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SUMMARY

Various monoacrylic compounds containing a hindered phenol funciion (e.g.3,5-di-iert.-
butyl-4-hydroxy benzyl alcohol, DBBA and vinyl-3-[3',5'-di-tert.-butyi-4-hydroxy
phenyl] propionate, VDBP), and a benzophenone function (2-hydroxy-4-[beia hydroxy
ethoxy] benzophenone, HAEB) were synthesised and used as reactive antioxidants (AO's)
for Polypropylene (PP). These compounds were reacted with PP melt in the presence of
low conceniration of a free radical generator such as peroxide (reactive Frace%ing) oy
produce bound-antioxidant concentrates. The binding reaction of these AO's anto PP was
found to be low and this was shown to be mainly due to competing reactions such aa
homopolymerisation of the antioxidant. At high concentrations of peroxide, higher
binding efficiency resulted, but, this was accompanied by melt degradaiion of ihe
polymer. In a special reactive processing procedure, a di- or a irifunctional veaciani
(referred to as coagent), e.g.fri-methylol propane iri-acrylaie, Tris, and Divinyl henzens,
DVRB, were used with the antioxidant and this has lead to an enhanced efficiency of ihe
grafting reaction of antioxidants on the polymer in the meli. The evidence suggeais ihal
this is due to copolymerisation of the antioxidants with the coagent as well as grafiing of
the copolymers onto the polymer backbone.

Although the 'bound' AO's containing a UV stabilising function showed lower overall
stabilisation effect than the unbound analogues before extraction, they were still much
more effective when subjected to exhaustive solvent extraction. Furthermore, a very
effective synergistic stabilising activity was achieved when two reactive AO's containing
thermal and UV stabilising functions e.g. DBBA and HAEB, were reactively processed
with PP in the presence of a coagent. The stabilising effectiveness of such a synergist was
much higher than that of the unbound analogues both before and afier extraction.

Analysis using the GPC technique of concentrates containing bound-DBBA processed in
the presence of Tris coagent showed higher molecular weight (Mn), compared to that of 4
polymer processed without the coagent, but was still lower than that of the control
processed PP with no additives. This indicates that Tris coagent may inhibit further meli
degradation of the polymer. Model reactions of DBBA in liquid hydrocarbon (decalin)
and analysis of the products using FTIR and NMR spectroscopy showed the formation of
grafted DBBA onto decalin molecules as well as homopolymerisation of the AO. In the
presence of Tris coagent, copolymerisation of DBBA with the Tris inevitably occured,
which was followed by grafting of the copolymer onio the decalin. FTIR and NMR
results of the polymer concentrates containing bound-DBBA processed with and withou
Tris, showed similar behaviour as the above model reactions. This evidence supporis ihe
effect of Tris in enhancing the efficiency of the reaction of DRBEA in the polymer mali.
Reactive procesing of HAEB in polymer melts exhibited crosslinking formation in ihe
early stages of the reaction, however, in the final siage, the crosslinked siruciure was
‘broken down' or rearranged to give an almost gel free polymer with high antioxidant
binding efficiency.
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INTRODUCTION

1.1 GENERAL INTRODUCTION

Polyolefins as a commodity plastic dominate significantly both in household and indusirial
applications, due to their low price, versatility, ease of processing, in addirion o their low
weight to volume ratioll). A major drawback, however, is their susceptibility to oxidative
degradation(2). A range of antioxidants have, therefore, been used fo profeci these
polymers against oxidation during processing and fabrication and subsequently when
subjected to hostile environments during in-service performance(3:4). This has lad 0
dramatic increase in their annual production(1). Polyolsfing dominaie the world
thermoplastic market for both antioxidant and light siabiliser usage. The polyalefin
industry consumes approximately half the antioxidants and three-quarters of the light-
stabilisers produced for thermoplastic polymers(3:0.7). A major problem associated with
the use of antioxidants in polymers is their physical loss especially when subjected io
aggressive environments, e.g. oils, solvents and foodstuffs. The loss of antioxidants does
not only lead to loss of their intended function (stabilising activity), but also (o
contamination of the surrounding environment, with adverse consequences such as in the

case of food packaging and medicinal applications (89),

1.2 DEGRADATION OF POLYOLEFINS

Polymers deteriorate as a result of conditions encountered during two main aiages,
processing and subsequently in service. In the former, the polymer is subjected o high
temperatures and shearing forces in the presence of very small conceniration of oxygen (o
relatively short periods of time such as the case with extrusion and moulding opsratiois.
While the long term ageing under the effect of light, heat and mechanical atress, I8 & o
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gradual process. The change in composition and structure of the polymers eventually lead

to the deterioration of the useful properties and ultimately to failure of the polymer articles.

1.2.1 Thermal Oxidative Degradation

During melt processing operation the shearing forces applied on the polymer meli canse
some of the polymer chains to undergo homolytic scission leading to the formaiion of
macroalkyl radicals, see reaction 1.1 in Scheme 1.1. The rate of this chain scission
depends on the dissociation energy (DC-¢) of the bonds(10)., Ultimaiely, megli
degradation leads to changes in the polymer molecular weight, which is echnically very
important since the final properties of the polymers depend to a large exteni on thelr
molecular  weight(11-13), Depending on the siructure of the polymer, different reaciiong

may take place during melt prcmf:gaing(l“"“zm, In the case of polypropylene for example

(reflected in an increase of melt flow index, MFI) (14.21,22) while in polyethylene,

crosslinking reactions dominate leading to a decrease in MFI value(14,21,24),

In general the mechanism of oxidative degradation of polyolefins has been shown o be
very similar to that of low molecular weight hydrocarbons, which was initially proposed
by Bolland, Gee and co-workers(24-27) gee Scheme 1.1. It is generally accepied that
both thermal and photo degradation is generated by initial formation of macro-alky! radicals
(R.), see reaction 1.1. The macro-alkyl radicals formed then react rapidly with oxygen io
give an alkyl-peroxyl radical (ROO.), see reaction 1.2, which absiracts a hydrogen o give
hydroperoxides (ROOH), see reaction 1.3. The raie constant of hydrogen absivaction by
radical primarily depends on the activation energy. These peroxyl radicals are sensifive io

steric and polar effects of the attacking radical and dependent on the reaction IEmperiiims.
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Initation:

shear

Polymer —— 2R. (1.1)
Propagation:

R + 0, . ROO. (1.2)
ROO. + RH - ROOH 4+ R (1.3)
ROO. + SC=0< i ROO«é‘ - !:‘ (i.4)
Termination:

2 R. e produci (1.5)
ROO. + R, B product {(1.6)
2 ROO. —_— g product + Gy (1)

Scheme 1.1 seneral mechanism of hydrocarbon oxidation

Peroxyl radicals are relatively selective electrophilic species, which abstract tertiary bonded
hydrogens in preference to secondary or primary hydrogens(28’30). In the presence of a
double bond, peroxyl radicals easily attack the double bond to form saturated new macro-
peroxyl radicals, see reaction 1.4. The termination of the radical chain is due o reactions
of free radicals with each other by combination, in which inactive products are formed (see
reaction 1.5-1.7). When the oxygen pressure is high, the termination reaction almosi
exclusively follows reaction 1.7. At low oxygen pressures other iermination reaciions ke

place to some extent.
1.2.2 Photo-oxidative Degradation
The main difference between thermal-oxidative and photo-oxidative degradation le# in

the nature and rate of the initiating step, i.e. the formation of the first radicals(31:32), Piya

polyolefins, should be siable to ulira violet (UV) light, since these polymers dov nof abaogk

[
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electro-magnetic radiation energy in the wave-length region above 200 nm. However,
commercially produced polyolefins normally contain impurities that can absorb ai the
longer wave-lengths of the sun's spectrum (>285 nm)(31.32), Photo-oxidative degradarion
of polyolefins can be initiated by the presence of impurities in the polymers, such as charge
transfer complexes, catalyst residues, and various oxidation products formed during
manufacture, e.g. hydroperoxides, peroxides and carbonyls compound (B3-37). 1 was
shown (22,31,38-41) that hydroperoxides formed during polymer processing play a major
role in the initiation of photooxidation while the contribution of carbonyl containing
compounds during the early stages of photo-oxidation is negligable. Hydroperoxides are
exceptionally photolabile (43-45) jeading 1o alkoxyl (RO+) and hydroxy! (OH) radical
formation which can abstract a hydrogen atom from the polymer, which leads o chain

scission during the early stages of photo-oxidation (see reaction 1.8, 1.9 and 1.10),

I . o
ROOH Wml}i“% RO, + OH {1.H)
+ [RO.) ROH + R (1.9)
RH
+ [LOH] H,0 + R, (1.10)

In polypropylene, hydroperoxides undergo photo cleavage by a process which generaies
reactive macroalkoxyl radical (see reaction 1.11), which undergoes [-scission with C-C
cleavage (see reaction 1.12 and 1.13) to form backbone ketone (A) and terminal keiong

(B), (31,32)

CH4 CH;4
hu , s
HCHI&CHZ, —#=  -CHy-C-CHy-  + .OH (.11
H 0.
PP hydroperoxide PP alkoxyl radical




e aCH3 + -CHz"C-CHZ- (1.12)

) CI?H 0% backbone ketone (A)
CH,-C-CH,- =
2% 2 PB-scission
PP alkoxyl radical T
ca _
wlkoxylra L+ oned o+, o

terminal ketone (B)
The reactive PP alkoxyl radical may also hydrogen abstract from polypropylens matrix (sgs
reaction 1.14) to form alcohol, or induce further hydroperoxide decomposiiion followed
by cross termination to form non radical compound, e.g. alcohol, terminal keione (like )

and oxygen (see reaction 1.15 and 1.16)(31.32),

CH,4 CHj

~30% . .
_C]-Iz-(ij_c]—[z- + RH mww—wiw “CHQ%;CH? + R (1.14)
). OH \;@2
PP alkoxyl radical ROO.
CH, CH, CH, CH,4
_CHZ_JE_CHT + -CHZ-%(()}HZ- — —CHZ—%CHZ— + -CHz—i-CHz- (1.15)
0. -H H O.
CH,4 R CH,4 R
"CHz-éi—CHz" + -in" N —CI‘Iz—i—CHQ' + I'{‘ézg + 02 (]16)
00. 0. H

terminal ketone

Various carbonyl species result from high temperature oxidation of polypropyleng and
accumulate during photooxidation, primarily from [-scission of macroalkyl radicala(43)
and also from peroxyl radical termination (reaction 1.16). As the concenimaiion af
carbonyl compounds build up in the polymer, they in turn hecome the cenive for Turiher
chain scission reactions by carbonyl photolysis. Carbonyl species have long beep

considered as key chromophores for the phato degradation of palyalefing (31,38:44,45)




They play a major role during the later stages of oxidation. Ketones undergo two dominani
photo cleavages, following Norrish type I and Norrish type Il reactions. In the Nowrigh
type I reaction, the bond between the carbonyl group and the adjacent ai-carbon ia
homolytically cleaved producing two radicals, (see reaction 1.17), while the Norrish type
[T reaction proceed via a non-radical process. This is an intermolecular process that occurs
with the formation of a six member cyclic intermediate. Subsequeni absiraction of a
hydrogen atom from the end carbon results in decomposition into olefing and keiones

(3D, see reaction 1.18.

~CH, + CO

.,

Norrish | ] N
e CH Y+ CH,CHL-CHy- (117)

0
-ty cHycHyCHy —

macro carbonyl

. H.
Norrish 11 Y7 N\

SR ~CH-(‘<>-)\ g/cH- (1.18)
CH,!CH,

o |

-(:Hz-&:cn2 + CH,=CH-

l

0
_CHZ-H-CH3

1.3 STABILISATION OF POLYOLEFINS

The problems of polymer oxidation can be minimised by using antioxidanis thai can
interfere with the process of oxidation. Therefore, the inhibition of polymer oxidaion
can be achieved in two ways, firstly, by breaking the primary chain oxidative procsig
using chain-breaking (CB) antioxidants and secondly, by preventing or refarding (e
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formation of free radical initiator and hydroxides, the most important class here are
peroxide decomposer (PD)(46). Scheme 1.2 represents polymer oxidation by {wo

interlinked cycles and shows the points at which the 2 major classes of antioxidanis

interfere with these cycles n.

RH 0,

Chain

RO. +.OH Re Breaking ROO.

UV-absorber, T Prevention
Metal deactivator,
Quenchers

Heat

Light PD-S

Metal ion PD-C

Scheme 1.2 Stabilisation mechanisms of polyolefins

The chain breaking mechanism operates by interrupting the chain oxidative cycle (see
Scheme-1.2), by removing the main propagating reactive alkyl (R+) and alkyl-peroxyi
(ROO-) radicals. The chain breaking antioxidants act either by accepting an electron or Fs
(i.e. oxidising the alkyl radical, R-) in the absence of oxygen (chain breaking aceepior,
CB-A), or by donating an electron or H: to ROO (i.e. reducing ihe ROGE), thess
are known as chain breaking donors (CB-D)(47,48), Example of CB-A  aniloxidania
include quinones, stable radicals such as nifroxyls. These have to compefe with axygen oy

the macroalky! radicals (R+) to show effective antioxidani activity (4’7“‘4@39 (BB€ TRACHO
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1.19). In general, therefore, molecular requirement for a CB-A antioxidant is similar

to that for a polymerisation inhibitor .

i

/" Antioxidant, (CB-A)
02

ROO.

\]

Pro-oxidant

Antioxidants that reduce alkyl-peroxyl radicals (ROO-) by donating an eleciron (or |+
are referred o as CB-D. These have to compeie with the subsirate for the allyl-peroxy]
radicals (ROO9), see reaction 1.20 (47-49) Major examples are based on hinderag

phenols and aromatic amines.

ROO. (1.20)

R'H
= ROOH + R,

Some antioxidants can act by both CB-A and CB-D mechanisms, (see Scheme 1.3) and are
referred to as regenerative antioxidants (47,50-52) " For example Galvinoxyl (C.) is
particularly effective in polypropylene and in the first minute of mixing in a closed internal
mixer at 200°C is converted to the hydrogalvinoxyl GHY(51 S2) The hydrogalvinnuyl
(GH) functions as a CB-D antioxidant to donate electron (H+) 1o alkyl-peroxyl radica

(ROOD)), see Scheme 1.3,




0,
CH CH
é 3 & 3 Shear CH3
-CH,CHCH,CH- = -CH,CH. -CH=CHCHj;
(R.) I

CBUZ SN N LBy -Bu” \‘t~Eu

Galvinoxyl (G.) Hydrogalvinoxyl (GH)

ROOH

Scheme 1.3 Cyclical regeneration of galvinoxyl (G.) during the melt
stabilisation of polypropylene

However, as the shear in the mixer decreases due to reduction in polymer melt viscosity,

GH is partially re-oxidised to galvinoxyl, G- (CB-D mechanism) by alkyl-peroxyl radicals,

which then accumulate in the system. Furthermore, the galvinoxyl radical forming from

the above reaction may react with alkyl-radicals (-CH2-(CH3)C.-H, R-) by CB-A

mechanism to produce a non radical product (-CH=CH-CH3)(47.50-52),

The PD mechanism involves decomposition of hydroperoxides in a process that dosg noi
lead to the formation of free radicals. Twao classes of antioxidants show PD activity, the
first are based on phosphates which decompose peroxide stochiomeirically (reduee
peroxides to alcohols), see reaction 1.21 (53-58), The second include variety of sniphr

compounds such as, thiodiprapionate esters (1), dithiocarbamares (I1), dithiophosphatsa
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(ITT), all of which act by catalytically decomposing hydroperoxides (PD-C mechanism)
(56,59,60)

19 +ROH (1.21)
3

Tris-nonyl phenyl phosphite

RO-(CO)-CH,-CH,-S-CH,-CH,-(CO)-OR
I

S 7SN\ S S5
Ro-N- C-N-R ROY,-PZ S\ (OR
m

I

UV absorbers are a class of stahilisers that have intense absorption in the region of 280 o
370 nm, but are transparent in the visible region. The best examples of this category are
the 2-hydroxybenzophenones (IV) and the benzotriazoles (1Iva)(31), UV absorbers can
absorb the harmful radiation (UV energy) that causes photooxidation and convert it to a

harmless radiation (61,62), for more detail this will be discussed in Section 1.7.

1.3.1 Synergistic and Antagonistic Effecis

Tn practice, o enhance the activity of a stabilisation sysiem, more than one iype of

antioxidant which can act by different mechanisms can be employed in order in relnforce
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their action. If the overall effect adds to more than the sum of the effect of the individual
antioxidants, then this is referred to as 'synergism'(49,63-65) The mechanism by which
the synergistic mixture function, depends on the original mechanism of action of each of
the antioxidants in the mixture. Classical examples of synergistic antioxidant sysiems
include combination of hindered phenols and phosphite antioxidants, hindered phenals and
substituted thiopropionates, hindered phenols with UV absorbers or sulphur compounds

containing UV absorbers (66-68),

Unlike synergism, antagonism reduces the overall effectiveness of combinations of
antioxidants. Mar'in and Shlyapnikov(69) had studied the influence of a higher carbonylic
acid (which may be present in oxidised polymer) in phenolic antioxidant systems, which
can reduce the effectiveness of antioxidants compared to that of the active individual
compounds. This antagonism between phenolic antioxidant and organic acids was Toind
to be caused by formation of an acid-phenol complex and the contribution of phenol
esterification reaction becomes considerable only at latter stages of the process, because

of its low rate, see reaction 1.22(69),

Ph-OH + R-COOH e [ Complex | (1.22)
Phenolic AO  Organic acid slow

Ph-O-(CO)}-R + H,0
Allen and co-workers (70.71) also reported that under photooxidation conditions hindered
amine light stabilisers (HALS)/hindered phenol sysiems in polyolefins showed aniagonisiic
effects. One reason for this antagonistic effect was suggested to be due o deactivaton of
the hindered phenolic moiety when used in combination with HALS due (o iis oxidation
by the >NO- radical (72-74), The hindered phenol oxidises easily by niroxy! radicale jo
form phenoxyl radical and this is followed by the formation of a benzoquinnne, sse

reaction 1.23.




Sulfur containing antioxidants (as hydroperoxide decomposers) were shown to antagonize
the photo-stabilising action of HALS in polyolefins. The antagonistic effect is explained by
a mechanism in which sulfur-containing compounds may decompose hydroperoxides in the
polymer matrix, resulting in retardation or prevention of the formation of nitroxyl-derived

from HALS, since the nitroxyl is considered to be essential for photo-stabilisation
(75-79)

(1.23)

1.4 CHEMICAL AND PHYSICAL LOSSES OF ANTIOXIDANTS
FROM POLYMERS.

There are two factors that are responsible for the effectiveness of antioxidanis, i.e, the
antioxidant's intrinsic behaviour and their retention in the polymer during their useful
lifetime. The intrinsic behaviour of antioxidants and the nature of transformation producis
formed during processing and subsequently under environmental condition depend
primarily on the initial chemical structure of the antioxidants. By appropriate modificaiion
of the active structural features, the antioxidants may be tailored to improve fheiv
effectiveness. However, effectiveness of intrinsically active antioxidanis can be uaefyl
only if they can be maintained in the polymer during processing and in service(MAd),

Antioxidants can be lost from the polymer by chemical or physical means.  The nafiire of
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chemical losses varies from one class of antioxidant to another. The chemical losses in
polymers could be undesirable or desirable. Many reviews (31,62,81-84) appeared
recently describing the chemical losses of antioxidants from polymers during Processing
and under effect of UV light and heat. It was reported (81) that 2-hydroxybenzophenone
(IV) can be destroyed by hydroperoxides, peroxides and that their losses during

photooxidation is largely due to their activity as free radical scavengers.

The Ni complexes, V and VI were shown to be chemically lost during photo oxidation of
polyolefins(85-92).  Nickel complexes of dithioamides were shown to act as stabilisers by

decomposing hydroperoxides and also by scavenging free radicals.

PZ
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RzN_C/ \Ni d \C*NRZ
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Physical losses of antioxidants are affected not only by the nature of the antioxidants but
also the properties of the polymer and its morphology which in turn affect the corapatibiliiy
and extractability of the antioxidants in the polymer. In addition, pracessing conditions
and the nature of the contact media also coniribute to the physical losses (B.93-97) The
compatibility and solubility of antioxidants with polymers are associated with the
interaction between polymer and antioxidant through their cohesive forces thai affect ihe
homogeneity of the antioxidant in the polymer. The degree of compaiibility ean b
improved by incorporating polar groups inta the antioxidani moleculea@387) i the cane

of polar polymer, or non-polar groups for non-polar polymers. Solubility of anroxidaria
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depends greatly on temperature, antioxidants may be soluble at the high processing
temperatures but may come out of solution when polymers are cooled down 1o room
temperature(94). Volatility is another major cause of physical loss of antioxidanis ai
elevated temperatures. As the concentration of antioxidant on the surface decreases, the
antioxidant in the bulk starts to diffuse to the surface layer leading to more volatilisation
(94,96). The extractability or leachability of antioxidants can also affect their performance
when polymers are in contact with a dissolving media (e.g. oil, acid, water, desrgeni
solution, food stuffs). Besides the solubility of antioxidants in the media, the diffusion of
antioxidants from polymer to the contact media materials also affects the rae of
evaporation or leaching of antioxidants. Antioxidants with high diffusion coefficienis

migrate easily to the polymer surface and this lead nliimately to rheir loss (8:93,94),

i.5 IMPROVING SUBSTANTIVITY OF ANTIOXTDANTS IN
POLYOLEFINS

1.5.1 General Approaches

Improving substantivity of antioxidants in polymers continues to be an area of interest
both in industrial and academical institutions. Several approaches to this problem have
been described in the literature(98-102). The first simple solution is based on increasing
the molecular weight of the antioxidants. Some antioxidants, however, still can be losi
when subjected to aggressive environments and the bulky structure of the antioxidant can
also reduce their compatibility in the polymer (103-107). The second approach is thraugh
copolymerisation of the antioxidants during synthesis of the polymer (108,109) Althewy i
this approach is technically effective, high cost is involved in producing new specialiiy
polymers for each end use(98:110-112) " The more attraciive aliernative approach involves
modification of the polymer with reactive antioxidants during the processing operation, this
approach is referred 10 here as reactive processing. In a special reactive processing
procedure(98,110-112), antioxidant concentrales (masierbaiches) of different polymers
were prepared in which the reactive antioxidani becomes highly atiached i the polyier
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backbone. These antioxidant concentrates can be used as conventional antioxidants by
dilution in the same or different thermoplastic polymers. One general problem associated
with reactive processing, however, is that several side reactions, such as homopoly-
merisation of the additive and crosslinking of the polymer, compete with the main grafting
reaction. The extent and contribution of the desirable (grafting) and undesirable (side
reactions) is greatly dependent on the processing conditions, e.g. time, femperaiure,

molar ratio of initiator to additive and the presence or absence of any co-reactive

Various workers have shown that under certain aggressive environments the synilietic
polymer having chemically bound antioxidanis are superior o polymers containing a
dispersed antioxidant(113-117) The general methods of increasing the antioxidanis
substantivity such as copolymerisation and grafting of manomeric antioxidanis, and
binding of non-polymerisable antioxidants onto polymers have been veviewsd
(98,100,118)

1.5.2 Experience at Aston on Bound Antioxidants Using a Reactive
Processing Procedure

Carrying out chemical reactions of antioxidants in a polymer melt is referred (o as reactive
processing. Much effort has been devoted at Aston over the last 15 years to chemically
attaching antioxidants and other additives to a wide range of polymers during mel
pmcessing(%,%,lm,l 10-112,119-131), 1n mast of the work, concentrates of polymer
bound-antioxidant (with concentration up to 20%) were prepared and subsequently diluied
down in fresh polymer to the normal low antioxidant concentration (107, 111,112,118+
124,127-131) Reactive processing is normally carried out under oxygen depleied
conditions and usually takes place through radical-initiated chemical reactions in which the

functionalised antioxidant, becomes aitached 1o the polymer backbone, Careful design of

45



the functionalised antioxidants and control of processing parameters is Very imporiant (o

avoid the large number of undesirable side reactions that compete with the grafting reaction

of antioxidants.

Reaction of thiol containing antioxidants in the polymer melt can be initiated mechano-
chemically by the influence of shear instead of using free radical iniriators (98.99,107),
It had been reported (119) that thiol containing antioxidants (e.g. 2,6-di-iert.-butyl-4-
hydroxy benzyl mercaptan, BHBM) and stabilisers (e.g. 4 - ethaxymercaptoacetaie - 2 -
hydroxy benzophenone, EBHPT) can be chemically reacted with rubbers and rubber
modified plastics (e.g. acrylonitrile butadiene styrene, ARS) in high yields and under
conditions of high temperature and high shear during processing. A phenolic thinl
antioxidant (BHBM) and two thiol amide (4-mercapto acetamido diphenilamine, MATIA
and 4-mercapto propionamido diphenylamine, MPDA) have heen reacied with niivile
butadiene rubber (NBR) in latex under condition closed and opened iniernal miier

condition, at 55°C, and high shear during processing (120) 10 high levels.

NH NH-CO-R MADA, R = CH,SH
0

MPDA, R = CHzCI‘Ist

H

EBHPT, R = CH,SH

BHT, R =CH3
DBBA, R=CH,0COCH=CH,
BHBM, R = CH,SH

Furthermore, other antioxidants containing thiols group were mechanochemically reacied
with both natural rubber (NR)Y(123) and styrene-butadiene-rubber (SBRYUT21Y ynder
processing conditions (closed internal mixer at 70°C). This method is particularly suitable
for unsaturated polymer such as natural rubber (NR), nitrile butadiene rubber (NBIRY wivd

thermoplastic elasiomers (6.8, ABS, SBR) but not for saturared hydrocarbon polyimets
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e.g. polyolefins.  Another problem of this approach is that it is difficult to achieve Very
high levels of binding due to the formation of disulphide (from the thiol antioxidant) which

is a major by-product and this can easily be lost from the polymer under aggresive

environments (8:107) see reaction 1.24.

Melt
rocessing ) A
rASH TR . (1.24)
Sheay
unsaturated polymer AS-SA
Thiol containing AO Disulphide

More recent efforts at Asion(107,111,112,125,128-130) have concentrated on developing
methods for grafting of functional antioxidants on polyolefins. Acrylaie monamers, Vil
(e.g. AATP, AOTP, DBBA, HAER) and maleaie esters, VI [e.g. Bis (2,2,6,6-isir4

methyl piperidinyl) maleate, BPM], containing antioxidant functions were reacted with

polyolefins in the melt in the presence of a free radical initiator (during processing).

FM-0-CO-CH=CH, FM-0-CO-CH=CH-CO-OR

VI VIII
In general, it was shown (99,111,112) ha; acrylates and methacrylates containing
antioxidants (VII) lead to low levels of adduct formation due to effective competition from
homo-polymerisation. These antioxidant homopolymers are less effective than the grafied
antioxidants since they can leach out under exfraction conditions in addition to the faci thai
they may form phase separatian(%’l”f”?'). It was shown that monofunciionsl
antioxidants (e.g. vinyl containing HALS, AOTP) lead to low grafting efficiency due
mainly to homopolymerisation of the antioxidant. However, using a muliifuncinnal
coagent (e.g. trimethylol propane triacrylate, Tris) was afford 1o enhance the grafiing
efficiency of the monofunctional antioxidant profoundiy(126). Maleate derivatives (6.

BPM) were shawn to give higher binding efficiency than vinyl containing antionidanis
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since the extent of homopolymerisation of the former is lower (111). Reaction of

polypropylene with bi-functional antioxidants, e.g. AATP, lead to practically complefe

efficiency (100%) of binding (112),

AOTP, R=H
y—0-(C=0)-CH=CH,

AATP, R=CHy=CH-CO-O

Y- 0-(C0)-CH=CH-(CO)-Ow BPM

CHy=CH-(C=0)-0-CH,
CH,=CH-(C=0)-0-CH, W;(?Cl‘“inl’*lg Tris (TMPTA)

CH,=CH-(C=0)-0-CH, /
1.6 HINDERED PHENOLS AS ANTIOXIDANT

Hindered phenols may be considered as the classical melt stabilisers for polymers and have
been the focus of intensive industrial and academic research since the 1950's. The
researches involved are in the area of, relationship between structure and antioxidant
activity, kinetic elucidation of stabilisation mechanism, chemical transformations and
studies of co-operation mechanisms in mixtures of different additives and effect of physical
factor (e.g. compatibility) on stabilising activity(49.61.62.93.97) " The main action of
hindered phenol (PhOH) as antioxidants is their activity as radical scavengers to form &
stable phenoxyl (PhO.). It was shown (T1.73) that hindered phenol can also wap free
radical such as ROO- to form phenoxyl radical, see Scheme 1.4, This phenoxyl radical

formed can react to the second radical to form quinone, see reaction 1.25.
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ROO. ROOH

(PhOH)

Scheme 1.4 The first step involved in the stabilising activity of
hindered phenols

(1.25)

The phenoxyl radical formed can also undergoes chain iranfer reaction (see reaciion 1.26)
as well as competing reaction of oxygen with phenoxyl radical (PhG.), see reaction 1.37.

This reaction become more favourable with less sterically hindered phenols.

Chain transfer reaction

PhO. + RH &= PhOH + R. (1.26)
0, RH R.
PhO. , w  PhOO. \ /w» PhOOH (1.27)

The stabilising activity of phenolic antioxidanis (PhOH) are strongly dependent on iheiv
structure. In general the transition state involves both electron delocalisation and charge
separation within the benzene ring of the phenolic antioxidant (see Scheme &).
Consequently, groups in the 2, 4 and 6 positions which extend the delocalisation of the
unpaired electron (e.g. phenyl or methyl), increase the activity. Electron-releasing grouijia

(e.g. R2N, RNH, RO, R) on the para position, on the other hand, decrease ihe snergy

of the transition state and consequently increase antioxidani aciivity, whereas elscivnii-

49




attracting groups (e.g. Cl, CN, COOH, NO,) decrease the activity (132,133) The

presence of at least one tertiary alkyl group in the ortho position is necessary for the high
antioxidant activity. Many of the most effective antioxidants in polyolefins are substimufed
in both ortho positions by tertiary alkyl groups. This steric enhancement of antioxidani
activity is due to the increased stability of the derived phenoxyl radical which reduces the

rate of the chain ransfer reaction.

u -Bu
N O 00R  —s|X —( ) O-H--OOR
- — 4,

. + HOOR

Scheme 1.5 Transition State in the oxidation of Phenolic Antioxidant

The relationship between the antioxidant activity of phenols and their structure has heen
thoroughly studied in petrol (96). A few examples are represented in the Table 1.1 below

to show the effect of 2,4, and 6 tri-substituted phenols in petrol.

One of the most widely used and studied hindered phenols is BHT (XT1), this is a very
volatile antioxidants and therefore is very susceptable to physical logg(2,134) Tai
overcome this problem, a variety of higher molecular weight hindered phenols have besn
developed commercially such as Trganox 1076, X1, Trganox 1010, XTV; Antiowidan

2246, XV), see Table 1.2.



Tabel 1.1  Effect of substituents variations in 2,4, and 6 positions on the
antioxidant activity of phenols compared to that of

unsubstituted phenoi* (96),

3
No R Ry R3 Antioxidant activity in petrol
1 H H H IR
2 Me H H 14
3 H H Me 10
4 Me Me H 32
5 Me H Me 47
6 Me Me Me 120
7 Me Me t-Bu 20
8 i-Bu Me Me 170
9 -Bu Me i~Bu 48
10 -Bu i-Bu Me 100
11 i-Bu i-Bu -Bu 46
12 i~Bu i-Bu OMe 200

Table 1.2  Typical Hindered Phenol Antioxidants.

OH

t-Bu t-Bu

t-Bu ,

CH,CH,CO0C ;3H;,

CH,
BHT, IX Irganox 1076, X
R | . OH OH
OH |
t-Bu | tBu t-Bu ) B

CH,CH,COOCH;|~ C CH, CH,

Trganox 101, XI Antioxidant 2246, %Il




1.6.2 Chemical Transformation of Hindered Phenols and their
Activity as Thermal Stabilisers for Polyolefins.

Phenoxyl radicals are the first detectable radical species formed during the antioxidani
action of hindered phenol, see reaction a Scheme 1.6(135.136). They are also formed, o
some extent, by oxidation with molecular oxygen (O, or Os) at temperature above 1500C,
during sensitised photo-oxidation(137) and during radiolysis of phenals(!38), The
chemistry of phenoxyl radicals is decisive for the consecutive transformations of phenols
observed in oxidised polymers. The nature of chemical transformations which was
examined mainly in model systems has been reviewed extensively (71:132,135-138) e

salient features are summarised in Scheme 1.6.

