide was

formed.

The solvent was removed from the reactlion mixture by rotary
evaporation and the product washed several times wlth distllled
water to remove any remaining acld. The product was then dissolved
In hexane where the blproduct preclipltated as a white solid. The
pale yellow flltrate was then dried with choa and filtered.
Hexane was then evaporated, glving a pale yellow olly liquid. This
was further puriflied through column chromatography using a sillca

gel column and chloroform as eluent. The chloroform was then

evaporated gliving a thick olly liquid.
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Its purlty was cenfirmed by TLC

Infra-red Analysls (Flg 2.6)
1

Phenollic O-H (free) : 3640 cm
S-H : 2560 cm” !
Ester C=0 . 1735 em )

2.2.4a. 2,6-di-tert.butylhydroxybenzyl alcohol.

k H—ﬁ—H

Ko tTB0Iok [ 88no1

A solutlon of 50g of 2,6-dli=tert.butyiphenol In 170g tert.butanol
was charged Into a 500 ml flask, purged with nitrogen. A well
dispersed slurry of 8 grams of paraformaldehyde In 100 ml tertlary
butanol was also added Into the flask which was contlinuously

stirred under Ice coolling.

A solutlon of 1.4g potassium tertlary butoxide In 28g of tertlary
butano!l was then added gradually from a funnel, keepling the

temperature bslow 1dlc.

Stirring was continued for about 45 mlinutes by which time the
mixture had turned Into a thick red liquid. This mixture was then
poured Into a bowl of Ice and left In the refrigerator overnight.

The yellow crystals formed were washed wlth water and then with
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hexane, giving purplish-white powder, which was recrystallised
from chloroform and hexane, glving white crystals with an m-p of

129¢°C.

Infra-red Analyslis

1

Phenollc O-H (free) 3640 cm

s

Alcohol O-H (H-bonded) . 3525 cm )

2.2.4 3,5-dl-tert.butyl-4-hydroxybenzylacrylate (DBBA)

H H

+ H O-g-CH-CHz --fs-l-ﬁ-é-ﬁg

CH20H CHEO-CCH=CH2

To a 0.1 mole (23.6g) of 2,6-dl-t.butylhydroxybenzyl alcoho!l In
500 ml toluene, 0.15 mole (10.82g) of acryllc acld was added along
with about 0.1g of p-toluene sulphonic acid (PTSA) as a catalyst.
The apparatus was then assembled for refluxing, complete wilth Dean
and Stark trap. After 2.5 hours of refluxing, 1.8g of water, the
expected amount, was collected. The solvent was then evaporated
and the product dissolved In hexane. It was then flltered to
remove unreacted materlal and the PTSA catalyst. Any remalning
acld was then washed by several washings with distllled water. The

product was then driled with Mgso4 for twenty-four hours and
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flitered. The solvent was then evaporated, using a high vacuum
pump. A thick red olly liquld was obtalned. Its purity was

conflrmed by TLC.

Infra-red Analyslis (Filg 2.7)
-1

Hindered phenollc O-H (free) : 3640 cm
Ester C=0 : 1725 o]
Viny! unsaturation (conjugated) : 1640 cm'1

2.2.5a. Mono (2,2,6,6-tetramethylpiperidinyl)maleate
0

S b0
benzene _ .y 0C-CH=CH-COIl
reflux

To a 9.89 (0.1 mole) of malelc anhydride In benzene In a 500ml
reactlon vessel was added 15.7g (0.1 mole) of 2,2,6,6-
tetramethylplperidinol. The reactlon mixture was then refluxed for
1.5h when a white preclipitate of the half ester completely

replaced the clear solutlon.

The product was flltered,and washed several times with-

dichloromethane,to remove remaining reactants. M.p.260°- 262°c

Infra-red analysls.

Carbony! (C=0) : 1720em™!

Conjugated unsaturatlon: 1635¢cm™ |

56



in

4.0 5.0 atate FUS 6.0
3 220 2000 .
AVENUMEER (S !
g | SCLVENT L
CONCENTRATION
CELL PATH
RIGIN

REFERENCE

57
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N-H : 3400cm™ |

2.2.5b. 2,2,6,6~-tetramethylpliperidinylethylmaleate (TPEM)

0 H.SO

I i I i
HN 0C-CH=CH-C-0H + C,H OH conce2 4 gy, 0C-CH=CII-C*0C, Hg

The half ester,prepared above was dlssolved In a large excess of
ethanol with a drop of conc. H2304 and refluxed overnight, when
the turbld solutlon turned clear.

Excess ethano!l (and water formed) were evaporated using a rotary
evaporator.The crude maleate ester was then dissolved In
dichloromethane and drled with Mg 304 for 8h to remove the
remalning water.

The solutlon was then flltered and the product preclipltated with

dlethylether. (Mp. 137-139°C.
Analysis.

(a) Infra-rec

Ester C=0 . 1725¢m )

Unsaturatlon ; 1640em™

(b) Elemental Analysls

C= 64% (63.5 calc.) H=8.2% (8.8% calc.) N=5.2% (4.9 calc.)
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2.2.5. Bls(2,2,6,6-tetramethylplperidinyl)maleate.

This was prepared by transesteriflication of the ethyl

maleate(TPEM) with sodium pliperidinoxlide.

0 0
% 1
HN -ONa + TPEM i ges: TN E CH = CH !’;o _/ NH

The sodium pliperidinoxide was prepared as follows:

HN OH + Na E’“Le“_"_,.mm fia + ut
7~ 2

Benzene (200ml) was dried with anhydrous Ca'::l2 and flltered.In to
this dry benzene was added 4.71g (0.03mole) of 2,2,6,6-
tetramethyliplperidinol.

Sodlum metal (0.69g) was then freshly cut In to flne pleces and
added to this mlixture. The mixture was then warmed (40°C) for
about an hour,untll the rapld evolutlion of hydrogen had
ceased.Thls freshly prepa}ed sodlumplperidinoxde was then
transfered to a reactlon vessel contalning TPEM and an excess of

2,2,6,6-tetramethylplipleridinol In benzene. The mixture was

refluxed overnlight.

The product was then flltered hot. Benzene was evaporated from the

flitrate,and the product dlssolved In dilchloromethane.
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Ethylmaleate was preclipltated out of this concentrated solution on

coolIng overnight,leaving the bismaleate In solution.

Benzene was removed by evaporatlon,leaving the final product as a

white solid. (M.p.67-69°C)

Analysis

(a) Infra-red (Fig.2.8)

Ester C=0 1725¢m™ !

Unsaturation 1640¢cm™ |

(b) Elemental

C =66%(calc.66.8);H =10.4%(calc.9.6);N =6.9%(calc.7.1)

2.3 COMPOUNDING, FILM PREPARATION & EXTRACTION OF PP

2.3.1 Processing of PP & Additives In the Torque Rheometer

PP and addltives were processed using a HAMPDEN-RAPRA torque
rheometer. This Is essentlally a small mixing chamber contalning
mixing screws contra rotating at different speeds. The motor has
adjustable speed knobs so that the speed of rotatlon can be
adjusted from very slow to very fast. All the processings were

done using a speed of 60 rev/min. A good temperature control and a
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continuous readout of both melt temperature and the torque
required for the mixing Is provided. The processing chamber may
be operated elther open to the atmosphere or sealed by a pneumatlic

ram.

A full charge of 35g (polymer + additlive) was used for each sample
and the chamber could be open, closed, or under Inert atmosphere
by prilor purging with N2 or Ar and again purged after the charge,

before closing.

The additlves (and radical generators) were thoroughly mixed with
the polymer at room temperature by tumble mixing before

introduclng Into the torque rheometer chamber.

The hot polymer melt was removed as soon as the chamber was opened

and chllled In cold water to avold thermal oxidation.

2.3.2 Preparation of Bound Concentrates

Concentrates of 5,10 & 20%¥ "masterbatch" of additlive/polymer were
prepared with varying Initlator molar ratios In the torque
rheometer at temperatures between 170°C-190°C for ten minutes.
These compounding conditlions ensure that even wlthout Induced
decomposition, greater than 99.9% of the Inltlatlor was decomposed

(see Flg 2.9) for maximum binding, and to guard agalnst any

62



C eeemm——

a2 a 0 w—_ytovy e

aos

oo

8 B8 ks B B IRES

ot ob ws od ot
WO N S WO LR

05

(3) ai-n butyi peroxvaicarbonate

0i-58C DUly! peroxvaicaroonate

bisi4-1ert Dulyicvcionexyl) peroxygicarponate
_.m._u_u_m.ﬂ:sao!: peroxyaicarnonate
(1)0i-n.propyl peroxyaicarnonate

ai-ISOpropyl peroxygicaroonaie

Q..E...-:Q_ peroxygicaroonate
ai-myristyl peroxvaicarponate

di-celyl peroxvaicarponale

d-siearyl peroxygicarconate

. ’..l“
i T L'}

i

| i N (R 1

N EREaEE 1

=R |

tert.butyl
1) lerLbutyl peroxyneohexanoate
¥)tert.amyl peroxypivaiate
7 ) terl.bulyl peroxypivaiale 1) -
) bis(3.5.5-inmethyinexanoy!) peraxae ol

1) bis(2-methy Y \
M} di-gecanoyl peroxioe

(1) aroctanoyl peroxice
W) di-lauroy! peroxice

%.3.05«. peroxy-2 emyinexanoate "

_ﬂ.ﬁn,us.‘_ peroxyoieTylaceiale

_vu__.ﬂ.n:o:.n_._s\_ peroxyisobutyrate

ﬂm.u 1.1-gi-1er._bulyl peroay-3.3 S-1nmemy:c, Doneaane
_,vun- 1.1-gi-lert butyl peroxycyciohexane
(@)1en.butyl peroxy-3.5 S-inmethyinexancate
N)tert butyl peroxy 1s0propyl carbonate

#)2.2-0i-1er.outyl peroxybutane

¥ DK K5 K B iRRS

7 (a1 0 [ 1 o 1 e L e iyt 08 AR e iy (IR e 32 Bl et

uomoe O3RN DRG

D o
LL

o M
-

tert.bulyl peroxy stearyl carbonale

) tert. butyl peroxyacetate

) tert. buty! peroxybenzoate

@n 4-gdi-ter.oulyl peroxy n.butyl valerate
(1) aicumyl peroxioe
Hg 2 5-dimethyl-2 5-di-lert.outyl peroxy hexane
.ﬂ.,.ﬁ«._.u:.i cumyl peroxige
_vnj. oisftert.butyl peroxyiscpropyl ) benzene
.um__o.._n:.o_._Q. peroxige

1
w

.m,__n.m -azo-bis(2 4&-gimethyivaleronirile)

(u) azo-bis-isobutyronitrile

The curves collected in thus graph are 10 tne best of
our knowiedpe. The nalf lite ime vaives are

n 23 Soiven!. usng the
b ' T (OTA)
Copyngnt Axzo Chems

“ i —

(1]

o

0005

oom

L] % 100 ne 120 130 140 150 160 170 180 190 200 2w 220 230 240

FIG.2.9 Half-life/Temperature Curves of Radical Initiators
[Courtesy Akzo Chemie]

B s a1 — T

03



subsequent deleterlious effect of unreacted percxide In a

stablllsed sample.

2.3.3 Evaluation of Binding

Samples of 10% and 20% were diluted down to 5% for thls evaluation

using |.r. spectroscopy.

As all the graftable additlves were esters In thls work, the ester
carbony! absorption was used to measure the amount of bound
material In the fashlon of "carbonyl Index", commonly employed In
measuring the amount of carbonyl formation In oxldising polyolefin

samples.

2.3.4 FlIm Preparation

Polymer flilms for U.V. and thermal agelng and for spectroscoplc
studies were prepared by compression moulding using an etectric
press. The polypropylene samples were placed between two stalinless
steel glazed plates. The plates were thoroughly cleaned before use
to ensure smooth surfaces and a speclal grade (heat resistant)
cellophane flim was used to prevent the film sticking to the
plates. Control of flIm thickness was achieved by using a standard
quantity of polymer (about 7g) for producing a flim thickness of

2

1.8 x 10 “cm (0.007"). The welghed amount of the polymer was

placed between the plates and Inserted Into an electric press

64



whose platens were malntained at 1so°c. The sample was pre-heated
for 30 seconds wlthout applylng any pressure. Pressure of 85kg/cm2

was then applled for a further 1.5 minutes.

The platens were then cooled to about 4o°c by running cold water
around them while maintaining the full pressure. Pressure was then
released, the plates removed, the flims obtalned were stored In a

refrigerator. Portions of uniform thickness were cut for testing.

2.3.4.1 Thermal Ageing of Polymer FlIms

The accelerated thermal oxlidatlons of processed polymer fllms were
carrled out In a Wallace oven at 140°C In the presence of alr.
Each sample was contalned and suspended In a separate cell to
prevent cross contamination of the additives by volatlllisation,

and was subjected to an alr flow of 3 cublc feet/hr (85 Illtres/h)

2.3.4.2 Ultraviolet Irradlation of Polypropylene Fllims

All the fllm samples were Irradlated In an ultra-violet |light
agelng cablnet, cylinderical In shape and composed of 1:3
comblnation of fluorescent sunlamps and black lamps each of 20
watts power and mounted alternately around the perliphery of the
metalllc cylindrical board, which was In turn mounted vertically

on the circumference of a rotating drum fixed Inside the cablnet.
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In this manner, the light beam fell perpendicularly on the surface
of the film. The distance of the sample from the |light source was
10cm and temperature Iinside the cablnet with the lights on was 30°
cx1¢C

The Intensity of uv Irradlation at the centre of the drum falling

130 2

on the surface of the flims was calculated to be 5.5 W.h.m

2.3.4.3 Measurements of Brittle Fracture Time of Polymer Fllims

Exposed flims were tested for embrittiement.Flims of identlical
slze and unlform thickness (1.8 X 10_2cm) contalning various
additives along with the control sample, both extracted and

unextracted were u.v. Irradiated or thermally aged at 140°c.

They were perlodically checked for embrittlement.

The time to embrittiement was determlned by a manual bending of
the fllm onto Iitself, that Is, to an angle of 180°. Each
measurement of polymer sample was carried out In triplicate for
consltency. The reproduclbllity of the results was found to be
accurate to within plus or mlinus 5%

2.3.5 Solvent Extraction of Polymer Fllims

Unbound addlitlves and other low molecular mass materlials were

removed from the fllm samples by hot Soxhlet extractions using a
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sultable solvent for a duration of between 10-50 hrs. A steady
stream of nltrogen was bubbled throughout the extraction perlod.
After the extraction, the samples were drled under vacuum at a

max Imum temperature of 40°c for 24 hrs.

2.4 Electron Spin Resonance Spectroscopy (e.s.r)

2.4.1 A brlief description of e.s.r theory & e.s.r machlne131

When an electron Is In an external magnetic fleld, Its spin
generates a magnetic moment. The magnetic moment vector of this
small magnet has two possible orlentations of the spin vector;

parallel and anti-parallel to the applled magnetic fleld.