The main chemisiry of the transformation of phenolic antioxidants (PhOH) therefore siar
with stable phenoxyls (PhO+) which followed by its further ransformaiions thiough
bimolecular disproportionation lead to a quinone methide, QM (reaction a Scheme 1.6). C-
O coupling of PhO- with mesomeric cyclohexadienonyl radical (CHD-) leading to
aryloxy cyclohexadienones (ArO-CHD), see reaction b Scheme 1.6. C-C coupling of
benzyl radicals formed through formal rearrangement of CHD-, resulting in phenolic
dimers (HOPh-Ph'OH), see reaction ¢ Scheme 1.6. This is followed by combination
of CHD- with a second ROO- to form alkylperoxy cyclohexadienone (ROO-CHD), see
reaction d  Scheme 1.6 (139,140),

It was reported by Gugumus (141) that reaction 1.28 is an imporiant mechanistic feature
contributing to the efficiency of hindered phenals substituted with a propionaie group.
After reaction of hindered phenol with alkylperoxyl radical to form phenoxyl radical
(PhOY), a second alkylperoxy! radical, ROO- (see reaction 1.30) is scavenged by Phly o
give quinone methide (QM) without the formation of ROO-CHD that is an initiator. The
process has a CR-regenerative characier due fo the intramolecular rearrangement of ihe QR

o \ ) 3 \
farmed which is substituted with a cinnamaie group(141),
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Lt-Bu t-Bu_ -Bu -Bu. W Lt
RO,.
CH,R CH,R RH,C

(PhOH) (PRO)) _(CHD) (ROO-CHD)

N

2RrH,C DOR

c |+ (CHD)

OH
-Bu - -Bu o +Bu_
_° .
-H
R lH R
R —CH R
t-Bu - i “tBu  tBu /Ny tBu
RCH, OH
(ArO-CHD) (HOPh'-Ph'OH) (StQ)

f } }

Scheme 1.6 Chemical Transformation of Hindered Phenol Antioxidant

Where, .
R = H, BHT ; R = CH2-(C0O)-0-C18H37, Irganox 1076
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OD O OH

t.Bu .Bu t.Bu (\ .Bu t.Bu .Bu
ROO. Res. (1.28)
(, -ROOH )
CH «H CH H
I\ l I
CH, CH @ ?H
| |
C=0 C=0 C=0
Or Or Or
In. M Cinnamate group

Hindered phenols can be employed as melt stabiliser, due to their ability to trap ROO-
radicals and the ability of some of the transformation products, e.g. quinonoid structures,
to trap R- (135). The stabilising activity of bound hindered phenols in polymers have
been shown to be higher than that of unbound analogucs(98’142’143)~ Hindered phenols
give photosensitive products, hence, are not used alone in photo stabilising polymers,
but when used in combinations with UV absorbers synergism in photo stabilisation has
been observed(107,111,112,119-125,131,144) " work at Aston(107) has shown that
hindered phenols become effective polypropylene photo stabilisers when grafted to the
polymer through their acrylic groups and in combination with small amount of UV
stabiliser 2-hydroxy-4-(beta acrylate ethoxy) benzophenone (HAEB). The hindered phenol
acts as a radical scavenger, hence it retards the oxidation of the UV stabiliser, HAEB
during processing(143). The stabilising activity of combination of bound AATP and a
commercial hindered phenol thermal stabiliser, Irganox 1076, has also been examined(111)

in polypropylene and the results showed a very high synergistic effect.

Other functional hindered phenols were chemically bound to polypropylene during
processing, €.g. using 3% glycidyl methacrylate, such as, 4-[3',5'-di-tert.-butyl-hydroxy-
phenylacetamido] benzoic acid (XIII) and 4-[3",5'-di-tert.-butyl-4'-hydroxyphenyl-f-
propionamido] salicylic acid (XIV), to give improved thermoxidative stability and better

resistance to dry cleaning solvents(98,142,143),
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t-Bu

R
O XIII, n=1; R=H
HO —~(CH,),-&-NH COOH
XIV, n=2; R=OH

t-Bu

It was also reported (146) that an acrylate containing hindered phenol, antioxidant {i.e. 2-
tert.- butyl-6-(3-tert.-butyl-2-hydroxy-5-methyl benzyl)-4-methylphenyl acrylate, Sumilizer
GM, XV] was shown to be an effective thermal stabiliser for butadiene polymers. The
stabilising mechanism of the phenolic antioxidant under an oxygen free atmosphere was
suggested (146) to be via a unique bifunctional mechanism, which consists of polymer
radical trapping by the acrylate group to give enolate radicals (XVI in Scheme 1.7). This
reaction was followed by fast hydrogen atom transfer from intramolecular hydrogen-
bonded phenolic hydroxyl group to form stable phenoxyl radicals (XVIII) see reaction

Scheme 1.7.
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N
H
g O
t.Bu CHZ t.Bu t.Bu CH2 t.Bu
+ R ——
H3 H3 H3 H3
SGM, XV XVI1

R
H
0
t.Bu CH, t.Bu t.Bu CH, t.Bu
H, H, Hj Hy
XVII XVIII

Scheme 1.7 Bifunctional stabilising mechanism of Sumilizer GM

In order to clarify that the hydrogen transfer occured from intramolecular hydrogen-bonded
phenolic hydroxyl groups, these workers(146) have prepared deuterated SGM (see
structure, XIX), and examined its action in a model experiment using toluene and AZBN
as an initator at 110°C. It was confirmed by NMR spectra that the transfer from phenolic

hydroxyl groups follows route XVIto XVII in Scheme 1.7 and 1.8.
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CH; CH; CH,4 CH,

- I\}2
H3C-i— N=N —(i-CH?, — H3C-$. + .ﬁ-cm
A
N N N N

AZBN

o
0-C-CH= CH,

t Bu CH, CH,
+ H3C-$- N=N -i-cm

A
Deuterated SGM, XIX
O CH3

0-C-CHD- CH,-C- CH3

@ v

Scheme 1.8 The reaction of Deuterated SGM with AZBN

1.7 BENZOPHENONE AS UV ABSORBER OF POLYOLEFINS

2-hydroxybenzophenones comprise one of the best known UV absorbers, which give
effective UV stabilising activity (31,32,61,62,98,147) Early theories on the mode of
operation of these stabilisers showed that they absorb the incident harmful sunlight,
thereby preventing it from being absorbed by the photoactive impurities or structural units
in the polymer(61,62). Photostability is intimately connected with an energy dissipation
mechanism, e.g. 2-hydroxybenzophenones, dissipate their absorbed energy by a
mechanism that involves a reversible formation of six-member hydrogen bonded ring

(61,62). The rapid keto-enol tautomerisation is involved in deactivation of the exited
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state induce by the absorption of light, see Scheme 1.9. The enol form (XXII) of the
carbonyl group is assumed to be more stable in the excited state, whereas the ground state

is in the keto form (XXI). Alternatively, H- transfer to the carbonyl group may also
occur (61,62),

-H H,
o \ o7
I O
C
O —thermal Cr
OR
XXI, Keto-form XXII, Enol-form

O

Scheme 1.9 Tautomerisation of benzophenone

It is well known that the photostabilising action of light stabilisers depends very much on
prior processing history (31,32)  Allen and co-workers(148) have studied this effect for a
number of ortho-hydroxybenzophenones. It was shown that the stabilisers photo-
decompose more rapidly in processed polypropylene compared with unprocessed polymer.
It is also noted that the rates of photodecomposition correlate exactly with initial
hydroperoxide concentration in the polymer. These results are associated with the
following reaction whereby alkoxyl (RO.) and hydroxyl (.OH) radicals produced in the
photolysis of hydroperoxides abstract the ortho-hydrogen atom on the hydroxyl group
from 2-ortho-hydroxybenzophenone (XXIII), see reaction 1.29. The radical product

(XXIV) is then no longer capable to undergo tautomeric equilibrium as shown in Scheme

1.8(67,149)
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H RO. ROH

@—C OR Qg OR (1.29)

XXIII XXIV
.OH HOH

=0
o

Longer n-alkoxy groups in the 4-position of the benzene ring in hydroxybenzophenone
lead to more effective photostabilisation than shorter groups. This could be on two
accounts: first longer alkyl groups lead to increase solubility in the polymer(g), but also, it
was suggested that during irradiation these groups may photolyse to give their

corresponding alkyl radicals, see reaction 1.30(61)

-—@-—OCH3 —@—O + .CH3
hv

_— (1.30)

OCgH, —@—O.H.Can

1 Cage

The smaller methyl radicals may escape more easily out of the polymer cage than the
larger alkyl (e.g. octyl) radical. In the later case, radical recombination could increase
the light stabilising effectiveness of the larger alkyl group substitution of 2-hydroxy-

benzophenone in solution (150,151,152),

Grafting of functional UV absorber onto polymer backbone has been explored(loz).
Although, there are five main classes of UV absorbers: salicylate ester, 2-hydroxy-
benzophenones, 2-hydroxyphenylbenzotriazoles, c-cyano-p-phenylcinnamate esters, and
4-aminobenzoate esters, only a few monomeric UV stabilisers have been employed in
the stabilisation of polyolefins by grafting, primarily the 4-hydroxy-substituted derivatives

of 2,4-dihydroxybenzophenone with the methacryloyloxy group as a polymerisable group,
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see compound XXV to XXVIII. Both bulk and surface grafting of these monomers
have been used for photostabilisation of polyoleﬁns(98). Munteanu et. al. (98) claimed
the bulk stabilisation of polyolefins by melt grafting of UV absorbers: 2-hydroxy-4-
(meth) acryloyloxy benzophenone (XXV and XXVI) and 2-hydroxy-4-[3'-(meth)
acryloyloxy-2'-hydroxypropoxy] benzophenone (XXVII and XXVIII). The polymer,
monomeric stabiliser and peroxide were mixed and processed in an extruder or in an
internal mixer at 130-200°C, using dilauroyl peroxide for low-temperature and dicumyl

peroxide for grafting at high temperatures(gs).

OH XXV, R=H

O O
I
OOt oo v

Sharma et. al. (133,154) have used a similar approach to graft the UV absorbing
monomers XXV and XXVI onto LDPE and PP. In the the absence of a free radical
initiator, it was found that 17% of the monomer was grafted, but the rest was unreacted and
homopolymerised. The chemically grafted UV absorber showed higher UV stabilising

effectiveness compared to that of a UV absorber used as an additives (non grafting) (154),

XXVII, R=H

@_ll @o CH, - éH CH,- O - é i CH, XXVIII, R=CH,

Burchill and Pinkerton (135-157) and Ranogajek et al.(157-159) have reported that
gamma-radiation induced surface grafting of 2-hydroxy-4-[3'-(meth)-acryloyloxy-2'-
hydroxypropoxy] benzophenone (HMPB, XXVIII) onto LDPE, HDPE and PP film.
Vogl et. al. (160) reported that 2-(2-hydroxy-5-vinylphenyl)-2H-benzotriazole (XXIX)

can graft onto polymer molecules.
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XXIX

1.8 OBJECT AND SCOPE OF THE PRESENT WORK

The main objects of the present work are:

1. To synthesis polymer-reactive antioxidants based on hindered phenols, and

hydroxybenzophenone siructures.

2. To improve the efficiency of binding reactions of these reactive antioxidanis info

the polypropylene using reactive processing procedures.

3. To investigate the role and mechanism of a number of co-reactive agents on

the binding reaction.

4, To study the mechanism of the grafting reaction of DBBA (as a concentraie,

MB) in polypropylene melt during processing in the absence and presence of ca-

agent and the nature of the trasformation products. This will be investigaied boih

in polymer and in liquid hydrocarbon model compounds.

5. To investigate the co-operative effects of reactively grafied UV stabiliser (based on
benzophenone) and thermal antioxidant (based on hindered phenal) in siahilising
polypropylene against UV light and heat.

6. To compare the stabilising effectiveness of the reactively grafied UV siabiliser of
that antioxidants with that of commercial antioxidanis coniaining the smme
antioxidant functional but are used as addirives (nof grafiing)
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GENERAL EXPERIMENTAL TECHNIQUES

2.1 MATERIALS

Unstabilised polypropylene (Propathene HF-26) and stabilised commercial polypropylens
(HMW 25) were supplied by 1.C.1. (Plastic Devision) Ltd. Free radical initiators, liguid
2,5-dimethyl 2,5-di-tertiarybutylperoxy hexane (Trigonox 101), dicumylperoxide (DCP,
recrystalised from methanol) and azobisiso-butyroniirile (AZBN, recrysialised from

diethylether) were supplied by Azko Chemicals Lid.

Commercial antioxidants, n-octadecyl-3-(3',5-di-tert.-butyl-4-hydroxy-hexyl) propionaie
under the trade name Irganox 1076, pentaerythrityl tetrakis-(3.5-di-tert.-butyl-4-hydiowy
phenyl) propionate (frganox 1010), and bis-(2,2,6,6,- tetra - methyl-piperidinyl) sshacale
(Tinuvin 770), were kindly donated by Ciba Geigy. 2-hydroxy-4-octyloxy-benzophenone
(HOBP) was supplied by American Cynamid. Trimethylol propane iriacrylates
(TMPTA=Tris), divinyl benzene (DVB), 2,4,6-triallyloxy 1,3,5-triazine (Tac) were
supplied by Ancomer Ltd. The commercial thermal stabiliser 2,2'-methylene-bis-(4-methyl
-6-tert.-butyl phenol) mono acrylate (Sumilizer GM) was kindly donated by Sumitomao
Chemical Company. Table 2.1 shows chemical structure of the above compounds.

Paraformaldehyde, 2,6-ditert.-butyl phenol, potassium tert.butoxide, anhydrous fert.-buiyl
alcohol, acrylic acid, 2,4-dihydroxy benzophenone, sodium hydroxide, sulfuric acid,
sodium bicarbonate, ethylene chlorohydrine, potassium hydraxide, hydrochloride, absoluie
ethanol, mercuric acetate, vinyl acetate, sodium acetate, anhydrous magnesium sulfais,
ortho-di-chlorobenzene, decahydronaphtaline (decaline), henzene, methyleyclohexang, ne
hexane, quinone, dichloromethane (spectroscopic grade) and isooctane were all ex-Aldiiels

Chemical and were used directly without furiher purificaiion.



All other solvents were standard laboratory reagents. These include acetone, hexang,

dichloromethane (DCM), toluene, xylene, diethyl ether, petroleum ether, methanol, dry

toluene, benzene, dichlorobenzene, pentane and chloroform.

Table 2.1 Chemical structure of commercial antioxidanis are used
Chemical structure and name Abreviaton
t-By
HOwfy  )=CH,-CH,-(C=0)-0-C 3H
Hy-CHy-(C=0)-0-Cy4Hy Ivg%r)mc
-Bfi 1076
n-octadecyl-3-(3',5"-di-tert.-butyl-4-hydroxyphenyl propionate
t-Bu
HO - — CH,-CH,-(C=0)-0-CHo} 4C Irganox
e
Pentaerythrityl tetrakis-(3,5,-di-tert.-butyl-4-hydroxy phenylpropionate
H"‘I‘?;}O(CO)-(CHz)g(CO)- - NeH o
Tinuvin
770
Bis-(2,2,6,6-tetra methyl piperidine) sebacaie
Cyasorh
UV-35]
(HORBRM
2-hydroxy-4-octyloxy-benzophenone
Condnued.......
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Continued...

Chemical structure and name Abreviation
[CHZ:CH-(C=O)~O~CH2] 3-C-CH,-CHj, T(Tﬁg)&

Trimethylol propane triacrylates

DVRE

Divinyl benzene

0-CH,-CH=CH,

CH,=CH-CH,-0- Q N T
\ ? 1

0-CH,-CH=CH,

A

2,4,6-riallyloxy 1,3,5-triazine

0-(C=0)-CH=CH,

t-Bu
Sumilizer GM

2,2'-methylene-bis-(4-methyl-6-tert.-butyl phenol) mono acrylate

2.2 SYNTHESIS AND CHARACTERISATION OF ANTIOXIDANTS

Various antioxidants based on hindered phenol and benzophenone siruciures wers
synthesised according to literatures(96.107,129,161-166) 1y general, almost all ihe
synthesis produced hight yield, the highest yield was obtained by esterification  of

benzophenone, but lower yield was resulied from esterification of 3-(3'.8"-di-igr.-

butyl- 4-hydroxy phenyl) propionic acid (Irganox acid). Detailed synthefic procedures

and flowcharis of the preparation are shown helow,
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2.2.1 Preparation of 3,5-di-tert.-butyl-4d-hydroxy benzyl alcohol

(DBHBA)(161)
0
1]
H-C-H
s
K-Tert.Butoxide
in tert. Butanol
DTBP DRHEBA

61.8 g (0.3 mol) of 2,6-di-tert.-butyl phenol (DTBP), 15 g (0.5 mol) of paraformaldehyde
and 3 g (0.03 mol) of potassium tert. butoxide were dissolved in 500 ml of anhydrous
tert.-butyl alcohol. The solution was colled down to 5°C, in ice bath, and continuously
strirred using a mechanical  stirrer, under nitrogen atmosphere for 2 hours. The reaciion
mixture was then poured into an ice water and left ai room temperature for 24 hours,
Two layers were formed, the upper (organic layer ) was separated as a veddish aolid,
The solid product was filtered off and the filtrate was further purified by recrystalisation
from n-hexane. White crystals were formed (melting point 136° - 1370 C) and after
drying under vacuum at room temperature, the yield was 50 %, see Scheme 2.1 (161),
Table 2.2 shows the elemental analysis and a major absorption peaks in infrared
spectrocopy of the product (see also Figures 2.1 and 2.2 for IR spectra). Figure 2.2a
shows the UV spectrum of DBHBA in DCM solution. Tables 2.3 & 2.4 and Figures 2.3
& 2.4 show the proton and 13C NMR spectra of DBHBA.

Table 2.2 Elemental analysis and major absorption peak in FTIR of

DBHEBA
C and H analysis IR analysis
Element | % found | % theoritical em Absarprion perle
C 75.42 75.00 1567 free OH
H 10.64 10.71 3518 hydrogen honded 03
1619-1585 aromatic double hond
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Table 2.3 Proton NMR spectrrum of 3,5-di-tert.-butyl-4-hydroxy
benzyl alcohol, DBHBA in deuterated chloroform.

CH,-O-H
I 4
H No 8 (ppm) m'plicity I (%) Total H
1 7.19 I 6.8 2
2 1.40 1 60.5 18
3 4.58 I 7.6 2
4 1.89 1 3.6 |
5 5.25 | 3.7 |

Table 2.4 13C NMR spectrum of 3,5-di-tert.-butyl-4-hydroxy benzyl
alcohol, DBHBA in deuterated chloroform.

ST
CH3/2C °H
HO ¢ Ve CH,-O-H
?g\crif
H,

C No 5 (ppm) (/) 1(%) Total C
I 153.4 ) 0.3 i
2 136.1 ) 0.6 2
3 124.4 +) 3.7 2
4 131.6 ) 0.5 1
5 34.3 ) I.] 2
6 30.2 (+) 12.1 i
7 65.9 ) 1.6 1




Para Formaldehyde Anhydrous Tert.Butanol

Potasium -
Tert.Butoxide

Stirring Continously Cooling down

for 2 hours under ar5°C
nitrogen
MIXTURE
Pour in Ice Waier
Left over night Wvl

Two Layer for
Water and <@ Filtering

Reddish Solid

Recrystalised | Water Discolour

from hexane [~ l

Reddish Solid

4

DBHBA

Scheme 2.1 Flowehari for wgpammm of 3 Sdi-tertbulyl-d-hydrovy
henzyl aicohal, DBHEA.

&STOH Lvessy
. VRRARY D
&7 RFORMATION Vi




2.2.2 Preparation of 3,5-di-tert.-butyl-4-hydroxy benzyl acrylate
(DBBA)(162)

0 OH
HO-C-CH=CH, B (A _+Bu
e
| i
- HO CH2- 0-C-CH=CH,

DBRA

A mixture of 47.2 g (0.2 mol) freshly prepared 3,5-di-tert.-buiyl-4-hydroxy benzyl alcohol
(DBHBA) and 144 ml (2 mol) of acrylic acid was warmed gently (70°C) under nilragen
gas atmosphere, until a clear solution was obtained. To this solution was added ane dip
of concentrated sulfuric acid, refluxed for 8 hours and was allowed to remain at room
temperature overnight. The reaction mixture was poured into cold water and the organic
layer was extracted in diethylether, washed with water, neutralised with aqueous sodium
bicarbonate, dried over unhydrous magnesium sulphate and finally the diethylether was

evaporated in rotary evaporator. The residue was recrystalised from petroleum ether o

give yellowish crystals (melting point, 67 - 680 C), the yields was 60 %, see Scheme
2.2 (162)

Table 2.5 shows the elemental analysis and a major absorption peaks in infrared
spectrocopy of the product (see also Figures 2.5 & 2.6 for IR specira). Figure 2.6a shows
UV spectrum of DBBA in DCM solution. Tables 2.6 & 2.7 and Figures 2.7 & 2.8 show
the proton and 13C NMR spectra of DRBA.
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Table 2.5 Elemental analysis and major absorption peak in FTIR of DBRA

C and H analysis IR analysis
Element | % found | % theoritical cm-1 Absorption peaks
C 75.09 75.50 3588 free OH
H 9.19 R.60 1714 carbonyl unsaturaied
1619-1588 aromatic double bond
1636 &1408 vinyl of acrylic

Table 2.6 Proton NMR spectrum of 3,5-di-tert.-bulyl-d-hydroxy benayl
acrylate, DBBA in CDCly

CH, 2
\__CH,
5
- CH,-O- (C=0) - CH =
3 4 H
6
H No 8 (ppm) m'plicity I (%) Total H

1 7.23 I 3.6 )
2 1.50 ) 31.6 18
3 |5.16 1 3.5 2
4 1615-623 4 17 |
5 6.44 - 6.50 2 17 i
6 5.82 - 5.86 2 1.8 |
7 |5.35 1 1.8 1
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Table 2.7: 13C NMR spectrum of 3,5-di-tert.-butyl-4-hydroxy benzyl
acrylate, DBBA in CDCly

v 8 9 10
_ CH,-O- (C=0) - CH = CH,

C No 5 (ppm) (/) I (%) Total ©
1 154.0 -) 0.4 |
2 136.1 ) 0.9 2
3 125.8 (+) 4.4} 2
4 128.4 () 0.6 1
5 34.3 () 1.3 2
6 30.2 (+) 12.1 6
7 67.2 ) 1.8 1
8 166. ) 0.2 1
9 128.6 (+) 1.3 1
10 130.1 ) 1.4 1




Acrylic Acid DB HB A

R

] ) Warming gently
Sulfuric Acid =1 until clear under N2

Refluxed
for 8 hours -
Settling down
over night
Diethyl ether |
? |
Mixulf (& 1 With Waier
Neutralised with
NaHCO3 - Dried with
MgSOa

g Evaporating
Diethyl ether

Crystalisation -

| A
Yellow Crystal

s

Recrystalised with
Petroleum ether

DBBA

Scheme 2.2 Flowchart for prepavation of 3.8-di-tert.-buiyl-d-hydraxy
benzyl acrylate, DBRA.
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2.2.3 Preparation of 3-(3',5'-di-tert.-butyl-4-hydroxy phenyl)
propionic acid (Irganox acid)(96,166)

.t-Bu -
KOH/Ethanol FBu AL
o
Irg. 1076 lrg.Acid

A mixture of 32.4 gram (0.1 mol) Trganox 1076, 400 mi of freshly prepared 10%
aqueous solution of potasium hydroxide and 400 ml of absolute ethanol were placed in
three neck round bottom flask. After assembling with a thermomeier, condensor, and
purged with nitrogen gas the mixture was then refluxed for 6 hours and was cooled
down to room temperature. 500 ml of dilute hydrochloride solution was added untill
smoky white precipitate appeared and was allowed to stand over night. The smoky whiie
precipitate was filtered off and washed with warm water. A white solid was found, which

then was recrystalised over methanol to give colourless needle crystal (melting point 1710 -

1720 C), the yields was 30%, see Scheme 2.3(96,166),

Table 2.8 shows the elemental analysis and a major absorption peaks in infrared
spectrocopy of the product (see also Figure 2.9 and 2.10 for IR specira), Figure 2.10a
shows UV spectrum of the product, Tables 2.9 & 2.10 and Figures 2.11 & 2.12 show

the proton and 13C NMR spectra of Irganox acid.
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Table 2.8

Elemental analysis and major absorption peak in FTIR of
Irganox acid

C and H analysis

IR analysis

Element | % found | % theoritical cm-l Absorption peak
C 73.18 73.35 3587 free OH
H 9.46 9.41 1639-1619 aromatic double bond
1707 carbonyl of acid, >C=0

Table 2.9

Proton NMR specira of 3-(3',5'-di-tert.-butyl-d4-hydroxy
phenyl) propionic acid (Irganox acid) in CDCiy,

%}"13 2
, ACHy
§I~I H o
i
HO -~ O - CH,-CH2- C-OH
— 3 4
CH H
g
Hj
H No 6 (ppm) m'plicity 1 (%) Total H
1 7.03 1 52 2
2 |1.44 | 43.5 2
3 2.85-2.90 3 4.5 2
4 2.83 - 2.89 3 4.3 1
5 5.12 1 2.2 18




Table 2.10 13C NMR spectrum of 3-(3',5'-di-tert.-butyl-4-hydroxy
phenyl) propionic acid (Irganox acid) in CDCiy

7 8 9
—. CH, - CH, - (C=0) - OH

C No 5 (ppm) (/) (%) Total C
! 152.2 ) 0.5 !
2 136.6 ) N 2
3 125.1 (+) 4.0 2
4 131.4 ) 0.8 l
5 310 () 2.5 2
6 30.5 (+) 12.] 6
7 36.6 ) 1.9 |
8 34.6 ) 15 |
9 179.7 ) 0.8 |




10% Potasium Absoluie

Hydroxide Ethanol
Solution

Irganox 1076

Refluxed for L =1 Cooling down
6 hours v

| Reaction Mixture

Acidified with diluted HCI
until smoky white
precipitaie appear

Allowed over night

Filtering and drying e
‘ Washed with
: warm water
Smoky White

Precipitate = pe——
Filtering and j
drying

White Precipitate o

Recrystalised
over methanol

Irganox Acid

Scheme 2.3 Flowchart preparation of 3-(3'5'-di-terihutyl-d-hydroxy
phenyl) propionic acid, Trganox acid.




2.2.4  Preparation of Vinyl-3-(3',5'-di-tert.-butyl-4-hydroxy phenyl)
propionate (VDBP)(96,164,165,166)

OH OH
t-Bu . B
o o Vinyl Acetate BV SNV BY
e
Mercuric Acetate

O

Y ]
CH2C[’IQCDO]‘I CY{QCHQW C“O“CHECHQ

Irg.Acid VDBP

27.8 gram (0.1 mol) of freshly prepared Irganox acid, 103.2 gram (1.2 mol) of vinyl
acetate, and 0.406 gram (0.0012 mol) of mercuric acetate were placed in a SO0 mi {hres
neck round bottom flask which was assembled with thermomeier, condensor and purged
with nitrogen gas. After adding 4 drops of concentrated sulfuric acid, the mixture was
then refluxed for 6 hours at 700 C and cooled down to room temperature. Afier
neutralisation with anhydrous sodium acetate the mixture was then destilled at 700-800 C
to remove unreacted vinyl acetate. This was then continuously destilled in vacuum
condition at 10 mmHg and 125° C. The destilate was collected which became yellowish

solid on cooling (melting point 609- 610 C) the yield was 8 %, see Scheme 2.4
(96,164,165,166)

Table 2.11 shows the elemental analysis and a major absorption peaks in infraved
spectrocopy of the product (see also Figures 2.13 & 2.14). Figure 2.14a shows UV
spectrum of the product. Tables 2.12 &2.13, and Figures 2.15 & 2.16 show the profon
and 13C NMR spectra of VDRP.
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Table 2.11 Elemental analysis and wmajor absorption peak in FTIR of

VDBP
C and H analysis IR analysis
Element | % found | % theoritical em-! Absorption peak
C 75.19 74.96 3628 free OH
H 9.46 9.27 1617-1588 aromatic C=C
1755 unsaturated carbonyl,
[-(C=0)-0-]
1646 & 1414 vinyl acrylic

Table 2.12 Proton NMR of Vinyl-3- (3,8 -di-tert.<butyl-d-hydroxy
phenyl) propionate, VDBP in CDCly.

6
© s
- CH, - CH2 - C-O-CH=
3 4 H
7
H No 8 (ppm) m'plicity | I (%) Total H

1 7.08 | 6.8 2
2 1.44 ] 62.4 18
3 2.66 - 2.70 3 5.1 2
4 2.88 -2.93 3 4.9 2
5 7.23 -7.34 4 3.1 i
6 4.87 - 491 2 2.6 ]
7 4.56 - 4.58 2 2.4 ]
8 5.09 | 3.1 ]
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Table 2.13 13C NMR of Vinyl-3- (3',5'-di-tert.-butyl-d-hydroxyphenyl)
propionate, VDBP in CDCl3.

7 8 9 1011
— CH,- CH, - -0-CH=CH,
9
C No & (ppm) (/) I(%) Tatal C
] 152.2 () 0.3 |
> 124.7 (+) 0.1 2
3 124.7 (+) 0] 2
4 1307 ) 05 i
5 30.8 ) 1.8 5
6 30.3 ) 12.0 6
7 36.1 O 18 I
8 34.2 ) 1.1 1
9 170.2 (=) 0.3 1
10 141.1 (+) 0.6 1
11 97.6 O 15 1




Vinyl Acetate Mercuric Acetaie

Sulfuric Acid -

Irganox Acid
Refluxed for I
6 hours, 70°C

Cooling down o
TOOm {emperatuie

Neutralised with
Sodium Acetate

Reaction Mixture

Distilled
at 70°- 80°C -
removed
Distilled in
vacuum condition,
10 mmHg, 125°C —

g | Residue

|
VDBP

Scheme 2.4 Flowchart for prepavation of Vinyl-3- (3" 8'-di-tert.-butyl-q4-
hydroxy phenyl) propionate, VOBP.
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2.2.5 Preparation of 2-hydroxy-4-(beta hydroxy ethoxy) benzophenone,
HHBP(163)

+ CI CH, CH, OH

— OCH,CH,0H

HHBP

21.4 g (0.1 mol) of 2,4-di-hydroxy benzophenone and 4 g of sodium hydroxyde in 40 il
aqueous were stirred for 1 hour in a 500 mi three neck round botiom flask which wasg
assambled with a thermometer, a condensor, and purged with nitrogen gas. After adding
of 10 ml (1.5 mol) of ethylene chlorohydrine, the solution was then refluxed continuously
for 5 hours. Water was subsequently added to the refluxed solution and was allowed o
stand overnight. After washing with water the solution was stirred with mechanical stirrer

until the white solid appeared. The white solid was filtered, dried and recrystalised from

methanol-petroleum ether (1:10) to give yellowish needle crystal (melting point 90-919C),

the yields was 70 %, see Scheme 2.5(163),

Table 2.14 shows the elemental analysis and major absorption peaks in infraved
spectrocopy of the product (see also Figures 2.17 and 2.18). Figure 2.18a shows LV
spectrum of the product. Tables 2.15 & 2.16 and Figures 2.19 & 2.20 show the profon
and 13C NMR spectra of HHBP.




Table 2.14 Elemental analysis and major absorption peak in FTIR of

HHBP
C and H analysis IR analysis
Element | % found | % theoritical em-l Absorption peal
C 69.29 69.77 3463 free OH
H 5.17 5.43 1631-1596 aromatic double bond

Table 2.15 Proton NMR of 2-hydroxy-4-(beta hydroxy ethoxy)
benzophenone, HHBP in deuterated chloroform.

9 10
- CH;-0OH
H No 8 (ppm) m'plicity I (%) Total H

D 1
2) 2
3) 7.41 -7.60 m'plet 193.3 2
6) |
4 6.46 - 6.47 2 30.1 1
5 12.84 1 32.5 l
7 6.37 - 6.40 2 35.5 1
8 4.00 - 4.09 3 62.7 2
9 3.92-395 3 64.0 2
10 2.72 | 40.0 I

i1




Table 2.16 13C NMR of 2-hydroxy-4-(beta hydroxy ethoxy)
benzophenone, HHBP in deuterated chloroform.

12 13
—0 - CH, - CH,-0H
CNo 8 (ppm) (/) 1(%) Total C
1 101.76 (+) 4.8 |
2 128.77 (+) 12.1 2
3 128.23 (+) 11.6 2
4 113.29 (-) 1.4 |
5 166.07 (+) 2.4 ]
6 138.06 ) 1.3 ]
7 200.00 Q) 1.2 1
8 107.46 (+) 5.3 |
9 135.29 (+) 6.5 !
10 131.47 (+) 6.1 ]
11 165.20 ) 1.8 I
12 69.57 ) 6.3 1
13 60.89 -) 6.6 1

#2




10% NaOH solution Stirring for 1 hour

R

DHBP

Ethylene _ Refluxed

Chlorohydrine } for 4 hours

Sodium Salt of

DHBP .
Waier
Left over night %l
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Stirring until I
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o Filtering and
Recrystalised from Drying
methanol/petroleum-
ether (1:10)

y
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$
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Scheme 2.5  Flowchart for preparation of Z-hydroxy-d4-(hela hydroxy
ethoxy) bhenzophenone, HHBP.




2.2.6  Preparation of 2-hydroxy-4-(beta acrylate ethoxy) bemzophenane,
HAEB(163)

24.2 g (0.1 mol) of HHBP, 100 ml of dry toluene, 11.1 ml (0.15 mol) of acrylic acid
and 6 drops of concentrated sulfuric acid were mixed in a 500 ml three round bottom
flask. The flask was then assambled with a thermometer, a condensor, and purged with
nitrogen. The mixture was refluxed for 10 hours and allowed to stand overnight. The
light yellow liquid product was washed with excess water and was netralised with
sodium hydrocarbonate solution and then dried with magnesium sulfate anhydrous. Afier
filtering the toluene was evaporated in rotary evaporator, then dried under vacuum at Yoom
temperature. The solid was then recrystalised with chloroform to give a whiie cryarals

(melting point 67°C), the yield was 90 %, see Scheme 2.5(163),

Table 2.17 shows the elemental analysis and major absorption peaks in infrared
spectrocopy of the product (see also Figures 2.21 and 2.22). Figure 2.22a shows WV
spectrum of the product. Tables 2.18 & 2.19 and Figures 2.23 & 2.24 show ihe proion
and 13C NMR spectra of HAER.
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Table 2.17 Elemental analysis and major absorption peak in FTIR of
HAEB

C and H analysis IR analysis
Element | % found | % iheoritcal cem-1 Absorption peak
C 68.81 69.23 3414 (broad) | hydrogenbonded -G
H 5.08 5.15 1631-1596 aromatic C=C

1725 unsaiuraied carbonyl,
o g | DO
1636 & 1414 | vinyl acrylic

Table 2.18: Proton NMR of Z-hydroxy-4-(beia acrylaie eihoxy)
benzophenone, HAER in deuieraied chioroform.