The electron energy Iin the magnetic fleld Is glven by

E = -UeH, where Uals the magnetic moment vector for the unbonded
electron which Is related to the spln vector, S by Ua - g.B.S
erg/gauss, where Be- Bohr magneton and 9o~ dimenslonless constant
called electron freespln g-factor.

The g value of a freely spinning electron Is 2.0023.

Em geBeSH. S in a magnetlc fleld can have one of two posslible

values, + 0.5 and - 0.5. Therefore E, = + 0.5 geBeH and E, = - 0.5

1
geBeH' The energy difference between the two stages of electron Is

glven by
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AE = E,- E, = g_BH.

The measurement of the energy difference Is the basls of electron

paramagnetlc resonance spectroscopy.

Appllicatlion of an osclllating radlo frequency fleld perpendlicular
to magnetic fleld, whose quanta (hv) have an energy equal to ge

BeH’ Induce translition between the two stages of the electron.

AE = hv = ggB H (erg)
where h = Plancks’ constant geBeH

Only electromagnetic waves with the frequency v = ‘;‘

contaln the right amount of energy to produce transitlion between
the two energy states of the electrons. This colncldence of the
energy of the mlicrowave quantum (hv) and the energy difference

between the two states of the electron AE Is called resonance.

The Integrated Intensity of e.s.r signal represents the total
energy absorbed by the sample at resonance condltlons. This
Intenslty Is expressed by the total area under the resonance
curve, and It can be used for the determination of the
concentratlion of free radlicals In the samples as the number of

unpalred splns per gram or per milllltre.
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The Intensity of the e.s.r spectra Is influenced by several
factors such as:

1. the overall spectrometer galn

2. the mlcrowave frequency

3. the modulatlion amplltude

4. the concentratlion of free radicals In the sample

5. the g-factor of the sample

6. the transition probablillty and

7. the sample temperaturs.

Since many factors iInfluence the Intensity of e.s.r signal, the
absolute determination of free radlical concentration Involves many
corrections. The usual method of measuring the concentration of
free radicals Is to compare Its e.s.r signals with that of a

sample contalning a known quantity of free radlcals.

There Is a simlilarity between the theory of electron spin
resonance and nuclear magnetic resonance. In an external magnetic
fleld (H), there Is Interaction between the spin of electron and
the spins of other nuclel In the same molecule. Thils glves an

e.s.r. spectrum with a number of llnes called hyperfine spl!litting.

The e.s.r method not only makes possible the detectlon of radlicals
but also provides a useful tool In the study of thelr electronlc
structures and correlatlions with chemlcal structure, propertles

and molecular orbltals. It can also be appllied to Investigations
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of klnetics, Including measurement of the rates of radlcal
formatlon and destruction, lifetimes of radicals and the nature of

thelr subsequent converslons.

A typlcal e.s.r. spectrometer has the following components:

1. The source of microwave radiatlon known as a klystron,

producling microwave osclllatlion In a small frequency range,

determined by the voltage applled to the klystron. Stabillisatlion

of the frequency Is made by an automatic frequency control (AFC)

system which works on the voltage. The power of the klystron used

In e.s.r spectrometers Is usually a few hundred mlillwatts. The

heat generated by the klystron Is removed by clrculating water.

2. The magnet as a source of static magnetic fleld.

3. The sample cavity

4. The modulatlon system at the commonly used frequency of 100kHz.

5. The detectlon and recording system.

2.4.2. Preparation of e.s.r. FlIm samples and Detectlion of

Radlicals.
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All samples analysed were carefully welghed out (0.060g) and cut
Into small strips with a length of 1.5 cm, and placed In the
sample test tube. JEOL (JES-PE) electron spin resonance instrument
was used and the machine was calllbrated using a marker sample
made of MnO powder contalning thermally dlffused Mn+2 lons before
the spectrum of the samples were recorded. Test tube contalining
the sample was Inserted Into the cavity after adjusting by the

Insertion length setting device.

The resonance signal was then recorded. If the nature of the
radical(s) was not establlished, Its ‘g’ value can be determlined as

follows:
Determination of ‘g=-value’

The lIne poslition of an e.s.r. spectrum Is denoted In terms of ‘g-
value’, the g-factor or "chemlical shift*, which determines the
fleld at which the centre of the spectrum occurs, and It Is
expressed as a functlion of microwave frequency and magnetlic fleld
at resonance,
hv

g =gy ° The poslition and shape of

spectra are dependent on the geometry of thelr surroundings and

directlon of the rotatlion of radical and ease of the rotation.

g-values of radicals were calculated using the MnO marker sample

as reference glving six lines with respect to the third and fourth
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lines of MnO peaks, following the instruction In the handbock of

the spectrometer.

When the spectrum of the sample and e.s.r marker were obtained

simultaneously, and by knowing the following data,

1. g-value of the fourth line counted from the low magnetic fleld

side which Is g, = 1.981 Gauss. Y,

2. Mlcrowave frequency 9300 mHz (mean frequency between 9200 mHz

and 9400mHz)
3. AH represents the distance between the measured sample
spectrum and the fourth spectrum which can easily be obtalned by

proportional calculation. (Fg 2.10) and using the equation

A\E = hv = g,BcH» for fourth line spectra of

marker (a) and measured sample (b)
hv-g’B Ho 'lluo-.tnllo"(a)

hv = gB (H - AH) ...o.o. (D)

hv
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by substituting the amount of V,p and g, the following equation Is

obtalned which Is used to calculate the g-factor of the samples.

Sample sienal
_6651 e 7Y !
9=-3357-AH
D 86.90
Mo 2 37 line | Wi 2 4™ dine
F‘-; ga 2'10

2.4.2.1 Measurement of Radlical Concentration

To measure the concentratlion of radlcals In polymer samples, a

reference was used In the cavity with the polymer sample so that

both spectra could be recorded simultaneously.

132

For this

purpose, a sealed caplllary tube contalning a known welight of

copper sulphate solutleon was fastened to the outer surface of the

glass tube Inslde which the polymer sample had been placed.

The radical concentratlion was calculated by comparing the ratlo Ym

(AHpp)2 for the reference sample.

Ym (Z&pr)2sample _ Conc. of radicals_In_test

sample

Ym (AHpp)2ref Conc. of radlcals In Ref.
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FI1G.2.11 E.s.r. Spectrum of Nitroxyl Radical
A: Immobilised in Solid PP
B: Free Tumbling in Dichloromethane Solution
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This method was found to be a close approximation of the summatlion

method.133

However, because of the multitude of varlables Involved that could
affect the Intensity of a free radical signal enumerated earller
on In this section, a more precise and less cumbersome method for
the measurement of nlitroxyl radlcal concentratlon was used In this
work. A measured quantlity of 2,2,6,6~-tetramethyl plperidinoxyt,
prepared and purifled by the Rozantsev134 method was used as a
standard reference sample. A fllm of unstabillzed PP was pressed
and then swelled in a solution of the nlitroxyl radlcal In

dichloromethane. The solvent was then evaporated In a vacuum oven

at room temperature over a perliod of 12 hours.

Fig.2.11a,shows the e.s.r. signal of Immobllised nitroxyl radical
In solld PP while (b) shows that of the free tumbling radical In

DCM solutlon.

The same welght of the sample was prepared and analysed In the

same way as other samples.

Since the concentration of the standard sample Is known, the ratlio
of the Intensity of the signal of the unknown and the standard

sample can be used to calculate Its concentration.

2.5. GEL PERMEATION CHROMATOGRAPHY (GPC)
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GPC Is one of the most Important techniques for the determinatlion
of Molecular Welght and Molecular Welght distributions of polymer
Samples. Polymer molecules are separated according to thelr random
coll dimenslons In solution. Separatlon occurs In one or more
columns packed wlth a crosslinked polymer gel. As a polymer
solution passes through the column, the molecules diffuse Into the
Interstices of the packing material according to thelr slze and
the pore slze distribution in the gel. Hence a sharp separation
occurs Into fractlons of different Molecular Welghts the larger
molecules belng eluted more qulckly from the column than the
smaller slzed molecules which penetrate a larger fractlon of the

Interstices of the gel.

After emerging from the column, the polymer solution passes
through a serlies of detectors whlch produce a response
proportional to the concentration of the polymeric solution. The
chromatogram subsequently obtalned shows a plot of detector
response agalnst retention time.

Quantitative Informatlon can be obtalned from a chromatogram by
callbrating the serles of GPC columns wlth a serles of narrow
dispersed polystyrene of different known molecular welights. A

graph may be made as shown In Flg 2.12.

Molecular Weight

Elution Volume

Fig. 2.12. G.P.C. Callibration of Mi with Polystyrene Standard.

76



By comparling retentlon volumes of different polymers,
It Is posslible to obtaln a polystyrene equlivalent Molecular Welgh

t for most lInear polymers In solution.

Under condlitlons of constant temperature, flow rate and
concentratlon for the same physical system, the retention volume
Is a functlon only of the molecular slze of the polymer molecules
In solution. The eluent can be analysed continuously uslng elther
an ultraviolet (UV) detector or a differentlal refrectometer (R1)
detector, or a comblnation of both. The UV detector measures uv
absorptlion of polymers contalnlng chromophores along the backbones
of the chaln or as the end group. Rl detectors detect any change
In refractive Index between a sample of the pure solvent and a
sample of the polymer solution eluting from the GPC columns, the
response belng proportional to the concentratlion rather than the

nature of the polymer.

From a typlcal GPC trace, It Is possible to obtaln all the
necessary Informatlon for the calculation of molecular welghts and
thelr distributlions. The molecular welght distributlons may be
calculated as follows:

By definlition,
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NIMI NIMI
N - I and Mw = NIMI

Where Mn = Number Average Molecular Weight
Mw = Welght Average Molecular Welight
Ml = Molecular Weight of a given fraction
and NI = Number of moles In a glven fraction of molecular mass
MI .

If Wi Is the weight of polymer of molecular welght Mi In a glven
fractlion, then
Wi

Nl--—-i

Wi WiMI

Mn o= Wi 3nd Mwo= i
The differential refractive Index gives a relatlve measure of
concentration of polymer units of mass volums_1. Wl may therefore
be substlituted by hl, the helght of the deflectlion corresponding

to the refractive Index of the eluent relative to that of pure

solvent.

Hence,
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GPC analysls of PP and AATP bound PP samples was carrled out at
RAPRA Polymer Charaterisatlon Centre whlle that of polymerlised
AATP was carrled out by the author usling WATERS Model 6000 GPC
equipment flitted with four 10y PL gel columns of excluslon |imlts

of 102, 10°, 10% and 10°%.

250 ul of 2% polymer solutlon was Injected and the resulting
chromatographs of the UV and Rl recorded on servoscrilbe

potentiometric chart recorders.
Hypergrade THF was used as the eluent and 2% solutlions of polymer

samples In the same solvent were InJected. The results were

recorded and analysed.
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CHAPTER 3

3. PREPARATION AND ANALYSIS OF CONCENTRATES

3.1 INTRODUCTION

Over the Iifetime of a polymer protected by a stabllliser, the
overall physical loss of addlitive could be the single most
Important factor determining 1ts effectlveness, especlially If the

material Is a thin film or In flbre form.

Binding an antioxidant to a polymer backbone using radlical
generators Is potentlally Important In the technology of polymer
stabilisatlon. For such a scheme to be successful, both additive
and polymer must have actlve sites for radlcal reactlion. In the
case of the polymer, this actlive site may be an inherent
unsaturation such as Is found In rubbers, or an easlly
abstractable hydrogen to provide a radlical site for subsequent
binding. In the present section of thls work, 1-acroyloyl-4-
acryloyloxy-2,2,6,6-tetramethy| piperidine,AATP, whose method of
preparation and characterlisation was glven In secflon 2.2.2. was

used both as an additive and a polymer reacted product.
The following radlical generators were used: Dlcumyl peroxlde,
(DCP), di-tert-butyl peroxlide (DtBP), benzoylperoxlde (BP), and

Azoblslso-butyronitrile (AIBN).
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Polymers used were PP (HF22) for the stablllisation studies of
bound AATP and LDPE for spectroscoplc studlies of binding mechanism

because It has no Inherent |.r. absorption In the reglons where

AATP and Its transformed products absorb.

PP was processed wlith AATP as concentrates of 5%,10%,20% and 30%

with varylng ratlos of radical generators as shown In .table 3.1,

Peroxide/AATP

Molar ratio |0.0025/0.0033(0.004 |0.005 |0.01 |0.02 | 0.050.1 (0.2

Deslignation A B C D E F G H | J

Table 3.1 : Processing ratlos of Peroxlide / AATP

3.2 SPECTROSCOPIC ANALYSIS OF CONCENTRATES & MODEL COMPOUNDS

3.2.1 RESULTS

The I.r. spectrum of 5% AATP In LDPE processed at 150°C / 10 min
without a radlical generator Is shown In Fig 3.1A and Is compared
with the spectrum of a simllar formulation but processed with DCP
at a ratlo designated C In table 3.1. Thils spectrum (3.1B) Is
compared with A to show the resultant transformation. When sample

A was hot Soxhlet extracted with DCM for S5h, all absorptlions due
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to AATP disappeared. Absorptlions of partlicular Interest are

1wlth a

shoulder at 1E53t'.lcrn_1 due to viny! unsaturatlons and 1725cm"1 due

1605cm"1. due to C=0 absorption of acrylamide, 1640cm

to ester carbonyl, all shown In 3.1A. The l.r. spectrum after
extractlon Is shown In Flg 3.1A(2)

Similar spectra to that In Fig 3.1B were obtained with the same
molar equlvalent of each of the radlcal generators in place of

DCP.

All fllm samples processed with radical generators were hot
Soxhlet extracted with DCM for 50h, but no addltlive was found to
be measurably extracted as the |.r. spectra were ldentical to that

before extraction.

Flg 3.2 shows the transformatlion of the I.r. spectrum of AATP In

1 to 800 em™" reglon (vinyl absorptlions) when

PE In the 1100 cm~
processed wlth radical generators (B) compared with the spectrum
of the additive processed without radical generators (A) In the
same polymer. AATP was then processed In PP at 180°C for 10 mins
with the same molar equivalent of radlical generator. The I.r.
spectrum of this sample (Fig 3.3) shows the dlsappearance of the

1605 cm~' (amide C=0) and the broadening of the 1640 cm |

(unsaturatlons) and 1725 cm-1 (ester C=0) absorptlions, simllar to

the AATP spectrum processed In PE with DCP (3.1.B).
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1640

1725

1700 1650 cm

FIG.3.1 I.R. Spectrum of 5% AATP in LDPE processed at 150°C for 10 mins.
A: Without Peroxide 1- Before Extraction; 2- After Extraction
B: With DCP Ratio 'D' (No change in Spectrum after Extraction)
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FIG. 3.2 A Segment of ir Spectrum of 5% AATP in PE

A: Processed Without Radical Generators
B: Processed With Ratio-'D' of DCP
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FIG. 3.3 I.R. Spectrum of 5% AATP in PP Processed with 'DCP' (Ratio 'D') at 180°C for 10 mins.
Identical Spectrum Obtained After 50h of Soxhlet Extraction.
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When thls sample was extracted with DCM for S0h, the l.r. spectrum
was lIdentical to that before extractlion. To Investigate the
mechanism of the reactlon further, a low molar mass model
compound, methylcyclohexane (MCH) was used In place of the polymer

substrate wlith DCP Inltlatlion.

This reaction was conducted with equimolar quantities of AATP and
MCH at 180°C In a sealed ampoule. The ampoule was placed In an oll
bath at 180°C and within seconds of Immersion, the solution had
turned Into a white solid product. All the substrate appeared to

have reacted with the additive.

The product needed no drylng before grinding Into a powder (wlth
KBr) for l.r. analysls. One gram (1.00g) of the product was
welghed and dried In a vacuum oven at ,ao°c for 10h without loss of
welght. The l.r. spectrum of this product (KBr) disc) Is shown In
Flg 3.4. The same baslc product was obtalned with Isococtane and
dodecane as the substrates. These products were Insoluble
materlals, decomposing at around 350°c without melting. Because of
thelr Insolublllity they were therefore not susceptable to further
spectroscoplic analysis. The same ampoule reaction, but this time
at a lower temperature of 95°C was carrled out for a perlod of
24h. The product formed here was a soft, wet solid, the wetness
due to remaining reactants. The product was washed free of the
reactants with hexane and dried. About 15%¥ of thls product was

found to be soluble in DCM. G.P.C. of this soluble product was
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FIG. 3.4 I.R. Spectrum (KBr disc) of the Ampoule Reaction Product of AATP + MCH with



carrled out In THF according to the procedure In Sec. 2.5. The

product was found to have a Mn of 8000.

Conventlonal polymerisation of AATP In an open N2 purged vessel
was then carried out with Isooctane (10100) as the solvent,and DCP
as the Initiator. This reactlion was taken to completion, the

product washed In hexane and dried in a vacuum oven.

The dried product was then weighed and found to have Increased In
welght by 10% compared to the original monomer (AATP).Thls polymer
was found to be Insoluble In DCM and all other solvents known to
dissolve AATP. It decomposed at about 350°c without melting. The
l.r. spectrum of this poly AATP Is shown In Fig 3.5. This spectrum
Is very simllar to that shown In Fig 3.4, the spectrum of the
ampoule reaction product of AATP+MCH with DCP as Inltlator. The

1 1

only difference Is a peak at 970 cm = wlith a shoulder at 960 cm

in Fig 3.4, which are due to the cyclohexane ring absorption.
Similar results were obtained when MCH and dodecane were used as
solvents. When AIBN was used as the Initlator In place of DCP, the
Increase In welght recorded was only §%.

3.2.2 DISCUSSION

Flve hours of hot Soxhlet extractlon with DCM was enough to

completely remove AATP from LDPE as shown In Flg 3.1B(2), or In
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FIG. 3.5 I.R. Spectrum (KBr disc) of Poly AATP (Polymerised in iso octane with DCP as initiator)



PP. When thls additlve was compounded according to formulation ‘A’
In table 3.1, In elther PE or PP, at a temperature of 150°C or
above for a perliod of 10 mins, a complete transformatlon of the
additlive was found to have taken place such that no additlive

appeared to have been removed even after 50h of extractlion with

DCM.

In FIlg 3.2.A, the followlng bands are assigned as follows:

1

985 cm = (S) Ester viny!l CH out of plane deformation
920 cm™! (m) Vinyl CH, out of plane deformation
810 ecm~ ! (s) Vinyl CH, out of plane deformation of

acrylamide.

In Flg 3.2.B, the spectrum of the transformed product, the 920
cm_1 and 810 cm_1 absorptions had completely dlsappeared while the

985 cm™! had reduced In Intensity by about 65%.

In FIg 3.1.A, the spectrum of AATP In PE processed wlthout

peroxldes, the bands are deslgnated as follows:

1725 em™!' (s) Acryllc ester C=0

00



1

1640 cm ' (S) Ester viny! unsaturation with 1630 cm™ !

shoulder due to amide viny! unsaturation.

1605 em™ Acrylamlde C=0

Flg 3.1B shows the spectrum of the transformed product. From thls

spectrum, the following observations can be made:

a) the 1605 cm~ ' band had completely disappeared.

1

b) both the 1725 cm™' and the 1640 cm | absorptlons had broadened

presumably due to superimposition of two absorbances. The 1640

cm-1 band also Increased In Intensity. It can be seen from these

figures that the 1640 Cm'1 absorptlon In A had broadened towards

the lower frequency gliving a new peak at 1635 c:rn—1 while the 1725

cm_1 had broadened towards hligher frequency with a new peak at

1728 t:rn"'1 presumably as a result of the contribution of a

super Imposed band at 1730 cm_1. The Intensity of thls band however

Is unchaged.

1 1

The complete disappearance of the 810 c¢cm ' and the 1605 cm

absorptions suggest that the acrylamlide (CH2 - CH-—g—-N ) vinyl

group had reacted. The broadening and Increase In the Intensity of

absorptlion of the 1640 em~! band (now at 1635 cm™ ') Is In total

agreement with the loss of conjugated unsaturatlon and therefore

the shifting of the 1605 em™! to 1635 em™ .
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About 65% of the ester vinyl unsaturation had also disappeared

based on the absorbance Index of the 985cm'1 absorption.

The disappearance of conjugated unsaturation here Is expected to
result In a shift of absorption towards higher frequency at
1730em™'. Fig 3.1B clearly shows thls superimposed absorptions.
Based on the above evidences, It might be argued therefore that

AATP Is essentlally transformed Into the following structures In

the polymer.

0 0 0 0

I3, | N
CH— C-N )0-C-CH=CH, & TH—C—N -c|:|-|-
lHEX

ci Cik

where X Is a radlcal fragment.

Although the reglon lower than 1500cm_1 Is masked by the inherent
absorbance of PP (Flg 3.3) the transformed spectrum Is similar to
that In PE at the C=0 and C=C stretch reglon (1730-1600cm-1). 1t
may therefore be presumed that the same transformation had taken

place In PP under simllar condltions.

The ampoule reactlions all produced the same baslc product whlch

was simllar to poly AATP (Cf Figs 3.4 & 3.5).
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In Flg 3.4 howaver, there was a small absorption at Sa'mcm"1 with a
shoulder at 9!3(?|cm_1 and these are characterlistic absorptions of
the methylcyclohexane ring. These two spectra, unllke the reactlon
products In PE and PP show the complete disappearance of the 985
crn"1 ester vinyl absorption. The complete disappearance of all
absorptions due to both unsaturations suggests that AATP had

reacted from both ends, glving a crossllinked, Insoluble polymer.

. % X ﬁ$ N

CH,=CH-C-N ~C-CH=CH,, —a»'tI:H— -N)_/ —c—CH-CHz‘
CH, X

()

Y

POLYMER L B B B B ) 'l.ll'l(“)

Both polyAATP and the products of the ampoule reactlon were
Insoluble In the usual solvents known to dissolve AATP and both
decompose at about 350°C without melting, suggesting a heavlly

crosslinked polymeric product.

The Increase In welght of the products In the ampoule reactlon
with MCH was 32.5% (Equimolar quantities of reactants) and 10% In

the open vessel reactlion In Isooctane with DCP Initlatlion glving

93



polyAATP. This Increase In welght of the product was the result of

Incorporation of the solvent Into the product polymer.

If S and S° are solvent and solvent radlcals respectively and RO’
is an alkoxy!l radlical, then chaln transfers can take place as In

reaction 2.

RO" + S ROH + S° a'S

b 2,

P°" + S P + §°
Where P and P* are polymer and its growing-chaln respectively. The
solvent radical can then Initlate the polymerisation of a new

monomer, thus becoming part of the polymer.

0 0 0 0

I il s* | | o

CHZS
The probablility of chain transfer to a solvent Is enhanced due to
the fact that the polymer may be growlng from both ends and a
transfer from one end would ensure the production of a Ilnear

rather than crosslinked polymer.
In the ampoule reaction with equimolar quantities of AATP and MCH

at 1eo°c. chaln transfer to solvent was predominantly from the

radical Inltlator, as the reactlon product (Flg 3.4) was a heavlily
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crosslinked polymer. When the reaction was conducted at 95°C. even
after 24h of reaction, 15% of the product was found to be soluble
In THF, therefore presumably llnear. Temperature therefore Is an
Important parameter In the chaln transfer process. Another
Important reactlon parameter presumably responsible for this high

rate of transfer Is pressure ( sealed ampoule, high temperature).

In an open vessel, where the pressure was atmospheric and the
temperature was 1o1°c (b.p. of lIsooctane) the amount of solvent
chemlcally combined with the product polymer was 10% when DCP was
used as the Initlator and 5% when AIBN was used. The rate of
chaln transfer therefore depends also on the temperature and type
of radical Inltiator used.

The proposed reaction mechanism taking place In model compounds Is

as shown In Scheme 3.1

2X 0 0 0 4]
I I
| ====> CH_XCHC-N OC-CH=CH Il or CH,X-CHC OG—CH—CH§
2 2 2
nl + |l ===—e=> Polymer I

nl + 111

-> Crosslinked Polymer

Scheme 3.1 : AATP reaction In Model compounds.

95



3.3 EFFECT OF REACTION PARAMETERS IN PP DURING PROCESSING

3.3.1 RESULTS & DISCUSSION

In additlion to temperature and pressure, there Is a third
Important parameter that determines the nature of the product In

PP.

Unllke low molecular mass (monomeric) llquld model compounds, the
viscoslity of PP even at melt temperature Is very high, Viscoslity
Is therefore a third Important parameter that determines the fate
of the radicals Initlally generated by decomposing peroxides. This
high viscosity Increases the probablllity of chaln transfer to the
solvent (PP) from both the radical Initlator and a growing chalin
due to restricted moblllity, thus Increasing solvent participation
In the chaln reactlon and ensuring minimal crosslinking by

radlcal-radlical reactions.

3.3.1.1 TEMPERATURE

Flg 3.6 shows the change of torque with processing time at varlous

temperatures for a 20% AATP In PP processed with ratlo C. DCP

Each sample was processed In a closed chamber for 10 mins while

the torque developed and displayed on the digital readout was

recorded.
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Since AATP Is a lliqulid, It acted Initlally as a lubricant and
reduced the torque In the chamber before the polymer melted. At
the trough (a) three factors were presumably responslble for the
minumum torque. The reduction due to lubrication was accelerated
further by reduction In molecular welght and change of polymer
phase Into a molten state. The Inltial polymer chain scisslon
caused by decomposing peroxides was soon taken over by
simultaneous transformation of the additive Into bound and
polymerised product. The polymer radlcals PP" along with alkoxyl
radicals Inltlate the polymerisation of AATP. Monomers Initlated

by PP" are now bound to polypropylene backbone.

The torque rises sharply as high molecular chains are formed

within a very short time.

In certain cases, two growing polymer chains may combine to form
an even higher molecular mass polymer. If one end of these chalns
Is already bound to PP, then the resultant polymerised AATP Is
bound to the polymer. If, on the other hand both ends of the
growing chalin are bound to PP, then a crosslinked polymer Is
obtalned. Both phenomena should exhlblt Increased torque at this

point.
The peak of the torque at 150°c (curve 1) was reached after 3.5

minutes. A new polymer, essentlially a modified PP with some of It

In a crossllinked form resulted at this point. At 130°c. this peak
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was reached after only 2 minutes and after about 4 minutes, from
the start of processing, the reaction was virtually completed, At
170°C, It took more than 6 minutes. The concentrate at this point,
was a completely homogenous system wlth presumably grafted
polymerlc AATP on the backbone of the PP, thus Increasing Its

molecular welght.

3.3.1.2 CONCENTRATION

Concentration of the additives In masterbatch preparation also
plays an Important role both on the extent of homopolymerisation
and chaln transfer to solvent (leading to bindling) and
crosslinking, which Is undesireable In a concentrate whose uniform
distribution in a diluted form In the polymer Is highly deslireable

for effective stabllisation.

In Fig 3.7, It can be observed that the 5% curve had virtually no
trough or peak as It passed through the lubricating, radlcal
Initiating, melting and homopolymerisation and binding stages In
PP. The 10%¥ (curve 2) showed a clear evidence of chaln scisslon
(stage A) at about 80 seconds after the start of processing, which
was soon overtaken by polymerisation, mainly initiated by PP",

resulting In a bound polymerlc AATP.

PP + n(l)——>» PP—polymeric AATP (4)
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After about 100 seconds, most of the PP° had Initlated
polymerlisation glving a new modifled PP at the peak of the curve,
which Is then homogenised by subsequent processing, glving a
constant final torque reduction due to the effect of the remalning
peroxide on the crosslinked polymer. The 20% curve (3) showed the
same pattern except that the torque at the peak was much hlgher.
The statistical probabllity of formation of higher molecular
welght, and Indeed crosslinked polymer Is higher with this
concentratlion. The levelling off of the curve after the reactlon
(about 4 minutes) near the minimum torque suggests that the amount
of crosslinking was minimal. When the concentratlon was Increased
to 30% (curve 4), there was a different pattern In torque
development. The polymer did not go through the lubricatling and
melting stages before an auto-accelerating chain reactlion
developed, presumably glving a heavlly crosslinked polymer. After
Just 2 minutes of processing, the torque developed was 45 units
and was approachlng 65 after 2.5 minutes (curve 4). The processing
was stopped at thls stage to avold possible damage to the torque
rheometer. The physlical propertles of this sample were completely
differnt from all the other samples. While all other samples were
molten, at 1800, the 30% masterbatch was an Infusible powder. An
attempt to press a film from this sample at 2oo°c was largely

unsuccessful.
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3.3.1.3 Concentratlon of Radlical Initlator

The ratlio of AATP/peroxlide Is very Important to effectlive
homopolymerisation and binding of the additive In PP. For a
particular AATP/Peroxlide ratio In a given PP formulation,
Increasing the percentage of AATP In PP also Increases the
percentage of peroxide while actually reducing the amount of PP
molecular chalns. It follows therefore that the Increased peroxide
concentration will Increase Initial chaln scisslion of PP wlith
reductlon In molecular mass. A high AATP/DCP ratio on the other
hand produces less Initlating sltes, presumably resulting In
higher molecular mass polymer grafting on to PP chains. Fig 3.8
shows the effect of peroxide concentration on torque with
processing time for 10¥ AATP at 180°C. At DCP/AATP ratio g oL
curve 1, shows the typlcal plasticisation, melting and chaln
scission, followed by polymerisation and formation of modifled PP.
Hlgh molecular mass grafted polymerlc AATP was presumably formed
because of the low concentration of DCP In the system. There was
less chaln scisslon for the same reason, so the two phenomena may
be assumed to have comblned to glve a high molecular mass product.
At ratlo F, there was so much Inltial chaln scisslon so that the
final product formed had possibly a lower distribution than the
original PP. This Is even more pronounced when the ratlo was

decreased to G (curve 3).
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3.4 EVALUATION OF TRANSFORMED CONCENTRATES

3.4.1 RESULTS & DISCUSSION

The Introduction of a second component Into a homogenous polymerlc
material Is expected to change such properties of the polymer as
molecular welght and its distributlion and general bulk propertles
such as crystallinlty and consequently, mechanlcal propertles. In
PP, the higher the molecular welght, the lower the crystallinity
due to chain entanglement and therefore difficult to rearrange
Into an ordered crystalllne state. Processing of PP with peroxlide

reduces Its molecular mass and a narrowing of Its distribution.