5 6
H o HO  H 12
i 8 9 10 C{I
H C O-CH,-CH,-0-(CO)-CH=
1 2 2 H
H. H H
2 3 4 7

11

H No 6 (ppm) m'plicity 1 (%) Total H
1) |
2) 2
3) 7.43 - 7.61 m'plet 178.8 2
6) 1
4) 1
7) 6.40 - 6.50 m'plet 83.9 |
11) i
5 12.62 ] 26.9 |
8 4.40 - 4.52 3 66.1 2
9 4.20 - 4.28 3 54.9 2
10 6.12 - 6.18 4 29.0 i
12 5.82 - 6.09 2 31.5 |




Table 2.19: 13C NMR of 2-hydroxy-4-(beta acrylate ethoxy)
benzophenone, HAEB in deuterated chloroform.

12 13 14 15 16
C No 8 (ppm) (/) 1 (%) Total C

i 101.7 (+) 53 i
2 128.8 (+) 12.2 2
3 128.2 (-+) 11.7 3
4 113.4 -) 1.0 [
5 166.1 ) 2.2 [
6 138.1 () (0.8 i
7 200.0 ) (0.9 I
8 107.4 (+) (0.9 |
g 135.3 (+) 0.7 |
10 131.5 (+) 3.5 i
11 164.9 ) 1.3 i
12 66.1 ) 59 1
13 62.3 (-) 5.7 1
14 165.8 (-) 0.6 1
15 127.9 (+) 34 1
16 131.4 ) 1.5 1
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Scheme 2.6  Flowchari for preparation of Z-ydroxy-4-(beis acrylaie-
ethoxy) benzophenone, HAER.




2.3 COMPOUNDING

Polypropylene samples containing 3 - 20% of various antioxidants (agents) were processed
in a Hampden Rapra torquerheometer internal mixer with a free radical initiator (FRT) in
the presence or absence of another functional compound referred to as a coageni to form
concentrates (masterbatches) of the bound-antioxidants. The advantages of using
antioxidant masterbatches are that they are easy to supply and can be diluied down o
normal antioxidant conceniration level (0.1 - 0.2 % antioxidants) in any thermoplastic

polymers.

2.3.1. Reactive Processing of Polymer Samples

The antioxidant (agent), coagent (multi functional compound which can enhance he
binding level of agent) and free radical initiator concenrations were varied, keeping ihs
total weight of the polymer sample constant (35 gram) to charge the full capacity of the
processing chamber. Freshly prepared antioxidant, coagent, free radical initiator (FRI)
after dissolving in 10 ml of DCM and unstabilised polypropylene (Propathene ICI, HF-26)
were tumble mixed together at room temperature. After exhaustive vacuum evaporation at
room temperature, the polymer sample was then processed in a HAMPDEN-RAPRA
torquerheometer head fixed on a BRABENDER motor, with a digital torque recording
motor. This is essentially an internal mixing chamber containing mixing screws conira
rotating at various speeds. The processing may be conducted in the presence of exceas
oxygen (open to the atmosphere) or under restricted oxygen access sealing the chamber vig
a pneumatic ram (closed mixing). The processing carried out in this work was done under
closed mixing conditions (CM, i.e. restricted oxygen access) only for 10 minutes ai 18000
and rotor speed of 60 rotation per minuie (RPM). The torque reading was recorvded evary
15 seconds during the processing operation. Finally, the processed polymer sample

(masterbatch) was removed from the processing chamber and chilled in cold waier i

HR



prevent further thermal oxidation. The polymer samples were then stored in a cold and

dark place.

Heating Oil
Inlet

Figure 2.25 Processing chamber of a Brabender torque rheometer
(internal - mixer)

Masterbatches of 3%, 6%, 10% and 20% were prepared using the polymer and various
molar ratios of radical generator and various percentage of coagent. The dilution of the
concentrates prepared in the torquerheometer with fresh unstabilised polymer was carried

out using the same equipment.

2.3.2. Film Preparation

Polymer films for uv stability test, thermal ageing and speciroscopic siudies were
prepared from the processed samples by compression moulding using an electric
DANIELS press machine. The polymer cancentraie (masterbaich) was placed beiwesn
two polished stainless steel plates, which were thoroughly cleaned before use i ensirs
smooth surface and laminated with special grade heat resisiance cellophane filme 1o

prevent the film sticking 1o the plates. Control of film thickness (0.1-0.2 mm) wig
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achieved by using a standard quantity of polymer sample (7 gram), which was preheated
for 2 minutes without pressure at 180°C. Pressure of 85kg/cm?2 was then applied for 1.5
minutes before cooling down to below 100°C by using cold running water. Polymer
sample films were selected from section of uniform thickness for further test and

investigation.

2.4. EVALUATION OF BINDING

2.4.1 Soxhlet Extraction

Film samples (2 x 3 cm? in size) were exhaustively Soxhlet extracted to remove any
unbound antioxidant and other low molecular mass materials, by using a suitable solvent
e.g. methanol, acetone or dichloromethane (depending on the solubility of the antioxidant)
under nitrogen atmosphere until no antioxidant can be extracted. It was found that 48
hours extraction was sufficient to remove all unbound antioxidant. The extracted films
were dried under vacuum at room temperature for 24 hours. Three films were extracted

for every sample to establish the experimental error.

2.4.2. Assessment of Binding Efficiency of Antioxidants

Either carbonyl (1730 cm-!) or hydroxyl (3639 cm!) indices, with peak reference 1o
the antioxidants in the polymer sample, since the CH7 absorption of polypropylene does
not change in various heat or UV irradiation environments. The absorption area of

carbonyl ester group (>C=0), hydroxyl of (free -OH), and methylene of (>CHz)

of polypropylene were measured by using a Perkin Elmer FTIR Spectraphotometer madel

comparing either the carbonyl or hydroxyl indices before and after extraction, for three film

samples of each antioxidant and the average was taken. The carbonyl index §



ratio of carbonyl absorption area (at 1808 - 1672 cm-1) over that of (>CHp) group of
polypropylene (at 2752 - 2692 cm-1) and similarly the hydroxyl index represents the ratio
of hydroxyl absorption area (at 3673 - 3553 cm‘l) over that of (>CH?2) group of

polypropylene. Binding of the antioxidant (%) is defined as:

Carbonyl or hydroxyl index after extraction
% of Binding = x 100 %

Carbonyl or hydroxyl index before extraction

. (area of 1808 - 1672 cm1)
e.g. in DBBA carbonyl area index is defined as:

(area of 2752 - 2692 cm-1)

(area of 3673 - 3553 cm-1)
e.g. in DBBA hydroxyl area index is defined as:

(area of 2752 - 2692 Cm—l)

Binding efficiency of antioxidant in masterbatch sample film were carried out in triplicates
to establish the experimental error. For example, (B=binding efficiency), B1 = 41, B2=42

and B3=37, hence, the average binding efficiency was taken as 40%. The % error of these

binding efficiency calculation was found to be between 3 - 8%.

To improve the binding efficiency of antioxidant an interlinking agent that has more than
one functional group was used, referred to as a coagent. In the case of benzophenone
masterbatch éontaining coagent, both carbonyl absorption of benzophenone and that of
coagent in the FTIR spectra overlapped in the same area. The amount of benzophenone
antioxidant with or without coagent in the masterbatch, therefore, were measured by using
UV Spectroscopy by comparing the characterisitic absorption intensity at A =288 nm
before and after extraction (see Figure 2.27). The binding efficiency (%) of benzophenone

was calculated by comparing absorbance of HAEB at A=288 nm area before and after

extraction.
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Absorbance area of HAEB at A=288 nm, after extraction
% Binding = x 100 %

Absorbance area of HAEB at A=288 nm, before extraction

2.5 MEASUREMENT OF MELT FLOW INDEX (MFI)

The melt flow index (MFI) is defined as the mass (gram) of the molten polymer extruded
through a standard die in a given time (normally 10 minutes). The measurement of the melt
viscosity of the polymer is related to the molecular weight. 5 g of finely cut masterbatch
samples were used for melt viscosity measurements using Melt Flow Indexer (Davenport)
at constant extrusion temperature of 230 + 50C for polypropylene. The barrel was then
charged with the polymer masterbatch using a charging tool in such a way to exclude air
and the charging-time should not exceed one minute. The masterbatch sample was
preheated for 4 minutes before putting a load of 2.16 kg to drive the molten masterbatch
through a die (diameter @ = 0.1181 cm). The time interval for the first extrudate or cut-off
was 60 seconds and discarded, then 5 successive cut-off's were taken, each at the end of
30 seconds. Any cut off that contained air bubbles was rejected, the average of 5 cut-offs
was taken. The MFI was calculated from the amount of polymer melt (in gram) which
passed through the die within 10 minutes(169). Every sample was carried out in triplicate
to establish the experimental error. For example, MFI] = 1.65, MFI2=1.72 and
MFI3=1.62, hence, the average MFI was taken as 1.65 g/10 minutes. The % error of

these MFI calculation was found between 2 - 4 %.

2.6 MEASUREMENT OF INSOLUBLE GEL (GEL CONTENT)

Polypropylene (PP) is known to be completely soluble in boiling xylene (b.p 1359C),
To examine the crosslinking content (which is identified as insoluble gel in xyiens
extraction), after exhaustive Soxhlet extraction in DCM, to separate the unbound

antioxidant, all the masterbatches (containing antioxidant in the presence of free radical

W
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initiator,Trigonox 101, with or without coagent) were further exhaustively Soxhlet

was very low, indicating very little crosslinking, the extraction was carried out in toluene
(b.p. 110°C) under N7 in order to separate the high and low molecular weight fraciion.
The toluene extract was then further extracted in xylene. Concentration of the antioxidani
in each fraction were calculated by measuring either hydroxyl or carbonyl indices using

FTIR Spectroscopy.

2.7 STABILISING ACTIVITY TEST

2.7.1 Ultraviolet Irradiation of Polymer Films

The masterbaiches were diluted down in fresh polypropylene to the normal antioxidani

concentration level of 0.2 % and 0.4 % for the purpose of photo stabilising and thermal

ageing tests of the stabilised films (thickness of 0.10-0.20 mm). All film samples were
irradiated in an ultra-violet light ageing cabinet containing 28 flourescent-sun lamps and
black lamps. The photo stability of the samples films were followed by measuring the
embrittlement time (see subsection 2.8) and the increase of carbonyl index along with the

control sample of processed polypropylene films.

The ultra-violet cabinet comprised a metal cylinder about 110 cm outer diameter and having
a concentric circular rotating sample drum whose circumference was 15 cm from the
periphery of the metal cylinder. Twenty eight flourescent tube lamps were composed of |
to 3 combination of fluorescent-sun lamps and black lamps, each of 20 watis power and
mounted alternately around the periphery of the metallic cylindrical board(168), The
rotating arrangement of the sample allows an identical amount of tial radiation o fall an
each sample. The cylindrical cabinet was opened 1o the atmosphere on baih the lower &nd
upper sides and the circulation of air in the cabinet was ensured by driven veniilaiion

gituated under the rotating frame. The film were mounied vertically on the circumfemsics of
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a rotating drum fixed inside the cabinet. In this manner, the light beam fell perpendiculary
on the surface of the films. the distance of the sample films from the light source was 10
cm and the temperature inside the cabinet with the lights on was around 300 C. In order to
maintain long term uniform spectral distribution inside the cabinet, the lamps were replaced
sequentially every 300 hours of operation in addition to periodical radiation output

measurements.

The radiation output in the UV exposure cabinet was monitored sequentially every six
months in order to maintain long term uniform spectral distribution inside the cabinet and
also to detect positional variation in output. The measurement is based on the use of
polysulphone films as a dosimeter(169). The intensity of uv-irradiation falling on the

surface of the films was calculated 10 be 5.5 W.m~2. The principle of this method relates io

properties, to the incident radiation dose.

2.7.2 Thermal Ageing of Polymer Films

The accelarated thermal ageing test of processed polymer films were carried out in a Single
Cell Wallace oven at 1400C under air atmosphere. Each sample was contained and
suspended in a separate cell to prevent cross contamination of the additives by volatilisation
and was subjected to an air flow of 3.0 cubic feet/hour (85 liters/hour). The thermal
stability of the sample films were followed by measuring the embriitlement time (ET) and
the increase of carbonyl index along with the control sample of processed polypropylene
films. All tests were carried out triplicate to establish the experimental error. For example,
ET{=266 hours, ET2=278 hours and ET3=257 hours, hence, the average embritilemant

time was taken 267 hours. The % error of the embritilement time was between 3 - 4%,
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2.8 MEASUREMENT OF BRITTLE FRACTURE TIME OF POLYMER
SAMPLES

Film polymer samples of indentical size and uniform thickness containing additives along
with a control were irradiated or heated and were periodically checked and their fimes o
embrittlement were determined by bending the film back on itself 1802 manually. Bach

polymer samples test was carried out in triplicate.
2.9 FOURIER TRANSFORM INFRARED (FT-IR) SPECTROSCOPY

Fourier Transform Infrared Spectroscopy provides a high resolution and more sensifive
mathematical technique compared to that of ordinary Infrared Spﬁcwi&gmpyﬁjm; In
addition, the mathematical calculation can be more accurately carried out by uging &
computer. Like the ordinary infrared speciroscapy, the calculation of absarbance (A) and

concentration (C) also follows the Beer-Lambert law.

A =log(o/l) =ec!
Where,
A = Absorbance
Io = Intensity or radiation effectively entering the sample
I = Intensity of radiation emerging from the sample

¢ = Extinction coefficient expressed in litres mole-! cm-!

¢ = Concentration of absorbing group present in the sample mole/litre

| = Path length of radiation within the sample in cm

In quantitative measurement of infrared specira of polymer films, one can eliminie
experimental error due fo thickness variation of the films, using 4 known reference peak of
the polymer, for instance in the case of polyprapylene the reference peak is the absorpiinn

peak of (>CH2) group at 2752 - 2692 em- 1. This allows the measurement of an ahaorpiion




index of the sample (Ag/Ay), i.e. ratio of absorbance of the sample peak with the

absorbance of the reference peak, which is thickness independent. The Beer-Lambert law
then can be written in the form,

(Ag/Ayr) = B ¢
where, subscript s refers to the sample, r represents the reference and B is a new constan

equal to s / (er ¢r). Using the above equation, Zakrzewski and Henniker (171) have

.L.;.,.

found a good straight line when the absorbance ratio of >C=0 o >CH?3 peaks was ploiisc

against PV A concentration, for the determination of PVA (poly vinyl alcohol) concentration

with the accuracy of measurement of the absorption peak may be overcome by measuring
the peak area, instead of peak absorbance, as shown in Figure 2.26. Using an application
software (M1700) in the Data Station of the Perkin-Elmer FT-IR machine model 1704,

either the area under the curve with the base line of the peak (area of ABC) or the ares

between the curve with the zero absorbance line (area of EABCD) may b culated. In

this work the total absorption area is taken as the area of ABC.

E D zero absorbance

[ g—-’—'Bdselme

1808 cm*-1 1672 ewmi™-1

a.yl)

IrOse

vf“.’h
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Figure 2.26  Measurement peak area in FT-IR spi
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2.10 ULTRA VIOLET SPECTROSCOPY

Ultra-violet spectra of polymer films with additives and solution spectra were recorded
using the Beckman DU-7 ulra violet visible computing spectrophotometer. The insirument
was used to asses the binding efficiency of antioxidant by observing the characieristic UV
absorption band of additives. An additive free polymer film of identical thickness wag used
as reference to compensate for the polymer. This was done (as shown in Figure 2.27) by
drawing a straight line (base line) tangential to an adjacent absorption maxima or shoulder,
then erecting a perpendicular through the analytical wave length until it intersects the bage
line. At "G" the concentration of chromophore group to be determined is zero and ar "FY

there appears an absorpiion peak whose hight (BF) serves 1o calculaie the concentration.

|
] B
| |
| |
l |
| ,/[ “\ I
A | =< i I
| S S|
l g - ’ !
F
! |
’ _Baseline
i G '
zero ahsorbance
. 288 nm .

Figure 2.27 : Measurement of absorption in UV specirophotomeier

As it is known that polypropylene alone gives no absarption in thar wave length area, ihe
absarbance values were calculated using the combined form of the Reer - Lamberi faw:

A =log o/l = eecl
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In the case of solution studies, spectra were recorded using quartz cells of 1 cm path length

with the spectroscopic solvent serving as external reference(170,171),

2, 11 PROTON AND CARBON-13 NUCLEAR MAGNETIC
RESONANCE (NMR) SPECTROSCOPY

Essentially, the atomic nuclei of many elements have a magnetic moment because they are
charged and behave as if they were spinning. This magnetic property can be investigaied
by studying the way in which the nuclei interact with an externally applied magnetic field
(Bo). In essence, the field brings about two energy configurations within which the
nuclear spins are aligned with or opposed to the field (low and high energy states
respectively). The application of radio frequency energy causes some of the spins in ihe
low energy state to go to the higher energy state, bringing about nuclear magneiic

resonance (NMR).

Typical types of magnetic nuclei studied are proton IH and carbon 13C. Fortunately for
the purposes of structural investigation magnetic nuclei come into resonance at slightly
different field strengths due to the neighbouring electronic environment of other atoms. As
an example, the higher the electron density around the proton, the higher the external
magnetic field has to be to promote it to its excited state (high level energy); this nuclei ig
referred to as 'shielded'. Thus, different shielding of the nuclei causes a spread of NMR
signals, or chemical shifts. For instance, protons of tetramethyl silane (TMS) which are
surrounded by high electron density due to positive inductive effect (+I) from the silicon
atom, appear on the NMR spectrum at a ‘chemical shift’ on the high magnetic field ares
(right hand side of the spectrum). On the other hand, the chemical shift of a projon
adjacent to a quarternary ammonium ion (R4N+) sees low eleciron density and is

deshielded and appears at low field.
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In practice, the chemical shifis are expressed in &-units which for a proton is defined as the
difference of the applied magnetic field (in ppm) from TMS (8 of TMS = 0). Another factor
affecting the shift of proton NMR signals is due to interaction with their neighbouring
proton(s), spin-spin coupling, which in the simple case splits the NMR proton signal inio
(n+1) signals with intensity ratio which follows the Pascal's triangle formula (n=number

of neighbouring protons)(172,173),

The NMR signal of a 13C nucleus is weaker than that of 'H due to the lower naiural
abundance of 13C in every carbon atom (only 1.1%), and iis lower magnetic momeni.
Presentation of 13C NMR spectra also uses TMS as siandard (5 = 0 ppm), whereas ihe
position of a particular carbon signal is affected by electronic charge, in which the
hybridisation state of the carbon atom determine their signal positions, i.e, gpz carbon
appear on the lowest field (8 = 100 - 200 ppm), followed by sp carbon (& = 70 - 40 ppm)

and sp3 carbon at highest field (0 - 30 ppm)(174)=

The measurements made in the solid state gave much broader resonances compared o those
in the solution state. When observing NMR of solids, two distinct situations that depend
upon the concentration of magnetic nuclei must be considered. These are the "abundance”
and "dilute" spin cases, the meaning of which will soon become self evident. For protons
in a typical organic solid, with a high concentration of hydrogen in the sample and 100%
natural abundance, homonuclear dipole-dipole interaction are important. In such solids,
protons are the abundant spins. The situation for 13C is different. The 13C nuelei are
diluted by 12C so even if there is a high concentration of carbon, homonuclear dipole-
dipole interactions will occur only at long distances and be very weak. At naiural
abundance, }3C is a dilute spin. In organic solids, heteronuclear (tH-130) dipole-dipnle
interaction dominate the 13¢C broadening (13C-13C interactions are relatively unimporiani

because the natural abundance of this isotope is only 1.1%).
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The H-13C dipolar coupling can be removed by high power decoupling. This leaves the

carbon chemical shift anisotropy as the dominant broadening mechanism. In order ia

respect to the external magnetic field. Thus, the observed spectrum for a typical solid
would represent a superposition of all possible molecular orientations (amisoiropy), as
opposed to specira obtained in liquids, where rapid tumbling of the molecules leads io
observation of an average (isotropic) chemical shift (exhibits sharp lines ai the chemical
shift). However, this broadening can be removed by spinning the solid sample at a rapid
rate compared to the resonance bandwidih of a static sample and inclining it at an angle of
54.7° (the "magic angle") with respect to the external field. This process leads 1o an
averaging of the anisotropy and resulis in a single narrowed absorption at & position

characteristic of the isotropic chemical shift.

The sensitivity of 13C NMR spectroscopy is normally limited by the low natural abundance
of the magnetic isotope, its small magnetic moment, and long relaxation time. The situation
can be improved, however, by the use of cross polarisation (CP). Using an appropriate
spectrometer sequence, magnetisation (polarisation) can be transferred from the protons o
the carbons, resulting in a significant enhancement in carbon magnetization over the normal
value. Moreover, CP allows for in more rapid acquistion of the carbon spectrum.
Together, cross polarisation, high power decoupling, and the magic angle spinning
procedure allow one to obtain high resolution spectra of solids. Measurements made in

solid give 13C spectra with resonances all in (+) values(175),

Measurements of 13C NMR spectra in this work were run in two different ways: solution

and solid states. All spectra were recorded on a BRUKER AC 300 High Resolution NMR

Spectrometer.
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For solution state NMR the sample was dissolved in CDCI3 and 13C NMR specira were
run at room temperature using the J-modulated spin echo (JMOD) method except where
indicated. The JMOD method gives 13C NMR spectra with resonances displayed in a
positive (+) and negative (-) manner. For example, methyl (-CH3) and tertiary (>CH-)
carbon peaks appear as positive (+) values, whereas methylene (-CH2-) and quariernary
(>C<) carbon nuclei exhibit (-) values. In the case where polymerisation was carried ouf
“insitu" a routine method was used. The NMR probe temperature was kept at 373°K. The

latter method gives 13C NMR spectra with all resonances being (+) values.

2.12 GEL PERMEATION CHROMATOGRAPHY

Gel Permeation Chromatography is one of most important techniques for determination of
molecular weight and molecular weight distribution of polymer samples. Molscular weight
changes during thermal degradation of low density polyeiliylene have usually been
explained by chain scission or crosslinking(176) A chain scission process shifts the
molecular weight distribution (MWD) to lower molecular weight. A molecular enlargement

will be observed as an increase of the high molecular weight tail.

The measurement of molecular weight distribution of the masterbatches were carried out at
RAPRA polymer characterisation centre using Gel Permeation Chromatography (GPC).

The condition of the measurement were as follows:

columns : P.L gel 2x mixed gel, 20 micron packing, 30 cm columns
solvent : 1,2 - dichlorobenzene, stabilised with 2,6 - ditert. butyl - p-cresol
flow rate : 1.0 ml/minute

temperature  : 1400C and

calibration : third order polynomial using polystyrene standard
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Molecular weight of a polymeric material is determined from the averages of the range of it
molecular weights, since polymer materials are polydisperse compounds which contain
molecules of different sizes and molecular weights. By definition, there are several

methods of calculating average molecular weight of polymer (176),

- Number average molecular weight (Mn), is calculated from the total weight of polymer (&

Ni Mi ) devided by its total molecules (3 Ni).

S Ni Mi
Mn= __
L Ni
- Weight average molecular weight (Mw) is based on the average of toial weight of the

polymer (3, Ni Mi).

- Z-property average molecular weight (Mz). This is theoretical average molecular weight,

which is defined as:
¥ Ni Mi3
Mz =
¥ Ni Mi2
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Figure 2.14a UV spectrum  of Vinyl-3- (3',5'-di-tert.-butyl-d-hydroxy
phenyl) propionate, VDBP in DCM salution.
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CHAPTER THREE

OPTIMISATION OF GRAFTING EFFICIENCY
OF ANTIOXIDANTS CONTAINING HINDERED PHENOL AND
BENZOPHENONE FUNCTIONS IN POLYPROPYLENE USING
REACTIVE PROCESSING PROCEDURE

3.1 OBJECT AND METHODOLOGY

Two reactive antioxidants containing hindered phenol and benzophenone functions (DBBA
and HAEB see Table 3.1) were synthesised (see Chapter 2 section 2.2). One of the ways in
which the substantivity of antioxidants in polymers may be maximised is by chemically
attaching the antioxidant to the polymer backbone(107,113,114,157,177-182)  1n this
chapter, the above reactive antioxidants are chemically attached to polypropylene using a
reactive processing procedure. Here, the reactive processing is defined as a chemical
reaction of reactive antioxidant onto the polymer backbone in the melt using a free radical
initiator. Previous works (107,113,114,157,177-182) indicate that more than 40% of the
antioxidant is lost from the polymer matrix following Soxhlet extraction using DCM or
acetone. The binding efficiency is usually low (~ 20 - 30%). Earlier works at
Aston(12,13) have shown that the binding efficiency of functionalised additives can be
extended up to 100% in the presence of an enhancing agent (coagent) which contains
more than one polymer reactive groups. Table 3.1a gives a list of the coagents used
in the present work to improve the binding efficiency of DBBA and HAEB in
polypropylene. Masterbatches containing "bound" antioxidants are prepared, and their
binding efficiency is examined as a function of the different processing parameters, e.g.

temperature and time processing, antioxidant concentration, concentration of peroxide and

coagents.
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3.1.1 Evaluation of Binding Efficiency of Antioxidants in Masterbatch

Films

The general experimental procedure used for the work described in this chapter is
summarised below. Unstabilised polypropylene was tumble mixed at room temperature in
small amount of dichloromethane with various concentrations (3 - 20%, w/w) of DBBA or
HAEB antioxidants (see Table 3.1), free radical initiator, FRI (molar ratio of FRI to
antioxidant of 0 - 0.02) and a multi functionalised coagent (concentration 1 - 4%, w/w).
The mixture was then vacuum evaporated at room temperature. 35 gram of the mixture
was then processed in a Hampden Rapra Torque Rheometer at 180° C (setting temperature
of the machine's heater) for 10 minutes, under closed mixing condition (this is the standard
processing condition used throughout the work unless otherwise stated) to form
masterbatch (concentrate) of antioxidant. These masterbatches were then characterised for
melt viscosity (melt flow index, MFI), gel content and molecular weight distribution.
Compression moulded films (identical thickness 0.1 - 0.2 mm) were used to measure
binding efficiency of antioxidants, described previously (see Section 2.4). The extraction
of polymer samples film to remove all unbound antioxidants was carried out in DCM (good
solvent for the antioxidants) using a Soxhlet extractor until no more antioxidants could be
extracted. The calculation of the binding efficiency of DBBA and DBBA+DVB in
masterbatch films was based on measuring the ratio of carbonyl indices before and after
extraction in DCM using FTIR spectroscopy (see Section 2.4 and Figures 3.1 and 3.1b).
The binding efficiency of DBBA in the presence of Tris coagent was calculated from FTIR
measurements of the hydroxyl indices (without interfering absorption of Tris compound) of
masterbatch films before and after extraction (see Section 2.4 and Figure 3.1a). The
binding efficiency of HAEB masterbatch film can be calculated either using FTIR or UV
spectroscopy, by comparing the carbonyl index or absorption area, respectively, before and
after Soxhlet extraction in DCM (see Section 2.4 and Figure 3.2a). In the presence of Tris
the binding efficiency of HAEB was determined by comparing the UV spectra absorption

of HAEB before and after extraction (see Section 2.4 and Figure 3.2b), to avoid the
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problem of interference of the carbonyl function of Tris in FTIR measurement of HAEB-

containing masterbatch films. A flow diagram describing the procedure of reactive

processing used is shown in Scheme 3.1.

Table 3.1 Acrylic ester derivatives of hindered phenol and benzophenone
antioxidants used

Structure Chemical structure, name and molecular weight (MW) Abreviation
number
t.-Bu
I HO CH,-0O-(C=0)-CH=CH, DBBA
t.-Bu

3,5-di-tert.-butyl-4-hydroxy benzyl acrylate (MW =296)

HO

o)
1]
I @— C 0-CH,-CH,-0-(C=0)-CH=CH, | HAEB

2-hydroxy-4-(beta acrylate ethoxy) benzophenone (MW=312)
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Table 3.1a Various coagent used to extend the binding efficiency of
antioxidants

Structure Chemical structure, name and molecular weight (MW) | Abreviation
number
III I:CH:,_=CH-(C:O)-O-CH2 3-C-CH,-CH;4 TMPTA
’ (Tris)
Tri-methylol propane tri-acrylate (MW = 296)
O"CHz-CH:CHz
v CH,=CH-CH,-O- \ N TAC
N
0O-CH,-CH=CH,
2,4,6-tri-allyl-oxy 1,3,5- triazine (MW = 250)
— CH=CH,
v CHy=CH— // DVB
Divinyl benzene (MW = 131)
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Unstabilised | | Antioxidant (AO) Coagent:AO Peroxide
Polyprolpylene 3-20% wtratio 1: 9 (D/(AO+Coagent)
0 4:6 0-0.02 molar ratio

Tumble mixing in DCM, 25°C
and vacuum evaporation

v

Processing in torque Rheometer,
180°C, 10 mins., closed mixer
quench in cold water

+ A

PP/AQ concentrate
(masterbatch)

/

Measurement of
mol.wt.distribution
(MWD)

Compression moulding at
180°C:
0.1-0.2mm thick in film .

Y

Soxhlet extraction
in DCM, 48 h and
vacuum evaporation

Measurement of

level of binding
(FTIR/UV)

Measurement of
melt flow index
(MFI)

Measurement of
gel content
in xylene

Scheme 3.1 Flow chart for a typical Reactive Processing Procedure and
polymer test and characterisation
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3.2 RESULTS

3.2.1 Optimisation of Conditions to Achieve High level of Binding
of 3,5-di tert.-butyl-4-hydroxy benzyl acrylate (DBBA) in
Polypropylene.

Assessment of the binding efficiency of antioxidants in polypropylene were calculated as
has been mentioned in Section 2.4 and 3.1. To examine the binding efficiency of 3,5-di
tert.-butyl-4-hydroxy benzyl acrylate (DBBA), this antioxidant was reactively processed in
unstabilised polypropylene (PP) using the general procedure described in Scheme 3.1 stage
B, C and D and see Section 2.3 & 2.4 and 3.1.1 for more detail. In order to optimise the
efficiency of binding reactions the effect of processing parameters and the effect of
chemical composition of the agents (antioxidants and peroxide) and coagent (additional
functional monomers) were examined. Processing parameters (time and temperature) were
optimised to achieve most efficient binding of the antioxidant. Similarly, the concentration
of DBBA, peroxide initiator (Trigonox 101) and the type and concentration of the coagent

used were optimised to achieve high binding level of the antioxidant.

3.2.2 Effect of Processing Condition on Efficiency of Binding of
DBBA on Polypropylene During Melt Processing

Temperature and time are the two main process parameters which can effect the efficiency

of binding of antioxidants on the polypropylene melt

3.2.2.1 Effect of processing temperature on the binding efficiency of
DBBA in polypropylene

Table 3.1b and Figure 3.3 show that temperature plays an important role on the binding
efficiency of DBBA in the polypropylene melt. Generally, the binding efficiency of DBBA
increases with temperature up to 180°C, after which the level of binding decreases with

further increase of temperature. The MFI values of masterbatches show an increase at
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higher processing temperatures which suggests the occurrence of chain scission and
polymer degradation. The optimum processing temperature of 180°C was chosen because

high binding efficiency was obtained with acceptable MFI values.

Table.3.1b Binding efficiency and Melt flow index (MFI) of masterbatches
(MB's) containingl0% DBBA in polypropylene in the presence
of 0.02 molar ratio, m.r.(I/DBBA) Trigonox 101, processed at
different temperatures for 10 minutes under closed mixer

condition
No Processing [Trig.101]/{AO] Binding* MFI
sample | Temperature,”C (m.r.) (%) (g/10 mins)
1 160 0.02 17 0.99
2 170 0.02 28 1.02
3 180 0.02 40 1.65
4 190 0.02 35 1.95
5 200 0.02 30 2.45

* Measured ratio of carbonyl area indices by IR spectroscopy, see Fig.3.1

3.2.2.2 Effect of processing time on the binding efficiency of DBBA in
polypropylene

Processing time also influences the binding efficiency of DBBA in a polypropylene melt.
Table 3.2 and Figure 3.3a shown that different binding levels can be achieved during
processing of 10% DBBA in polypropylene for different of time, e.g. 5, 10, 15 and 20
minutes in Torque Rheometer under closed conditions. Generally, the binding efficiency of
DBBA increases with processing time, but at the same time the MFI values decrease,
indicating chain scission and polymer degradation. The optimum processing time which

gives a high levels of binding and an acceptable MFI value was found to be 10 minutes and

was used throughout this work.
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Table.3.2 Binding efficiency and Melt flow index (MFI) of masterbatches
(MB's) containing 10% DBBA in polypropylene in the presence
of 9.02 molar ratio, m.r.(I/DBBA) Trigonox 101, processed at
various processing time at 180°C under closed mixer condition

No Rrocessing [Trig.101}/[AO] Binding* MFI
sample Time (mins) (m.r.) (%) (g/10 mins)
1 5 0.02 20 1.09
2 10 0.02 40 1.65
3 15 0.02 43 2.12
4 20 0.02 45 3.10

* Measured ratio of carbonyl area indices by IR spectroscopy, see Fig.3.1

3.2.3 Effect of Chemical Composition on Efficiency of Binding of
DBBA on Polypropylene During Melt Processing

Some chemical compositions also play very important role on determination of the binding
efficiency of DBBA in polypropylene. Effects of initiator, DBBA concentration, type and

coagent concentration are investigated under this section.

3.2.3.1 Effect of free radical initiator (Trigonox 101) on the binding
efficiency of DBBA in polypropylene

Effect of varying the concentration of the free radical initiator on the binding efficiency of
DBBA is shown in Table 3.3. In the absence of FRI no binding occurs while increasing
peroxide concentration increases the binding level. However, it is important to note that
while highest peroxide molar ratio (m.r.) of FRI to antioxidant, I/AO, (e.g. 0.03),
increases the efficiency of binding, the MFI values also increase, indicating chain scission
and polymer degradation, see Figure 3.4. Molecular weight distribution data (see Table
3.4 and Figure 3.5) support this and shows that the increase in initiator concentration
lowers MW obtained. From Table 3.3 it is shown that the optimum binding with minimum

effect on thermal degradation was therefore achieved by using initiator molar ratio (I/AO) of

0.02, see Figure 3.4 and 3.4a.
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3.2.3.2 Effect of DBBA concentration on the binding efficiency

Table 3.5 and Figure 3.6 show that increasing the DBBA concentration up to a certain
concentration (6-10%), is accompanied by an increase in efficiency of binding, after which
the binding efficiency decreases with further increases in concentration. Table 3.5 and
Figure 3.7 does not show any significant change in MFI values with increasing the DBBA

concentration.

Table. 3.3 Binding efficiency and Melt flow index (MFI) of masterbatches
(MB's) containing 6% &10% DBBA in polypropylene in the
presence of (0-0.03 molar ratio,m.r.) Trigonox 101, processed
in standard condition.

No DBBA [Trig.101])/[AO] Binding* MFI
sample conc. (%) content (m.r.) (%) (g/10 mins)

PP, processed - - 0.58

PP, processed 0.002 - 1.34

PP, processed 0.020 - 17.37

1 6 0.00 0 0.39
2 6 0.002 2 0.42
3 6 0.01 15 0.82
4 6 0.02 40 1.63
5 6 0.03 63 4.00
5 10 0.002 2 0.43
6 10 0.02 40 1.65
7 10 0.03 65 4.12

* Measured ratio of carbonyl area indices by IR spectroscopy, see Fig.3.1

141



Table 3.4  Molecular weight distribution data of polymer samples
(masterbatches)
No Polymer samples [FRI}/[AO] Mw Mn D(MWD)
(masterbatches) (m.r.) 1079y | (x10-4%) | Mw/Mn
1 | PP, unprocessed 0.00 4.17 5.13 8.128
2 | PP, processed 0.00 3.62 5.53 6.546
3 | PP, processed 0.02 1.75 4.34 4.032
4 | PP+ DBBA 6% 0.00 4.10 5.75 7.130
5 |PP +DBBA 6% 0.02 2.57 4.82 5.332
6 |PP+DBBA 6% 0.03 2.01 4.15 4.843
Table. 3.5 Effect of DBBA concentration on the binding efficiency and

Melt flow index (MFI) in polypropylene in the presence of
0.02 molar ratio (m.r.) Trigonox 101, processed in closed
mixing condition at 180°C for 10 minutes
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No DBBA [Trig.101]/[AO] Binding* MFI
conc. (%) (m.r.) (%) (g/10 mins)
1 3 0.02 15 1.46
2 6 0.02 40 1.63
3 10 0.02 40 1.65
4 15 0.02 31 1.78
5 20 0.02 27 1.86
6 3 0.03 18 2.50
7 6 0.03 63 4.00
8 10 0.03 65 4.12
9 15 0.03 49 4.17
10 20 0.03 43 4.21
¥ Measured ratio of carbonyl area indices by IR spectroscopy, see Fig.3.]




3.2.4 Effect of Coagent on Binding Efficiency of DBBA in
Polypropylene.

The binding levels of DBBA in polypropylene processed in the presence of 0.02 m.r
Trigonox 101 was shown to be 40% (see Table 3.5), i.e. up to 60% of reactively
processed DBBA can be lost from a masterbatch film when subjected to an aggressive
environment, e.g. in the presence of DCM or acetone. To extend the binding efficiency of

DBBA, different enchancing agents (coagent) were used (see Table 3.3).

Table 3.6 shows that binding efficiency up to 15% was achieved when DBBA was
processed with various co-agents in the presence of a free radical initiator (Trigonox 101) at
0.002 m.r. (no binding was found in the absence of co-agent under the same conditions).
To optimise the binding of DBBA using (Tris or DVB) coagents, the coagent ratio and the
concentration of the free radical initiator (Trigonox 101) were varied, (experiments using

co-agent Tac were discontinued due to low binding results).

Table. 3.6 Binding efficiency of DBBA in polypropylene (3%) processed
with various co-agents (2%), in the presence of Trigonox 101

(0.02 m.r), in closed mixing condition at 180°C for 10 minutes.

No [Trig.101]/[AQ] Coagents Binding* (%)
m.r.
1 0.002 None 0
2 0.002 Tris 9
3 0.002 Tac 4
4 0.002 DVB 15

* Measured both ratio of hydroxyl or carbonyl area indices by IR spectroscopy,
see Fig. 3.1, 3.1a, and 3.1b
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3.2.4.1 Optimisation of the binding efficiency of DBBA in polypropylene
using DVB as a coagent

Further optimisation of the binding efficiency of DBBA using DVB asa coagent was
carried out at various DBBA/DVB weight ratios and initiator concentrations. Table 3.7
shows that at a DBBA/DVB ratio of 5/5 and higher initiator concentration (0.02 m.r.) the
binding efficiency of DBBA is increased quite sharply (up to 95%). The MFI value of the
masterbatch in this case, however, decreases as DVB ratio increases (MFI is 0.10 g/10
minutes at DBBA/DVB ratio 5/5), which even much lower than that of processed
unstabilised polypropylene (0.58 g/10 minutes, see Figure 3.8). Therefore, the optimum
DBBA/DVB ratio which gives high binding efficiency and acceptable MFI value was taken

to be 6/4, at(0.02 molar ratio [[]/[DBBA] peroxide, see Table 3.7.

Table 3.7 Binding efficiency of DBBA in Polypropylene film processed
with various ratio of DVB coagent (total concentration of
DBBA+DVB=10%) in the presence of FRI Trigonox 101
(0.002 or 0.02 m.r.), under standard condition.

No [Trig.101]/[AO] | DBBA/DVB Binding* MFI.
(m.r.) ratio %o g/10 mins
1 0.002 5/5 15 0.23
2 0.002 6/4 13 0.24
3 0.002 7/3 11 0.27
4 0.002 8/2 7 0.28
5 0.002 10/0 2 0.42
6 0.02 5/5 95 0.10
7 0.02 6/4 93 0.16
8 0.02 7/3 84 0.22
9 0.02 8/2 68 0.30
10 0.02 10/0 40 1.65

* Measured ratio of carbonyl area indices by IR spectroscopy, see Fig.3.1b
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Table 3.8 shows the effect of initiator concentration on the binding efficiency of 10%
masterbatches containing DBBA-DVB (ratio 6/4). The higher the concentration of the
initiator, the higher the extent of binding but the lower the MFI values, see Figure 3.9.
Results from molecular weight distribution show the opposite trend: i.e. an increase in free
radical initiator concentration, leads to a decrease in the molecular weight (see Table 3.9
and Figure 3.9a). It is important to mention that molecular weight distribution
measurement were carried out after filtration of the polymer sample solution. The
insoluble fraction of the polymer sample, which contains high molecular weight cannot be
analysed. On the other hand, MFI values were measured based on the entire polymer

masterbatch.

Table 3.8 Effect of FRI concentration on the binding efficiency and MFI
of 10%  masterbatches (MB's) polypropylene containing
DBBA-DVB ratio 6/4, processed in closed mixing condition at
180°C for 10 minutes

No [Trig.101]/[AO] Binding* MFI
(m.r.) (%) (g/10 mins)

1 PP processed no additive - 0.58

2 0.000 5 0.45

3 0.005 17 0.35

4 0.010 70 0.22

5 0.020 93 0.16

6 0.030 97 0.07
¥ Measured ratio of carbonyl indices by IR spectroscopy, see Fig.3.1b
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Table 3.9 Molecular weight distribution data of polymer samples of 10%
masterbatches (MB's) polypropylene containing DBBA-DVB

ratio 6/4, processed in closed mixing condition at 180°C for 10
minutes

No Polymer samples [FRIJ/[AO] Mw Mn | D(IMWD)
(masterbatches) (m.r.) (x10-5) | (x10-4)| Mw/Mn
1 | PP, unprocessed 0.00 4.17 5.13 8.128
2 | PP, processed 0.00 3.62 5.53 6.546
3 | PP, processed 0.02 1.75 4.34 4.032
4 | PP+DBBA 6% +DVB 4% 0.00 3.35 4.84 6.921
5 |PP+DBBA 6% +DVB 4% 0.005 3.31 5.47 6.029

6 |PP+DBBA 6% +DVB 4% 0.02 2.22 | 5.02 | 4.422
7 | PP+ DBBA 6% + DVB 4% 0.03 1.59 3.51 4.530

3.2.4.2 Optimisation of binding efficiency of DBBA using TMPTA
(Tris) as a coagent

Further experiments were carried out to find the optimum condition of binding efficiency

of DBBA+Tris system at various weight ratios of DBBA/Tris. Table 3.10 shows that at

the ratio of DBBA/Tris of 5/5 and the initiator concentration (.02 molar ratio the highest
binding is achieved (up to 94%). On the other hand, higher Tris concentration causes the
increase in MFI values of the masterbatches. Results in Table 3.10, indicated that the

optimum ratio of DBBA/T ris which gives high binding efficiency and acceptable MFI value

is 6/4, see Figure 3.10.
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Table 3.10 B!nding efficiency of DBBA in Polypropylene film processed
with  various ratio of Tris coagent (total concentration of
DBBA+Tris = 10%) in the presence of FRI Trigonox 101
0.02 m.r. [I]/[DBBA+Tris], under standard condition.

No DBBA/Tris Binding* MFI
ratio (%) (g/10 mins)
1 5/5 94 1.74
2 6/4 91 1.19
3 7/3 84 0.95
4 8/2 65 0.78
5 9/1 54 0.76
6 10/0 40 1.65
7 PP processed no additives - 0.58
8 PP proc'd +0.02 m.r. FRI - 17.37
* Measured ratio of hydroxyl area indices by IR spectroscopy, see Fig.3.1a

This ratio (4 to 6) was used to prepare polymer samples with a total concentration of
DBBA+Tris of 6% and 10% (w/w), see Table 3.11 and Figure 3.11. The concentration
of Trigonox 101 was varied from 0 to 0.03 molar ratio with respect to [DBBA+Tris}, i.e.
[1}/[DBBA+Tris]. In general, the higher the initiator (Trigonox 101) concentration, the
higher the binding efficiency. However, at high initiator concentrations, the polymer
masterbatches underwent degradation as revealed from the increase of MFI values and
changes in molecular weight distribution data, (see Table 3.12 and Figure 3.13). Optimal

binding levels and minimal degradation effects were achieved with molar ratio of initiator to

antioxidant of 0.02.
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Table 3.

11 Effect of FRI
of 6% or 10%
DBBA-Tris ratio

concentration on the binding efficiency and MFI
masterbatches (MB's) polypropylene containing

6/4, processed in closed mixing condition at
180°C for 10 minutes 8 )

No % MB, containing [Trig.101]/{AO]| Binding* MFI
DBBA/Tris (6/4) (m.r.) (%) (g/10 mins)
1 6 0.000 3 0.31
2 6 0.001 9 0.32
3 6 0.002 31 0.35
4 6 0.010 75 0.63
5 6 0.020 91 1.09
6 6 0.030 93 2.15
7 10 0.000 3 0.44
8 10 0.001 11 0.48
9 10 0.002 35 0.53
10 10 0.010 76 0.78
11 10 0.020 91 1.19
12 10 0.030 97 1.93
14 PP, processed no additives - - 0.58
15 PP processed 0.002 - 1.34
16 PP processed 0.02 - 17.37

* Measured ratio of hydroxyl area indices by IR spectroscopy, see Fig.3.1a

Table 3.12 Molecular weight distribution data of polymer samples 10%
masterbatches (MB's) polypropylene containing DBBA-Tris
ratio 6/4, processed in closed mixing condition at 180°C for
10 minutes

No Polymer samples [FRI}/[AO] Mw Mn D(MWD)
(masterbatches) (m.r.) x 10°5 x 10-4 | Mw/Mn
1 | PP, unprocessed 0.00 4.17 5.13 8.128
2 | PP, processed 0.00 3.62 5.53 6.546
3 | PP, processed 0.02 1.75 4.34 4.032
7 | PP + DBBA 6% + Tris 4% 0.00 4.10 5.75 7.130
8 | PP+ DBBA 6% + Tris 4% 0.005 2.74 4.99 5.491
9 | PP+ DBBA 6% + Tris 4% 0.02 1.59 3.24 4.907
10 | PP + DBBA 6% + Tris 4% 0.03 1.51 3.54 4.265

148




3.2.4.3 Effect of FRI (Trigonox 101) on the MFI of various polypropylene

film controls (unprocessed and processed) and containing 4 % Tris
or 4 % DVB

Table 3.13 shows the effect of various concentration of the initiator on melt viscosity of
polypropylene containing 4% of the coagents Tris and DVB. The MFI of unstabilised
polypropylene processed in absence of peroxide is slightly higher than that of unprocessed
polypropylene. In the presence of peroxide, the MFI values show an increase which
parallels to the peroxide concentration and corresponds to the increased levels of chain
scission and degradation of the polymer. The high MFI values observed for polypropylene
processed with 4% Tris at high initiator concentration is attributed to the degradation of
the polymer (see Table 3.13, sample no. 6-10 and Figure 3.12). On the other hand,
polypropylene processed with 4% DVB in the presence of increasing amounts of initiator
showed a decreasing trend in MFI values which is indicative of crosslinking via DVB (see
Table 3.13, sample no. 11-15 and Figure 3.12).
Table 3.13 Effect of FRI on the MFI of various polypropylene film
controls (unprocessed and processed) and containing 4% Tris

or 4% DVB in various concentration of Trigonox 101,
processed under standard condition.

No PP sample [Trig. 101}/[coagent] MFI
(m.r.) (g/10 mins)
1 PP, unprocessed 0.000 0.40
2 | PP, processed 0.000 0.58
3 HWM 25, processed* 0.000 0.58
4 PP, processed 0.002 3.34
5 | PP, processed 0.020 17.37
6 |PP+4% Tris 0.000 0.65
7 |PP+4% Tris 0.001 0.72
8 |PP+4% Tris 0.002 0.95
9 | PP +4% Tris 0.010 2.65
10 | PP+ 4% Tris 0.020 5.62
11 |{PP+4%DVB 0.000 0.26
12 |PP+4%DVB 0.001 0.21
13 |PP+4%DVB 0.002 0.19
14 |PP+4%DVB 0.010 0.17
15 |PP+4%DVB 0.020 0.14

* MW 23 is a stabilised commercial PP
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3.2.5 Optimisation of Conditions to Achieve High Level of Binding
Efficiency of 2-hydroxy-4(beta acrylate ethoxy) benzophenone
(HAEB) in Polypropylene

To examine the binding efficiency of 2-hydroxy-4-(beta acrylate ethoxy) benzophenone
(HAEB) this antioxidant was reactively processed in unstabilised polypropylene using the
general procedure described in Scheme 3.1. Two different initiators were used in this case;
dicumyl peroxide (DCP) and 2,5-dimethyl 2,5-di-tertiary butylperoxy hexane (Trigonox
101). Both processing conditions and chemical composition were optimised to achieve a
high level of binding of HAEB in PP. The processing operation was optimised by varying
processing time and temperature. The concentration of initiator, HAEB and coagent were
varied to achieve optimum chemical composition for high binding efficiency and polymer

stability.

3.2.5.1 Effect of processing time on the binding efficiency of
HAEB in polypropylene.

The effect of processing time on the binding efficiency of HAEB is shown in Table 3.14.
Although, longer processing time does not influence the significant extent of binding of
HAEB in polypropylene, it affects the melt viscosity adversely as can be seen from MFI
values (see Table 3.14 and Figure 3.16). Changes in the viscosity of the masterbatches
during the processing operation was recorded, as shown in Figure 3.17. Initally, a
decrease of the torque is observed during softening and melting of the polymer which is
followed by a sharp rise to a peak at about 2.5 minutes. Further processing causes a
gradual drop which reacts as the typical value for PP melt control at the specified
temperature. Furthermore, both gel content and polydispersity (MWD) decrease with

longer processing time (see Table 3.14).
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Table 3.14 Effect of various processing times on binding efficiency of

10% HAEB in polypropylene, in the presence of Trigonox
101 (0.005 m.r., I/HAEB), processed in closed mixing
condition at 180°C.

Molecular weight
distribution of MB's
fraction
No Processing | Binding* MFI Gel Mw Mn MWD
time (%) (g/10 mins) | content | x 10-5 | x 10-4 | Mw/Mn)
(minutes) %
1 2.5 71 1.15 16 2.39 3.47 6.887
2 5 71 1.54 6 2.22 3.29 6.747
3 10 72 1.82 0 1.59 2.86 5.559
4 15 72 2.62 - - - -
5 20 72 2.91 - - - -
* Measured by both IR and UV spectroscopy, see Fig.3.2a and 3.2b

3.2.5.2 Effect of processing temperature on the binding efficiency of
HAEB in polypropylene.

Table 3.15 shows the effect of processing temperature on the binding efficiency of HAEB
in polypropylene; i.e. binding efficiency increases with processing temperature, with
maximum binding efficiency at 190°C. Furthermore, higher temperatures cause greater
chain scission and thermal degradation as revealed by increasing values of MFI. The

optimum processing temperature (180°C) of HAEB in polypropylene showed a high

binding level and acceptable MFI value.

Table 3.15 Effect of processing temperature on the binding efficiency of
HAEB (10% MB) in propylene, in the presence of DCP (0.005
m.r.,]J/HAEB), processed in closed mixer condition for 10 mins

No Processing Binding* MFI
Temperature ("C) (%) (g/10 mins)

1 160 30 1.10

2 170 56 1.32

3 180 72 1.82

4 190 73 2.31

5 200 70 3.42
* Measured by both IR and UV spectroscopy, see Fig.3.2a and 3.2b
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3.2.5.3 Effect of antioxidant's concentration on the binding efficiency
of HAEB in polypropylene.

Table 3.16 shows that changing the initial antioxidant concentration does not effect the
binding efficiency of HAEB in popypropylene. However, higher concentration of HAEB
gave higher MFI values of the masterbatches which suggests the occurrence of chain
scission and polymer degradation.

Table 3.16 Effect of HAEB concentration on binding efficiency in

polypropylene, in the presence of DCP (0.005 m.r., /HAEB),
processed in closed mixing condition at 180°C for 10 minutes.

No HAEB concentration Binding* MFI
(% wiw) (%) (g/10 mins)

1 5 70 1.62

2 10 72 1.82

3 15 72 2.37

4 20 72 3.65

* Measured by both IR and UV spectroscopy, see Fig.3.2a and 3.2b

3.2.5.4 Effect of initiator concentration on the binding efficiency of
HAEB in polypropylene.

Masterbatches containing 10% HAEB were processed in the presence or absence of a free
radical initiator (DCP or Trigonox 101) for 10 minutes at 180°C in a Torque
Rheometer under closed mixing condition. Four different molar ratios of FRI
([DCP)/[HAEB] or [Trig.101)/[HAEB]), 0.003, 0.005, 0.010 and 0.020 were used.
The effect of the different FRI is shown in Table 3.17, in which the effect of
mechanochemical shear alone (no FRI) leads to a grafting efficiency of 30%, but this
can be enchanced up to 83% by addition of FRI. However, at high FRI concentration, the
melt flow index values of the masterbatches increases indicating polymer degradation.
Optimum binding was, therefore, considered when minimal effect on thermal degradation
was achieved and this resulted when using initiator molar ratio (I/AQO) of 0.005 in the case

of both FRI's used. 10% HAEB masterbatches processed with Trigonox 101 gave slightly
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higher binding efficiency of HAER in polypropylene than with DCP initiator, under

similar condition.

Table 3.17 Binding efficiency and MFI of MB's containing 10% HAEB in
polypropylene in the presence of various concentrations of
FRI dicumyl peroxide or Trigonox 101, processed under
standard condition.

Sample No | [DCPJ/[AQ], (m.r.) Binding (%)* MFI (g/10 mins)
1 0.000 24 1.01
2 0.003 61 1.32
3 0.005 72 1.82
4 0.010 78 4.13
5 0.020 80 6.83

[Trig. 101]/[AO],
(m.r.)
6 0.000 30 1.00
7 0.003 65 1.22
8 0.005 73 1.80
9 0.010 80 4.02
10 0.020 83 6.71

*Measured by both IR and UV spectroscopy, see Fig.3.2a and 3.2b
Changes in the polymer viscosity during processing were followed by recording the
changes in the torque. Polypropylene and HAEB masterbatches processed in the absence
of initiator shows gradual decrease of torque value with time. However, the presence of
FRI leads to the appearance of a torque peak which shifts to a shorter processing times with
increasing peroxide concentration, see Figure 3.20. The effect of the initiator (DCP)

concentration on binding efficiency of HAEB masterbatches in polypropylene is shown

in Figure 3.21.

3.2.6 Effect of a Coagent, TMPTA (Tris) on the Binding Efficiency
of HAEB in Polypropylene.

Optimisation of processing conditions of HAEB-Tris system was carried out using various

HAEB/Tris ratios in the presence of the optimum concentration of peroxide of 0.005 m.r,
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(I/(HAEB+Tris). Figure 3.22 shows that the height of the torque peak increases as the

concentration of Tris was increased. This suggests higher contribution of a crosslinking
reaction on the torque value. Results in Table 3.18 show that at a HAEB/Tris ratio of 9/1
the binding efficiency of DBBA increased up to 93%, the other ratios did not show any
significant  increase in level of binding. Torque data shows that the height of peak curves
at 3.5 minutes increases with Tris content in the masterbatches. The optimum condition

giving high level binding was achieved at the HAEB/Tris ratio of 9/1.

Table 3.18 Binding of HAEB in Polypropylene with Tris co-agent at
various ratios HAEB/Tris in masterbatches containing 10% of
mixture in the presence 0.005 m.r. of FRI Trig.101, processed
in closed mixing condition at 180°C for 10 minutes.

No HAEB/Tris Binding* MFI
ratio (%) (g/10 mins)

1 10/0 73 1.80

2 9/1 93 1.72

3 8/2 94 1.68

4 7/3 95 1.59

* Measured by UV spectroscopy, see Fig.3.2b

Further experiment was carried out to find the optimum FRI concentrations of HAEB-Tris
system. The ratio of HAEB/Tris, temperature and time processing were fixed at optimum
condition, whereas the concentration of Trigonox 101 was varied. Table 3.19 shows that
the higher the concentration of Trigonox 101 was used in that system the higher binding
efficiency was achieved. On the other hand, the MFI value shows increasing with the
increase of initiator concentration. The increase of MFI values indicating the chain scission
and polymer degradation had occurred in this system. Results from Table 3.19 also show
that at the ratio of HAEB/Tris of 9/1 and initiator concentration of 0.005 molar ratio the
achieved binding efficiency was 93% and this was chosen as the optimum concentration

which leads to minimal effect on the degradation.

154



Table 3.19 Effect of FRI Trigonox 101 concentration in binding efficiency
and MFI of Polypropylene MB's containing 10 % mixture
of HAEB/Tris ratio 9/1 processed in closed mixing
condition at 180°C for 10 minutes.

No [Trig.101]/[AQ], Binding* MFI
(m.r.) (%) (g/10 mins)

1 0.003 90 1.45

2 0.004 91 1.50

3 0.005 93 1.72

4 0.008 96 2.78

5 0.010 99 4.61

* Measured by UV spectroscopy

The torque peak (see Figure 3.22) observed suggest the formation of crosslinked material,
hence, gel content test was carried out for a masterbatch (MB) sample containing
HAEB/Tris (9 : 1) processed with optimum peroxide concentration at different processing
time i.e. at 3.5 minutes (the maxima torque peak), 5 minutes and 10 minutes. The
maximum gel content was found after 3.5 minutes coinciding with the torque peak
maximum. At the end of the reaction (after 10 minutes) all the gel has disappeared. Further

analysis and elucidation of the structure of the graft will be discusssed in Chapter-5.

Table 3.20 Effect of processing time on binding efficiency and gel content
of PP film containing (9% HAEB+1% Tris) in presence
0.005 m.r. of Trigonox 101, processed in closed mixing

condition at 180°C.

No Processing Binding* gel content
Time (mins) (%) (%)
1 3.5 72 8
2 5.0 81 3
3 10 93 0

* Measured by UV spectroscopy, see Fig.3.2b
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3.3 DISCUSSION

3.3.1 Reactive Processing Containing DBBA System

High levels of binding the two antioxidants (DBBA and HAEB) examined was achieved
in polypropylene melt using initiator and a coagent (e.g. Tris). In the case of DBBA, quite
a high concentration of peroxide (0.02 molar ratio) was needed to achieve a high level of
binding. The optimum conditions for binding of (DBBA+Tris) samples were observed in
10% total concentration of (DBBA+Tris) with ratio 6 to 4, and a processing temperature of
180°C in the presence of 0.02 molar ratio Trigonox 101 as initiator, processed for 10

minutes under closed mixing conditions, see Table 3.10 and Figure 3.10.

The concentration of antioxidant plays an important role in determining the binding
efficiency. The binding level increases (up to 40%) with the increasing DBBA
concentration (up to 10%), but when the DBBA concentration more than 10%, the binding
efficiency decreases with increasing the concentration. In any reactive processing procedure
of an AO with polypropylene both grafting of AO DBBA onto the polymer backbone
(desired reaction) and side reactions such as AO homopolymerisation (undesired reaction)
take place(93’98’97,100’1 13). The efficiency of the binding reaction of the antioxidant
onto the polymer backbone depends on the extent of competition between desired and
undesired reactions. At high DBBA concentration (more than 10%), it's likely that
competition of homopolymerisation reaction is higher compared to the grafting reaction,

resulting in lower binding levels, see Figure 3.6.

Figure 3.4 shows that the initiator concentration also plays a very important role in the level
of binding of DBBA onto polypropylene. The reaction rate of grafting as well as
homopolymerisation depend on the concentration of peroxide, polymer radical (R.) and

antioxidant radical (A.) formed during the melt reaction. Increasing initiator concentration
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has resulted in a higher binding efficiency of DBBA in PP (see Figure 3.4), this should be
due to more initiator radicals being formed which generates more grafting and
homopolymerisation processes(111,112,125,180) The need for higher peroxide
concentration in the DBBA system (0.02 molar ratio, [1]/[AO]) compared to that of HAEB
(0.005 molar ratio, [1]/[AO]) is almost certainly due to the fact that hindered phenols are
very effective radical scavengers (47:49). Hence, the initiator's radical formed does not
only initlate formation of polypropylene radicals and polymerisation via vinyl group of
DBBA, but can also be deactivated by the hindered phenol group of DBBA. It is clear
from the results, however, that although higher grafting efficiency can be achieved at
higher peroxide concentration, the melt stability of the polymer decreases, reflected by high
MFI values, see Figures 3.4 and 3.4a. This is in agreement with the molecular weight data
(see Table 3.3), which shows that molecular weight decreases with increasing peroxide

concentration (168,169)

Reactive processing of DBBA in the presence of different coagents (which contain more
than one reactive function), may lead to number of possible reactions as shown in Scheme

3.2, reaction 3.1 to 3.8(183,184),

1. DBBA can graft onto the polypropylene without or with coagent (see reaction 3.1

and 3.5).

2. DBBA may homopolymerise or oligomerise and then this is grafted onto the
polypropylene backbone (see reaction 3.2 and 3.3).

3. DBBA can copolymerise with the coagent, and then this can be followed by
grafting onto the polypropylene backbone (see reaction 3.4 and 3.5).

4. The coagents themselves can also graft onto polypropylene (see reaction 3.6),
or homopolymerise themselves either linearly or non-linearly (normally forming

crosslinking, see reaction 3.7 and 3.8).
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—= PP - DBBA (3.1

> DBBA - DBBA (32)

. PP-DBBA -DBBA (3.3)

—» Tris - DBBA (3.4)

FRI
PP+DBBA+Tris

- PP - Tris -DBBA (3.5)

—3=— PP - Tris (3.6)
g 1TiS - TTiS (3.7)
L. PP - Tris - Tris (3.8)

Scheme 3.2 The possible reactions of DBBA+Tris in polypropylene using
reactive processing procedure in the presence of 0.02 m.r
Trigonox 101 under standard condition.

The effect of coagents (DVB or Tris) as interlinking agents have been shown to play an

important role in extending the level of binding of DBBA and HAEB onto the PP

backbone; the level of binding has increased with increasing concentration of DVB or Tris.

This confirms earlier results based on work at Aston using these coagents to look the whole

range of agents including AO's and other modifiers (111,112,127-130),

In the case of DBBA+DVB system, results have shown that higher DVB concentrations
not only give high level of binding but also lead to lower MFI values (see Table 3.7). Itis
well known that DVB acts as a crosslinking agent and forms a polymer network of styrene
during radical copolymerisation (183,184)  When 4% DVB with or without DBBA was
processed in PP, it shows that MFI values decrease with increasing initiator concentration

(see Tables 3.8 & 3.13 and Figures 3.12 & 3.15). Compounds (such as DVB) with high

grafting and homopolymerisation activity will consume more peroxide during processing,
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leaving less peroxide to react with the polymer. This may be one of the reasons, that the
order of the binding efficiency of DBBA+DVB is in the opposite direction to the order of
MEFT values, see Figure 3.9. Possible reactions in the reactive processing of the DBBA-
DVB system includes homopolymerisation of DBBA which may or may not be attached
onto polymerised DVB, copolymerisation of DBBA-DVB, which may become attached to
the polymer matrix. In addition, the crosslinking of DVB alone or with the polymer is
also possible. However, Table 3.9 shows that the molecular weight distribution gives a
different trend (see Figure 3.9a). The molecular weight distribution measurement was
carried out after filtration of the polymer sample solution, the insoluble fraction of the
polymer sample which contains high molecular weight can not be measured. Further

analysis of DBBA-DVB masterbatch will be discussed in Chapter-5.

In the case of the DBBA-Tris system, Table 3.10 and Figure 3.10 show that the level of
binding increases with higher Tris concentration. However, the MFI values of the
masterbatches also increases slightly, as shown in Table 3.11 and Figure 3.11. Higher
Tris concentration (meaning lower concentration of DBBA, melt stabiliser) in the system,
causes more thermal degradation. This was supported by the molecular weight distribution
of those masterbatches, see Table 3.12 and Figure 3.13. On the other hand, a less amounts
of Tris, may decrease the compatibility of the DBBA in that system, which leads to less
grafting of DBBA onto the polypropylene backbone, as reflected by the low binding level
of DBBA, see Table 3.10. When Tris alone was reactively processed with polypropylene
the MFEI values increased with increasing peroxide concentration, see Table 3.13 and
Figure 3.12, indicating chain scission and polymer degradation. Unlike using DVB
coagent, the presence of Tris coagent can enhance the level of binding of DBBA without
changing the polymer's properties (e.g. no crosslinked formation). Further analysis and

model reaction of (DBBA+Tris) system to understand its mechanism will be discussed later

in Chapter-5.

159



3.3.2 Reactive Processing Containing HAEB System

HAEB was succesfully bound at high levels in unstabilised polypropylene (10%), when
processed in the presence of Tris as a coagent (at a AO:Tris ratio of 9:1) and in the presence

0.005 molar ratio ([I]/{AO+Tris]) Trigonox 101 using reactive processing procedure.

Differently from DBBA, in the HAEB system the processing time has very important role
on the changes of reaction during processing. Table 3.14 and Figures 3.16 & 3.17 show
that in the early stage of processing (2.5 minute) the crosslinked (non permanent) product
were formed. However, at the end of processing (after 10 minutes) all crosslinked
products had broken down and were soluble in xylene. However, this structural change
during processing does not change the level of binding of HAEB in PP (see Table 3.14),
this should be due to that graft HAEB in PP underwent re-structuring. The concentration
of antioxidant in the HAEB system does not affect the extent of binding efficiency,
however, greater HAEB concentration causes an increase in the degradation of the
masterbatches, which was reflected by increasing MFI values, see Table 3.16 and Figure
3.19. This degradation may be due to the increased in the amount of FRIin the system n

relation to the rise in HAEB concentration.

Like DBBA, the HAEB system also used the Tris coagent to enhance its binding efficiency
onto PP, to protect the escape of antioxidants from the polymer matrix. The binding levels
increase as the Tris concentrations increases. On the other hand, the torque value shows
that at higher concentrations of the Tris coagent the intensity of the peak became higher,
which indicates that the binding during processing was very high due to grafting or
crosslinking (see Figure 3.22). However, these crosslinked products also break down at
the end of processing (after 10 minutes), which was indicated by a decrease in the torque

and their MFI values (see Table 3.19 and Figure 3.22). Further analysis will be carried out

in Chapter-5.
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Figure 3.1b Infra
& 6% DBBA + 4%

w
[\N)

0
[N

414

A

M
AN

197 —= ' L |
oy - L
7y L
T
£ \\ // i}._
i | L
T
T l H :L—-
[
- I iF__
I /’I\
J l! il
_ J’; L // {"
ol U LI
34 \/
e
i
1y -
/
I — 2711
Z T T T T
red

Trigonox
Soxhlet

D

101,
extraction.

VB

before (——__)

163

and

ﬁﬂ}ﬂ\
WA
/‘ |
I \
|
N
N
| f{}
|
|
!
1
\\/
1733
16

after  (

spectra of PP film processed in
and 0.02 m.r (I)/(DBBA+DVB) of

presence of

----- ) exhaustive



L 160
2 - L
| N __‘\\//\\ B
N
7Y — \ ez
— — \ b

\‘ AL
en - y | !/ \\ sl
) - I -
o ] [N -
! )/\ \ ’
] ] TR :
[ ’
T, |
a — H ! \ fl— an
NIAW
20 g | ; e
] | | I\HI i
\l/ ‘\ !I "/
f4%; ] \! ‘ ! A
i l\l {5 | // | /_
1t . 7 \l\ / f‘“ %
: I
7 T I 17153 Ilk I %
— 16609

i d spectra of PP film processed in presence of
Figure 3.2a Intra roC s and  0.005 mr (D/(HAEB) of Trigonox 101,

before (.—__) and after (-----) exhaustive Soxhlet extraction.