Although Its ease of processing Is Improved, most of the deslred
mechanlcal propertles may be reduced or even lost altogether.
Physlcal propertlies both milcroscoplc and bulk, can be Investigated

In a number of ways.

3.4.2 GEL PERMEATION CHROMATOGRAPHY

The analysis of molecular welght and molecular welght distribution
of the bound concentrate as shown In Flg 3.9 was carrled out by
RAPRA Polymer Characterlsatlion Centre. Curve 1 Is the distribution
of unprocessed PP (HF22) while 2 Is the distribution of the same
polymer processed wlth 1.5x10-4mol DCP/100g PP at 180°c for

10mins. Curve 3 Is 10%¥ AATP processed with the same amount of DCP
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as In curve 2 (ratlo C). The varlous propertlies of the polymer

samples are glven In table 3.2.

PP type Mn x 104 MW X 10 Mz x 10 D

HF 22 4,27 4.48 2.63 10.48

Processed with

1.51x10 *mo1 pcP/100g| 4.4 1.80 0.7 4.1

10X¥AATP ratlio ’'C’ 6.52 ] 4.84 2.26 7.43

Mn = Number Average molecular welght
Mw = Welght Average molecular weight
Mz = Mz Average molecular welght

and D-—EE (DIstr Ibut fon)

Table 3.2 : GPC of treated PP sample

From this table, It can be observed that only 1.51(10-4 mol DCP per
100g PP reduces the distribution D to less than .5 of Its original
value (10.48 to 4.1). The same amount of DCP processed with 10%
AATP In PP however had a much less dramatic effect on distribution
as this was narrowed down to 7.43.

The real effect of the peroxlide Is more pronounced when Mw, which
Is most Influenced by high molecular welght speclies In any given
polymer Is considered. While It reduced the Mw of HF22 to 0.4 of
its origlnal value, the presence of 10¥ AATP In the concentrate

S

Increased Mw (from 4.48 x 10 to4.84x105) compared to Its origlnal
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value. A gel content of 5% which was filtered off before GPC

measurement was recorded In this sample.
3.4.3 SOXHLET EXTRACTION OF CONCENTRATES IN XYLENE

5% of poly AATP (see Flg 3.5) was Incorporated In PP at 180°%¢ for
10 mins In a torque rheometer. Thls concentrate, along
with5%,10%,&20% masterbatches(Fig.3.7)prepared with 0.004 mo!
DCP/mol AATP were separately dissolved In xylene In a Soxhlet
apparatus for 40h. Table 3.3 shows that the 5X masterbatch was
completely dissolved In xylene while Insoluble resldues remalned
In all the other extractions.

The 10X concentrate had §% Insoluble gel while the éox had 12%
gel. In the case of 5% polyAATP processed In PP (Flg 3.5) only
about 20X of the additive had dissolved In xylene along with PP

during extractlon. The gel here was polyAATP homopolymer wlth out

PP.
Concentrate % Gel Content % AAFEcF?%?AT??sSE}SE
5% - > 90
10% 5 20
20% 12 > 80
5% polyAATP 80% of orig.addltlive < §

Table 3.3 : Gel content of Concentrate
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An attempt was made to separate the dlssolved additives from PP In
this xylene extract by repeated recrystallisation. In the case of
5% polyAATP, the 20% originally retalned (dissolved) In PP had
been reduced to less than 5% oflts original value after 2
recrystallisation procedures. Repetitlion of thils procedure several
times could not separate any substantlial amount of AATP from these
PP concentrate (table 3.3). It can therefore be assumed from all

these results that AATP Is an Integral part of PP.

3.4.4 PHYSICAL LOSS OF ADDITIVES WITH EXPOSURE TIME

Fig 3.10 compares the rate of loss of monomerlc AATP with that of
the bound antloxidant In PP, exposed In a u.v. cablnet over a 300h
perlod as measured by reductlion of ester Carbony! Index. The
concentrations used In this study (1&2%) are somewhat higher than
what Is normally used In the Industry, but only a simple
comparison Is Intended here to show the superlor substantivity of

the bound AATP over the unbound antloxlidant.

Although volatlillisation Is not the only phenomenon causing the
loss of this additive, other factors can be neglected over this
short time scale. During thils exposure perlod, the 1%
concentration of the unbound additive was depleted by about 25%
[FIg.3.10.(1)] while over 50% was lost from the 2% unbound
additive(2). On the other hand, there was hardly any reductlion In

concentration of the bound sample [Fig 3.10 (3)].
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3.4.5 OPTIMUM CONCENTRATES

From Flg 3.7, It Is qulite evident that only an AATP concentratlion
of less than 30% In PP could be processed without a bulld up of an
excesslvely high torque generated as a result of crosslinking and
subsequent formatlion of an Infuslible gel. Table 3.3 shows a
progressive bulld up of gel with Increasing AATP concentration.
While no gel was formed with the 5¥ concentrate and therefore
technlcally the best masterbatch, a balance has to be struck
between gel formatlion (minimum) and additlive concentration
(maxImum). Although the 20% masterbatch can stlll be effectively
diluted to the usual concentration, the 12X gel content may not

allow even distributlion to provide an effectlve protectlive actlon.

The 10% concentrate wlith about 5% gel content Is therefore
preferred as the optimum masterbatch based on these conslderatlions

and subsequent u.v. exposure results.

The concentratlon of radlical generators could be as low as In
ratio A of table 3.1. If the amount Is generally less than thls
minimum, not all the addlitive Is transformed In the polymer. From
this minimum amount to about ratlo C some of the transformed
(polymerised) additive was found to be substantially separable
from PP after xylene dissolution of the masterbatch and repeated
recrystalllsation. As high as 40%¥ of the polymerlised AATP was

removed In thls way at such a low peroxlde concentration.
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This polymerised but unbound AATP however, Is not extracted by Its
usual solvents such as DCM or acetone and could therefore be

presumably as substantive as the bound additlive.

At ratio ‘D’ only about 10%¥ of the transformed additive could be
removed. When this ratlo was Increased to F [Filg 3.8 (2)] the
final processing torque was lower than the minimum at change of
phase, whlch Is an evidence of degradatlion of PP. At ratio 'G’ the
torque was almost down to zero and the product was a liquld rather
than a melt. When this product was Incorporated Into PP, In a

dlluted form, the distributlon was extremely poor.

As photostabllisatlion results show In chapter 4.1, the performance

of thls sample was also very poor.
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CHAPTER 4

4. STABILISATION OF POLYPROPYLENE BY AATP

4.1 PHOTOSTABILISATION

122,135-138, .y sterlcally hindered

It Is now well established
piperidines such as AATP are oxldised to the correspondling
nitroxyls during photo oxidation In stabllised polymers and these
are now belleved to be the specles responsible for
photostablllIsation.

Nitroxyl radical concentration was measured In PP contalning AATP
as described In Sectlion 2.4.2. Because of the slze of the E.s.r.
sample tube and the density of the polymer flims a maximum of
only about 0.06g of the polymer sample can be convenlently
Inserted Into the tube for radical concentration measurement. This
has necessarily Iékosad a limit to the sensitivity of the
Instrument since the nolise to signal ratio becomes too high for
accurate measurement at concentrations less than 2.5
x10">mo1/100g.

This Is therefore the sensitivity limit for Nitroxyl radlcal

concentration In solld PP with the instrument used In this work.

4.1.1 RESULTS

The photostabllising effectiveness of the different formulatlions

of AATP In PP Is compared with the control sample In Fig 4.1.
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500 1000 1500
W Irradiation Time (h)

Effect of 1.51x10"°>

2000

mol/100g AATP(0.4%) on Photo-oxidation of PP .
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2- No radical Generator, E:
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4- With Ratio 'D' DtBP, U;
7- With Ratio 'E' DCP

E=Extracted, U=Unextracted

5- With Ratio 'D'

DtBP, E:

3- No radical Generator, U;
6~ Poly AATP;



The control sample (curve 1) containing no additive embrittlied at
90h, while a 0.4% sample In PP processed wlthout radlical
generators and then thoroughly extracted with DCM before exposure
embrittied at 150h, suggesting a small reslidual amount of the
additive In the extracted sample. When this same sample was

exposed wlithout extraction, (curve 3) It embrittied at 1700h.

The time to embrittiement was extended to 2150h when the same
amount (0.4%) of AATP In PP dlluted from ratlo ‘C’ (table 3.1) was
exposed as an unextracted sample (curve 4). Although no addlitlive
was measurably extracted from this bound sample, (Chapter 3, Fig
3.3) a flive hour extraction with DCM reduced Its effectiveness
rather dramatlically, giving an embrittiement time of 400h, as
shown In FIg 4.1 curve 5. The same amount of polyAATP (chapter 3,
Filg 3.6) In PP gave an embrittlement time of only 250h (curve 6)
when It was exposed In the uv cabinet. Curve 7 shows the result of
0.4%X AATP In PP dlluted from 10X AATP processed with (ratio E)DCP.
This sample gave the same embrittlement time of 100h with both

extracted and unextracted flims.

The development of nitroxyl radlcals with exposure time for some

of the samples discussed In Fig 4.1 Is shown In Flg 4.2, where

curve numbers refer to the same sample.
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A measureable amount of nlitroxyl radlicals could be detected In
sample 3, after only 20h of u.v. exposure, and a steady state

appeared to have been reached after 150h.

No radicals could be detected from sample 4 untll after 30h of
irradliatlion, but Its steady state concentration appeared to be
higher than that of sample 3. Both samples § & 6 showed no
measureable nltroxyl radical concentration until after 60h of
Irradlation. The concentration, even after 200h did not appear to
have reached a steady state, but both concentrations are higher
than the steady state concentrations of sample 3 after 150h. As
shown In Flg 4.1, samples 5§ & 6 have embrittiement times of 400h
and 250h respectively, while 3 & 4 have 1700h and 2150h as thelir

respective embrittiement times.

When the 10% concentrate was prepared with DCP/AATP molar ratio In
excess of 0.01, a new band appeared In the |.r. spectrum of the

fliim at 2240 cm_1 as shown In Fig 4.3A.

This sharp and strong band became even more Intense when most of
the soluble part of the polymer was dissolved away with xylene

leaving largely an insoluble gel.

A flIlm was pressed from this residual polymer and Its |.r.
spectrum as given In Flg 4.3B(1) shows the Increased Intenslty of
this absorption at 2240cm-1. The soluble part of the polymer
showed no absorption In this reglon.
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Isocyanate.

A: Spectrum of 10% AATP processed with DCP
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of the polymer
l- Before warming in n-butylamine
2- After 2 mins of warming in n-butylamine
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The 2240cm-1 Is a characteristic absorptlion of Isocyanates ( -
N=C=0) and a test for such compounds was carrlied out by warming

the flim In n-butylamlne for a few minutes.

As shown In Flg 4.3B(2) this band disappeared completely after
warming, confirming that It was Indeed an Isocyanate absorption.
This can only form as a result of ring opening of the plperidine

ring.

Samples 6 & 7 In Fig 4.1, which embrittled at 250h and 100h
respectively were reprocessed each with a very low concentratlion
(0.02%) of monomeric AATP to provide an iInitlal protectlion during
the critical first 50h of nitroxyl radical generation. Fig 4.4
shows the effect of such an addition, compared with 0.02 unbound

AATP In PP alone [Fig 4.4(1)].

As shown In this figure, the embrittliement ‘time of PP stablllised
with 0.4% AATP (dlluted from 10X ratlo ‘E’) which embrittied at
100h In FiIg 4.1 has now been extended dramatically to 1850h. The
photostabllising effectiveness of the added monomer ic AATP alone

[Fig 4.4 (1)] was only 320h.
The embrittliement time of PP stablllised with polyAATP was only

marglnally improved to 5§50h by the same treatment as shown in the

flgure, (curve 6a).
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The nature of the Initial protection glven to this totally
transformed sample (7) was Investigated further by the additlion of
0.1% HOBP and Irganox 1076 to 0.4% of this sample In PP before
Irradiatlon. The effect of these additives on the stabllity of the
film Is shown In Fig 4.5. Curves 1 & 2 show the development of C=0
Index with embrittliement point of 0.1% Irganox 1076 and HOBP
respectively In PP. Curves 7a and 7b show analogous curves for
0.4% AATP In PP (sample 7 In Fig 4.1) after addition of 0.1¥%
Irganox 1076 and 0.1% of HOBP respectively. It Is quite evident
from this result that initlal protection provided by these
additives to the totally transformed AATP was responsible for the
prolonged photostabllisation of the samples. Sample 3 (0.4% AATP
In PP) was diluted from a 10%vrat|o ‘E’' and 1% lrganox 1076 added
durilng the preparation of the masterbatch. So It Is effectively

0.4% AATP + 0.04% 1076.

The additlon of this phenolic antloxlidant durlng masterbatch
preparation has a dual functlon as a melt stablllser, thus
minimising the Iniltial formatlon of hydroperoxlides and presumably
as polymerisation regulator, giving an embrittliement time of

1980h.

Sample 4 (0.1% AATP + 0.4X 1076) has a rather high ratio of the
potentially photosensitising phenol, glving an embrittiement time

of 650h, pointing to a possible antagonism between the two
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FIG. 4.4 Effect of Initial Protection by Unbound AATP on Bound AATP in PP During UV Irradiation

12.0.02% AATP(unbound): 6a->0.4% PolyAATP + 0.02% AATP(unbound)
7a-» 0.4% AATP with Ratio 'E' DCP + 0.02% AATP(unbound)
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stabllising speclies. The concentration of nitroxyl radlicals was

followed with time of Irradlation for the PP samples In Flg 4.5.

As shown In Flg 4.6, a measurable amount of nitroxyl radicals
could be recorded from sample 3 after 30h of uv Irradlation. After
150h, the concentratlon of nltroxyl radlicals appesared to have
reached a steady state. In the case of sample 7a, no nitroxyl
radicals were detected until after 120h and no appreclable
Increase was recorded even after 250h. However, It dld not appear
to have reached a steady state. The sample contalning HOBP
synergist (7b) was also slow In nitroxyl radical generation but a
measurable amount was In thls case recorded after 70h of
Irradiation and Its rate of Increase however was hilgher than that

of sample 7a.

In sample 4 (0.1% AATP + 0.4% 1076), no NO°signal was observed
even after 250h of u.v. Irradlation.

A combination of 0.4% (1.51x10-3mol/1009) AATP and 0.1%

4mol/1009) NIDEC In PP and an equlvalent amount of the

(2.82x10"
bound additive but wlthout the NI complex were exposed In the u.v.
cabinet while the development of nitroxyl speclies was followed by
e.s.r. While a measureable amount of this NO'specles was
generated after 30h of exposure, reaching a statlonary level after

150h, [Fig 4.2 (4)1, no NO'radical could be detected from the

AATP/NIDEC combination up to embrittiement time of 210h.
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1> 0.1%(1.9%x10 *mol/100g) Irganox 1076; m&.o.w&nm.wa0|naoH\HoOoumomm -

3->0.4% AATP + 0.04% 1076; 4-=0.1% AATP + 0.4% 1076 “v
7a»>0.4%(1.51x10 4mo1/100G) AATP + 0.1% 1076; 7b->0.4% AATP + 0.1% HOBP

(Numbers correspond to those in FIG. 4.4)
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Radical Conc x10°mol/100g

3> 0.4% AATP + 0.04% Irganox 1076 added during Masterbatch oreparation
7a-»0.4% AATP + 0.1% Irganox 1076; 7b- 0.4% AATP + 0.1% HOBP
4+ No signal recorded up to 250h.

(Numbers corresoond to those in FIG. 4.5)
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Table 4.1 gives the embrittlement times (ET) of the separate

antioxldants In PP compared to the comblnation.

84782 1of ! EFho-

Antioxldant | RENEENTRATION /1004 E.T. (h)
(h)
AATP 0.4 1.51x10°° 1700 30
NIDEC 0.1 2.8x10™% 550 -
AATP+NIDEC ‘ 210 Not detected up to
ElTl
Table 4.1 : Comblnation effects of stablllisers

Ant lox Idant wt x°°"C Mo1/100g E.T

HTMPO 0.1 6x10~4 750

NIDEC 0.2 5.64x10 4 800

HTMPO+N IDEC 380
Table 4.2 :

Table 4.2 compares the E.T. of 0.2%X NIDEC and 0.1% 4-hydroxy-

2,2,6,6,~tetramethyl plperidinoxy!l (HTMPO) In PP separately and In

comblnation. The rate of nltroxyl radical decay (signal) was also

followed with
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combinatlion with NIDEC as shown In Flg 4.7, was found to

accelerate the decay of nitroxyl radlcals.

4.1.2 DISCUSSION

In Flg 4.1, 1t was shown that the E.T. of the extracted PP samples
processed with AATP but without peroxlde (2) showed evidence of
residual antioxldant even though It was presumably a very small
amount, considering the extension of E.T. from 90h (control) to
150h for the extracted sample.

Viny! monomers are kncmvn‘la9 to undergo thermal polymerisation In
some cases In the absence of added free radicals but the extent Is

obviocusly very low In the present Instance.

This posslible transformation from a monomer to a polymer would be
expected to change both the physical and chemical properties of
the additive. The polymerised antloxldant therefore may not be as
readlly soluble In DCM as the monomer. It Is presumably this
retained antioxlidant which extended the E.T. of the extracted

sample to 150h.
The unextracted sample of this unbound additive (3) embrittled

after 1700h while the bound but unextracted sample (4) embrittled

after 2150h. The difference between these two values can only be
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attributed to the mobllity and volatility of the former since It
was shown In Sec.3.6 (Flg 3.10) that physlical loss of the unbound
AATP through volatlillisation Is a ma)Jor contributory factor to
overall antloxlidant loss In polymer systems. When thls same sample
(as concentrate) was hot Soxhlet extracted for 50h, there was no
additlive measurably removed from the sample (see Fig 3.3). It
would have been predicted that extractlon would not make any
difference to the photostabillty of the bound sample. However, the
extracted sample (5) embrittied after only 400h. The difference In
photostablllty between 4&5 |s therefore attributed to the small
amount (<1%) of unbound AATP left In the system to provide the

much needed Initlal protection during the first 50h of u.v.

Irradiation.

In Flg 4.2, the sample contalning the monomerlc AATP (3) developed
a measurable amount of nltroxyl radlcals after only 20h of u.v.
Irradiation while the totally transformed samples (5&6) did not
develop a measurable amount untll after 60h of Irradlation. Sample
5 Is sample 4 after extractlon and although no additlve was
measurably rembved from the sample, the subsequent behaviour of
the two samples was very different Iin terms of the ease of
nitroxyl radical generatlion and subsequent photostablillity. While

sample 4 embrittied after 2150h, sample § falled just after 400h.

The conversion of the acrylamlde end of AATP to the Nitroxyl Is

therefore more faclle than that of the saturated amide, because of
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the addtional photosensitising effect provided by the vinyl
chromophore In conjugation with the amide C=0, which lowers the
actlivation energy for the photo cleavage and subsequent formatlon

of nitroxyl radicals.

N % ’
,N‘- _CH-CH ---------- > NO l..ilt..l.1

The development of the stablillsing specles, the nlitroxyl, depends
on the nature of the N substituent on the plperldine ring. For
the same perlod of Irradiation, N H was found140-144 to generate
nitroxyl radicals much faster than N CHaand other tertlary
amines. In transformed AATP, the vinyl unsaturation (acrylamlide)
was observed to have dlsappeared from the absence of absorptions

1

at 810cm~ ', 1405em™ ' and that the 1605cm™ | absorbance due to

acrylamide C=0 had shifted to 1630cm™ ' (see sec. 3.3). More
energy Is therefore required to actlvate the cleavage of the more
stable N-C bond, a necessary step in the formation of nltroxyl

radlcals.

For effectlive Inhibitlion of photo-oxlidatlon of polymers, a minimum
amount of the stabllising specles called the Critical

Concentratlon122’145

must be generated before a critical time.
This depends on the degradation chemistry of the polymer and
exposure condlitlions employed. Before the generation of the

critical antloxlidant concentration, polymer oxldatlion wlll proceed
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at a substantlial rate which can lead to premature embrittiement.
The more faclle the photo Induced nlitroxyl generatlion, the
earller thils critical antloxlidant concentratlion Is achleved.
Samples 3&4 achleved thls critical stablliser concentration while
5 could not, because all the reslidual unbound AATP had been

extracted.

By the time the critlical concentration of nltroxyl had been
achleved In sample 5, It had already reached an advanced state of
degradatlion. Compared to the control sample (1) thils sample (5)
had Its E.T. considerably extended but It was still well short of
the 2150h obtalined with sample 4, whose radlical development was

measureable after 30h.

Although the rate of development of nitroxyl radlicals In sample

6 containing poly AATP was very similar to that of sample 5, the

former embrittlied after only 250h. PolyAATP was an Insoluble and

Infusible product and iIs therefore not expected to be soluble or

distributed uniformly In the polymer. Solublility and hence even
8

distributon 2 are essentlal for effective stabllisation by any

additive In polymer systems.
Sample 7 (Flg 4.1) had the shortest E.T. even though It was not

extracted. Thils Is attributed to complete transformation of the

additlive (polymerised and bound) and the possible formation of
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photosenslitising Isocyanate such as In Fig 4.3 due to the high

molar ratio (E) of the peroxide to the additlive.

Filg 4.4 shows the significance of Inltial protectlion glven by
monomer ic AATP to samples 6&7 which In Fig 4.1 embrittied at 250h
and 100h respectively. The addition of 0.02%¥ AATP to sample 7 was
enough to provide the necessary Inltlal time for the generatlion of
the critical concentration of nitroxyl, thus extending the E.T.
from 100h to 1850h as shown In Fig 4.4 (7a). The effect of thls
monomer ic AATP on sample 6 was only addltive rather than

synerglstic.

The polymeric antloxldant appears to be having little effect.

4.1.2.1 SYNERGISM & ANTAGONISM

Var ious \»\n::rlvcarsm's-148 have reported synergistic action between
hindered amlines and u.v. absorbers. The effect of HOBP and Irganox
1076 In comblinatlion wilth bound AATP was studled In this work. In
Filg 4.5, the addlitlon of 0.1X of HOBP and Irganox 1076 each to
sample 7 [see Flg 4.1 (7)] extended the E.T. of the samples from
100h to 2050h (7b) and 1600h (7a) respectively. It Is apparent
from the result that both the u.v. absorber and Irganox 1076 had
essentlially the same effect on AATP In that they protected the
easlly oxldisable PP against photooxlidation until the bound

additive had developed a high enough nltroxyl radlcal

130



concentration to take over the photostabilising function. In
sample 3, which was a dlluted masterbatch of 10%¥ AATP + 1% 1076
processed with 0.01 mol DCP/mol AATP, the presence of the hindered
phenol durlng the transformation of the AATP provided a regulatory
effect by presumbaly ensuring a minimum formatlion of Inltlal
hydroperoxide and leaving a small (less than 1% of orliglinal)
amount of unbound AATP In the system to provide Initlal
protection. This Is manlifested by the ease of generatlion of
nitroxyl during the early hours of u.v. Irradlatlon of thils sample
as shown In Flg 4.6(3). A measureable amount was recorded after

30h of u.v. Irradiation and reached a steady state after 150h.

No radicals were detected from sample 7b until after 70h of
Irradlatlon and even after 250h, It had not reached a steady
state. Inlitlal protection here Is provided by the u.v. absorption
function of HOBP and subsequent harmless dissipatlion. Although the
shlelding of the polymer from u.v. Irradiation had protected It
from photooxlidatlion It had also retarded the photoinduced
generatlion of >N0°from the bound system. In the case of sample 7a,
no radicals were detected untll after 120h, and thls concentration
seemed to be statlionary up to 200h of Irradliation. The Inlitlal
protectlion from photo-oxidatlion of the system affered by 0.1%
(1.9!10-4moll1009) lrganox 1076 Is not as effectlive as that
offered by 0.1% (2.9x10 “mo1/100g) HOBP not Just because the
concentration of HOBP Is higher on a molar baslis. Furthermore,

hindered phenols are not as effective u.v. stablllsers‘ssslnce
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they are sald to undergo rapld photodecomposlition 42

durlng
irradlatlion, accompanled by the formatlion of photosenslitising
products. Inhibltlion of oxlidatlon by these phenols produces the
cyclohexadlenyl radical (I) which |Is subsequently oxldised to 11,
a product Implicated In the photosensitlsed degradation of

stablllsed polyoieflnseg.

OH 0
ROO* ﬁ(jjr"noo' _:K"/]j)(
teesecesessnacaeas (2)
. I;>\ﬁ

(1) (11)

HOBP on the other hand Is photostable, absorbing the harmful uv
Irradiation and dissipating It harmlessly while at the same time

quenchlng the exclted states of carbonyl chromophores‘49.

Its synergistlc effect on AATP (Flg 4.5) was superlor to that of

Irganox 1076 (2050h vs 1600h). -

The 120h delay before the flrst evidence of nltroxyl radlical
generatlon could be attrlbuted to the reactlon of this radical
with |, such that It was consumed as soon as It was generated.

However, thls process should be reversible In the presence of u.v.

0
NO* + I ——>
‘(‘b—hu R N

(111)
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i1l will serve as a reservoir of both nitroxyl and |
so that reactlion b takes place, with the release of nltroxyl as

It Is required.

In sample 4 of Flg 4.5, the concentration of AATP was reduced to
0.1% while that of Irganox 1076 was Increased to 0.4%, glving a
molar ratlo of 0.5. This sample (4) embrittled after 650h, which
was less than the additive effect expected of the antloxldants. No
NO® radicals were detected from this sample even after 250h of
u.v. lIrradlation. In thlis sample, where the hindered phenol
concentration was hlgh, and In the absence of NO'radlcals
Initially, It seems Ilkely that the photounstable phenol produces

1l which photocleaves according to reaction 4 to glve two pro-

oxldant specles.

i hv

+.0R ouootooalll....ill4

Y

This reaction, presumably contributed to hastening the
embrittiement of sample 4. The presence of an appreclable amount
of NO° In combination with a hindered phenol could provide an
effectlive check against the formatlion of 11 through completing

reaction, 5b.
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y ,‘/NO. III R

For this combinatlion to be effectlive, the molar concentration of
NO'and Its precursors must be greater than that of the hindered

phenol In the system durlng photo-oxidatlion.

Nitroxyl radlicals are generated relatlively slowly even from
secondary amlines and less slowly from fully substltuted amines,
such as bound AATP. On the other hand, hindered phenols are very
efficlent CB-D antloxldants, readlly forming | & 11 In the course
of Inhiblitive reactions. A high phenol/hindered plperidine ratio
could not only suppress the formation of NO® but also result In
formation of Il resulting In the early fallure of the sample.
Allen & Co workers’sofound the combination (1:1) of Tinuvin 770
and Irganox 1076 to be antagonlistic. As evidence In thls work
shows, thils observation Is true only If the molar concentration of

the hindered phenol Is equal to, or higher than that of the

nitroxyl or Its precursor. [see Flg 4.5 curve 4].

If the concentration of NO°Is hligh enough In the system, then
both hindered phenol! and nltroxyl radicals can be regenerated from
Il as NOH Is normally present, though at a later stage of

Inhibltive reactlion In the system.
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OH
N N
il + /NOH-———*—# + 2 zNO teeeess(B)

The right combination could therefore be synerglistic [Flg 4.5(3)]

rather than antagonistic.

The catalytic scheme for the antloxldant regeneration Is given In

section 4.2

As shown In Flg 4.1 (4) and table 4.1, the E.T. of 0.4X AATP In PP
(bound, unextracted) was 2150h whille that of 0.1% NIDEC was 550h.
If the combination of the two additlves were to glve an additive
effect, the expected E.T. of the comblination should be around

2700h (2150 + §50h).

From table 4.1, the actual E.T. found was 210h, less than 10¥ of
the theoretlical value.

Chakraborty and Scott151found antagonism between hlndered
piperidines and NI complexes and attributed this antagonism to the
excellent peroxydolytic action of the NI complex which precludes
the generatlion of NO'from N H by ROO'particlipation. However,
since initlally this AATP/NIDEC comblination Is essentially lnert,
the stabllised PP sample would be expected to exhlblt

photostablility at least equlivalent to NIDEC alone, on the baslis of
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the above explanation. From table 4.1 thls Is clearly not the case
and as no NO'radicals were detected from thls AATP/NIDEC sample
up to embrittliement, It may be assumed that the NO'radlcals
generated were consumed In the system In a destructlve manner. It
Is known60 that the effectlive antloxldants In transition metal

dithlolates are not the metal complexes but aclidic products formed

from them by oxlidatlon.

Sulphur centered radicals are normally Intermediate specles In the
formation of these actlve antloxlidants and these are Indeed known

to be fairly pro-oxldant In certaln cases.

> S S ROOH S
7\ /\ /!

(R)n X - M X (R)n=====> (R)N X :0.................7
\/\ / \
S S S

where M |Is the transition metal and X = P or NC

Normally these S centered radlicals dimerise to form disulphides

which are finally converted to sulphur acids to continue the

catalytic antlioxidant function.