164



Figure

3.2b UV spectra of PP
9% HAEB+1%Tris  and
Trigonox 101, before (____
Soxhlet extraction.
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Figure 3.7 The effect of DBBA concentration on MFI in polypropylene
processed in the presence of 0.02 and 0.03 m.r.Trigonox 101,

under standard condition.

169




100

. 804

1S3

o

[ 60

2

2]

E & 0.002 FRI

= 40 < -~ 0.02FRI

=Ty}

£

=

o 20

=e] o
0$ T Y T Y T v ] M L
0.0 1.0 2.0 3.0 4.0 5.0

DVB concentration (%)
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STABILISING ACTIVITY OF
HINDERED PHENOL AND BENZOPHENONE CONTAINING ACRYLIC
GROUP IN POLYPROPYLENE EITHER AS A SINGLE OR
AS A MIXTURE OF ANTIOXIDANTS

4.1 OBJECT AND METHODOLOGY

The optimum conditions to achieve high binding efficiency of DBBA or HAEB in
polypropylene have been discussed in the previous chapter. In this chapter the stabilising
activity of highly bound DBBA and HAEB will be examined and compared with the effect
of commercial antioxidants containing the same antioxidant functions. The combined effect
of two highly grafted antioxidants containing hindered phenol (DBBA) and a UV stabiliser

(HAEB) functions on their UV and thermal stabilising activity will also be examined.

The general experimental procedure used in this chapter is described in Scheme 4.1 - 4.4.
Masterbatches containing different antioxidants (see Table 4.1) were processed (following
procedure described in Scheme 3.1) and were subsequently diluted down in a torque
rheometer (180°C, 10 minutes, closed mixer) in fresh polypropylene to different
concentrations up to 0.4%. These dilute masterbatches were then compression moulded at
180°C and under a pressure of 85 kg/cm? into film of identical thickness (~0.1 - 0.2
mm), see Section 2.3.2 and Scheme 4.1. To study the combination effect, more than one
AO (e.g. HAEB and DBBA) were reactively processed together in the presence of a
coagent to produce a masterbatch which was then diluted down in fresh polypropylene to
0.4% (total AQO's content), see Scheme 4.2. Another method involved the preparation of a
masterbatch of each of the antioxidants, and more than one masterbatch which were diluted
together in fresh polypropylene to 0.4% (total antioxidants content), see Scheme 4.3.

Some masterbatches containing the bound antioxidants were also diluted in polypropylene
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in addition to small concentrations of fresh commercial antioxidant (to 0.4% total
antioxidants content), see Scheme 4.4. To investigate the uv-stabilising effect of these
antioxidant combinations, both extracted and unextracted diluted films were then uv-
irradiated. Results were compared with those of unstabilised polypropylene and that
containing unbound commercial AO's containing similar antioxidant function (e.g. HOBP
and Tinuvin 770, see Table 4.2). The extent of stabilising activity of these antioxidants
was assessed by measuring embrittlement time (ET), and changes in carbonyl index (ACI)
of the polymer sample during uv-irradiation. For thermal stabilisation both extracted and
unextracted films were aged in separate cells of a Wallace oven at 140°C and air flow 85 1/h
(more detail see Subsection 2.6.2) and their activity was compared with that of commercial
antioxidants, e.g. Irganox 1076 and Irganox 1010, see Table 4.1. The schematic

procedure's diagram of testing stability are described as in Scheme 4.1- 4.4.
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Table 4.1

Various antioxidants were used in reactive processing

Structure Chemical structure, name and molecular weight (MW) Abreviation
number
t.-Bu
I HO CH,-0O-(C=0)-CH=CH, DBBA
t.-Bu
3,5 - di-tert.-butyl-4-hydroxy benzyl acrylate (MW=296)
t.-Bu
II HO CHz-CHz‘(C—_—O)‘O-CH=CH2 VDBP
t.-Bu
Vinyl - (3,5-di-tert.-butyl-4-hydroxy) propionate  (MW=310)
HO
O
1]
I Q C 0-CH,-CH,-0-(C=0)-CH=cH, | HAEB
2-hydroxy-4-(beta acrylate ethoxy) benzophenone (MW=312)
0-(C=0)-CH=CH,
OH
t-Bu CH, t-Bu
v SGM
Hj H,
2,2'-methylene-bis-(4-methyl-6-tert.-butyl phenol
monoacrylate (MW=394)
H—N 0-(C=0)-CH=CH,
\% AOTP
4-acryloyloxy 2,2,6,6-tetra methyl piperidine (MWwW=211)
\ CH,=CH-(C=0)-O—N 0O-(C=0)-CH=CH, AATP
1-acryoyl 4-acryloyloxy 2,2,6,6-tetra methyl piperidine
ey Y (MW=265)

183




Table 4.2  Various commercial antioxidants were used in reactive

processing
Structure Chemical structure, name and molecular weight (MW) Abreviation
number
HO
(I? Cyasorb
I Uv-531
2-hydroxy-4-octyloxy-benzophenone (MW=326)

I H—bO(CO)(CH2)3~(CO)OQ—H e

Bis-(2,2,6,6-tetra methyl piperidine) sebacate (MW=506)

t-Bu
III HO CHQ'CHz-(C:O)“O“Cl 8H37 Irganox
1076
t-Bu
n-octadecyl-3-(3',5"-di-tert.-butyl-4-hydroxyphenyl)
propionate (MW=521)
t-Bu
IV HO CI‘I2*CH2*(C=O)'O‘CH2 4‘C Irganox
1010
t-Bu
Pentaerythrityl tetrakis-(3,5,-di-tert.-butyl-4-hydroxyphenyl)
propionate (MW=1095)
t.-Bu
v HO CHj BHT
t.-Bu
3, 5-di-tert.-butyl-4-hydroxy toluene (MW=220)
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Masterbatch
containing Polypropylene
single AO unstabilised

: +
J

Dilution to 0.1-0.4%
Processing in torquerheometer,
35 g, 180°C, 10 mins., closed mixing

'

Chilled diluted-MB
(d-MB) in cold water
and shredded

J

Film preparation,
180°C, 85kg/cm”2
thickness 0.1mm

Y

Soxhlet extraction
in DCM, 48 h and
vacuum evaporation

I *
Extracted/unextracted

diluted masterbatch-films
(d-MB)

Thermal ageing
test 140°C, ET and
Carbonyl index

UV-Stability Test,
31°C, ET and
Carbonyl index

Scheme 4.1 Flow diagram for preparation of MB film containing single
antioxidant for stabilising activity test
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(AO1+A02) unstabilised

+ :
J

Dilution to 0.1-0.4%
Processing in torquerheometer,
35 g, 180°C, 10 mins., closed mixing

Y

Chilled diluted-MB
(d-MB) in cold water
and shredded

Masterbatch containing Polypropylene}

Film preparation,
180°C, 85kg/cm”2
thidiness 0.1mm

Soxhlet extraction
in DCM, 48 h and
vacuum evaporation

I ‘
Extracted/unextracted

diluted masterbatch-films
(d-MB)

Thermal ageing
test 140°C, ET and
Carbonyl index

UV-Stability Test,
31°C, ET and
Carbonyl index

Scheme 4.2 Flow diagram for preparation MB film containing mixture
antioxidants (one stage synergistic system) for stabilising

activity test
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Masterbatch Polypropylene Masterbatch
I unstabilised II

: + ;
:

Dilution to 0.1-0.4%
Processing in torquerheometer,
35 g, 180°C, 10 mins., closed mixing

'

Chilled diluted-MB
(d-MB) in cold water
and shredded

'

Film preparation,
180°C, 85kg/cm”2
thicliness 0.lmm

Soxhlet extraction
in DCM, 48 h and
vacuum evaporation

I 4
Extracted/unextracted

diluted masterbatch-films
(d-MB)

Thermal ageing
test 140°C, ET and
Carbonyl index

UV-Stability Test,
31°C, ET and
Carbonyl index

Scheme 4.3 Flow diagram for preparation MB film containing mixture
antioxidants from different MB's, processing separately (two
stage synergistic system) for stabilising activity test
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Masterbatch Polypropylene Fresh ngomem
I unstabilised 0.1-0.4%

+ : ¢
:

Dilution to 0.1-0.4%
Processing in torquerheometer,
35 g, 180°C, 10 mins., closed mixing

'

Chilled diluted-MB
(d-MB) in cold water
and shredded

'

Film preparation,
180°C, 85kg/cm”2
thid?ness 0.1lmm

Soxhlet extraction
in DCM, 48 h and
vacuum evaporation

' 4
Extracted/unextracted

diluted masterbatch-films
(d-MB)

Thermal ageing
test 140°C, ET and
Carbonyl index

UV-Stability Test,
31°C, ET and
Carbonyl index

Scheme 4.4 Flow diagram for preparation MB film containing mixture
antioxidants from MB and fresh AO, processing separately
(two stage synergistic system) for stabilising activity test
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4.2 RESULTS

4.2.1 Effect of Reactive Processing on the Photo Stabilising Activity
of Derivatives of Hindered Phenol and Benzophenone
Antioxidants Containing Acrylic Group.

Table 4.3 and Figure 4.1 show that the embrittlement time (ET) of diluted masterbatch
films containing bound antioxidants (DBBA, VDBP, HAEB, AATP and AOTP) before
extraction were higher than their extracted analogues, but in general they retain their
antioxidant activity (even if it is low), see Figure 4.2. Table 4.4 and Figure 4.3 show that
when the antioxidants (DBBA, VDBP, HAEB) were used as conventional antioxidant
(unbound) before extraction their embrittlement time were higher compared to that of
unbound one, but after extraction, they were very low similar to that of the polypropylene
control processed without any additive. In the case of bound-VDBP sample due to

difficulties in synthesis (very low yield), the masterbatch was prepared only 3%.

Table 4.3 Binding and uv-stability of bound AO's in PP-films containing
0.4% of AO's (before and after extraction), diluted from 10%
masterbatches processed in the presence of 0.02 m.r. [I1/[AO]
Trigonox 101. (* diluted from 3% masterbatch)

UV Embrittlement Time (hours)
No Film Sample Binding (%) Before Extraction | After Extraction
1 DBBA 40 190 160
2 VDBP* 25 150 130
3 HAEB 72 310 140
4 AATP 100 550 350
6 | AOTP 50 1375 475
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The commercial photostabilisers (HOBP and Tinuvin 770) used as conventional
antioxidants (see Table 4.4 and Figure 4.1) show very high stabilising activity in
polypropylene as expected, but their activity is reduced to that of unstabilised

polypropylene after extraction (see Figure 4.1 and 4.2).

Table 4.4 UV-stability of PP-films containing 0.4% of unbound AQ's
(before and after extraction) processed without peroxide as
conventional additive.

UV Embrittlement Time (hours)

No Film Sample Before Extraction | After Extraction

1 PP, processed 75 70

2 | HMW-25, processed 145 70

3 | Tinuvin 770 1500 70

4 | HOBP (Cyasorb UV-531) 1200 70

5 Irganox 1076 185 70

6 |Irganox 1010 200 70

8 | Irg.1010 + HOBP (0.2/0.2) 1450 ;8

9 | Tin.770 + HOBP (0.2/0.2) 1750 70

10 | 1rg.1076 + HAEB (0.2/0.2) 285

11 |DBBA, Ub a0 80

12 | VDBP, Ub 330 70

13 |HAEB, Ub 70

The effect of an enhanced level of binding (by using coagents, Tris or DVB) on the
stabilising efficiency of antioxidants was investigated. 10% masterbatches of DBBA/Tris,
DBBA/DVB and VDBP/Tris (all at weight ratio 6/4), 10% masterbatch of HAEB/Tris
(weight ratio 9/1) and 10% masterbatch of AOTP/Tris (weight ratio 8/2) were all diluted

down in unstabilised polypropylene to 0.4%. Films of these masterbatches were then uv-
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irradiated and aged in a Wallace oven (at 140°C) before and after soxhlet extraction in
DCM. In the case of VDBP/Tris film sample, due to synthesis difficulties, it is diluted
from a 3% masterbatch. Table 4.5 and Figure 4.4 show that the UV embrittlement time
(ET) of these antioxidants were all low (except AOTP/Tris), although, extraction with
DCM does not cause much change (except for AOTP/Tris), this was clearly stated by
previous workers(112)_ It can be seen generally, that the stabilising activity of these
antioxidants in polypropylene in the presence of coagent, even though they have improved

the binding efficiency, show no improvement.

Table 4.5 Binding and UV stability of PP-film containing 0.4% of AO
in the presence of coagent (before and after extraction),
diluted in fresh polypropylene from 10% masterbatches
processed in the presence of 0.02 m.r.[I]/[AO+Coagent) under
standard condition. * diluted from 3% masterbatch

UV Embrittlement Time(hours)

No | Film sample Ratio of MB's | Binding Before After
(0.4%) AQ/Coagent | conc.(%) (%) Extraction Extraction

1 DBBA+Tris 6/4 10 91 160 150

2 DBBA+DVB 6/4 10 93 140 110

3 VDBP+Tris* 6/4 3 67 150 110

4 HAEB+Tris 9/1 10 93 195 115

5 AOTP+Tris 8/2 10 85 1635 425
4.2.2 Effect of Reactive Processing on the Thermal Stabilising

Activity of Derivatives of Hindered Phenol and Benzophenone

Containing Acrylic Group as a Single Antioxidant.

Table 4.6 shows that bound antioxidants (e.g. DBBA, VDBP and SGM), used without a

coagent, before extraction have the highest thermal ET at 140°C and after extraction the
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bound DBBA shows much better performance compared to the rest, see Figures 4.5 and

4.7. In the case of VDBP (diluted from 3% masterbatch) the ET of bound antioxidant as

shown in Tables 4.6 & 4.7 was higher than that of the unbound one, even higher than that

of bound DBBA. For bound Sumiliser GM in polypropylene it was also shown that their

ET before and after extraction were low. Generally, before extraction the thermal

stabilising activity of bound AO's (DBBA, VDBP, DBBA/Tris, DBBA/DVB, and

VDBP/Tris) is much lower compared to those of commercial antioxidants (Irganox 1076

and Irganox 1010). However, after exhaustive DCM soxhlet extraction the ET of bound

AQ's was much higher than that of commercial antioxidants, see Figure 4.6.

Table 4.6 Thermal stability of PP-films containing 0.4% of bound and
unbound AQO's (before and after extraction) diluted from 10%
MB's processed without and with 0.02 m.r. [11/[AO+Coagent]
Trigonox 101 under standard condition.
* diluted from 3% masterbatches
Embrittlement Time
(hours) at 140°C
No | Film sample | Trig.101 | Ratioof | MB's Binding Before After
(0.4%) m.r AQ's | conc.(%) (%) Extraction | Extraction
1 DBBA 0.02 - 10 40 60 50
2 VDBP 0.02 - 3 25 90 10
3 SGM 0.02 - 10 15 20 10
4 DBBA+Tris 0.02 6/4 10 91 40 30
5 DBBA+DVB 0.02 6/4 10 93 30 20
6 VDBP+Tr1s 0.02 6/4 3 67 110 15
7 DBBA,Ub 0 - 10 0 50 3
8 VDBP,Ub 0 - 3 0 50 3
9 SGM,Ub 0 - 10 0 25 3
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Table 4.7 Thermal stability (at 140°C) of PP-films containing 0.4% of

unbound commercial AQ (before and after extraction) and PP
processed as control.

Embrittlement Time (hours)

at 140°C
No Film sample Before After
(0.4%) Extraction Extraction
1 PP, processed 2 2
2 DTBP 20 3
3 DBHBA 25 3
4 DBBA, Ub 50 3
5 Irganox 1076 350 3
6 Irganox acid 40 3
7 VDBP,Ub 50 3
8 Irganox 1010 1350 3
9 BHT 30 3
10 SGM 25 3

4.2.3 Effect of Mixture Antioxidant Activity of Hindered Phenol and
Benzophenone Containing Acrylic Group as Mixture AQO's (‘one-
stage' synergistic system) on Thermal Stabilising Activity of PP

To investigate the synergistic effect of bound DBBA on the thermal stabilising activity,
mixtures of DBBA with other antioxidants were prepared (following the procedure
described in Scheme 4.2) as masterbatches, see Table 4.8. 10% masterbatches containing
bound DBBA/AO/Tris at different weight ratio (see Table 4.8) were prepared in the
presence of 0.02 molar ratio [1]/[DBBA+AO2+Tris] Trigonox 101 and were then diluted
down in fresh polypropylene to 0.4% total concentration antioxidant (AO1+AO2) and
tested for their thermal stabilising effectiveness in polypropylene at 140°C (Wallace oven).

Table 4.8 shows that all AO have low stabilising activity when compared to that of

commercial hindered phenols (Irganox 1010 and Irganox 1076)
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Table 4.8

Thermal stability of PP-films containing 0.4 % of bound
mixture of AQ's (before and after extraction) diluted from 10%
masterbatches processed in the presence of 0.02 molar ratio

[11/[AO1+AO2+Coagent] Trigonox 101 under standard

condition. (* diluted from 3% wmasterbatch)
Embrittlement Time (hours)
at 140°C

No Film sample containing Weight ratio AO's & Before After

0.4%, (AO1+A02) coagent in 10% MB | Extraction Extraction
1 (DBBA/HAEB)/TTis (4/4)/2 120 75
2 (DBBA/AATP)/Tris (4/4)/2 45 20
3 (DBBA/AOTP)/Tris (4/4)/2 100 35
4 (VDBP/HAEB)/Tris* (4/4)/2 150 40
5 (DBBA/HAEB)/Tris (2.7/53) /2 85 45
6 (DBBA/HOBP)/Tris (2.7/5.3) /2 40 10
7 (DBBA/Tin.770)/Tris 2.7/53)/2 70 10
8 DBBA/Tris 6/4 40 30
9 VDBP/Tris* 6/4 110 15
10 | HAEB/Tris 9/1 15 3
11 Irganox 1010 - 1350 3
12 | Irganox 1076 - 350 3

4.2.4 Effect of Mixture Antioxidant Activity of Hindered Phenol and
Benzophenone Containing Acrylic Group as Mixture AQO's on

UV-Stabilising Activity of Polypropylene.

To study the combined effect of bound DBBA (thermal antioxidant) with UV stabilisers,

some bound UV stabilisers such as HAEB, AATP and AOTP were used as synergists.

Films containing various ratios of mixtures of antioxidants were prepared in two different

ways.

The first (see procedure in Scheme 4.2) involved 10% total antioxidant mixtures

and coagent which were reactively processed in polypropylene at different ratios of

antioxidants (agents) to coagent in the presence of 0.02 molar ratio ([I]/[agent+coagent])

Trigonox 10

1. To investigate the effect of Tris content and UV stabiliser (AO2) content in

DBBA (AO1) masterbatches, the masterbatches containing different concentrations of
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antioxidant mixture (e.g. [AO1+AQ2] to [Tris] and [AO1] to [AO2]) were varied, see Table

4.8a. In the case of the VDBP/HAEB/Tris system only a 3% masterbatch was prepared
due to the difficulties in the synthesis of VDBP and the very low yield obtained, thus only
one ratio, containing 0.6% Tris and ratio of antioxidans to coagent of 1.2/1.2/0.6 = 4/4/2
was used. Table 4.9 and Figure 4.7 show that generally the ET of the masterbatch
films containing mixture of antioxidants is higher at higher HAEB concentration. Table
4.9 and Figure 4.9 show that ET of diluted masterbatch films of mixtures of
DBBA/HAEB/Tris at a weight ratio 2/6/2 (containing 2% Tris coagent) give the highest ET
before and after extraction compared with that of other ratios (i.e. very high retention of

activity, see Figure 4.8).

Table 4.8a The combination of antioxidant mixtures and coagent in 10%

masterbatches.

No [AO1+AO2], (%) [A1], (%) [A2], (%) [Coagent],(%)
1 9 4.5 4.5 1
2 9 3 6 1
3 9 2.2 6.8 1
4 8 4 4 2
5 8 2.7 5.3 2
6 8 2 6 2

7 3.5 3.5 3
g 7 2.3 4.7 3
9 7 1.8 5.2 3
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Table 4.9 UV Stability of PP-films containing 0.4% of mixture AQ's in
varied composition (before and after extraction), diluted in PP
from 10% masterbatches processed in the presence of 0.02
molar ratio [IJ/[AO1+AO2+A03+Tris] Trigonox 101, under
standard condition. (* diluted from 3% masterbatch)

UV Embrittlement Time
(hours)
No Film sample (0.4%) Ratio of AO's Before After
Extraction Extraction
1 (DBBA/HAEB)/Tris (4.5/4.5)1 685 430
2 (DBBA/HAEB)/Tris (3/6)/1 1120 560
3 (DBBA/HAEB)/Tris (2.2/6.8)/1 1340 730
4 (DBBA/HAEB)/Tris (4/4)/2 1160 1130
5 (DBBA/HAEB)/Tris (2.7/5.3)/2 1810 1650
6 (DBBA/HAEB)/Tris (2/6)/2 2210 1970
7 (DBBA/HAEB)/Tris (3.5/3.5)/3 720 470
8 (DBBA/HAEB)/TTis (2.3/4.7)/3 1230 610
9 (DBBA/HAEB)/Tris (1.8/5.2)/3 1395 830
10 (VDBP/HAEB)/Tris* (4/4)/2 1050 560
11 BBA/HAEB/AOTP)/Tris | (2.7/2.7/2.6)/2 1180 830
12 ((gBBA/HAEB/AATP)/T ris | (2.7/2.7/2.6)/2 1040 830

A different method was used to prepare synergistic masterbatches containing bound
antioxidants involving initially, the preparation of a single antioxidant masterbatch
containing DBBA, HAEB, AOTP or AATP (separately processed with or without Tris
coagent in the presence of an optimum concentration of Trigonox 101). To study the
combined effect, the ratio of AQ's content in every masterbatch was varied. Two
masterbatches were chosen and then were diluted together in fresh polypropylene to 0.4%

total antioxidant content. Extracted and unextracted films were then irradiated in a UV-

cabinet to test their stabilising activity.
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The photo stabilising activity results (see Table 4.10), show clearly that when
masterbatches containing different bound antioxidants {(DBBA/Tris) and (HAEB/Tris)}
were prepared separately and then diluted together (two stage preparation, see Scheme
4.3), they gave lower embrittlement times compared to the effect if they were processed
together (one stage preparation, see Scheme 1.2). On the other hand, the masterbatch films
containing bound AO's mixtures with AOTP {(DBBA/HAEB/Tris) and (AOTP/Tris)}
prepared following a two stage preparation, gave an embrittlement times higher

compared to that of a single processing (one stage preparation).

To examine whether there is any combination effect of HOBP with hindered phenolic
antioxidants, the masterbatches containing bound-DBBA and fresh HOBP were diluted
down together in fresh PP to 0.4% of total AO's (see procedure in Scheme 4.4). The
concentration of both antioxidants were varied (see table 4.12). Table 4.12 shows that in
the presence of HOBP before extraction, the embrittlement times were high, even than the
sum of those of the single antioxidants. However, after soxhlet extraction, the uv-
stabilising activity of remaining bound DBBA does not exhibit any considerable

improvement compared to that of bound DBBA without HOBP.
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Table 4.10 UV Stability of PP-films containing 0.4% AO's of mixture
masterbatches in  varied composition (before and after
extraction), diluted from 10% wmasterbatches processed in the
presence of 0.02 wmolar ratio Trigonox 101, under standard

condition.
UV Embrittlement Time (hrs)
No Film sample contng |0.2% AO's| 0.2%AQ0's Before After
0.4% total AO's d-MB 1 d-MB II Extraction Extraction
(d-MB1) + (d-MBII) | Ratio AO's| Ratio AO
&coagent | &coagent

1 [DBBA/Tris] + 6/4 9/1 320 160
[HAEB/Tris]

2 [(DBBA/HAEB)/Tris] + | (4/4)/2 10 630 520
[AATP]

3 [(DBBA/HAEB)/Tris] + | (2.7/5.3)/2 10 840 550
[AATP]

4 [(DBBA/HAEB)/Tris] + | (2/6)/2 10 510 480
[AATP]

5 [(DBBA/HAEB)/Tris] + | (4/4)/2 (8/2) 1330 730
[AOTP/Tris]

6 [(DBBA/HAEB)/Tris] + | (2.7/5.3)/2 (8/2) 1560 840
[AOTP/Tris]

7 | (DBBA/HAEB)/Tris] + | (2/6)/2| (8/2) 1040 670
[AOTP/Tris]
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Table 4.11 UV Stability of PP-films containing different single AO using

various ratio Tris coagent
extraction),

after

: in varied concentration (before and
diluted from 10% masterbatches processed

in the presence optimum Trig.101, under standard condition.

UV-Embrittlement Time
(hours)
d-MB
No Film sample | Ratio of AO's containing Before After
AO (%) Extraction Extraction
1 (DBBA/Trtis) 6/4 0.20 130 110
2 (DBBA/TrTis) 6/4 0.13 120 105
3 (DBBA/Tris) 6/4 0.10 115 105
4 (HAEB/Tris) 9/1 0.20 120 100
5 (HAEB/Tris) 9/1 0.27 140 120
6 (HAEB/Tris) 9/1 0.30 140 120

Table 4.12 Effect of UV-stabiliser (HOBP) on the uv-iradiated of PP films
containing bound DBBA with coagent at 0.4% total AO's
mixture MB's (before and after extraction), diluted from 10%
masterbatches processed in standard condition.

UV Embrittlement Time (hrs)

No Film sample d-MB 1 Fresh Before After
contain (0.4%) AO's containing HOBP Extraction Extraction
(MB I) + (fresh HOBP) AO (%) (%)

1 (DBBA/Tris] + [HOBP] 0.1 0.3 1310 110
2 [DBBA/Tris] + [HOBP] 0.2 0.2 850 120
3 [DBBA/DVB]+ [HOBP] 0.1 0.3 1120 100
4 [DBBA/DVB]+ [HOBP] 0.2 0.2 750 105
5 [DBBA/Tris] 0.1 - 90 100
6 [DBBA/Tris] 0.2 - 140 120
7 [DBBA/DVB] 0.2 - 120 110
8 HOBP - 0.2 640 70

9 HOBP - 0.3 960 70
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4.3 DISCUSSION

4.3.1 Effect of Reactive Processing on Stabilising Activity of
Hindered Phenol and Benzophenone in Polypropyelene
Containing Acrylic Group

It was found that the stabilising activity of bound DBBA either as a thermal antioxidant or
uv-stabiliser is lower compared to that of unbound DBBA as shown in Tables 4.3, 4.4 &
4.6 and Figures 4.3 & 4.5. Use of peroxide in reactive processing is not only to initiate
grafting reaction of antioxidants or polymers but will also initiate melt and thermal
degradation. During processing, therefore, some of the radical scavenger antioxidant will
act mainly to protect the polymer from degradation, which in turn, can decrease the
stabilising activity of the antioxidants in service (188).  Allen and Chmela(189,190)
reported that polymerised antioxidants in polypropylene exhibit lower photo stabilising
activity compared to the unpolymerised antioxidants. In the case of DBBA, even though
the level of binding is very high, the thermal stabilising efficiency is very low when
compared to that of Irganox 1076 or Irganox 1010. This should be due to the fact that
DBBA does not have any propionate group which can form a regenerative mechanism like
commercial antioxidants (e.g. Irganox 1010 and 1076). Gugumus(141) has reported that
the mechanism of hindered phenol substituted with a propionate group there is a chain
breaking regenerative character step for the formation of a phenoxyl radical with a second

alkyl radical to form a resonance stabilising structure which is then a regenerated hindered

phenol (see reaction no. 1.30 in Chapter-1).

A sample film containing bound-VDBP (diluted from 3% MB), having a propionate group
substituent, exhibited a lower stabilising activity, both in thermal ageing and photo
irradiation, see Tables 4.3 to 4.7. This should be due to the preparation of the masterbatch
using a very low VDBP concentration (3%). Yachigo and workers(146) have

demonstrated that a hindered phenol containing an acrylic group (Sumiliser GM, see Table
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4.1) 1s a very effective stabiliser for thermal degradation of a butadiene type polymers by
trapping radicals. However, in this work neither bound nor unbound Sumiliser GM

resulted in a good thermal stabilisation in polypropylene using a reactive processing

procedure.

4.3.2 Synergistic of Hindered Phenol and Benzophenone in
Polypropylene Containing Acrylic Group

In this work a very high synergistic action of reactively processed bound DBBA/HAEB
systems which retained their stabilising activity after extraction was achieved, see Tables
4.9 & 4.11 and Figure 4.9. This effect is due primarily to the non removal of the bound
antioxidants under these conditions. The reason for this high antioxidant synergistic activity
can be suggested to be due to cooperative action of the free radical scavenger (DBBA)
which protects the UV stabiliser (HAEB) during processing and the UV stabiliser which
offers the UV stability and protects the DBBA and polymer from the adverse effect of UV
light(191). The UV-screening action of benzophenone is due to a keto-enol tautomerisation
of carbonyl and hydroxyl groups, see Chapter-1 Scheme 1.9(61,62) Furthermore, it is
reported(48v149) that the benzophenone may also function as a radical scavenger for
alkoxyl radicals and this, in turn, is responsible for the subsequent destruction of the
stabiliser function. Some previous work at Aston(112) has shown that HOBP (as UV-
screen and radical scavenger) synergises with bound AATP (UV-stabiliser) in
polypropylene. Similarly, bound AOTP (UV-stabiliser) and HOBP led to a very effective
synergism(1 12) 1t was suggested that HOBP protects AATP from UV light during the
early stages of polymer degradation until AATP or AOTP are ready to produce a nitroxyl
radical (>NO.) and undergoes a regenerative mechanism(112). Scott and Evan(107) have

successfully grafted DBBA and HAEB by UV irradiation onto the surface polypropylene

which gave effective synergism.
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On the other hand, samples of bound DBBA and bound HAEB prepared using a two stage
synergism (see procedure Scheme 4.4) show low stabilising activity compared to that of
using one stage synergism (Scheme 4.2), see Table 4.10. In this case, DBBA should not
protect the destruction of HAEB during the first separate processing, but the former only
protects further destruction of HAEB in the second processing during dilution. In the first
stage processing some of the HAEB as a UV-stabiliser was lost due to a transformation
reaction and subsequently there is a decrease in its stabilising activity. This is in agreement
with the previous work which had been reported by Allen and coworkers(187) that re-
processing of Tinuvin 770 in polypropylene can decrease its uv-stabilising activity,
compared to that of a single processing. Chakraborty and Scott (67,149) have reported that
the benzophenone may function as a radical scavenger for alkoxyl radicals and could

destroy the stabiliser's function.

The mixture of bound DBBA (radical scavenger) and fresh HOBP (UV-stabiliser) before
extraction also shows the synergistic effect (see Table 4.12). However, after extraction
when the unbound HOBP was removed from the bound DBBA in polypropylene film, the
stabilising activity was found to be very low. This low stability in the system may be due

to the removal of unbound HOBP antioxidant after aggresive soxhlet extraction in DCM.

202




1500

g4  Unextracted
Extracted

1000 -

]

UV-Embrittlement Time (hrs)

5%

£ £

3 v
[ty Vi

DBBA,B VDBP,B HAEB,B Tin.770 HOBP

(B,Ub) di

luted MB cont.0.4% AO

Figure 4.1 Embrittlement time of uv-irradiated diluted-films containing

0.4% of various

bound (B) antioxidants and commercial AO's

before (Unextracted) and after extraction (Extracted).

Ret.Act. (%)

100 - ©
g )
80
S
2 60
2
-
[¥]
<
= 40
2
-
=
]
o 20
[
0
Figure 4

DBBA, B VDBP, B HAEB, B Tin.770

(B,Ub) diluted MB cont. 0.4% AO

2 Retention activity of uv-irradiated diluted-films containing
0.4% of bound (B) antioxidants and commercial AQO's.

203



o= 3.019
O ]
2,1 = voBPb 2
v “71 - VDBPUD 4
s 1 & DBBAb :
5 207 < DBBAUD :
£ i = HAEBb 4
¥ 159 o HAEBUb -
-c o
= .
— 1.0 ”
) R
g : -
2 054
= 3 2 5 -
o ] ,.-‘/—!.-—-“'—"
0.0 TR . T —r—r—r—
0 50 100 150 200 250 300 350

Irradiation Time (hours)

Figure 4.3 Carbonyl index increase during uv-irradiation of diluted
masterbatch  film containing 0.4% of bound and unbound
VDBP, DBBA, and HAEB before extraction, refer to Table 4.3
sample no 1-3 and Table 4.4 sample no.11-13

HOBP

Tin.770

?/7///}%’

HAEB/Tris(9/1) &
Ve

VDBP/Tris(6/4)

Unextracted
A Extracted

DBBA/DVB(6/4) B

Y £ 150
/] 160

DBBA/Tris(6/4)

771 f
0 500 1000 1500

UV-Embrittlement Time (hrs)

(B,Ub) diluted MB cont.0.4% AQO

Embrittlement time of uv-irradiated diluted masterbatch films
containing 0.4% of various bound (B) antioxidants in the
presence of coagent and commercial antioxidants, before and

after extraction.

Figure 4.4

204



DVBP/Tris(6/4) s o T ST — & 110

;,%B?%jﬁﬁwfﬂvﬁ%*ﬁ%f&éf%’ﬁwf%fﬁ%ﬁ%

& 20

% &

it e 30

ff%ﬁxf%ﬁg
4 30

R L T I IL T I B

A oy S =
G

DBBA/DVB(6/4)

Unextracted
Extracted

DBBA/Tris(6/4) 40

(B)VDBP A 90

/¢

v Y T
0 20 40 60 80 100 120
Thermal ageing embrittlement time (hrs)

(B)DBBA

(B) diluted MB cont.0.4% AO

Figure 4.5 ET of thermally aged diluted MB films containing 0.4% of
various bound (B) antioxidants with or without coagent,
before and after extraction.