152

Murayama & Yoshloka and Al-Malalka & Co worker;53 have shown

that S compounds readlly reduce NO°,and the latter group have
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found the combinatlion of both hindered amlne and Its derlived
nitroxyl with NI thlolates to be antagonistic.

On the basls of the evidence In this work, the combination
between AATP and NIDEC Is highly antagonistic and as no NO' was
detected up to the E.T. of 210h while a steady concentration was
formed In PP stablllsed with AATP alone, It may be presumed that

they partake In a comblnation reaction with the S radlcals.

Filg 4.6 shows clearly that while there was only a decay of about
25% of NO°concentration In 50h of u.v. exposure of a PP sample
stabllised with 0.1% (6x10 *mo1/100g) 4-hydroxy-2,2,6,6-
tetramethylipiperidinoxyl, the nitroxyl radlcal decay In the
NIDEC/NO°combination was 95%. In only § mins of processing the
dithlocarbomate reduces the Inltlal NO'concentration by 22X (from

4to 4.7x10 *mo1/100g.)

6x10
The E.T. of these three samples where the combination gave less
than 25% of the theoretlical addlitive effect (table 4.2) suggests
that the peroxidolytic functlon of the NI dithiolates In
preventing the oxldatlion of the hindered plperidine to the
nitroxyl Is only one of two majJor antagonistic reactions.

Murayama & Yoshloka152

Isolated sulphlnamldes, sulphenamides and
the reduced form of the parent amine In thelr model compound

reactlons, between S and NO' radlcals.
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The formatlon of both sulphinamldes and sulphenamides but not the
parent amine clearly explains the non-detectlion of NO radlicals
during Irradiation of AATP-NIDEC combination up to embrittiement
time and provides a ratlonal explanation of the decay of up to 22%
of NO concentratlion. In the first 5§ minutes of processing and of
up to 95% during 50h of Irradlation. It would also explaln the
highly antagonlistic nature of the comblinatlions on the basis of

reactlon scheme 4.1

S s-oN,  sulphinamide S -n’
A / \

. . 7
(02H5)N C L ON| ====-> (Csz)NC e 3 (Csz)NC\

\\Vs ka s
/

S—-N\

(C_H.)NC

i
2'5

N,
( sulphenamide)

Scheme 4.1

The reductlion In concentration of the stablllising specles by

mutual destruction appears to leave the system open to oxldatlive

attack.
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4.2 THERMAL STABILISATION

4.2.1 Results and Discusslion.

The oxidatlion products of hindered piperlidine compounds are
excellent photoantlioxlidants, but are normally weak Inhibltors of

polymer oxldatlon at high temperatures.

Although volatlility contributes significantly to antlioxidant loss
from polymer samples at elavated temperatures (as well as at
amblent temperatures over the Ilfetime of the polymer), Improving
the substantivity of hindered plperidine compounds generally does
not seem to Improve thelr thermal antloxldant activity

significantly.

Table 4.3.shows the embrittiement time (E.T.) of PP flims
contalning various hindered pliperlidine compounds compared to
Irganox 1076, a conventlonal thermal antloxldant, and an
ollgomeric hindered pliperidine compound contalning a trlazlne
molety (Tinuvin 944) which seemed to have Improved Its thermal
stablllty significantly. From the results Iin the table, It Is
clear that Tinuvin 770,AATP (bound and unbound), have no
Inhibitive actlion on PP thermal oxldative degradation at this

temperature.
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The fallure time of PP samples contalning these addltives were
only comparable with control samples. The concentrations of these
three additives In PP were Increased progressively and exposed to
this test conditlon, but up to a concentration of §% no

Improvement In the embrittliement time was observed.

1Antloxlidants t E.T. (h)i
iControl (No additlive) | 0.5 H
iTInuvin 770 i 0.5 |
iTinuvin 944 ] 1§ |
i lrganox 1076 H 95 |

JAATP (bound & unbound): 0.5 |
1
TABLE 4.3.
Oven Agelng of PP Fllms contalning 0.1%¥ Antloxldants at 140°C

Alr flow rate 3cu ft/h

Nltroxyl radicals have been reported to be good melt stablllisers

9,154,155

In PP but showed only marginal activity In thermal

antlioxlidant activity during oven ageing at 140°c.

Unstabillised PP Is stable for several hundred hours at moderate
temperatures (below about 90°C). This fact was explolted to "pre-
age" the AATP stablilised PP flims at 85°c for varlous lengths of

time. The flims were then oven aged normally at the usual test
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temperatures of 140°c and an air flow rate of 3 cu ft/h. The

result of this test Is shown In Table 4.4,

Time of preageing(h)

at 85°¢C 0 100 200 400 500

E.T.at 140°C(h) 0.5 3 8 15 15

[NO"lgenerated

x1o‘6mo|es/1009 - | - - 3 3.4

Table 4.4

PP fllims containing 0.4% AATP pre-aged at 85°¢c prlor to agelng at
140°¢

The development of nitroxyl radicals from the film was monltored
by E.s.r but up to 400h of "pre-ageling", the amount of the radical
was too small (< 10"%M/100g) to be quantified because of the
high nolse to signal ratlo, approaching the I1imit of the
Instruments sensitivity. After 400h of pre-agelng, the amount of
NO‘radlicals generated was 3x10'6M/1009, which rose to
3.4:10—6M/1009 after 500h. This Increase In nitroxy! concentration
however, dld not bring about a concomitant Improvement In
embrittiement time compared to that at 400h. Even a 2% AATP-bound
PP sample pre aged for 500h gave only a marginal! Improvement (18h)
compared to 15h for the 0.4% samples. The production of higher
concentrations of nitroxy! Is therefore not commensurate with the
achlevement of higher thermal oxldative stabllity beyond a certain

limit.
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Stable nitroxyl radicals act essentlially by a CB-A mechanism.
Antloxlidants acting by thils mechanlsm are not normally effective
In polymers under condltions where the concentration of alkyl
radicals (R°) Is negleglble compared to the concentration of
alkyl-peroxy! radicals (RO0O°), so that the catalytic CB-A/CB-D
cycle necessary for the stablllisation of the system would not be
expected to occur. The reduced form of the nitroxyl ()NOH) Is an

efflicient ROO') radlcal Inhlbltor122actlng by a CB-D mechanlism.

Scott and Co-workers'36:137

have proposed that the excellent
photostabllising properties of nitroxyl radicals In PP Is through
a mechanlism of tertiary alky! radical terminatlion with the

generation of hydroxyl amine and ethylenlc unsaturation

?Hs hv ?Ha
\
MNO® +  .C—CH, —————=> NOH 4C=CH=1.0.0.v...8
/ 1 2 /
various workers122’156_158have demonstrated that reactlon 8 also

occurs durilng thermal oxidatlion. Berger and CO-WOFKGI’S1573|SO

added that the same products can be obtalned by the thermal
homolytlic cleavage (thermolysis) of the O-tert alky!l hydroxyl
amine, followed by abstraction of a B-hydrogen atom to produce the

decomposlition products

\ / T\ 7
N H-CH N H-CH CH
|12 | 12 N
0 c_'-c AH O. cc C ,/NOH +C--c TN ] 090
c c c
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The combinatlion of alkyl radlcal wlth nitroxy! radical Is
kinetlcally favoured while the production of NOH and the ethylenlc
unsaturation as disproportionation products Is thermodynamlically

favoured1.57

N\ - LY - . \
/NO + R=I[NO'R ]..."'"‘/NOR

‘ll-..'...l..l10
\ \ /
SNOH + C=C{

If only R° Is present In the system, then the CB-A/CB-D mechanism
of NO® and Its hydroxyl amines can continue to Iinhiblt the onset
of degradation. But NO' radlcals under thermal oxlidative

condltions are also In competition for R" wlth 02,

}rklin_, NOR -co.oua-n-cqtoll----.o11

k12
=S

R.

Roo. lI.I.IIIlIIIlI...Olllll12

and because of the hligh rate constant of reactlon
12(k12) In especlally liquld hydrocarbons,alkyl radlcals are very
rapldly oxldilsed, and reactlon 11 cannot effectlvely

compate‘59'16°

with 12. The reactlicen of polymer macro alkyl radlcal
on the other hand Is limlited by the rate of 02 mlcrodlffuslion, so

that the Iifetime of the macroalkylradlical Is many orders of
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magnlitude lenger than that of Its analogous radlical In liquld
hydrocarbons.52 For thls reason, macroalkyl radlcals are
terminated by efficlent CB-A antloxldants such as NO°, as well as

reacting with 02 to form ROO’

The generatlion of nitroxyl radicals In PP stablilised with bound
AATP under thermal oxldative condlitlons at 85°c may be assumed to
follow the mechanism In reactlon 13

0 ozfaoo

N c > No. o..o.!l-nll..i13

N/

The nitroxyl generated then Inhiblits oxldatlion by effectlvely
competing wilth 02 at this moderate temperature (reaction 4) giving
NOR. Thls probably explains why no definite NO® signal could be
observed from the pre aged samples untll after 400h, even though
they showed enhanced thermal stablllty (table 4.4.) when
subsequently oven aged. The NOR then generates NOH (reactlons
9&10) which Is In turn oxldised by ROO" In the system generating

,NO

This catalytic cycle could not be sustalined beyond about 15h
because, as wlll be shown later, NOH Is unstable In presence of 02
at the test temperature, and therefore could not effectively take

part In the cycle.
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4.2.2 SYNERGISM BETWEEN AATP-BOUND AND |RGANOX1076

Var lous concentrations of Irganox 1076 (0.02 - 1.0%) in PP were
oven aged at 14o°c. A second set of samples was hot soxhlet
extracted with acetone for 15h, drlied and similarly oven aged,
while a third set was aged for 48h before extractlon and oven
agelng. The results of these treatments on the thermal stabillty

of the samples Is glven In table 4.5.

Concentration Time (h)
Welght% . Molexx10 %| U E 48h Oven —>E.
Control | - 0.5 T o.5 -

0.02 0.378 B T 1.5 -

0.1 1.89 95 >2 2

0.2 3.78 160 >2 3

0.4 7.5 260 <2 3

1.0 18.9 500 2 4

Table 4.5

U = Unextracted, E = Extracted.

Embrittiement Time of Extracted and Unextracted PP contalning

Irganox 1076 In circulating Alr Oven at 140°c.
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The above results show that Irganox 1076 or Its oxidative product
were not bound to the polymer as oven agelng tests after
extractlon show. The Improvement In stablllty of extracted samples
over the control sample could be attributed to the Initial melt
stablliity conferred on the polymer by the hindered phenol by
minimising the formation of sensitlising hydroperoxides during
processing. There was however a small Improvement ( 3h) In the

stablllty of the samples Initlally oven aged for 48h before

extraction.

This could be due to acetone Insoluble oxldation products of the
qulnone type such as dioctadecyl-1,4-bls(0-0x0-3,5-di-tert-bulyl-

2,5-cyclohexadliene-1-yl ldene)-2 butene-z.3—dicarboxy|ata42(IV).

H
/I
0 c c
L
/czc\
H,,C,g00C €00C, H.,
v

A combination of bound AATP wlth Irganox 1076 In varying ratlos
and concentratlons was then processed In PP and similarly tested.

The result is shown In Table 4.6.
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:_WBfght% Molexx10-7| U(h) |%Synerglsm] E(h) |48h Oven —> E (h)
AATP/1076 ! i
Control - 0.5 - 0.5 - .
0.2%AATP | 7.5/0.0 | 0.5 - 05 -
0.2/0.02 | 7.5/0.38| 50 1200 1.5 3
0.2/0.1 | 7.5/1.89| 650 787 5.5 15
0.2/0.2 |7.5/3.80| 750 570 4.5 35 a
0.4/0.1 | 15/1.89 | 950 1051 - 30
0.4/0.2 | 15/3.8 1200] 850 - 65
0.4/0.4 | 15/7.5 1300 600 - 20
0.4/1.0 .| 15/18.9 | 1500{ 400 - 5

Table 4.6

* 48h Oven Agelng before extractlon

Embrittliement Time of E;tracted (E) and Unextracted (U) PP
contalning combinatlons of AATP/Irganox 1076 In clrculating Alr

oven at 140°C

Percentage synerglism Is calculated using the formula161.

(Es-Ec)~[(ETEc) + (Ez' Ec))

%¥Synerglsm = (E1—Ec)+ (Ez—ﬁc)

where Es = the Embrittiement time of the synergistic mlxture

Ec = the Embrittiement time of the control sample
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E1 = the Embrittlement time of antloxldant 1

and 52 = the Embrittlement time of antloxldant 2.

Results from table 4.6. Indlcate that there must be some kind of

Iinteractlon between the comblinatlion of antloxidants.

Irganox 1076 and Its subsequent oxldatlon products are easlly hot
soxhlet extracted from PP samples (table 4.5.) after a few hours

In a suitable solvent such as acetone. Scott and Co-workersw5

55'16210und no evidence for the formation of a bound antloxidant
or Its oxldation products after exhaustive extraction of PP fiim

processed with a hindered phenol.

In table 4.6., there Is evidence of residual antloxldant actlon In
extracted films, which seems to depend on the ratlo of AATP/1076
in the system. A much clearer evidence of antloxldant
substantivity In the extracted polymer was brought about after 48h
of oven agelng of the stabllised flims prior t§ extraction.

Belova et a|163after observing a synerglstic effect between
hindered phenols and nltroxyls concluded that there must be some
kind of Interaction between the two antloxidants. PP fllIm samples
stablllised with 0.1% Irganox 1076 embrittled In less than 300h
(table 4.5.). On the other hand, a combination of 0.2% AATP which
has no thermal antlioxldant activity on Its own, and 0.1% Irganox

1076 embrittied after 650h.
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Irganox 1076 Is normally transformed Into qulnonold products
durlilng thermal oxldatlon. Such products Include
IV,alkylcyclohexadlenonylradical Intermediate |, leading to the

formatlon of a pro-oxldant peroxy compound 11, and a benzoqulnone

V. 0
R R OOR 0
) (i) (V)
The generation of Il In phenol stabllised systems has a

deleterious effect on the contlnued stabllity of the system and

ultimately leads to the destruction of the sample.

In an admixture with AATP In the thermal oxlidative stabllisatlon

of PP, radlcal specles of Importance Include |, macroalkyl (R"),
o)

nitroxyl (NO°) and amlnyl ()N.), from the cleavage of N-C bond
prior to the formation of )NO'

164has shown that the lifetime of macroalky! radical In

Denlsov
solld PP Is about 2 orders of magnitude higher than an analogous
concentration In llquld hydrocarbons.

The probablility of ,N° combining with 1 cannot therefore be ruled

\
/
out.
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However because )N' radlcals are highly reactlve, thelr very short
lifetime would preclude the formation of a substantial amount of
adduct VI.

Also, because of the excellent synerglstic effect observed between
AATP and Irganox 1076, It could be assumed that transformation

products Il & V could not have been formed in the system, because

Il which leads to the formation of V has a prooxldant effect.

Since 11 Is formed through the Intermediate I, It could also be

assumed that the reactlve aminyl radlcal could trap |, forming VI.

. . vi.)
I+ N — (

An even more feaslble comblnation reaction Is that of a nitroxyl
radlcal trappling ! to glve the adduct 111,
Diphenyl nltroxy! radlcals are reported165 to react with phenoxyl

radicals In a simllar manner.
0

(11I)
N

pu

As the nlitroxy! moelty Is bound to the polymer, adduct i1l Is
unextractable and Its formation could retard the alternatlive

formatlon of the pro-oxlidant compound 11.
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This phenomenon will Increase the substantlivity of the efficlent

and thermally stable phenollc antioxlidant.

synerglistic actlon with this combination Is the direct resuit of
fallure of the hindered phenol to completely Inhibit oxldation In
the polymer system. AATP Is In a bound Inactive form and
essentlally part of the polymer so that at the Initlial stage, the
only active Inhibltor Is the phenol and Its subsequent oxldation
products. If the amount of phenol In the comblinatlion Is above Its
critical concentration, then It completely swamps the whole

polymer glving a "blanket" protection.

The flrst product of phenol antloxidation reaction Is the
formation of a phenoxyl radical. In presence of a nltroxyl
radical, the former Is readlly trapped by the latter to form the
adduct 11l. In the absence of a nitroxyl radlcal, the phenoxyl
radical Is oxidised to the pro-oxidant compound 11, thus reducing
the Intrinsic effectiveness In the system. Nitroxyl radicals can
only be formed when there Is an oxldatlive attack on the bound AATP
(reactlon 13). For thls to happen to any degree, the phenol moelty
must be absent from the Immedlate viclinity of the site of
reaction, requiring a higher ratio of AATP/1076 In the system.

This Is shown In terms of ¥ synergism In table 4.6.

Oxldatlon of bound AATP to release the active nitroxy! antloxidant

(reaction 13) can be assumed to have the highest probablilty of
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occuring with the sample contalning not only the highest ratlo of
AATP/1076, but also the least amount of 1076 per unit volume of
polymer. Subsequent coupling reactlon Is therefore expected to be
highest with this sample, which Is expected In turn to give the
best performance In terms of synerglstic effectiveness. The best
measure of this Is glven by percentage synerglism (table 4.6.). The
highest ¥ synergism (1200) was glven by the sample with the
highest AATP/1076 ratio (0.2/0.02), because of the twin reasons
enumerated above. In agreement with thils postulate, the lowest %
synerglism (400) was also glven by the lowest AATP/1076 ratlo
(0.4/1.0). The duratlion of exclusive Inhibitive actlion by the
hindered phenol Is dependent on Its absolute concentration In the
system as well as the concentratlon of AATP. The longer the
duratlion of this excluslve Inhibiltive actlion, the hligher the
chances of unwanted slde reactlions with the formation of |1, and
the lower the ultimate ¥ synergism.

Initial generation of NO° from the bound system |Is soon depleted
by adduct formatlion with phenoxyl radlicals. Nitroxyl radicals
start bullding up In the system only after an equllibrium Is
reached with the adduct product. Only then, Is the mechanism of
antloxlidant actlon truly synerglistic and catalytlc.

The nitroxyl radlical generated In the system Is an effliclent alkyl
radlcal trap, the combination of which glves a substituted
hydroxylamine NOR. Berger and Co-workers157hava shown clearly that
thils ether undergoes a homolytic cleavage at elevated temperatures

(thermolysls) according to equation 14
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The hydroxylamine product of dlsproportionation Is a very

efflclient CB-D antloxlidant but quite unstable In presence of

oxldlisling specles In the system at this temperature. Adducts I11&
VI can be attacked by )NOH at thls temperature to release the

phenol moelty and a nitroxyl radlcal so that a catalytlc cycle Is
evolved, terminating many alkyl and alkylperoxyl radlicals untll
the phenol iIs used up through slde reactlons outslde the cycle,

ultimately forming benzoquinones according to scheme 4.2

il 0 0 0
O ROO® O ROO .___f‘L_,,
a d 0
O0OR P
i OR
0
A l
R* + NO* A---'“','"'*NO f’ 0
|
* NOR
Al \_AH_C_
(111) 0
ENO' R® |— NOH ] N ( BQ )

ooy

CoA
SCHEME 4.2

Phenol Regeneration by Hydroxylamine
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Such regeneration of a complementary antioxlidant In a synerglistic
mixture has besen found19to occur during hydrocarbon oxldatlon

inhibltion.

Fig 4.8 shows the I|.R spectrum of extracted PP sample stablilised
with a comblination of 0.2% AATP and 0.1% 1076 whlich was oven aged
for 48h before extractlon, and then aged agaln (curve 2) untll the
onset of embrittiement. A considerable amount of unsaturation
(1645cm™') was formed In accordance wlth equation 14 with the

radicals taking part In scheme 4.2 reaction.

This pre-heated extracted sample Is deemed to have the following
antioxidant speciles: )NO'. NO-R, N-C, NO-phenol (111) and probably
NOH. These radlcals sustain the catalytic cycle as In the scheme,
up to embrittliement wlthout measureable carbonyl (ketonic)

formation .

The development of NO" radlicals In the unextracted synergistic
comblnations was monlitored with e.s.r during oven ageing. Flg 4.9
shows the development of two samples contalning 0.4%¥ AATP + 0.1%

1076 (curve 1) and 0.2%¥ AATP + 0.1¥ 1076 (curve 2).

Nitroxyl growth was recorded much earller with the 0.2/0.1

combinatlion (200h) compared with the 0.4/0.1 comblnation (350h).

\
/

nitroxyls were detected much earller with the lower AATP/1076

Sample 2 has only half the potential amount of ,NO° radicals, yet
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ratio. It Is loglical to assume that more NO" radlcals would be
generated In sample 1 than In 2. Adduct formatlion with the
hindered phenol would consequently be greater with sample 1 than 2

(see table 4.6).

A substantlial amount of the phenol would have left the cycle
through reactlon d of scheme 4.2, leadlng to the formatlion of
benzoquinone (BQ). Because of the higher ratio of NO° to phenol In

sample 1, loss of pheno! through thls phenomenon would be minimal.

The formation of NO° radicals from bound AATP could be detected
from the PP sample containing 0.2% AATP alone, Iin half an hour,
during oven ageing. In combination with 0.1% Irganox 1076 however,
It took 200h of oven agelng to develop a detectable amount. At
140°c. sample 1 might have developed more NO® radlcals, but since
they were engaged In adduct formation and alkyl radical
termlnation forming the ether, these are not detectable. As very
Ilttle of the phenol Is assumed to be lost In this sample, there
Is a far hlgher chance of forming even more phenoxyl-= nitroxyl
adduct at room temperature with the result that very little of the
free NO° Is left In the system. This retention of pheno! through
adduct formatlion and consequent preventlion of formatlion of
quinonold products Is primarlly responsible for extending the
embrittiement time of sample 1 to 950h compared to 650h for sample

2.(See table 4.6.)
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4.3 TENSILE MEASUREMENTS
4.3.1 RESULTS

Tenslle measurements at room temperature provide a simple and

relliable evidence of structural changes taking place In a

particular polymer flim or fibre.

These changes, following Introductlion of pendant groups on to the
poclymer backbone were measured using the Instron Tenslle Tester

Model TMSM.

Specimens were loaded at a constant rate of crosshead speed of 3cm
m!n"1 and the usual force/elongation curves were produced by the
chart recorder operated on a similar rate. From the stress/strailn
curves obtalned, parameters such as ultimate tenslle strength UTS
and elongation at break EAB were determined In accordance with BS
2782: methods 326A to 326C:1977 .

Flims of equal thickness (0.020cm) were cut out In the dumb bell
shape of a standard mould. Unstabllised PP (USPP) flim of equal
thickness was also measured. The measurements were conducted In
tripllicates from which an average value was recorded. The
mechanlical propertles of the antlioxidant bound PP were then
compared to those of the USPP flIm In form of a ratlo as given In

table 4.7.

158



Ultimate Tenslle Strength ( UTS) and Elongatlion at Break (EAB) of

the bound PP samples were compared to those of an equal thickness

of USPP
1% conc. EAB(bound) UTS(bound)
EAB(USPP) UTS(USPP)
0.4 1.0 1.1
5 0.7 1.2

Table 4.7 : Ratlos of Mechanical Propertles.

4.3.2. DISCUSSION.

Table 4.7.shows that the relevant physical properties of diluted
samples of bound AATP In PP are not adversely affected. Only 4g of
the 10X AATP bound PP Is added to 96g of PP to glve a 0.4% sample.
It Is also quite evident that the physlical properties of the
concentrate are affected by the changes In molecular structure and
arrangement. G.P.C. of the AATP bound PP (see Sec. 3.4.2.) shows
an Increase In Mw and a small narrowing of the distribution by
about 20%. The formatlion of a pendant group on the backbone of a
PP chaln Is expected to change the crystalllne arrangement of the
molecules to a more random amorphous state. Thls should In turn
Increase the percentage elongation and UTS. However table 4.7.
shows that the physical properties of the 0.4% dlluted sample are

not affected by the 4¥ content of the AATP bound PP.
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The properties of the 5% concentrate however,are clearly altered
as nelther EAB nor UTS was comparable to that of the unstabllised
PP. In theory both EAB and UTS are expected to Increase with
decreasing crystallinity. Although there was Increase In UTS
(ratio 1.2), there was actually a decrease In EAB(0.7). Thls
apparent anomaly could be attrlbuted to Increase In Mw of the AATP
bound concentrate. Thus although the deslred mechanlical propertles
of concentrates are adversely affected, this Is not carried over
to the dilute samples, as less than 5% of the bound polymer Is

general ly added to PP samples to provide the necessary protection.
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CHAPTER &

§.1 ATTEMPTED BINDING OF OTHER UNSATURATED AND THIOLATED

ANTIOXIDANTS IN PP.

5.1.1 INTRODUCTION

Antloxldants with vinyl or vinylene unsaturations and thlolated
groups were synthesised and characterised as described In chapter
2. Attempts were made to bind them using the varlous radlical
generators listed In Sec-3.1.

§ and 10X concentrates In PP were prepared wlth varlous peroxide

molar ratlios as glven In table 5§.1. Processing temperatures used

were 170°, 180° and 190°C.

Peroxlide/Additlive 0.004 0.01 0.05 0.1 0.2

Molar ratlo

Deslignation C E G H J

Table 5.1

Peroxide/Addlitive Molar Ratio

Antloxldants used have been gliven the following codes:

DBBA: 3,5-dl-tert-butyl-4-hydroxybenzylacrylate
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DBBM: 3,5-dl-tert-butyl-4-hydroxybenzylimercaptoglycollate.
TPMG: 2,2,6,6,~tetramethyl piperldinyl mercaptoglycollate

BPM : Bis(2,2,6,6-tetramethylpliperidinyl)maleate
5.1.2 RESULTS

5§ and 10X of the TPMG were processed In PP with each of the
radical generators at ‘C’ ratlio at a temperature of 170°c. Soxhlet
extractlion In acetone showed that all the additive was removed.
The ratlo was then changed to ‘G’ and the whole operation repeated
agaln. When no binding was achleved the processing temperature was
ralsed to 190°c¢. Ratlos C E & J were trled but no binding was
achleved as the additive was easlly extracted with acetone. U.v.
exposure results of thils extracted sample confirmed that no actlive

additive was retained In the flim as It embrittied at 90h.

A second mercaptan DBBM was substlituted for TPMG and the whole
operatlon carrled out again. No binding was achleved here elther
as all additlve was removed by Soxhlet extraction with acetone.
The same procedure was then repeated with DBBA. Flg 5.1 shows the
l.r spectrum of 5% DDBBA In PP processed with ratlio H of
benzoylperoxlide (BP). The spectrum before extration (1) showed the

1

typlcal absorptions of DBBA; free phenol O-H at 3630 cm ', ester

C=0 at 1725<:m_1 and the unsaturatlon at 1640cm'1. All these bands
were observed to disappear after extraction (2). The new band that

appeared at 1696cm"1 after processing, also dlsappeared after
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hexane extractlion. Thls absorption Is due to qulnonold products of
reactlon between the DBBA and the peroxlde. Processing wlth DtBP
as the radlcal generator gave a simllar peak at this wave number
which was also removed.along with the additive after extractlon.
When DCP was used as the radlcal generator, a dlfferent reactlon
appeared to have taken place. Persistent and exhaustlve extractlon
wlth hexane, followed by acetone for 24h each could not remove all
the additive. The amount of additive retalned appeared to Increase
with Increasing peroxlide ratlo for a §%¥ masterbatch. The peak at
1735cm™ | (due to saturated ester C=0) was used for the measurement
of the extent of binding, after exhaustive extractlons. The result

of thls measurement Is glven In table 5.2

DCP/DBBA G H J

¥bound 10 60 15

Table 5.2; Extent of binding of 5% DBBA In PP, using different

DCP ratlos

Flg 5.2 shows the l.r spectrum of 5% DBBA In PP processed wlth the
optimum ratio (H) of DCP (see table 5.2). The unsaturatlion
disappeared completely after blndlng and subsequent extraction of

the unbound additive. The binding reactlion however was accompanied
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by the formation of a new compound absorbing at 1690cm_1,

presumably due to acetophenone, which was eas_l ly extracted aleong

with the unbound additlve.

Fig 5.3 shows the C=0 and C=C absorptlion reglion of §%¥ DBBA In PP
processed wilithout peroxide ( A ). 1 and 2 are before and after
extractlion respectlively. It Is evident from fig §.3A that all the
additlive was extracted. In B, the peak of the ester C=0 of the

' to 1735¢m™! as would be

bound DBBA had moved from 1728cm
expected of saturated esters. The new band due to acetophenone at
‘1690c:m'_1 disappeared after extractlion. When a 10% concentrate was
processed In PP with DCP of the same optimum ratio, only 25%
binding was achlieved. Although no binding was achleved wlth the
mercaptans DBBM and TPMG, their effect on the stabllity of PP In
presence of radical generators was Investligated. Flg 5.4 shows
the effect of 0.1 molar (ratio H) of DCP on 5X¥ concentrates

processed at 180 C. This Is compared with PP samples wlth, and

wlthout added peroxide.

Both DBBM and TPMG (1 & 2) reduced the Impact of the added
peroxide on PP by efflclently trapping the radicals so that the
final torque after 6 minutes was almost comparable to PP sample
without peroxide (5). Tlnuvin 770 (3) on the other hand could not
provide the required stabllising effect In PP, hence the added
peroxlide effectlvely reduced the molecular mass of PP to the same

degree as unstabllised PP with an equlvalent amount of DCP
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(4).Both samples gave a minimum torque after 3 minutes of

processing which is an evidence of extenslve degradation of PP by

the peroxlde.

The thermal stablllity of PP samples bound with DBBA (optimium)

both extracted and unextracted was compared to the samples

processed with conventional antloxidant (Irganox 1076) as well

as

unbound DBBA. The result of thls study Is presented In table 5.3.