Ret.Act.(%)

SRR

Retention Activity (%)

wn
o

a Y a—
DBBA DBBA/Tris VDBP VDBP/Tris 1rg.1076 Irg.1010
(B) d-MB cont.0.4% AO

i 4.6 Retention Activity of thermal ageing diluted masterbatch films
Feure containing 0.4% of various bound (B) antioxidants compared
with commercial AQ's, see Table 4.6 and 4.7.

205



UV-Embrittlement Time (hrs)

Figure

Retention Activity (%)

4.7 Embrittlement time of UV-irradiated films of (DBBA/HAEB/Tris)
masterbatches having the same concentration of Tris (2%), but at
ratios of DBBA/HAEB (1/1, 1/2, 1/3) processed in the
presence of 0.02 molar ratio Trigonox 101, diluted to 0.4% of

100

80

60 -

40 A

20 -

Figure 4.8

Unextracted
Extracted

8-

- %’;

7

(4/412)
Ratio (B) d-MB cont.0.4% AQO's

various

.

&

&

2.7/5.3/2)

total AQ's content, see Table 4.9.

Q7

(

9

(4/4/2)

(2.7/5.3/2)

S

Ratio (B) d-MB cont.0.4% mix.AQO's

Retention Activity of UV-irradiated films of (DBBA/HAEB/Tris)
masterbatches having the same concentration of Tris (2% ),but at
ratios of DBBA/HAEB (1/1, 1/2, 1/3) processed in the
presence of 0.02 molar ratio Trigonox 101, diluted to 0.4% of

various

total AQO's content, see

206

Table 4.9.




UV-Embrittlement Time (hrs)

Figure

Carbonyl index increase (ACI)

Figure

B Unextracted

Extracted
(@] Ty
< [0)]
™ ™
s : .
= % o 7 o S
< 88

L

4.9

2.2/6.8/1 2/61/2 1.8/5.2/3
Ratio (B) d-MB cont.0.4% AO's

The Embrittlement Time of UV-irradiated films of
(DBBA/HAEB/Tris) masterbatches have the same ratio (1/3) of
DBBA/HAEB in the presence of different concentration of Tris
coagent content, diluted to 0.4% of total AQO's content.

4.10

PP
bound-DBBA
bound-HAEB
Mix 4/4/2

Mix 2.7/5.3/2
Mix 2/6/2

e éhen

e a1 L LS AL BL AL SR
500 750 1000 1250 1500 1750 2000 2250

Irradiation Time (hours)

Carbonyl index increase during uv-irradiation of diluted
masterbatch films containing 0.4% of bound-DBBA, bound-
HAEB and mixtures DBBA/HAEB/Tris weight ratio: 4/4/2,
2.7/5.3/2, and 2/6/2 before extraction, refer to Table 4.3
sample no 1&3, Table 4.4 sample no.l and Table 4.9 sample

no.4-6

207




CHAPTER FIVE

ANALYSIS OF MASTERBATCHES
CONTAINING DBBA AND HAEB IN POLYPROPYLENE
AND MODEL REACTION OF DBBA IN SOLUTION

5.1 OBJECT AND METHODOLOGY

The high binding efficiency of DBBA and HAEB when processed in PP have been
demonstrated in Chapter-3. The stabilising activity of these antioxidants alone and in
synergistic combinations has also been illustrated in Chapter-4. In this chapter the binding
mechanism of DBBA and HAEB will be examined in the polymer melt as well as in liquid

hydrocarbon models in the case of the former.

The overall procedure used to analyse polymer concentrates (masterbatches) of DBBA and
HAEB by extraction and spectroscopic techniques is shown in Scheme 5.1. Unstabilised
polypropylene containing 6-10% antioxidant (AO), DBBA or HAEB in the presence of
the initiator (I), 0 - 0.02 molar ratio, m.r. ([I)/[AQ]) Trigonox 101 were tumble mixed
together in DCM at room temperature, and followed by vacuum evaporation. This was
then processed in a Hampden Rapra Torquerheometer at 180°C for 10 minutes under
closed mixing condition (this is the standard processing condition used throughout the
work unless otherwise stated), to produce antioxidant concentrates (masterbatches, MB's),
see Scheme 5.1 stage A. The melt viscosity (melt flow index, MFI) and molecular weight
distribution, GPC (see Section 2.5 and 2.10) were examined for those concentrates. Thin
films were compression moulded from the processed concentrates in order to assess the
binding efficiency, se¢€ Scheme 5.1 stage H. Quantitatively, 5 gram of shredded
concentrates were exhaustively Soxhlet extracted in DCM (see Scheme 5.1 stage C) and
after drying at room temperature, the antioxidant content was examined (see Scheme 5.1

stage B). The DCM-extracted polymer was further Soxhlet extracted in toluene and the
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antioxidant content in the toluene extract was measured again (see Scheme 5.1 stage D).
The toluene-extracted polymer was further Soxhlet extracted in xylene, the xylene-extract
was vacuum evaporated and the remaining antioxidant concentration was examined (see
Scheme 5.1 stage F). Furthermore any insoluble gel was measured (as gel content) after the

xylene extraction (see Scheme 5.1 stage G).

For model reactions, decaline was used as a substrate (containing labile proton, hence used
as a model for polypropylene) for further examination of the binding mechanism of DBBA
as shown in Scheme 5.2. 10% DBBA in decalin (b.p. 190°C) in the presence of 0.02
molar ratio (I/AO) of Trigonox 101, was refluxed at 190°C for 5 hours under Argon
atmosphere (see Scheme 5.2 stage A). After reflux, the reaction mixture was chilled in dry
ice to stop further reaction, followed by vacuum evaporation (to evaporate any unreacted
decalin). The residue, a yellowish solid, was then dissolved in pentane (see Scheme 5.2
stage B). Both soluble and insoluble pentane fractions (after drying in vacuum
evaporation), were examined by FTIR and NMR spectroscopy (see Scheme 5.2 stage C
and D). Control for polymerisation of DBBA in the presence of a free radical initiator, in
this case azobisisobutyronitrile (AZBN), but in the absence of the substrate (decalin), was

also examined for comparison, see Scheme 5.3.
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5.2 RESULTS

5.2.1 Analysis of Masterbatches Containing DBBA and HAEB
5.2.1.1 Spectroscopic investigation using infra red

The FTIR spectrum of fresh DBBA in a KBr disc (see Figure 5.1) shows clearly the
major absorptions of the antioxidant in the polymer at 3588 cm-! (OH group), 1714 cm-1
(C=0 unsaturated ester group), the peak at 1636 cm-1 (>C=C< for aromatic and acrylic
double bound), 1408 cm-! which appears in the window between the two major
polypropylene absorptions (at 1456 cm-1 and 1358 cm-1) is due mainly to the acrylic
double bond. This peak can therefore be conveniently used to monitor changes in >C=C<
of the acrylic group. The comparison of an IR spectra of a PP film containing 10% DBBA
(masterbatch, MB) processed in the absence of peroxide with that of fresh DBBA in a KBr
disc (see Figure 5.1) shows the absorption at 1408 cm-1 while absorptions at 1714
cm-! (shifts up to 1725 cm-1) and 3588 cm-! (shifts up to 3646 cm-1) shift to higher
wave numbers. Exhaustive Soxhlet extraction of this MB with DCM (see Figure 5.2), led
to the complete disappearance of the major DBBA absorptions (e.g. 1408, 1725 and 3646
cm-1) and the overall IR spectrum is very similar to that of a control PP film processed in
the absence of any additive. When the IR spectrum of DBBA (10% MB) processed in the
presence of peroxide is compared with that of fresh DBBA (in KBr disc, see Figure 5.3)
the 1408 cm-1 absorption disappears completely, while the 1636 cm-! broadens, and the
1714 and 3588 cm-1 absorptions shift to higher wave numbers (1731 and 3648 cm-1,
respectively). Soxhlet extraction of this MB in DCM, see Figure 5.4, led to a reduction of
the intensities of both absorptions at 1731 and 3646 cm-1, otherwise, the overall spectrum
of the extracted sample is similar to that of the unextracted sample. Comparison of IR
tra of 10% DBBA masterbatch films processed in the presence and absence of

spec

peroxides (see Figure 5.5) highlights the major differences shown above (in the presence

of peroxide the 1408 cm-band disappears, 1636 broadens and 1725 shifts to 1731 cm-1).
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In the case of the DCM extract of 10 % DBBA MB processed with peroxide (Scheme 5.4
stage B, see Figures 5.6 and 5.7) the spectrum of the extract shows that the major
absorptions are different to that of fresh DBBA (1408 disappears, both the 3588 and 1714
cm-! absorptions shift up to higher wave numbers, 3639 and 1735 cm-1, respectively).
Contribution from absorptions at 3639 and 1735 cm-! and the disappearance at 1408
cm-1 leads to an overall spectrum which is very similar to that of the grafted DBBA
concentrate (the same 10% DBBA MB film before and after DCM extraction, Scheme 5.4

stage A and C), see Figure 5.7 and 5.8.

In the presence of DVB coagent during DBBA processing (MB containing 10% [DBBA+
DVB]) we can improve the binding efficiency of DBBA onto PP up to 93%. The FTIR
spectrum of 10 % (DBBA+DVB) MB film compared with fresh DBBA shows that the
absorption at 1408 cm-! disappears completely, while the 1636 cm-1 broadens and has a
lower intensity, the 1714 and 3588 cm-! absorptions shift up to higher wave numbers
(1731 and 3646 cm- 1, respectively), see Figure 5.8a. Comparison of the IR spectra of
10% (DBBA+DVB) masterbatch films processed in the presence of peroxides, before
DCM extraction (Scheme 5.6 stage A), after DCM extraction (Scheme 5.6 stage C) and

DCM extract (Scheme 5.6 stage B) show that all spectra have similar major absorptions,

see Figure 5.8b.

In the presence of Tris coagent during DBBA processing (MB containing 10% [DBBA+

Tris]) the binding efficiency of DBBA onto PP can be increased by up to 91%. The FTIR

spectrum of 10 % (DBBA+Tris) MB film compared with fresh DBBA shows that the

absorption at 1408 cm-1 disappear completely, while the 1636 cm-1 broadens and has a

lower intensity, the 1714 and 3588 cm-! absorptions shift up to higher wave numbers

(1735 and 3646 cm-1, respectively), see Figure 5.8c. Comparison of the IR spectra of

10% (DBBA+Tris) masterbatch films processed in the presence of peroxides, before DCM

extraction (Scheme 5.5 stage A), after DCM extraction (Scheme 5.5 stage C) and DCM

extract (Scheme 5.5 stage B) show that all spectra have similar saturation, see Figure 5.8d.
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Similarly, in the case of HAEB, the FTIR spectrum of fresh HAEB in a KBr disc (Figure
5.9) shows clearly the major absorptions of the antioxidant at 1725 cm-1 (C=0 unsaturated
ester group) at 1625 to 1577 cm-1 (>C=C< for aromatic and acrylic double bound), at
1414 cm~1 which appears in the window between the two major polypropylene absorptions
(at 1456 and 1358 cm-1) is due mainly to the acrylic double bond. This peak can therefore
be conveniently used to monitor changes in the >C=C< of the acrylic group. The
comparison of an IR spectra of a PP film containing 10% HAEB (masterbatch, MB)
processed in the absence of peroxide with that of fresh HAEB in a KBr disc (see Figure
5.9) shows that the absorption at 1414 cm-1 was still observed while the absorption at
1725 shifts to higher wave numbers, 1731 cm-1. Exhaustive Soxhlet extraction of this MB
with DCM (see Figure 5.10), leads to the complete disappearance of the 1414 cm-1
absorption and a reduction of the major HAEB absorptions (e.g. 1577, 1625 and 1731
cm-1). When the IR spectrum of HAEB (10% MB) processed in the presence of peroxide
is compared to that of fresh HAEB (in KBr disc, see Figure 5.11), the 1414 cm-1
absorption disappears completely, while the 1725 cm-1 absorption shifts to higher wave
length numbers (1733 cm-1). Soxhlet extraction of this MB in DCM, see Figure
5.12, led to a reduction in the intensities of absorptions at 1733, 1636 and 1577 cm-1.
Comparison of the IR spectra of 10% HAEB masterbatch films processed in the presence
and absence of peroxides (see Figure 5.13) highlights the major differences shown above
(in the presence of peroxide the absorption at 1414 cm-! disappears, and the 1731 band
shifts to 1733 cm-1). Examination of figures 5.14 and 5.15 which compare the IR of the
DCM extract of 10% HAEB MB processed with peroxide, with that of the same MB but
before extraction (see Figure 5.15) and with fresh HAEB (in KBr disc) reveals that the
extract spectrum is different from that of fresh HAEB (note absorptions at 1725 shifts up to
1738 cm- ! and 1414 cm- ! absorption completely disappears). This could suggest that
both HAEB monomer and homopoly-HAEB are being extracted. This extract spectrum 1s

similar to that of the extracted polymer i.¢. grafted HAEB concentrate (see Figure 5.16).
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§.2.1.2 Analysis of antioxidant concentration in masterbatches and the
gel content

Solubility of polypropylene and the antioxidants used, DBBA and HAEB, was examined
in xylene, toluene and DCM. Polypropylene was found to be completely soluble in boiling
xylene (b.p = 135°C), partially (up to 66%) soluble in boiling toluene (b.p = 110°C)
but not soluble in boiling DCM (b.p = 30°C), whereas both antioxidants were found to be
completely soluble in all three solvents. DCM was, therefore, used for the initial extraction
of the polymer to remove any free antioxidant while the concentration of any crosslinked
(gel) material was determined by treating the polymer samples with boiling xylene.
Furthermore, stepwise fractional separation of antioxidant concentrates (AO=6-10% in
polypropylene) was carried out in the above three solvents and samples were taken out for

further analysis, see Scheme 5.4 t0 5.9

The binding efficiency, MFI, gel content and changes in torque during processing of
polypropylene containing DBBA (10%) in the absence and presence of two different
coagents, Tris and DVB are shown in Table 5.1 and Figures 5.17 and 5.18. Figure 5.17
shows that for all different DBBA samples examined there is a general decrease in the
torque with no appearance of peaks at any processing time in the torque curves. The torque
curves were all lower than that of a polypropylene control sample (with no additive),
except for one sample which was processed in the presence of DVB (used as a coagent)
which showed a higher torque curve. The MEFI for the DVB-containing sample was very
e Table 5.1 and Figure 5.19) when compared to polypropylene control and to the

low (se

other samples, suggesting the crosslinked product was formed. This was confirmed from

the formation of a gel (tests in xylene, see Section 2.6) in this sample, see Table 5.1.

Furthermore, this was the only sample which became hard very soon after processing

(much harder than the other DBBA samples).
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Similar analysis was carried out for HAEB masterbatches processed in the presence of
peroxide ([I/AO] 0.005 molar ratio Trigonox 101) as that used for DBBA, except that in
the case of HAEB samples, they were not only analysed at the end of the processing
operation (after 10 minutes) but also samples were removed at intervals (2.5 and 5
minutes) during the processing and were subjected to further analysis. Changes in torque
of HAEB masterbatch is very different from that shown for DBBA; a pronounced torque
peak was observed after 2.5 minutes of processing in the former case, see Figure 5.20.
This torque peak was also observed by previous researchers (128), Table 5.2 and Figure
521 show that maximum amount of insoluble material (gel) was found after 2.5 minutes,
coinciding with the torque peak. Further processing leads to reductions in the gel content
and at the end of the processing (after 10 minutes) there was no gel left in the sample
corresponding to the decreasing of the torque curve to approximately the same value of the
polypropylene control. Furthermore, the decrease in gel content with processing time is

paralleled by an increase in MFI, see Figure 5.22.

Table 5.1 Binding efficiency, MFI and gel content of 10% masterbatches
containingDBBA in polypropylene without and with coagents, In
the presence of 0.02 m.r. [I] /(IDBBA]+[Coagent] Trigonox101
(processedat 180°C for 10 minutes under closed mixer).

N Code MB's Sample Binding MFI Gel content
© (%) (g/10 mins) (%)

1 - PP only, processed - 0.58 none
2 - PP+peroxide - 17.37 none
3 DBCU DBBA (10%) 40 1.65 none
4 TRDU DBBA+TTis (6/4) 91 1.19 none
5 DVBU DBBA+DVB(6/4) 93 0.16 6
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Table 5.2  Effect of processing time on binding efficiency, MFI and gel

content of 10% HAEB in polypropylene, in the presence of
0.005 molar ratio [I1/[AO] Trigonox 101 processed at 180°C
under closed mixer condition at different processing time.

No | Processing Time |  Binding (%) | MFI (g/10 mins) | Gel content (%)
(minutes)
1 2.5 73 1.15 16
2 5.0 73 1.54 6
3 10 73 1.82 0

Scheme 5.4 to 5.6 show flow diagrams of the fractional separation (according to
solubility in solvents) of various DBBA masterbatches. In order to calculate the
concentration of DBBA in the various masterbatches calibration curves, based on
polypropylene containing different known concentrations of DBBA (see Figures 5.23 to
5.25), were constructed with respect to hydroxyl (OH) absorption index (reference to a
PP peak with does not change, at 1722 cm‘l) and carbonyl (C=0) absorption index, for
detail see Section 2.4, 2.9 and 2.10. The hydroxyl index for the sample containing Tris

was used since this coagent has itself a large carbonyl absorption.

The concentration of DBBA in the masterbatches can be measured by using the calibration

curves of masterbatches containing known concentration of DBBA (see Figure 5.23)

obtained empirically, which follows as a linear equation:
C = 32636(CDH + 0.133 5.1

where, C is DBBA concentration (% w/w) and CI is carbonyl area index of DBBA.

The carbonyl area index is defined as the area absorption ratio of carbonyl and a polymer

(peak reference, at 2722 cm'l).

In the case of calculating antioxidant content in masterbatches of (DBBA+Tris) system, the

carbonyl area of DBBA is overlapping with the carbonyl area of Tris. Hence, to measure
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the DBBA content in masterbatches the calibration curve used is the hydroxyl area index of
masterbatches containing known concentration of DBBA (see Figure 5.24) is needed which
follows the linear equation:

C = 7.3982 (HI) - 0.1548 5.2
where, C is DBBA concentration (% w/w) and HI is hydroxyl area index of DBBA.
Since the hydroxyl area index is defined as the area absorption ratio of the hydroxyl and the

polymer (reference peak).

To measure HAEB content in masterbatches, the calibration curve used is the carbonyl
area index of masterbatches containing known concentrations of HAEB was used (see
Figure 5.25). This was similarly calculated using the linear equation:

C = 3.2489 CI + 0.1498 5.3
where, Cis the HAEB concentration (% w/w) and CI is the carbonyl area index of
HAEB, since the carbonyl index is defined as the area absorption ratio of the carbonyl and

the polymer (reference peak).

The results on the analysis of the amount of soluble polymer at different stages of
extraction and the concentration of DBBA in the extract of different solvents (see Scheme
5.4 - 5.6) are shown in Tables 53 and 5.4. The very high initial loss (in the DCM-
extract), of DBBA when processed in the presence of peroxide but in the absence of the
co-agent contrasts with the very low initial loss of DBBA in the presence of both co-agents,
(Tris and DVB), hence the very high level of binding (calculated after DCM extraction),
see Table 5.3. Itis interesting to note that in the case of DVB, 7% gel was found in the
sample and some of the DBBA (=1%) was found to be present in the gel, no other

sample gave a gel, see Table 5.3. It is alsoimportant t0 point out that when DBBA was

processed in the absence of a co-agent, a larger proportion became soluble in the toluene

fraction compared to the xylene fraction (73:21); this was the reverse of what happened

when co-agents were present, see Table 5.3. In the absence of a coagent, the polymer is

quite soluble in toluene (upto 73%), comparable to 66% solubility of PP. However, when

219

=5




a coagent 1s used, the polymer became more "crosslinked" and less soluble in toluene.

However, this is not permanent crosslinking (mobile crosslinking) which breaks down

when heated further at the xylene boiling point temperature.

Table 5.3 Percentage weight of soluble and insoluble fractions
continuous extraction

(after

¢ in different solvents) of masterbatches
containing 10% AOQO's processed in the presence of optimum
concentration of Trig.101, at 180°C in closed mixing at different
processing times

% (w/w) polymer soluble in different
fractions (of original 100%)

% (A)| (B D) ® |©G
% conc. of Binding| MFI | Before | DCM | Toluene- Xylene-

No | DBBA + Coagent % extion | extract | Extract | extract | Gel
1 | PP (no additive) - 0.58 | 100 0 66 44 0
2 | DBBA (10/0) 40 1.65] 100 6 73 21 0
3 | DBBA+Tris (6/4) 91 1.191 100 0.5 22.5 77 0
4 | DBBA+DVB(6/4) 93 |0.16| 100 0.5 22.5 70 7

¥ Solubility of PP in toluene is 66%
Solubility of PP in xylene is 100%

The results on the analysis of the con

Scheme 5.7 - 5.9) is shown in Table 5.5 and 5.6. The very high i

extract), of HAEB wh

73%, see Table 5.5. Itis interesting to not

16% the gel content was found in the sample and a very high prop

(=4.5%) was found to

minutes) the gel content decreased (6%

gel, see Tabl

minutes, no gel content wa

fraction compared to the toluene fraction (

e 5.6. It is also important t0 point out that when HAE

high HAEB (4.8%) was found in the xylene fraction.
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be in the gel see Table 5.6. When the processing time increased (5
) and less of the HAEB (=1.1%) was found in this
B is processed for 10
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Table 5.4 Percentage _of DBBA in different fractions (after continous
separation in different solvents) of 10% total (DBBA with or

without coagent) masterbatches processed with

0.02 m.r.

(I/DBBA+Coagent) Trigonox 101, at 180°C, for 10 minutes
under closed mixer condition.

% (w/w) conc. of DBBA (of original
10%) in different fractions

. (B) (D) (F) G)
No % conc. of Binding | % gel| DCM | Toluene- Xylene-
DBBA + Coagent % extract | Extract | extract Gel
1 | DBBA (10/0) 40 0 6 1 3 0
2 | DBBA+Tris (6/4) 91 0 0.5 0.5 5 0
3 | DBBA+DVB(6/4) 93 7 0.5 1.5 3 1
Table 5.5 Percentage weight of soluble and insoluble fractions (after

continuous extraction
containing 10% HAEB proce
(I/AO) Trig.101, at 180 C un

different

in different solvents ) of masterbatches

processing times

ssed in the presence of 0.005 m.r.
der closed mixer condition at

% (w/w) polymer soluble in different

fractions (of original 100%)

! i Bindin MEFI | % (A) (B) (D) (F) (G)
e Mt?rrfe(rr)rrlior(l:&sessl)ng %o ¢ Before | DCM | Toluene- | Xylene-
’ extion | extract | Exwact | extract | Gel
i 11 71 16
1 AEB, 2.5 mins 73 1.15 100 2.7
2 {——IIAEB 5 mins 73 1.54 100 2.7 18 73 6
3 | HAEB. 10 mins 73 | 1.82] 100 2.7 32 66 0
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Table 5.6 Percent?ge of HAEB in different fractions (after continous
separation in different solvents) of 10% HAEB masterbatches
processed with 0.005 m.r. (I/AO) Trig.101, at 180°C, under

closed mixer condition, for various processing time (2.5, 5 and
10 minutes).

% (w/w) conc. of HAEB (of original
10%) in different fractions

No | MB's (processing | Binding | gel (B) D) (F) (G)
time, minutes) %o /e DCM | Toluene- | Xylene-

extract Extract extract Gel

1 |HAEB, 2.5 mins 73 16 2.7 0.6 2.2 4.5

2 |HAEB, 5 mins 73 6 2.7 1.9 4.3 1.1

3 | HAEB, 10 mins 73 0 2.7 2.5 4.8 0

Table 5.7 The MFI of original MB's, soluble and insoluble fractions (after
continuous extraction in different solvents) of MB's containing
10% AQ's processed in the presence of optimum concen_tration
of Trig.101, at 180°C in closed mixer condition at different

processing times.

MFI gram/10 minutes
1 Processing | Original | (Stage D) | (Stage F) | (Stage G)
No Sample Time(mins)| MB's Toluene- Xylene- Xylene-
Extract Extract Insoluble
2.5 1.15 0.72 0.59 0.01
é II:IIA/}EE 5.0 1.54 0.81 0.47 0.02
3 |HAEB 10 1.82 0.98 0.35 -
4 |DBBA 10 1.65 0.91 8%3 -
5 | DBBA+Tris (6/4) 10 (1)%2 832 " (_)
6 | DBBA+DVB(6/4) 10 . .
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5.2.1.3 Molecular weight distribution (MWD) data of masterbatches
containing DBBA or HAEB

Table 5.8 and Figure 5.27 show the molecular weights of PP in the presence and absence
of DBBA. Polypropylene processed with peroxide gives lower molecular weight (MW)
values and has a narrower MWD than PP processed in the absence of peroxide. The shape
of the MWD curve of the 10% DBBA masterbatch is more similar to that of unprocessed

PP but the sample has slightly lower MW -values.

Processing polypropylene in the presence of peroxide can cause degradation by chain
scission(11-13). In the presence of DBBA some peroxide was used up to initiate grafting
of the antioxidant. When Tris or DVB were used as a coagent in 10% (DBBA-+coagent)
masterbatches (see Table 5.8 & 5.9 and Figure 5.28), the molecular weight (MW) of the
polymer was lower than that of 10% DBBA masterbatch without any coagent. The
MWD curves of these masterbatches (with coagents) were also shifted towards lower MW
values and their intensities were higher compared to that of the 10% DBBA masterbatch in
the absence of a coagent. On the other hand, the number average molecular weight (Mn)

of the 10% (DBBA+DVB) masterbatch was very high compared to the other two.

Further analysis of the molecular weight distribution of different fractions of DBBA
masterbatches extracted with different solvents (DCM, toluene and xylene) is shown in
Tables 5.8 & 5.9 and Figures 5.30 - 532, The toluene extract fractions of 10% (DBBA
without and with coagent) masterbatches have a molecular weight (e.g. Mn) much lower

than that of the xylene extract fractions (see Figure 5.29).

Similarly, the molecular weight distribution of 10% HAEB masterbatches processed
at various processing times was measured, as shown in Table 5.10 and Figures 5.33 and
5.33a. Itis clear thatthe molecular weight of 10% HAEB masterbatches decreases with

increasing processing rme as expected, but the molecular weight (e.g. Mn) of this sample
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is lower than that of DBBA samples. This means the longer the processing time the more

chain scission occurs in these systems. This is in agreement with the viscosity changes by

their MFI values for original masterbatches (see Figure 5.26).

Table 5.8 Molecular weight distribution (MWD) data of masterbatches
containing 10% (DBBA without or with coagent), processed in
the presence of 0.02 m.r. (I/DBBA+coagent) Trigonox 101 at
180°C for 10 minutes under closed mixer condition.

Molecular weight distribution
of MB's fractions
Processing | Binding Mw Mn D, MWD)
No Masterbatches | Time(mins) % x10-5 x10-4 (Mw/Mn)
1 | PP, unproc'd - . 4.17 5.13 8.128
2 |PP, proc'd 10 - 3.62 5.53 6.546
3 | PP+0.02m.r. FRI 10 - 1.75 4.34 4.032
4 |DBBA 10 40 2.57 4.82 5.332
5 | DBBA+Tris (6/4) 10 91 1.59 3.24 4.907
6 | DBBA+DVB(6/4) 10 93 2.22 5.02 4.422

Table 5.9  Molecular weight distribution (.MWD) data of n'lasterba_tc_h's
) fractions after Soxhlet separation of DBBA MB's containing
10% total (DBBA with or without coageont) processeq in  the

presence of 0.02 m.r. Trig. 101, at 180°C for 10 minutes, in

closed mixer condition.

Molecular weight distribution of MB's fractions

Toluene-Extracted Xylene-Soluble
Proc'g | Binding| ---------<-----mrmeTm | on e T T

No Sample Time (%) Mw : Mn = D, Mw Mr}l. D,
(mins) 10-5 - x10°4 :(Mw/Mn) | x107: x10°% : (Mw/Mn)

DBBA 0 | 40 | 151 282 5354 | 337 : 9.12 1 3.695
DRBA4Trs(6/) | 10 | 91 | 129 311 4148 | 278 © 9.71 : 2.863
DEBASDVB(GM| 10 | 93 | 103 : 234 4402 263 : 6.61 : 3.979

w RN
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Table 5.10 Molecular weight distribution (MWD) data of MB's containing
10% HAEB, processed in the presence of 0.005 m.r. (/HAEB)

Trig. 1Q1 at 180°C in closed mixing condition at various
processing time

Molecular weight distribution
of MB's fractions

Processing | Binding Mw Mn D,(MWD)

No Sample Time(mins) % x10-3 x10-4 (Mw/Mn)
1 | PP, unproc'd - - 4.17 5.13 8.128
2 | PP, proc'd 10 - 3.62 5.53 6.546
3 | PP+0.02m.r.FRI 10 - 1.75 4.34 4.032
4 | HAEB 2.5 73 2.39 3.47 6.887
5 |HAEB 5.0 73 2.22 3.29 6.747
6 |HAEB 10 73 1.59 2.86 5.559

5.2.2. Homopolymerisation of DBBA using benzene as a substrate

Some polymerised DBBA may have formed during processing of DBBA masterbatch in
polypropylene. Polymerisation of DBBA on the bench is therefore examined using a
suitable initiator (AZBN, see Scheme 5.3) in an inert liquid hydrocarbon substrate (benzene
with boiling point 86°C). 100 ml benzene solution containing 0.01 mol DBBA and 0.3
molar ratio of initiator AZBN were mixed together in 250 ml in three neck round bottom
flask. After assembling with a thermometer, and a condensor, the solution was purged
gas and was then refluxed at 70°C (constant temperature) for 25 hours. After

with Argon

refluxing the reaction mixture was chilled in dry ice-acetone to stop further reaction, and

then was evaporated exhaustively at room temperature (to remove benzene). The residue

was recrystalised in penzene/methanol mixture at ratio 3/1. After filtration a white solid
residue, was formed which was subsequently evaporated at 40°C to constant weight. The

residue (white solid, see Scheme 5.3 stage D) was then identified using IR and Proton
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&Carbon-13 NMR spectroscopy and results were compared with fresh DBBA, and DCM-

extract of the 10% DBBA masterbatch. Both poly-DBBA (white solid product) and
monomer DBBA are soluble in DCM.

The FTIR spectrum of fresh DBBA in KBr disc (see Figure 5.34) shows the major
absorptions at 3588 cm-! (OH group), 1714 cm-! (C=0 unsaturated ester group),
1636 cm-! (>C=C< for aromatic and acrylic double bond) and 1408 cm-! (>C=C< for
typical double bond of an acrylic group). After polymerisation for 25 hours the FTIR
spectrum of the polymerised DBBA (see Scheme 5.3 stage D and Figure 5.34), shows a
very different spectrum to that of fresh DBBA. The hydroxy! of hindered phenol has
shifted up to higher wave length numbers (to 3642 cm-1), the carbonyl ester absorption
band broadened and shifted up (to 1734 cm-1), the intensity of the double bond absorption
for aromatic and acrylic groups at 1636 cm-! decreased and the double bond acrylic group
at 1408cm-! disappeared. Comparison of the FTIR spectrum of the DCM-extract from
10% DBBA masterbatch processed with 0.02 m.r. Trigonox 101 (see Scheme 5.4 stage

B) with that of polymerised DBBA without decalin (Scheme 5.3 stage D), shows that the

two spectra are very similar, see Figure 5.35.

The polymerised DBBA is identified using Proton NMR spectroscopy in CDCI3. The

proton NMR of fresh DBBA (see Figure 2.7 in Chapter-2), clearly shows the characteristic
absorption peaks of (Hno.1l) aromatic proton at S (ppm) =7.23 (singlet), (H no.2) tertiary

butyl protons at 1.50 (singlet), (H no.3) methylenic proton at 5.16 (singlet), (H no.7)

proton of hydroxyl hindered phenol at 5.35 (singlet). The acrylic proton (>CH=CHy),

with the proton chemical shifts (H no.5) at 6.44-6.50 (doublet), (H no.4) at 6.15-6.23

(quartet) and (H no.6) at 5.82-5.86 (doublet). After polymerisation for 25 hours in the

presence of initiator AZBN (see Table 5.11 and Figure 5.36), it was found that the

typical absorption peak of the acrylic proton in NMR spectra had disappeared. The new

saturated proton (Cno. 4,5 and 6 of >CH-CH2-) were found at & =2.37 and 1.70
ppm .
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The 13C NMR spectrum of fresh DBBA (shown at Figure 2.8 in Chapter-2), exhibits
specific peaks of interest at carbon chemical shifts (8, ppm): carbon aromatic, (C no.l,
=COH-) at (-) 154.0; (Cno.2, >C=) at (-) 136.0; (Cno.3, =CH-) at (+) 125.8; (Cno.4,
>C=) at (-) 128.4, carbon of tertiary butyl (C.no.5, >C<) at (-) 34.3, carbon of methyl
(C no.6, -CHz) at (+) 30.2, carbon methylene (C no.7, -CHp-O-) at (-) 67.2, carbon of
carbonyl (C no.8, -O-(C=0)-) at (-) 166.1 and carbon of double bond acrylic group (C
n0.9, -CH=) at (+) 128.6; (C no.10, =CH>) at (-) 130.1. After 25 hours polymerisation,
some of the particular absorption peaks mentioned above, have changed as shown in Table
5.7 and Figure 5.37. It was found that both carbon absorption of vinyl acrylic (Carbon
number 9 and 10 of fresh DBBA) have completely disappeared (see Figures 2.8 and
5.37). The new absorption peaks were formed as the results of saturated carbons, with
carbon chemical shift (8, ppm): carbon number 9' (>CH-) at (+) 41.4 and carbon

number 10' (>CH?) at (-) 22.3 (see Table 5.12 and Figure 5.37).