The exposed samples 7x10”%

m/100g dliluted from the §%

concentrates.

Antloxlidants| DBBA DBBA DBBA 1076,U | 1076,E
unbound bound,U | bound,E

E.T.(h) 10 80 60 110 1

Table 5.3: Embrittiement Time (E.T.) of stablllsed PP

Samples, oven aged at 140 C

U=Unextracted, E=extracted.

4'11

5.1.3 DISCUSSION

Mercaptans are shown to be bound to unsaturated polymers

116-118,120

to saturated polimers

dur Ing mechnochemlcal reaction and with less success,

119

» also mechanochemically or by u.v.

Initlated reactlions (see Sec 1.3.1). As reactlion 1.16 shows, thls

Is a sltuation of limlted radical
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radlical generator. In this attempted binding of mercaptans, the
presence of peroxldes In the system was expected to create a high
proportion of both thiyl and macroalkyl (P') radlcals and
subsequent reactlon of the two radlicals. However, both the phenol
and the mercapto functions of DBBM are good hydrogen donors so
that the alkoxyl radicals are reduced as soon as they are formed,

before they abstract hidrogen from PP to glve a macroalky!l

radical.
H ; 0
+ RO —=—> ROH + X
....5.1
Hz-O-E-S-H H2—0—8-S—H H,+*0=COSH
I
Another possible but parallel reactlon Is 5.2
OH OH
0 + RO === ROH + g
cnz—o-é—s-H Hy=0-C-S"

The peak of 1696cm™ "

In Fig §.1 Is presumably due to | and other
simllar qulnonold products. The same peak was also obtalned when

DtBP was used as a radical generator Instead of BP. DBBM cannot
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therefore be bound to PP using radical generators since the main
reactlion Is presumably reduction of the RO‘radicals by the
additive. Flg 5.4 shows that both DBBM and TPMG have efflicelntly
suppressed alkoxyl radlcal attack on PP desplte the hligh
concentration of such radicals. In Sec 3.4.2 a small amount of
DtBP equlvalent to ratlo C reduced the D of unstablilised PP by a
factor of nearly 3. Ratlo ‘H’, used In this attempted binding Is
25 times as hligh as ratlo 'C’, yet Its effect on PP samples In the
presence of mercapto compounds was very minimal. The flnal

processing torque after 6 mlnutes was 6 units for DBBM whlle that

of the control sample (without peroxlide) was 7 units.

Sample 3,PP processed with 5¥ tlnuvin 770 and sample
4,(unstabillised PP) both containing an equlvalent amount of DCP as
DBBM, were completely degraded as evidenced by the minimum torque.
The decomposition mechanism and reactlvity of DCP Is simllar to
that of DtBP126, yet only DCP was found to Initlate binding
between DBBA and PP. DCP decomposes to give cumyloxyl radlicals,

whlich fragment further to glve acetophenone and a very reactive

methyl radical CHé.

3
—CH, 5.3a

v
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IV — + CH 5.3b

DtBP on the other hand, decomposes to glve tert-butoxyl radlcals
which may also fragment further, depending on the H donating

ablllity of the environment.

H H I H
CHs-E—EO—-D—E—gCHS B CH3—§ 3. 5.4a
H3 Ha

//n——-—> CHa—g—CH3 +'CH3 5.4b

V =

\_ H,

A 3
Mg

The molecular fragmentatlion product, acetone, |Is too volatlle to
be retained In a polymer film to be detected by |.r., so a
reaction In a model compound, MCH was carrled out at 80°¢C . The
products of thls reaction were Identifled by gas chromatography(G-
C). Although acetone was Identifled as one of the products, the
maJor component was tert-butyl alcohol. The reactlion was then
conducted In a sealed ampoule at 140°C. The result of thlis
reactlion product showed an even greater proportlion of the alcohol
was produced with only a trace of acetone. At 180°c, In presence

of an easlly abstractable H,such as O-H or DBBA thlis reaction
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could be assumed to produce the alcohol exclusively. From fligure
5.2 (and 5.3B) It Is qulte evident that acetophenone was formed
(1690cm"1) as a major fragmentation product, and since the extent
of binding was 60%, It may be assumed that this major part of DCP
was constructively engaged In the binding process. Slnce no
binding was achleved with DtBP, a peroxlide of comparable
reactlvity, and since only a minimal amount of CHé was produced as

a fragmentatlion product with DtBP, It Is logical to conclude that

the actlve radical In thls process Is the methyl radlcal.

‘CH, + P —==> CH, + P* 5.5

OH OH

0...00\“5.6

P +cn§cnc—o-éH2 ------- >

VI may elther abstract H from the polymer to start another chaln

or may Inltlate another vinyl bond to form an ol lgomer.
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Volatlllty Is a serlous drawback to the antloxldant activity of
low molecular mass phenollc compounds such as DBBA at test
temperatures of 140°c. Table 5.3 shows that a PP flIm stablllsed
with 7x10_4moll1009 unbound DBBA embrittied after 10h while the
bound but unextracted sample of the same concentration embrittled
after 80h. Even after exhaustive solvent extraction, thls sample
did not embrittle until after 60h. When thls Is compared wlth a
sample stablllised with an equivalent concentratlion of Irganox
1076, the E.T. of the unextracted sample was 110h, hlgher than the
bound DBBA but when extracted, virtually no antioxidant actlvity
was found In the Irganox stablllised sample, glving an E.T. of only
1h. Thus, because of Its higher molecular mass, volatility Is not
an Important factor In the antloxldant actlvity of lrganox 1076,
even at the test temperature of 14o°c, but It was seen to be

easlly extracted by solvents such as acetone or DCM.

5.1.4. Bls(2,2,6,6-tetramethylplperidinyl)maleate

Result and DlIscusslion

Bilsplperidinemaleate(BPM),an unsaturated symmetrical dlester
prepared according to the method described In Sec.2.2.5 was also
processed with varying amounts of the radlical generators listed In

Sec.3.1,In PP.Binding was observed to take place with all the

radical generators.
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A 5% masterbatch was therefore processed with varlous ratlos of
DCP,the radical generator used for all the results gliven In the

rest of thls section.

The I.r. spectrum of 5¥BPM (ester C=0 and C=C absorptlon reglons)
Is given In FIg.5.5. When processed wlthout peroxide
(FIg.5.5A),12h of extractlon with elther acetone or
dichloromethane was enough to remove all the additive(2). When the
mlxture was processed with DCP (Flg.5.5B) there was a shift of the

unsaturated ester C=0 peak from 1720cm™

to that of a saturated
dlester at 1772cm™'.The unsaturation at 1640cm™ 'was also observed
to disappear.[Flg.5.58(2)]. No amount of extractlion could remove
this new band at 1772cm™'. A peak at 1690cm-1presumably due to

acetophenone was also observed In Flg.5.5B(1) whlch was easlly

removed after 12h of extraction.

Table §.4 shows the percentage of the original 5%BPM bound to PP

when processed with varying ratlos of DCP.

L
DCP/BPM
Molar Ratlo C E G H J
%Bound - 8 20 60 70 90

Table 5.4 :Degree of Binding of 5¥ BPM In PP In

presence of DCP
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The degree of binding was found to Increase wlth Increasling
peroxide ratio such that at ratlio C, only 8% of BPM was bound to
PP while at ratlo J,up to 90% was bound.

The uv stablllising effectiveness of 1.0x10_3molel1009 (0.4%) of
the dlluted samples were compared wlth equlvalent samples of the
addlitive processed wlthout peroxide and Tinuvin 770 In Table §.5.
Another set of samples was also Soxhlet extracted before exposure
In the uv cablnet. The performance of the extracted samples (E)

and unextracted (U) was also compared In the same table.

Sample c E - G H J No peroxlde T.770

E.T.[UJ(Ch)| 2400 2600 2900 2850 2000 2300 2250

E.T.[LEJ(h)| 250 650 1200 1400 900 90 - 90
- Table 5.5 Effect of Bound(E&U) BPM on the uv

Stabllity of PP,

All concentratlions are 1x10_3mole/100g.

Sample G which was 60X bound,was found to have the best uv
stablillity (2900h) when the samples were exposed without
extractlon,but was not as good as sample H when extracted. The
extracted PP samples stabllised with both unbound BPM (no
peroxide) and Tlinuvin 770 embrittled after 90h,but sample H did

not embrittie until after 1400h. Even sample C, which was only 8%

177



bound and which as an unextracted sample did not show any superlor
performance over the unbound sample,embrittied at 250h after
extractlion,showing the effectliveness of the resldual bound BPM .
The highest binding achleved was 90% with sample J but this Is not
concurrent with the achlevement of hlighest uv stablllty since
unextracted sample J embrittled at 2000h while the extracted
sample embrittled at 900h (See table §.5 ). Unextracted sample H
on the other hand which was only 70% bound embrittlied at 1400h.

Although the uv stabllity of bound samples was progressively
Increasing with Increasing DCP ratlio the 1imit appeared to be at
ratio H. The poor performance of ratio J may be attributed to poor
distribution of the concentrate In the dliluted sample, as
crosslinks could be formed because of the excessive amount of DCP
generating alkoxyl radicals, thus creating a muitltude of reactive

sites In the system during the binding reaction.

Equimolar quantities of unbound BPM and Tinuvin 770 In PP gave
about the same embrittiement time (see table 5.5).

The Improvement In uv stabllility of the bound BPM samples can
therefore be attributed not only to the Improved substantlivity of
the bound additive, but also to unlform distributlon as the
problem of Incompatibillity Is virtually ellminated In the bound
system. It Is presumably the optimisation of substantivity and
uniform distribution of additive that gave sample H (extracted)

the highest E.T. In table 5.5, higher than that of sampleJ.
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6. CONCLUSIONS & RECOMMENDATION FCR FURTHER WORK

6.1 CONCLUSIONS

Signiflcant amounts of antloxldants can be lost from polymerlc
materlals due to oxldatlon, volatllisation and solvent extraction
during the lifetime of an article, especlally If the materlal Is
of high surface to volume ratlo such as flims and flbres. A high
proportlon of polyolefins produced are used as such, and with the
Increasing trend towards the use of polymers In automotive and
aerospace Industrles, volatlility and extractablllity of an

antloxidant Is a serious limitation to further penetration In this

area of application.

Low molecular welght compounds easlily volatilise at elevated
temperatures under alr oven agelng condltions or are otherwlise
easlly extracted by solvents In contact with the stablllsed

articles.

The use of ollgomeric and polymeric antloxidants has gone a long
way to reducing volatlililty but even polymeric antloxidants can
non-the-less be extracted by solvents, especlially at elevated
temperatures. If the repeat unlt of a polymeric antloxidant Is

short and polar, then compatibllity with essentlially non polar
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polyolefins Is a serlous problem. Compatlbility can be Improved by
incorporating a long alkyl chain to the antloxldant with a
consequent dllutlon of the antloxldant function by reducling Its
actlvity on a welght basis

The problems of volatility, extractabllity and solubllity can all
be avolded If the antlioxldant Is chemically bound to the polymer.
In the food and drinks Industry, bound antloxldants are
potentially capable of eliminating the hazards of toxiclity,

carclinogeniclity and allergeniclty.

Although the physlical propertles of the concentrates are altered
by the transformation of the bound polymer this does not appear

to be carrled forward to the diluted sample (see sec. 4.3).

Monomerlc AATP Is easlly volatilised at a temperature of 140°C In
a clrculating alr oven. Surprisingly when bound It was found to
possess no thermal antloxidant activity at this temperature on Its
own,even though It was no longer lost from the polymer. However It
was found to synerglise very effectively with even very small
amounts of lrganox 1076 (see Sec. 4.1.) to give a comblnation
whlich compares favourably with the best comblination commerclally
avallable.

The effect of volatlllty of antloxlidants cannot be reallistically
evaluated durlng accelerated uv tests,but In view of the fact that

the actual llfetime of a polymer fllm or flbre outdoors Is between
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10 and 100 times that In the uv cablnet,the signiflicance of
antloxidant substantivity through binding cannot be over

emphasised .

In sec.4.2. more than 50% of monomerlc AATP was observed to be
lost through volatllisatlion of the 2% addlitive In PP wlthln a
period of only 300h,while virtually no loss was recorded In the
bound sample. Although the 2% monomerlc AATP may have been
supersaturated the solubllity of the bound additive Is |Imited

only by the technologlcal extent of binding.

The technlique of binding vinyl antloxldants to PP backbone usling
radlical generators appears to be successful only with antloxlidants
whose precursors are not effectlive radlcal scavengers such as

hindered piperidines .

The effect of radlcal generation In presence of effective radlcal
scavengers such as DBBM with 2 radical trappling functlional groups
Is to Instantly reduce the alkoxyl radlcal generated with very

minimal attack on PP molecular chalns (see Sec. 5.1)

DBBA was found to be bound to PP only to the extent of 60% at

5g/100g and only with DCP Inltlation. Attempts to bind higher

concentrates were unsuccessful.
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The actual actlve radical In this binding process appears to be
the methy! radical (fragmentation product) rather than the
cumyloxyl radical Itself.

It Is obvious that binding an antioxldant to a polymer backbone
restricts Its mobllity. This restriction however does not appear

to adversely affect the effectiveness of the antioxidants.

6.2.RECOMMENDATION FOR FURTHER WORK

1.Both viny!l groups (acrylate and acrylamlde) In AATP are observed
to react In presence of a radical generator (see Sec. 3.2.2.)
during the polymerisation and binding reactlons. From |.r.
evidence, not all the vinyl unsaturation disappeared after the
reactlon, and all the remalning unsaturation was attributed to the
acrylate unsaturation. However the reactlivity of the 2 vinyl
groups (and Influence of adjolning groups) cannot be unambliglously
ascertained on the basis of thls evidence alone. Further work Is
therefore needed to measure the relatlve reactivitles of the vinyl
groups, by preparing and studying the reactivitles of the amide
(1- Acryloyl-2,2,6,6-tetramethy! pliperidinol) and the acrylate (4-

Acryloyloxy 2,2,6,6-tetramethylipliperidine).

2. Although the formation of nitroxyl radicals was observed to be

more faclle with the acryloamide than the saturated ester In AATP

( see Sec. 4.1.) the actual mechanlism of nitroxyl radlcal
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formation with elther of the two groups as substltuent on the

piperidine nitrogen, needs to be Investigated.

3. Isocyanate formatlion was observed to occur when AATP was
processed wlith high ratlos (>C) of elther DtBP or DCP ( see
Sec.4.1)

The formatlion of Isocynates can only happen as a result of ring
opening reaction, with the consequent destruction of the
stabllisling specles. This |Is therefore an Important slide reactlon

whose extent and mechanism need to be further Investligated.

4. BPM was shown to be bound to the extent of 90% In PP (see
Sec.5.1.4.) from a §% concentrate In PP. More work Is therefore
needed here to find the optimum masterbatch concentration and the

effect of high ratlo of the radical generator on the solublllity of

the concentrate In a dlluted sample.
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