Table 5.11 Proton NMR spectra of polymerised DBBA without decalin in
CDClj3 (using AZBN in benzene, see Scheme 5.3 stage D)

(iH3 2
H
CH/C 3H 1 5!
7 C/H
HO CH,-O- (C=0) - CH -
, 3 \H
CH H 3 4 6'
3
H No §(ppm) m'plicity I (%) Total H
1 7.06 1 2.3 b}
2 1.31 1 23.0 18
3 4.84 1 0.8 2
4' 2.37 1 15 1
5, 6 1.70 1 05 2
7 5.14 1 1.2 1

233




Table 5.12 13C NMR_spectra of 'polymerised DBBA without decalin in
CDCl3 (using AZBN in benzene, see Scheme 5.3 stage D)

6
v
Hj
Crie H
1 7 8 9! E
HO % CH,-O- (C=0) - gH - CH,
H3
C No o(ppm) (/) I(%) Total C
T 153.6 e 0.4 1
2 135.7 (-) 1.0 2
3 126.0 (+) 1.1 2
4 126.6 ) 0.5 1
5 34.1 (-) 2.8 2
6 30.2 (+) 12.1 6
7 67.1 ) 0.5 1
8 1741 ) 0.2 1
9 41.4 (+) 0.2 1
10' 22.3 () 0.1 1

5.2.3 Polymerisation of DBBA-Decalin

Another model reaction was investigated in order to simulate the grafting of DBBA onto the

polypropylene backbone. DBBA was polymerised in the presence of decalin (substrate

which can donate a proton, similar to the condition of polypropylene) on the bench, see

Scheme 5.2. Solution of 10% fresh DBBA in decalin (mixture of cis/trans, decahydro-

naphthalene, b.p. 190°C) in the presence of 0.02 molar ratio Trigonox 101 (as initiator)

was placed in a three-neck round bottom flask. After assembling with a thermometer, a

condensor and a mechanical stirrer, the solution was then refluxed at 180°C (in constant

temperature Ol bath) under Argon atmosphere for 5 hours. However, the effect of shear

cannot be simulated in the model compound studies. The reaction mixture in decalin was

then chilled instantly in dry ice-acetone o Stop any further reaction. After the unreacted

decalin had been evaporated at Toom temperature under Argon atmosphere, a yellowish
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solid "gum-like" residue resulted, see Scheme 5.2 stage B. This residue was then
dissolved in pentane, both the soluble and insoluble fractions were then vacuum evaporated
to constant weight at room temperature. The yellowish solid residue from the soluble
pentane fraction (see Scheme 5.2 stage D) and the white solid residue from the insoluble
pentane fraction (see Scheme 5.2 stage C) were then identified using FTIR, and Carbon-13
spectroscopy and their spectra were compared with that of fresh DBBA, polymerised

DBBA, decalin grafted DBBA (10% MB) in a polymer film.

The FTIR spectrum of the white solid polymerised DBBA-decalin (see Scheme 5.2 stage
D) was compared with that of fresh DBBA in a KBr disc, see Figure 5.38. The
polymerised DBBA-Decalin sample shows major differences associated with shifts in the
main absorption bands, for example, the hydroxyl group of the hindered phenol shifted
to higher wave length numbers (to 3642 cm-1) but the 3588 cm-! band is also present
as a shoulder. The carbonyl ester absorption band broadened and shifted up (to
1734 cm-1). The absorption of the double bond for the aromatic and acrylic groups at
1636 cm-1 have decreased in intensity and the absorption of the double bond acrylic group
at 1408 cm-1 has disappeared. In addition, some new absorptions were found in the
region between 2600 - 3000 em-1. Comparison of FTIR spectra of the polymerised
DBBA-Decalin (grafted DBBA) with that of polymerised DBBA (poly-DBBA) without
decalin (in KBr disc), see Figure 5.39, reveals that the overall absorption spectra are
quite similar, except the appearance of new absorptions at 2859, 2736, 2709 and 2664
cm-1, in the case of the former was found to be due to decalin absorptions in this region,
see Figure 5.40. Comparison of FTIR spectra of the polymerised DBBA-Decalin with that
of grafted DBBA (10% ) masterbatch film processed in the presence of 0.02 m.r. Trigonox

101 after DCM or xylene extraction, reveals also that the major absorptions of two spectra

are similar, see Figure 5.41 and 5.42.

Examination of the 13C NMR of polymerised DBBA-Decalin (Scheme 5.2 stage D) as

shown in Table 513 and Figure 4.43 reveals major changes when compared to that of

235




fresh DBBA (see Figure 2.8 Chapter-2). It was found that both carbon absorptions of
vinyl acrylic groups completely disappeared. The new absorptions were found as saturated
carbon are formed (grafting to decalin), with carbon chemical shift (8, ppm): carbon
number 9' (>CH-) at (+) 43.3 and carbon number 10' (>CH2) at (-) 21.7. Other new
absorptions were found at (-) 34.2 (C no. D4) and (+) 36.2 (C no. D2), these should be
carbon absorptions of decalin, which is bound to the DBBA. Other absorptions of
decalin should be overlapped to that of Carbon of DBBA, i.e. C no. 9' and D1 overlapped
at (+) 43.3 and C no. 5 and D3 overlapped at (-) 34.2 ppm. Figure 5.44 shows the 13¢

NMR spectrum of fresh Decalin in CDCI3 at room temperature.

Table 5.13 13C NMR spectrum of polymerised DBBA-decalin in CDCl3
(see Scheme 5.2 stage D)

6
CH,4
\_CH,4
CHe
1 3 7 8 9! E
HO % CH,-O- (C=0) - CH - CH,
10
CH H
e (D
H3 Dy
Dy Ds

C No S(ppm) (+)/) 1 (%) Total C
1 153.8 ) 0.3 1
2 135.9 (-) 0.6 2
3 125.7 (+) 1.3 2
4 125.9 8 (1)% 2i1

34.2 - .

5/]6)3 30.1 (+) 12.0 6
7 67.2 (-) 0.7 1
3 174.7 ) 0.1 1
10" 21.7 ) 0.7 1

D2 36.2 (+) 0.9 1

D = Carbon of decalin
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5.2.4 "Insitu" polymerisation of DBBA in NMR sample tube

13C NMR investigation has also been carried out "in-situ" in the sampling cavity of the
NMR machine. The measurement was not carried out at temperatures higher than 373°K,
for safety reasons. Solutions of 10% DBBA and 0.02 molar ratio Trigonox 101 in decalin
(mixture cis and trans) in the presence of a small amount of deuterated decalin was placed
in an NMR sample tube at 296°K (23°C), its 13C spectrum was recorded (see Figure
5.45). The sample tube was then removed from the NMR cavity and the temperature of
the sample cavity of the NMR machine was increased up to 373°K (100°C). The sample
tube was then inserted back into the sample cavity, its 13C NMR spectrum was recorded

every hour during a 25 hour reaction.

13Cc NMR spectrum of the DBBA solution in decalin before reaction was recorded using
a J-modulated (JMOD) method, where the spectrum with resonances was displayed in a
positive (+) and negative (-) manner. This spectrum (see Figure 5.45 and Table 5.14)
shows all similar peaks of its corresponding spectrum of fresh DBBA (as shown in Figure
2.8), in addition to decalin peaks at & = (-) 24.0 [Cno. D4 of -CH»-], (-) 33.8 [C no.
D3 of -CH2-], (+) 35.7 [C no. D2 of cis >CH-] and (+) 43.1 [C no. D1 of trans >CH-

] ppm, see also Figure 5.44 for comparison.

When the decalin solution was heated up to 373°K, both -CHp- peaks (Cno. D3 and D4

before heating up) of the decalin splitted to four new peaks at & = 25.2 (C no. D3), 27.9

(C no. Dg), 30.9 (C no.Ds) and (-) 35.4 ppm (C no. Dg), see Table 5.15 and Figure 5.46.

This splitting also occurred when fresh decalin was heated and recorded at a similar

temperature (se€ Figure 5.47), which must be due to a reversible chain rotation of both

decalin rings at high temperature, since when the decalin was cooled down and recorded

at TOOM temperature again the four peaks became two peaks, similar to thatin Figure 5.44.

After 1 hour heating at 373°K (in this case the 13C NMR spectrum was recorded with a

routine single pulsing method, where all the absorption peaks appear only on [+] value),
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both unsaturation peaks of DBBA at 8 (ppm) = (+) 129.7 (C no. 9) and (+) 130.3 (Cno
10) still appeared, see Table 5.10a and Figure 5.46. Further reaction after 25 hours (see ‘
Table 5.11 and Figure 5.48) gives a similar spectrum to that of after 1 hour reaction (Figure i
5.46), except that both unsaturation peaks of unreacted DBBA have completely |
disappeared. The appearance of the peak at 8 = 24.4, must be due to saturation of acrylic |
group (Carbon no. 10' of -CHp- ), another new saturated methine group (C no. 9')
should be overlapped with that of carbon number D1 of decalin.

Table 5.14 13C NMR spectra of DBBA with decalin in NMR sample tube
before reaction at 296°K, using Trigonox 101 as initiator.

6
CH, .
\_CH
CHj/ZC 33H Dy
7 § 9
HO-L y— CHyO- (C=0) - CH=CH @ @
10
CH H
3Wcm !
CHj,
C No 8(ppm) (/) 1 (%) Total C
1 153.6 (+) 1
2 135.5 “) 2
3 125.4 (+) 2
4 126.0 ) 1
5/D3 33.8 ) 242
6 29.7 +)
7 66.7 ) 1 7‘
8 165.6 ) 1 %
9 128.2 (+) 1 _
10 130.0 ) 1
D 43.1 +) 1
D2 35.7 (+) 5

Like the spectrum of polymerised DBBA without and with decalin (see Figure 5.37 and 3;{

ymerised DBBA in decalin for 25 hours shows I

i ﬁ
T
i
i
i

5.43) the spectrum of the in-situ pol

also doublet peaks at § = (+) 1264 ppm (Cno 3). On the other hand, one of the
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>CH2- groups due to decalin at 6 = (+) 44.9 ppm (Cno. Dy), which is recognised
as that of trans >CH- (more susceptible to radical attack than the cis), decreased
slightly. This indicates that the decalin substrate is also involved in the polymerisation
reaction with the acrylate through hydrogen elimination from the >CH- group, which in

turn may form a grafted structure onto the polymerised DBBA backbone.

Table 5.15 13C NMR spectra of DBBA with decalin in NMR sample tube
at 373°K, using Trigonox 101 as initiator after 1 hour reaction

6
CH;
\__CH,
7 8 9
CHZ—O' (C:O) -CH= CH2
10
D1 D5
D
>
H
C No d(ppm) (/) 1 (%) Total C
1 154.7 (+) 0.26 1
2 137.4 (+) 0.60 2
3 126.3 (+) 1.41 2
4 129.2 (+) 0.59 1
5/D6 35.4 (+) 23.88 2+2
6 31.3 (+) 4.57 6
7 67.2 (+) 0.67 1
8 165.6 (+) 0.26 1
9 129.7 (+) 0.10 1
10 130.3 (+) 0.53 1
D1 449 (+) 11.0 1
D2 37.717 (+) 10.75 1
D3 25.2 (+) 22.34 2
D4 27.9 (+) 23.02 2
DS 30.5 +) 21.18 2
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Table 5.16 13C NMR spectra of DBBA with decalin in NMR sample tube
at 373°K, using Trig.101 as initiator after 25 hours reaction.

6
CHj,
\_CH,
H

8 g

C No 5(ppm) (/) I (%) Total C
1 154.7 (+) 0.07 1
2 137.4 (+) 0.07 9
3 126.4 (+) 0.23 9
4 129.2 (+) 0.10 1
5/D6 35.4 (+) 24.59 242
6 314 (+) 1.83 6
7 67.2 +) 0.89 i
8 173.9 (+) 0.05 o
9'/D1 44 .9 (+) 8.88 41—
10 24.4 +) 0.11 !
D2 37.7 (+) 10.79 ;
D3 25.2 +) 22.87 2
D4 27.9 (+) 25.55 2
D5 30.5 (+) 21.55

5.2.5 Homopolymerisation of Tris Coagent in Benzene Substrate

To study the polymerised Tris that could occur during processing, this was simulated by
0

the polymerisation of the Tris on a bench using AZBN as an initiator (see Scheme 5.10) in
e

inert liquid hydrocarbon substrate (benzene with boiling point 86°C). 100 ml of
an in

b solution containing 10% (w/w) Tris and 0.3 molar ratio (I/Tris) of initiator
enzene

AZBN were mixed together in a 750 ml three necked round bottomed flask. After
w

bling with thermometer, condensor, and purged with Argon gas, this was then
assembli

p ° t CﬂUXing the rCaCtion iX[llI e

240



was chilled in dry ice-acetone to stop further reaction, and was then exhaustively
evaporated at room temperature (to remove benzene). The residue was then washed with
DCM. After filtration white crystals insoluble DCM were found (see Scheme 5.10 stage
C). This was then identified using IR and 13C NMR spectroscopy to be compared to that

of fresh Tris.

The FTIR spectrum of fresh Tris in neat liquid (see Figure 5.49) shows the interesting
absorption at 1729 cm-1 (C=0 unsaturated ester group), 1636, 1619 and 1408 cm-!
(>C=CHy for acrylic double bond). After polymerisation for 5 hours the FTIR spectrum
of polymerised Tris, an insoluble DCM white crystal (see Scheme 5.10 stage C and Figure

5.49a) shows a changes in some absorptions, i.c. the saturated carbonyl, which shifts

up to 1742 cm-1 due to saturation and most of the absorption of the acrylic double bond

disappeared.

and Figure 5.50 exhibits
(Cno.Tq,

The 13C NMR spectrum of fresh Tris as shown in Table 5.17
specific peaks of interest at carbon chemical shifts (8, ppm): methyl carbon

of -CH3) at (+)7.1;two methylenic carbons (C no. T2 and T4 of of -CHp-) at (-) 22.9

and 63.8 respectively; quartenary carbon (C no.T3, of >C<) at (-) 40.6; carbonyl

carbon (C no. Ts, of >C=0) at (-) 165.3; methine carbon of acrylic (Cno. Té, of

-CH=) at (+) 128.1 and methylenic carbon of acrylic (C no. T7, of =CH2) at (-) 130.9.

13Cc NMR of polymerised Tris was measured using solid state NMR and recorded in a

routine method (which disployed all resonance as [+] value), since the poly-Tris was very

difficult to dissolve in any solvent. The 13C NMR spectrum of Tris after polymerisation

(see Table 5.18 and Figure 5.51) exhibits carbon chemical shifts (5, ppm): of methyl

carbon , (C no.T1, of -CH3) at 6= 8.1 ppm; methylenic carbons (C no. Tp) at 26.0;

new methylenic saturated and quartenary carbons (C no. T7' and T3) overlapped at 41.5;

ew methine saturated carbon (C no. T4 and Tg') overlapped at 66.0

methylenic and n

and carbonyl carbon (C no. T5) at 173.9 ppm. The carbon absorption of acrylic group at

128.0 and 130.9 ppm have almost completely disappeared.
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Table 5.17 13C NMR of fresh Tris in CDCI3

™ T6 TS5 T4
CH,=CH-(C=0)-0-CH,

™ T
CH,=CH-(C=0)-0-CH, — C-CH,-CHj
T3

CH,=CH-(C=0)-0-CH,

CNo 8(ppm) ®Ie) T(%) Total C
Tl 7.1 +) 4.6 1
T2 22.9 (+) 4.4 1
T3 40.6 (+) 2.3 1
T4 63.8 (+) 13.1 3
TS 165.3 (+) 3.4 3
T6 128.1 (+) 1.5 3
T7 130.9 (+) 11.1 3

Table 5.18 Solid state 13Cc NMR of polymerised Tris in benzene substrate
using AZBN as initiator.

%Hz - CH-(C=0)-0-CH,
T2 Ti
%Hz - H-(C=0)-0-CH,— C-CH,-CH
T3

T6' TS5 T4
\oH, - CH-(C=0)-0-CHy
T7|
CH, - H-(C=0)-0-CH,

%Hz - ?H—(C=O)—O—CH2——— C-CH,-CHj

tH, - EH-(C:O)-O—CHZ

| C No 5(ppm) (/) (%) Total C

l T1 8.1 (+) 7.9 1

T 26.0 (+) 3.6 1

% T3/TT 41.5 (+) 1.5 1+3
TAITE 66.0 +) 5.5 343

% T5 173.9 (+) 14.1 3
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5.2.6. Polymerisation of DBBA with Tris in benzene substrate

In order to further understand the reaction of DBBA with Tris during processing, model
reactions of DBBA+Tris were carried out using 0.02 molar rato (I/DBBA+Tris) of AZBN
(see Scheme 5.11)in an inert liquid substrate (benzene with boiling point 86°C). 100 ml
benzene solution containing 6% (wW/w) DBBA, 4% (w/w) Tris and 0.02 molar ratio
(I/DBBA+Tris) of AZBN as initiator were mixed together in a 250 ml three neck round
bottom flask. After assembling with a thermometer and condensor the solution was purged
with Argon gas and was then refluxed at constant temperature of 70°C for 5 hours. After
refluxing the reaction mixture was chilled in dry ice-acetone to stop the further reaction, and
then was evaporated exhaustively at room temperature (to remove benzene). The residue
(Scheme 5.11 stage B) was dissolved in DCM, both insoluble (white solid, see Scheme
5.11 stage C) and soluble DCM compounds (yellowish solid, see Scheme 5.11 stage D)
were evaporated to remove the DCM solvent. The compound which soluble in DCM were

then identified using IR and 13C NMR spectroscopy compared with that of fresh

DBBA and fresh Tris.

The FTIR spectrum of polymerised DBBA+Tris (soluble DCM residue part, see Scheme
5.11 stage D) shows very different spectral characteristics to that of fresh DBBA (see

Figure 5.52). In the former, the hindered phenol hydroxyl absorption shifted to higher

wave numbers (3642 cm-1), the carbonyl ester absorption band broadened and shifted (to

1741 cm-1), whereas the double bond for aromatic and acrylic groups at 1636 cm-1

weakened drastically in intensity and the absorption of the double bond of the acrylic group

at 1408 cm-1 disappeared. When the spectrum of DBBA-Tris copolymer was compared

with that of Tris, it reveals the appearance of new absorptions at 3639 cm-1,

disappearance of the double bond at 1636 and 1619 cm-1 and shift of carbonyl absorption

t0 1741 cm~1. Comparison of FTIR spectra of DBBA-Tris copolymer with that of poly

DBBA (polymerised without decalin), found that the absorptions of saturated carbonyl

243



|
%

@
|

were at different wave numbers, the former was at 1741 cm-1 whereas the latter was at
1735 cm-! (see Figure 5.53). However, comparison of that of DBBA-Tris copolymer

with poly Tris, shows absorption at similar wave number of saturated carbonyl at 1741

cm-1, see Figure 5.54.

When the ratio of the carbonyl area of FTIR spectra of fresh DBBA after polymerisation
was compared with that of Tris (using hydroxy! area as a referency of), it was found that
the carbonyl area after polymerisation increased by 140%. This means that the increasing
of the carbonyl area may be not only due to the polymerised DBBA alone but also that

the Tris is involved in the polymerisation with DBBA.

Furthermore, the polymerised DBBA+Tris was examined by 13C NMR in the solid state.
The 13C NMR spectra of fresh Tris and fresh DBBA are shown in Figures 5.50 and 2.8
respectively. After 5 hours polymerisation of DBBA+Tris using benzene substrate in the
presence of an initiator (see Scheme 5.11 stage D, see Table 5.19 and Figure 5.55) solid
state NMR analysis, reveals that carbon absorptions of aromatic DBBA appears at d (ppm)
154.3 (Cno.l), at 136.3 (C no. 2), while other aromatic carbons, (C no. 3 and 4)
overlapped at 127.1 ppm. Quartenary carbons of tert. butyl (C no.5) appear at 34.3,
methyl carbons of tert.butyl (C no. 6) appear at 30.3, methylenic carbon (C no. 7
with C no. T4 and T6) appears at 66.1, two carbonyl carbons (C no. 8 and

overlapped

T5) appear at 173.9. Both acrylic group carbons of DBBA or Tris disappeared and were

replaced with a new methine saturated carbon (C no. 9 overlapped with C no.T3 and T7")

and new methylenic saturated carbon (C no. 10' overlapped with C no. T2), and methyl

carbon of Tris (C no. T1) at 7.7 ppm.
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Table 5.19 Solid state 13C NMR of polymeri
er IS 1
substrate using AZBN aspiniytiato:'s.ed DEBA+Trs In benzene

6

CHj

\__CH;
CHs '\ 3H

1 7 8 9' 10
HO ) CHz'O' (C—_—O) - gH - H2
CH H T6' TS T4

\CH3 T7 CH, - {H-(C=0)-0-CH,

5
C/H3 \ ™ TI

%Hz - gH-(C—_-O)”O'CHz'— C-CHz*CH3
T3

tH, - gH-(C=O)—O—CH2

C No 8(ppm) (/) I (%) Total C
1 154.3 (+) 2.2 1
2 136.3 +) 2.7 2
3/4 127.1 +) 3.8 2+!
5 34.3 (+) 6.6 2
6 30.3 (+) 15.0 6
7/T4/T6 66.1 (+) 2.3 1+343
8/T5 173.9 (+) 4.7 1+3
9'/T3/TT' 40.3 (+) 5.4 1+3+3
10'/T2 22.9 (+) 2.7 1+1
T1 7.7 (+) 2.7 1

5.2.7 Polymerisation of DBBA+Tris with Decalin

Reaction of DBBA+Tris was further investigated but in the presence of a labile substrate

(decalin) to simulate polypropylene and the reaction was carried out under condition similar

to that of polymer processing, ie. at temperature 180°C (see Scheme 5.12). Solution of

6% (w/w) fresh DBBA and 4% (w/w) Tris in decalin (decahydronaphthalene, b.p. 190°C)

in the presence of 0.02 molar ratio (/DBBA+Tris) of Trigonox 101 as initiator was placed

in a three necked round bottomed flask. After assembling with a thermometer and a

condensor the reaction mixture was stirred and then refluxed at 180°C (a constant

temperature oil bath) under Argon atmosphere for 5 hours. However, the effect of shear
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PO

cannot be simulated in the model compound studies. The reaction mixture in decalin was
then chilled instantly in dry ice-acetone to stop any further reaction. After the unreacted
decalin had been evaporated at room temperature under Argon atmosphere, a yellowish
solid "gum-like" residue was found, see Scheme 5.12 stage B. The residue was dissolved
in hot-DCM, both insoluble (see Scheme 5.12 stage C) and soluble hot-DCM compounds
(see Scheme 5.12 stage D) were evaporated to remove DCM. The soluble DCM residue
was then dissolved in pentane, both of the soluble and insoluble fractions were then
vacuum evaporated to a constant weight at room temperature. The yellowish solid residue
from soluble pentane (see Scheme 5.12 stage F) was then identified using FTIR and 13C
spectroscopy and their spectra were compared with that of fresh DBBA or copolymer

DBBA-Tris.

The FTIR spectrum of polymerised DBBA-Tris-Decalin (Scheme 5.12 stage F), see Figure
5.55a and 5.56, shows carbonyl ester absorption at 1741 cm-! and the disappearance of
the absorption of the double bond of the acrylic group at 1408 cm-l. Overall the IR
spectrum Of polymerised DBBA-Tris-Decalin is very similar to that of DBBA-Tris

copolymer, except for the persistence of the decalin peaks in the former (2922, 2854,

2736, 2709 and 2644 cm-1) which suggests that the decalin is involved in the

copolymerisation reaction. Figure 5.58 shows the comparison between grafted DBBA-

Tris-Decalin and copolymer DBBA-Tris without decalin. When the former was compared

with that of MB film containing 10% (DBBA+TTis) after DCM extraction (see Scheme 5.5

stage C, Figure 5.59) and also with that of a similar MB but for the soluble xylene fraction

(see Scheme 5.5 stage E, Figure 5.60), it gave similar absorptions of hydroxyl and

carbonyl groups (at 3642 and 1741 cm-1 respectively).

When the ratio of the carbonyl and hydroxyl areas of fresh DBBA and after polymerisation

with Tris and decalin were compared, it was found that the carbonyl area increased up to

40%. The ratio of methylene (3118.8 - 2765.0 cm-1) and hydroxyl absorption areas

(3639.1 - 3510.5 cm-1) of fresh DBBA and after polymerisation with Tris and decalin
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were compared, it was found that the methylene area increases up to 250% (see Figure

5.61), this is much higher than when compared to that of polymerised DBBA+Tris without
decalin (~57%), see Figure 5.55a and 5.56. This high increase in the area should be due
to the decalin involvement in the copolymerisation reaction.

{ Table 5.20 Solid state 13C NMR of polymerised DBBA-Tris-Decalin using
~' Trigonox 101 as initiator.

6
E CH,
CHy\, H
/=R 7, 89 g1l
HO y— CHy-O- (C=0) - {H - CH,
CH H ' T6' TS_ _T 4
32/?@% 17 CH, - CH-(C=0)-0-CHy o
3
%Hf gH-(CzO)—O—CHz—— C-CH,-CH;
(!
| CH, - CH-(C=0)-0-CH,
| D3
D4
D2
] Total C
+ 1.3 1
! 134.2 8 2.2 2
2 135.6
126.7 (+) 2.7 2+1
3/4 34 6 +) 9.9 2+1+2
5/D2/D3 304 +) 18.0 6+2
6/D4 ’ 673 (+) 3.3 1+3+3
7/T4/T6 73'9 (+) 9.9 143
AR 1406 (+) 7.1 1+1+3+1
9'/D1/T3/T7 0. o 50 141
10/T2 28 2 (+) 1.9 1
Tl :

The pentane soluble fraction of the polymerised DBBA-Tris-Decalin (Scheme 5.12 stage F)

13C NMR in the solid state, €€ Table 5.14 and Figure 5.62.

was further characterised by

_Decalin 13C NMR spectrum was compared with that

When this polymerised DBBA-TTis

f polymerised DBBA-Tris (no decalin), similar peaks were shown, except that in the area
of po

T
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of 20.00 - 50.00 ppm, the absorption peaks were more crowded. In the former case, this is
presumably due to the decalin absorption in this region, i.e. at d (ppm) = 40.6 (C no.
D1 overlapped with C no. 9", T3 and T7Y); at 8 (ppm) = 34.6 (C no. D2 overlapped with
C no D3 and 5); at & (ppm) =30.4 (C no. D4 overlapped with Cno. 6).

Figure 5.63 and Table 5.21 show solid state NMR of polymerised DBBA with decalin. It
was found that both the carbon absorptions of the vinyl acrylic groups completely
disappeared. The new absorptions were found as saturated carbon are formed (grafting to
decalin), with carbon chemical shift (5, ppm): Cno. 9 overlapped with C no.D1 at 40.0
and C no. 10" at 22.5. Other new absorptions were found at 34.4 (C no. 5, D2 and D3)
and at 30.5 (C no. 6 and D4).

Table 5.21 Solid state 13C NMR of polymerised DBBA with Decalin using
AZBN as initiator, see Scheme 5.2 stage D.

6
CH,
\_CH,
CHr Y\, H
{ 3 4 8 9! %
HO N CH,-O- (C=0) - CH - CH,
- 10
H
37 ~CH,
H, Dy
Dy D,

1 154.1 (+) 4.7 !
2 135.9 (+) 6.7 2
3/4 127.0 (+) 7.5 2+1
/D4 30.5 (+) 23.0 6+2
/]7) 67.3 (+) 1.6 1

8 174.5 (+) 1.7 11
10 22.5 (+) 0.5
L
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Figure 5.64 and Table 5.22 show solid state NMR of the xylene soluble fraction of MB

containing 10% DBBA (see Scheme 5.4 stage F). It was found that both carbon

absorptions of vinyl acrylic groups of fresh DBBA completely disappeared. The new

absorptions were found as saturated carbons are formed (grafting to PP), with carbon

chemical shift (8, ppm): C no. ¢ overlapped with PP at 43.6, carbon number 10'

overlapped with PP resonance at 22.5, carbon no. 5, 6 overlapped with PP at 26.2.

Table 5.22 Solid state 13C NMR of xylene soluble MB containing 10%
DBBA , see Scheme 5.4 stage F.

(iH3
; H3
CHj/zC 3H
7 8 9!

f HO -1 y— CHa-O- (C:i.\gii H,
10'
CH

i,

C No 8(ppm) (/) Total C
1 154.1 (+) 1
2 135.9 (+) 2
3/4 127.0 (+) 2+1
5/6/PP 26.2 (+) 2+6
7 67.3 (+) 1
E 8 174.9 (+) 1
| 9'/PP 43.6 (+) {
10'/PP 22.5 (+)

Figure 5.65 and Table 5.23 show solid state 13C NMR spectrum of xylene soluble fraction

of MB containing 10% (DBBA+Tris), see Scheme 5.5 stage F. Like polymerised DBBA-
ions of vinyl acrylic groups of fresh DBBA

Tris in Decalin, 1t was found that both absorpti

s were found as the saturated

pm): C no. 9', T3,

and Tris completely disappeared. The new absorption

carbons are formed (grafting to pP), with carbon chemical shift (8, p

number 10" overlapped with PP resonance at 22.5,

T7' overlapped with PP at 40.6, carbon
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carbon no. 5, 6 overlapped with PP at 26.2. The spectrum of antioxidant (DBBA-Tris) is
not very clear, compared to that of PP, this should be due to the concentration of DBBA-

Tris which grafted onto PP is very low.

Table 5.23 Solid state 13C NMR of xylene soluble MB containing 10%
(DBBA+Tris), see Scheme 5.5 stage F.

6
3
Hj
CHe Ty H |
1 7 8 9! 10
HO % CH,-O- (C=0) - {H - CH,
T6' T5 T4
CH’S\CH? T7 CH, - CH-(C=0)-0-CH,
Hj ™ TI
%Hz - gH-(Cz())-O-CHz—— C-CH,-CHj
3
tH, - CH-(C=0)-0-CH,
PP \/\/\
- 1C
1 154.1 () é
2 135.9 (+) 2
127.0 (+) +
3/4 5
5 34.6 gg .
6 39/; (+) 14343
/T4/T6 6 4 5 (+) 1+3
813 o 170 6 (+) 1+1+43
9'/PP/T3/T7 40. o N
10/T2 24.7 o 141
PP 43.6 ]
26.2 (+)
PP 222 +) -
PP 6.3 (+) 1
Tl
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5.3 DISCUSSION

5.3.1 Reactive Processing Mechanism of HAEB and DBBA in
Polymer Melts

Both HAEB and DBBA have a polymer reactive function (acrylic groups) which can react
with polypropylene during processing leading not only to the grafting of AQ's onto
polymer backbones but also to many other side reactions. The acrylic double bond group
in both molecules can undergo homopolymerisation as was clearly described in the
literature (192). Further reaction of the linear homopolymerised AO can occur in the form

of a random attack onto the polypropylene backbone, leading to crosslinking or a high

molecular weight polymer matrix (112,182,192),

|
|
|
l

Processing of HAEB with polypropylene in the presence of peroxide suggests that high

molecular weight and crosslinked products are formed. These occur, initially, at the

beginning of the melt reaction (initial stage of processing), as indicated by the high torque

peak and corresponding with the gel formation (see Figures 3.19 and 5.23). As

processing continues, the crosslinked product and high molecular weight product undergo

chain scission leading to a drop of the torque to almost the level of PP (see Figure 5.22).

Analysis of HAEB MB's after various reaction times reveals that in both cases during the

(after 2.5 minutes processing) and at the end of the reaction

initial melt reaction with PP

f (after 10 minutes processing), 739% of HAEB is retained in the polymer (after DCM

extraction) and 27% HAEB is in the form of poly-HAEB which is well extracted out by

DCM. The DCM extract shows clearly (see Figure 5.16) the characteristic absorptions for

a poly HAEB, most certainly low molecular weight homopolymer reflected in the shift in
>C=0 absorption from the unsaturated carbonyl at 1725 cem-l to a saturated

carbonyl at 1738 cm-L.
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The behaviour of the 73% HAEB retained in the polymer at the early stages of the reaction
(2.5 minutes) and at the end of reaction (10 minutes) is, however, very different. At the
early stages of reaction 45% of HAEB becomes a xylene insoluble gel, suggesting a very
high MWt structure. While of the rest, 22% is xylene soluble (but toluene insoluble) and
only 6% toluene soluble (xylene soluble fraction must certainly have higher molecular
weight (MW) structure than the toluene soluble fraction). At the end of the reaction,
however, all the xylene insoluble gel disappears and 48% becomes xylene soluble, while
25% is toluene soluble, suggesting that some high molecular weight is not retained. The
structure must be different due to different solubilities; lower overall molecular weight
which is toluene soluble and high molecular weight which is xylene soluble. This is
further confirmed by examination of changes in MW (see Scheme 5.13) whereby high
molecular weight (e.g. Mn) at 7.5 minutes, decreases after 10 minutes processing and also
there is a clear narrowing of MWD as reflected in the decrease of dispersity, suggesting
breaking of the crosslinked structure, possibly some crosslinked PP. However, the binding
efficiency of HAEB does not change for different times of processing. It can be suggested
that grafted HAEB undergoes re-structuring during processing. Previous work at Aston

(112) reported that grafted AATP undergoes re-structuring during reactive processing with

PP. The suggested mechanism of reactive processing of HAEB in polypropylene in the

presence Of peroxide, is that at the beginning of the reaction, HAEB homopolymer is

formed, this was then followed by high crosslinking of HAEB with PP. Finally due to the

shearing and thermal effects, after 10 minutes processing, the crosslinking decreased, and

grafted HAEB was the major product at the end of the reaction (see Scheme 5.14).
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Analysis of DBBA MB (10 minutes processing) indicates that, 40% of DBBA is retained in
the polymer (after DCM extraction) and 60% DBBA is in the form of monomer and poly-
DBBA, which were well extracted out by DCM. DCM extract contains mainly poly-
DBBA, note shift of unsaturated carbonyl of fresh DBBA to saturated carbonyl (from 1714
to 1735 cm~1). The DCM extract shows clearly (see Figure 5.8) that the characteristic
absorptions for a DBBA monomer at 1408 cm-! completely disappear (small contribution
from vinyl, >C=C<) suggesting very little or no monomer left to be extracted. This is
confirmed by the similarity of the IR of the DCM extract (poly-DBBA which is very DCM
soluble) and that of the grafted DBBA-PP (completely DCM insoluble), see Figure 5.9.
Furthermore, the almost identical IR spectrum of the polymerised DBBA on the bench
(poly-DBBA of model reaction) compared with that of the DCM extract, see Figure 5.34,
confirms that the DCM extract is mainly a poly-DBBA. Synthesised poly-DBBA is very
soluble in DCM, while grafted DBBA-Decalin is less soluble compared with the former.
DCM extracted DBBA masterbatch (completely DCM insoluble) mainly contains grafted
DBBA-PP (see Figure 5.4) as indicated from unsaturated carbonyl (1714 cm- 1) shift to
saturated carbonyl (1725 cm-1) and complete disappearance of 1408 cm-! (>C=C< of
vinyl). When this DCM extracted DBBA masterbatch (see Scheme 5.4 stage C) 1s
compared with both model reactions of poly-DBBA and grafted DBBA-decalin, they
exhibit similar saturation of acrylic groups (see Figure 5.39 and 5.41). This is supported
by the fact that the poly-DBBA model reaction was found to be very DCM soluble (see
d 5.3), while the model grafted DBBA-Decalin was comparatively less

Scheme 5.2 an

DCM soluble than the former. When solid state 13C NMR of xylene soluble 10% grafted

DBBA MB is compared with that of models grafted DBBA-decalin, it was shown that

both of them also have similar saturation, even though the latter was lower in intensity (see

Figure 5.63 and 5.64). Almost 60% of initial DBBA that undergoes homopolymerisation is

extracted by DCM. The structure of the remaining 40% in the polymer is as follows: The

structure of DBBA-polymer contains a greater amount of lower MW fraction (which is

toluene soluble (713% polymer) containing 10% out of total 40% remaining DBBA), than

the higher MW fraction (which 1s xylene soluble (21% polymer) containing 30% out of

258



total 40% remaining DBBA). The xylene soluble polymer, however, has a much higher
MW (e.g. Mn) as clearly illustrated in Scheme 5.15. The results discussed above may
be used to ellucidate a mechanism of the reactive processing of DBBA in PP in the presence

of 0.02 m.r. ratio of Trigonox 101, processed at 180°C for 10 minutes under closed

mixing condition, see Scheme 5.18.

A model reaction for reactive processing of DBBA with decalin can be carried out at 180°C,
a temperature similar to that used for standard processing of PP. The FTIR spectra of
polymerised DBBA-Decalin and poly DBBA without decalin exhibited the disappearance of
the acrylic double bond group and similar absorptions of saturated carbonyl at 1735 cm-1.
However, in the former some new absorption was found which was typical of decalin
compounds in the region of 2600 - 3000 cm-1, reflecting that decalin was involved in this
polymerisation reaction. The proton and 13C NMR spectra of polymerised DBBA-Decalin
shows the disappearance of a typical acrylic double bond absorption. The appearance of
new absorptions is the result of saturation of the acrylic double bonds and the modification
of decalin. Polymerised DBBA without decalin is very DCM soluble, however, grafted
DBBA-Decalin is less DCM soluble compared to that of the former. The reaction
mechanism of polymerisation of DBBA in decalin (in the presence of 0.02 molar ratio

Trigonox 101 as initiator at 180°C for 5 hours under argon atmosphere) is shown in

Scheme 5.19.

Only 40% binding efficiency of DBBA in PP in the presence of peroxide 18 achieved,

hence, to enhance the reaction other functional monomers are used (called coagents, 1.e.

Tris and DVB)(183,184). Analysis of 10% (DBBA+Tris) MB (10 minutes processing)
demonstrates that 91% of DBBA is retained in the polymer (after DCM extraction) and 9%

DBBA is in the form of poly-DBBA is extracted out by DCM. The DCM extract contains
poly-DBBA; note shift of unsaturated carbonyl of fresh DBBA to saturated carbonyl (from
1714 to 1735 em-1). The DCM extract clearly shows (see Figure 5.8d) the characteristic

absorptions for a DBBA monomer at 1736 and 1619 cm-! which are broader and less
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intense. The 1408 cm-! absorption completely disappears (although there may be a
negligible contribution from vinyl, >C=C<) suggesting that no monomer is left to be
extracted. This is confirmed by the similarity of the IR spectra of the DCM extract (poly-
DBBA which is very DCM soluble) and that of the grafted DBBA-Tris-PP (completely
insoluble in DCM), see Figure 5.8d and 5.60. Furthermore, the almost identical IR
spectra of the polymerised DBBA on the bench (poly-DBBA model reaction) with that of
the DCM extract, see Figure 5.35, confirms that the DCM extract is mainly a poly-DBBA.
Synthesised poly-DBBA is very soluble in DCM, while grafted DBBA-Tris-Decalin is
less soluble compared with the former. DCM extracted DBBA+Tris masterbatch
(completely insoluble in DCM, Scheme 5.5 stage C) is mainly composed of grafted
DBBA-Tris-PP (see Figure 5.59) as indicated from the unsaturated to saturated carbonyl
shift (1714 to 1741 cm-!) and complete disappearance of the 1408 cm-1 (>C=C< of
vinyl) absorptions. The suggested mechanism of reactive processing of DBBA+Tris in PP
(in the presence of 0.02 m.r. ratio of Trigonox 101, processed at 180°C for 10 minutes

under closed mixing condition) can be seen in Scheme 5.20.

FTIR spectra of the model reaction of grafted DBBA-Tris-Decalin, copolymer DBBA-
Tris and grafted DBBA-Tris PP have similar saturation absorption (i.e. saturated
carbonyl at 1741 cm-1). The ratio of carbonyl and hydroxy! area of DBBA-Tris-Decalin
shows 40% increase compared to that of fresh DBBA. This means that the increase of
carbonyl area should be due to that the Tris involved in that copolymerisation reaction with
DBBA (see Figure 5.52), with saturated carbonyl absorption at 1741 cm-1, since saturated
carbonyl of poly DBBA .s at 1735 cm-1. The increasing ratio of the methylene and
hydroxyl area of the model reaction of polymeriscd DBBA-Tris-Decalin compared to that of
the DBBA-Tris copolymer gives evidence that the decalin is involved in copolymerisation
with the DBBA. When the DCM extracted DBBA+Tris masterbatch (see Scheme 5.5 stage
C and F) is compared with both model reactions DBBA-Tris copolymer and grafted

DBBA-Tris-Decalin, it exhibits similar saturation of acrylic groups spectra (see Figure

556, 5.59 and 5.60). Like ‘0 the FTIR spectra, the solid state of 13C NMR spectra of

260



xylene soluble component of MB containing 10% (DBBA+Tris) and the model reaction of
grafted DBBA-Tris-Decalin reveal that after excluding all the decalin and polypropylene
absorptions(193), it has similar characteristics as that of the model reaction of DBBA-Tris
copolymer (see Figure 5.55, 5.62 and 5.65). From the above discussion, it can be
suggested that the mechanism of polymerised DBBA+Tris in decalin in the presence of
0.02 m.r. of Trigonox 101 as initiator (at 180°C for 5 hours under Argon atmosphere) as

described in Scheme 5.21.

Comparison of MB containing 10% DBBA (Scheme 5.15) and 10% (DBBA+Tris),

Scheme 5.16 shows:

1. Binding efficiency with Tris is 91 %, whereas no Tris is only 40%

7 DCM extract masterbatches in both cases is in the form of poly DBBA, even though,
in the case of with Tris only 9% , compared to 60% without Tris.

3. Carbonyl saturated in DCM extracted masterbatch with Tris at 1741 em-! (it is similar

to that of model reaction of DBBA-Tris copolymer and grafted DBBA-Tris-Decalin),

whereas without Tris 1s at 1731 em- L.

4. Structure of grafted DBBA in DCM extracted polymer in the presence of Tris,however,
is very different than when Tris is absent. In the absence of Tris, a higher amount

of lower MW structure was found (toluene soluble, 73%) but this contains only 25%

of total DBBA, ie. 10% based on 40% remaining polymer (see Figure 5.64a).

Around 90% of total remaining DBBA in polymer is tiedup in a higher MW

structure contained in 77% of the total polymer. In the presence of Tris, a higher

MW structure was also found (xylene soluble, 77%) and this contains most of

the DBBA, 90% of total (i.e. 83% based on remaining 91% in polymer) see

Scheme 5.15 and 5.16. The MW of the xylene soluble structure in both cases is

high and quite similar, and in both cases no gel content was found.

261



10% DBBA MB, processed
with PP in presence of
0.02 m.r Trig.101
for 10 minutes

Extracted polymer DCM extract containing
containing40% 60% DBBA
DBBA grafted (mainly poly-DBBA)
40% total 94% total polymer
DBBA left after DCM
extraction

; \\\ XzyllZ;e
X’ﬁ‘y?fzi i\\\ : soluble

S
< soluble \\%
= =
Z . \ \\ 7% |2
@ Toluene | B
5 10% soluble | >
o toluen \ =
g solubl:\& N 'E
@ \ S
a N\\\ =
0% gel é
I =
% =
Q
=
20
L
®
| $
Toluene Xylene
r soluble soluble

ture of grafted DBBA in polymer (10% MB, processed

Scheme 5.15 Sruc sence of 0.02 m.r Trig.101, under

with polypropy.le.ne in pre
standard condition

262




10% (DBB A+Tris) MB,
processed with PP and
0.02 m.r Trig.101
for 10 minutes

Extracted polymer
containing 91% DCM extract containing
DBBA grafted 9% poly-DBBA
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DBBA left after DCM
extraction
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Scheme 5.16 Sructure of grafted DBBA with Tris coagent in polymer
(10% MB,processed with polypropylene in the presence of
0.02 m.r. Trig.101, under standard condition
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DBBA-B DBBA-B
90% \ 75%
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N

9 Distribution of bound-DBBA from total in each case toluene and
xylene fractions, in presence and absence of Tris

Figure 5.64a  Grafted DBBA content of toluene soluble and xylene soluble
of 10% MB containing DBBA without and with Tris coagent
processed in the presence of 0.02 m.r. Trig.101, under
standard condition.

In the presence of DVB as coagent having two reactive polymer groups, in the masterbatch
(6%DBBA+4%DVB) gave higher binding efficiency (93%) compared to that using the Tris
coagent. The FTIR spectrum of this masterbatch shows that the absorption of the acrylic
double bond completely disappears, se€ Figure 5.8a. After xylene extraction, it was found
that the gel content is 7.2%. Surprisingly the torque recording did not shown any maxima

peak during 10 minutes processing. The FTIR spectra of DCM-extract of this masterbatch

also did not show typical absorption of acrylic double bond (see Figure 5.8b). It can be

suggested that the remain DBBA in (DBBA+DVB) masterbatch after DCM extraction may

contain the grafted and crosslinked DBBA-polypropylene.

The overall structure of grafted DBBA with DVB is very similar to that of with Tris in

which a higher amount of higher MW structure (xylene soluble) is found and the amount of

lower MW structure is the same as for Tris (~22.5%). However, here there is an

additional 7% gel which is completely absent in the Tris. Although the total amount of

DBBA left in polymer after DCM extraction 18 the same in the case of Tris and DVB, the
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distribution of DBBA in different structural fractions is different in the two cases. In
the case of DVB, only 46% of DBBA is present in the higher MW structure which is
xylene soluble (compared to 83% in case of Tris), and the remaining ~40% is divided
between lower MW, toluene soluble (~23%) and in the xylene insoluble gel (~16%). In the
case of Tris only 10% DBBA is in the soluble toluene fraction and no gel is formed.
Furthermore, the xylene soluble fraction in the case of DVB has a lower MW than the
xylene soluble fraction in the presence of Tris (see Scheme 5.15 & 5.16 and Figure
5.64b ). Since the MW of the xylene soluble fraction of Tris is very similar to that of the
10% DBBA MB without any coagent, it is suggested that the DBBA sample processed with
DVB undergoes more degradation leading to a polymer with a lower MW. The very low
MFI in the presence of DVB suggests the some crosslinked material is formed as reflected

by the formation of the gel.
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Figure 5.64b- Ic\g?lltzci:ilﬁ; VSB]%A wit%lout and with coagents (Tris or DVB)
processed in the presence of 0.02 m.r.Trigonox 101, under

standard condition.
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Scheme 5.18 Suggestion mechanism of reactive processjng of grafted DBBA
in ngP in the presence of 0.02 m.r. of Trig.101, processed at

180°C for 10 minutes in closed mixing condition.
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Scheme 5.19 Suggestion mechanism of polymerised DBBA with Decalin in
the presence of 0.02 m.r.Trig.101 as initiator at 180°C for §

hours under Argon atmosphere
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Comparison of FTIR spectra of PP film containing 10% DBBA
processed without peroxide ( ) in regions 3720-3420 cm-1 and

1815 - 1350 cm-l (see A in Scheme 5.1), with that of fresh DBBA
using KBr disc (------ ). PP processed in absence of peroxides under
same condition is also shown (........ ).
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1350 cm-l (see A in Scheme 5.1), before DCM extraction (__)and
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Figure 5.4 Comparison of FTIR spectra of PP film containing 10% DBBA
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and 1815 -1350 cm-1 (see A in Scheme 5.1), before DCM extraction
( ) with that after extraction (------ ). PP processed in absence of
peroxide under same condition is also shown (........ )-
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processed with ( ) and without (

------ ) 0.02 m.r. Trigonox 101 in
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condition.
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fresh DBBA both in KBr disc (------ ).

276



OH
— t-Bu t-Bu al=

|
|

|

|

| ;L
|

T %
14688

Comparison of FTIR spectra of cold DCM-extract in KBr disc ()
of 10% DBBA processed with 0.02 m.r. Trigonox 101, s ee stage

in Scheme 5.1, in the regions 3720 -3420 cm-! and 1815-1350 cm-1

with the same MB film, but before extraction (s==es).

277



1y — L | ! L L L L 1 ! l | 1
] | OH
S L t-Bu t-Bu = 9y
2 B -2
7 B -
/'/‘
ey H S
1//
- / EE -
/ 2]
sS4 - | g 7
/ /
4y / B j o
I | \ il
DBc-¢ | -
4 //”"\\- " \\ -
LA -
| I L
¥ %{\349(9 ‘ / \
1 B & / \ -
31939 \ I \
14 M \ | \ ,” 1
| R
| \L J Al
B I T T T T T T I l ! T g
2700 | 160 1400
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Figure 5.8a

Comparison of FTIR spectra of 10% MB film containing
(DBBA+DVB) processed with 0.02 m.r. Trigonox 101, see stage C in

Scheme 5.1 before extraction (__ ), in the regions 3720 -3420 cem-1
and 1815-1350 cm-l with that of fresh DBBA in KBr disc (-----).
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i . Comparison of FTIR spectra of 10% MB film containing .
Figure 38b (DBBPA+DVB) processed with 0.02 m.r. Trigonox 101, see stage C in

Scheme 5.1 before extraction (), in the regions 3720 -3420 cm-
and 1815 -1350 cm-1 with that the same MB film but after extraction
(-----) and DCM extract from the same MB in KBr disc (.......) .

280




191 S U LS DU N S———
90 :j : 3
AR :: : (%)
‘g = :: : %

1%

N\

W

FT 41
T I

3700 1600 450

W\

I I T 1 T

“ T T

Figure 5.8¢ Comparison of FTIR spectra of 10% MB film containing
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Comparison of FTIR spectra of PP film containing 10% HAEB

processed without peroxide ( ) in regions 1800-1380 cm'l(see stage
A in Scheme 5.1), with that of fresh HAEB using KBr disc (------ ). PP
processed in absence of peroxides under same condition is also

shown (........ ).
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Figure 5.10 Comparison of FTIR spectra of PP film containing 10% HAEB
processed without peroxide in regions 1800-1380 cml (see A in
Scheme 5.1), before DCM extraction (____) with that after extraction

(wmmmmm ). PP processed in absence of peroxides under same condition
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Figure 5.11 Comparison of FTIR spectra of PP MB film containing 10% HAEB
processed with 0.005 m.r Trigonox 101 ( ), in the regions 1800-
1380 _cm'1 (see A in Scheme 5.1), with that of fresh HAEB using
KBr disc (------ ). PP processed in absence of peroxide under same
condition is also shown (........ ) i
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Figure 5.12 Comparison of FTIR spectra of PP film containing 10% HAEB

processed with 0.005 m.r. Trigonox 101 in the regions 1800-1380 em-1
(see A in Scheme 5.1), before DCM extraction (___ ) with that after
extraction (=----- ). PP processed in absence of peroxide under same
condition is also shown (........ )
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Figure 5.13 Comparison of FTIR spectra of PP film containing 10% HAEB
processed with ( ) and without (------ ) 0.005 m.r. Trigonox

101 in the regions 1800 -1380 cm‘l (see stage A in Scheme 5.1),
PP processed . in absence of peroxide under same condition is also

shown (........).
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Figure 5.14 Comparison of FTIR spectra of cold DCM-extract of 10% HAEB
processed with 0.005 m.r Tri§onox 101 (see stage C in Scheme 5.1) in
(

the regions 1800 -1380 cm” ), with that of fresh HAEB using
KBr disc (------ ).
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Figure 5.15
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Comparison of FTIR spectra of cold DCM-extract in KBr disc (__),
of 10% HAEB processed with 0.02 m.r Trigonox 101 (see stage C

in Scheme 5.1), in the regions 3720 -3420 cm-1 and 1815 -1350 cm-1

with the same MB's film but after DCM extraction (------ ).
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5.16 Comparison of FTIR spectra of cold DCM-extract (

HAEB processed with 0.02 m.r Trigonox 101,
5.1), in the regions 3720 -3420 cm-1 and 1815 -1350 em-1 with the

same MB's film but after DCM extraction (------ ).
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DBCU = PP +10% DBBA + 0.02 mr Trig.101,
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Figure 5.18 Binding Efficiency of various masterbatches, refer to Table

5.1 i.e.
PP+FRI
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DVBU

PP + 0.02 m.r Trig.101,

PP +10% DBBA + 0.02 mr Trig.101,

PP + 6% DBBA + 4%Tris + 0.02m.r.Trig.101,and
PP + 6% DBBA + 4%DVB + 0.02 m.r.Trig.101.
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Figure 5.19 MFI of various masterbatches, refer to Table 5.1, i.e.

Torque Recording

Figure

PP+FRI = PP + 0.02 m.r Trig.101,

DBCU = PP +10% DBBA + 0.02 mr Trig.101,

TRDU = PP + 6% DBBA + 4%Tris+0.02m.r.Trig.101, and
DVBU = PP + 6% DBBA + 4%DVB+0.02 m.r. Trig.101.

Ci @ PP
e PP+FRI
B 10%HAEB

o042 n.n
e PG B EHE e

969800 8-B ipinciiT Lt
HE6 606686666
2]

PP+ FRI

0 Y T T T ’ T ! Y
2 4 6 8 10 12

Processing Time (minutes)

5.20 Changes in torque during processing of masterbatches
containing 10%HAEB + 0.005 m.r. [I}/{AO] Trigonox 101,
PP processed without AO in absence and presence 0.005 m.r.
‘of Trigonox 101 is also shown for comparison processing
condition, under closed mixer, 10 minutes at 180°C.

292




g < Gel cont.(%)
= - HAEB+0.005
= 20
@
o
D
<
=
B
=
]
]
4
)
=
=2
B
=]
=
0 % . . ' T v v .
0 2 4 6 8 1¢

Processing Time (mins)

Figure 5.21 Changes in torque during processing and gel content of MB's
containing 10% HAEB in the presence of 0.005 m.r.Trig.101,
processed at various time (2.5, 5 and 10 minutes) under
closed mixer condition at 180°C.
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Figure 5.22 MFI and Gel content of 10% HAEB masterbatches processed in
the presence of 0.005 m.r. [I[/[AO]) Trigonox 101, at various
time processing (2.5, 5 and 10 minutes) under closed mixer

condition at 180°C.
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Figure 5.23 Calibration curve of DBBA masterbatches in various
concentration
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Figure 5.24 Calibration curve of DBBA masterbatches in various
concentration
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Figure 5.25 Calibration curve of HAEB masterbatches in various
concentration
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Figure 5.26 The MFI of original masterbatches, containing 10% HAEB
processed in the presence of optimum cqn_centratl(_)n of
Trigonox 101, at 180°C in closed mixer condition at different

processing times.
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<3> PPTG (8301) ' ENDED: 04/0¢4
MOLECULAR WEIGHT DISTRIBUTION

Ple TRL ——
Ch+ DEBf + TR]
T
+
.00 4.100

LOG M

Molecularweight distribution curves of masterbatches containing 10%

of DBBA, see Scheme 5.4 stage A (-eme- ) processed in the presence
of 0.02 molar ratio Trigonox 101, compared to that of PP processed

with similar amount of peroxide, 0.02m.r Trigonox 101 (—) and
unprocessed PP (=)

296




[33]

x10-1

{(logt)

¥Hn

[

@

[a}]

o

o
i

NOLZCULAR WIZICHT DISTAIZUTLON

< ‘
Yo 3454
/.

N

/

/ / 7

TP+ DooD + be+ R &—p7 7
. R
(o) w7

- Cstrog )
% \\_,,/;. FP+ DOBA + WO~ Fer (Dupy)

N
: \ \ P(’-“’GPJ&Q L FRIT L:DBCU_)

% l ‘\\ .\x\\\
| \ N
| ] 8
| o
E ; \\\\
; 1‘ l t S \\‘\"‘1' 4
5.00 5.00 7.00

Figure 5.28 Molecularweight distribution curves of masterbatches containing:

10% of DBBA, see Scheme 5.4 stage A (----- ); 10% (DBBA+Tris), see
Scheme 5.5 stage A (~+-+-); 10% (DBBA+DVB), see Scheme 5.6 stage
A (.......) all were processed in the presence of 0.02 mqlar ratio
Trigonox 101. PP processed with similar amount of peroxide, 0.02

m.r Trigonox 101 ( )
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Figure 5.29 Molecular weight distribution (Mn) data of MB's fractions
(after Soxhlet separation) of DBBA MB's containing 10%
total (DBBA without or with coagent ratio 6/4) processed in
the presence of 0.02 m.r.Trig.101, at 180°C for 10 minutes,

in closed mixing condition.

DBBA+DVB

Time Processing (mins)

Figure 5.33 Molecular weight distribution, [Mn x10-4] data of MB's
containing 10% HAEB, processed in the presence of 0.005
180°C in closed mixing

m.r. (UHAEB) Trigonox 101 at
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condition at various processing time, see Table 5.10
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i lar weight distribution curves of masterbatches containing
Figure 530 Tlv(l)(‘);oealj)BBA gbefore extraction, see Scheme 5.4 stage A ( )
toluene extract fraction, see Scheme 5.4 stage D (------ ), Xylene
extract fraction, see Scheme 5.4 stage F (_._._.), compared to that of

PP processed with 0.02 molar ratio Trigonox 101 (.......).
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Figure 5.31 Molecular weight distribution curves of masterbatches containing
10% (DBBA+Tris ) before extraction, see Sheme 5.5 stage A ( )s

toluene extract fraction, see Scheme 5.5 stage D (------ ), xylene
extract fraction, see Scheme 5.5 stage F (_. . .), compared to that

of PP processed with 0.02 m.r trigonox 101 (.......).
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i lar weight distribution curves of masterbatches containing
igure 532 ];/(I)(??lbec(uDBBAH%VB) before extraction, see Scheme 5.6 stage A ( ),

i . D (------- ), Xylene
luene extract fraction, see Scheme 5.6 stage ,
faitlxl*gct fraction, see Schéme 5.6 stage F (_._._.), compared to that of
PP processed with peroxide (....... )
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Figure 5.33a Molecular weight distribution curves of masterbatches containing

10% HAEB processed in the presence 0.005 m.r. Trigonox 101, for 2.5
minutes (_._._.), for 5 minutes (------- ), and for 10 minutes ( )s
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Figure 5.34 Comparison of FTIR spectra (in region 3700-1300 cm'lo) of
polymerised DBBA without decalin (in benzene), refluxed at 70°C for
25 hours inthe presence of initiator AZBN, see Scheme 5.3 stage D

( ), with that of fresh DBBA (----- ) both in KBr disc.
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Figure 5.35 Comparison of FTIR spectra (in region 3700-1300 em D) of
polymerised DBBA without decalin (in benzene), see Scheme 5.3 stage
D (___), with that of DCM-extract from 10% DBBA MB, see

Scheme 5.4 stage B (-----

) both in KBr disc.
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of FTIR spectra (in region 3700-1300 cm-D) of

polymerised DBBA-Decalin, see Scheme 5.2 stage D (), with that

of fresh DBBA (

----- ) both in KBr disc.
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Figure 5.39 Comparison of FTIR spectra (in region 3700-1300 cm-l) of
polymerised DBBA-Decalin, see Scheme 5.2 stage D (—), with that
“of polymerised DBBA without decalin, see Scheme 5.3 stage D (-----)
both in KBr disc.
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Figure 5.49a Comparison of FTIR spectra (in region 3700-1300 em D of
' ' polymerised Tris in the presence of 0.02 m.r initiator Trigonox 101,

see Scheme 5.10 stage C, in KBr disc ( ), with that of fresh Tris
_ as neat liquid (----- ).
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HAPTER SIX

CONCLUSIONS AND RECOMENDATIONS
FOR FURTHER WORK

6.1 CONCLUSIONS

The following conclusions can be drawn from results discussed in Chapters 3 to 5:

1. In atypical reactive processing procedure, various acrylic containing hindered phenol
antioxidants (e.g. DBBA, VDBP, SGM) which were reacted with polypropylene in the
presence of FRI, lead to low level of binding, up to a maximum of 40%. Increasing the
antioxidants concentration from 3 to 10%, improved thc binding effeciency, but when the
concentration was incresed to more than 10% the level decreased slightly. At higher
peroxide concentrations (up to 0.03 [1]/{AO] molar ratio) the binding level increased
considerably, but this was achieved at the expense of melt stability of the polymer, as was
reflected by an increase in melt flow index. For the above hindered phenols an optimum
binding level ~40% was achieved with 6-10% AO processed in the presence of 0.02 molar
ratio peroxide. In the case of acrylic containing benzophenone, HAEB, these conditions
lead to binding efficiency of HAEB up to 72% (10% HAEB with 0.005 molar ratio
peroxide). The higher concentrations of peroxide needed for hindered phenols compared to
benzophenones, is almost certainly due to the fact that hindered phenols act as very
effective radical scavengers during processing and this would be expected to reduce the

capacity of peroxides in the system.

2. To enhance the efficiency of binding of DBBA and HAEB, various coagents containing
multi functional polymer reactive groups, such as DVB and Tris (TMPTA) were used. It
was found that the binding level of DBBA can be improved up to 91%, using Tris coagent

at a ratio of 4 : 6, in the presence of 0.02 molar ratio of Trigonox 101. DVB can also
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improve the binding level (upto 93%), but the MFI of the polymer samples were very low
compared to that of Tris, indicating that some croslinking occures in this case. In the case
of HAEB, the binding efficiency can be extended by using Tris coagent with a ratioof 1 t0
9 in the presence of 0.005 molar ratio Trigonox 101, processed for 10 minutes. In this
system the processing time plays an important role to determine the final structure of the
grafted HAEB onto the PP backbones. At the early stages of processing (short processing
time) dramatic increase in gel and molecular weight occurs, but this 'break down' with
increasing processing time and after 10 minutes in an internal mixer, the gel content
decrease dramatically, becomes similar to that of a control PP. Processing time, however,

did not change on level of 'binding'.

3. Photo stabilising activity of bound acrylic hindered phenols or acrylic benzophenone
antioxidants processed with or without Tris coagent was found to be lower than that of
their corresponding unbound analogous before extraction. However, the retention activity
of the bound antioxidants was much higher compared to that of the unbound antioxidants
or commercial AO's having similar AO function used as conventional additives (1.e. much
higher retention of activity in the case of bound AO's after extraction). Both the hindered
phenols (a melt stabilisers) and the benzophenone (a UV absorber) can act, to varying
extent, as radical scavengers, during the reactive processing reaction, and this may
contribute to the reduction of their stabilising activities. However, when the bound DBBA
was processed with a coagent, €.g Tris and in the presence of small amount of a UV-screen
(HOBP), the excellent UV stabilising activity of the antioxidant was recovered. Extraction
of this sample, however, removed all the HOBP, and the stabilising activity was similar to

that of the AO when used without HOBP.

4. When (DBBA+HAEB/Tris) system was used (at a weight ratio of total antioxidants to
Tris, 8 to 2) very high synergism in photo stabilising activity was achieved. This photo
stabilising activity increased with increasing HAEB concentration. This synergism is

almost certainly due to the fact that the hindered phenol has the ability to trap the radicals
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during processing to protect the degradation of the UV absorber (HAEB), which in turn
protect the phenol during the UV-irradiation stage. This synergism is retained event under
aggresive environtments such as DCM Soxhlet extraction. In contrast, whe‘n
(DBBA+Tris) and (HAEB+tris) were processed as two separate AO concentrates (MB's),
and then both MB's were diluted together in fresh PP (second processing step), its was
found that their photo stabilising activity was much lower when compared with the
(DBBA+HAEB/Tris) system which undergone a single pfocessing step. In this case of the
former, DBBA can not protect the HAEB as UV screen during processing and the HAEB
may act as radical scavenger which could in turn destroy the stabilisation function of

HAEB.

5 Thermal stabilising activity (at 140° C with air flow at a rate of 85 1/hours) of bound
acrylic hindered phenols (i.e. DBBA, VDBP) processed with or without Tris was found to
be higher than the corresponding unbound analogues. This is attributed to evaporation of
the unbound antioxidants. The substantivity of the antioxidants become more important
when the polymer is used at high temperature as a high surface-weight ratio materials, such
as film or fibre. The thermal stabilising activity of commercial stabilisers (i.e. Irganox
1076, Irganox 1010) have very high performance compared with bound acrylic hindered
phenol. However the retention of activity of the bound DBBA and VDBP processed with
Tris was shown to be much higher when compared with the commercial antioxidants (e.g.

Irganox 1010 and 1076).

6. Investigation of the progress of the reaction of HAEB with PP melt during processing
in the absence of a coagent was carried out, using both physical and SPectroscopic
methods. From torque recorder, gel content, and molecular weight data, it was shown that
at the beginning of the processing (2.5 minutes), crosslinked (non permanent) and high
molecular weight products were formed. However, at the end of the processing (10
minutes) most of the product almost certainly undergo chain scission to give a polymer

with lower molecular weight (similar to that of a processed PP control). The evidence
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suggests that the changes in the structure during processing is most likely to be due to re-
structuring of the graft polymer as shown in Schemes 5.13 and 5.14. Most of the
extractable HAEB in DCM (27%) was shown to be a homopolymer of HAEB. At the early
stage of the reaction €.g after 2.5 minutes processing, 45% of the HAEB content was
found to be present in the polymer gel; 22% of HAEB content was found to be present in
the xylene soluble polymer (higher molecular weight); and 6% of HAEB content was in the
toluene soluble polymer (lower molecular weight). At the end of reaction, after 10 minutes
processing, the ficture was completely different, no gel in the polymer was found; 48% of
HAEB content was found in the xylene soluble (higher molecular weight) polymer; and

25% of HAEB content was found in the toluene soluble (lower molecular weight) polymer.

7. Investigation of the course of the reaction of DBBA in the presence and absence of
coagent in polypropylene was carried out using both physical and spectroscopic methods.
The binding efficiency of DBBA without coagent was shown to be 40%; however, in the
presence of Tris coagent the binding efficiency increased up to 91% and the Soxhlet DCM
extract of these concentrate was shown in both cases to be almost entirely the homopolymer
of DBBA. The structure of DBBA graft in the extracted polymer processed in absence and
presence of Tris were shown to be very different (see Scheme 5.15 and 5.15). In the
absence of Tris, only 40% of DBBA was retained in the polymer. 30% of DBBA content
was found in the xylene soluble polymer (making ~21% of the total), 10% of DBBA
content was found in toluene soluble‘polymcr (making ~73%% of the total). In the
presence of Tris, on the other hand, 91% of DBBA remained in the polymer, after Soxhlet
extraction, out of which 83% of DBBA content was found in the xylene soluble polymer
and 10% of DBBA content was found in the toluene soluble polymer. However, in both
cases, no gel was found to be in the polymer. It is important to point out the finding that
the presence of Tris as a coagent in a DBBA system, can improve the binding efficiency of
DBBA, but does not change the property of polymer (e.g. no crosslinking was formed).
In the presence of DVB coagent enhanced binding efficiency of DBBA was achieved, up to

939% . and the overall structure of the DBBA graft is most likely to be similar to that formed
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when using similar Tris as coagent, sc¢€ Scheme 5.17. However, DVB differs from the
case of the Tris, in that the former lead to ~7% crosslinking product in the final processed

polymer, and this crosslinking material contains 15.5% of the total DBBA content.

8. FTIR analysis of polymerised DBBA in decalin solution at 180°C for 5 hours, showed
the disappearance of all the typical absorptions of the acrylic double bound in the DBBA
structure (at 1408 cm-! and decreasing intensity of 1636 cm-! absorptions), and the
appearance of new absorptions at 2922, 2854, 2736, 2709 and 2644 cm-l (these
absorptions are due to decalin). The FTIR spectra of the homopolymer of DBBA, grafted
DBBA-Decalin model reaction product and grafted DBBA masterbatch, showed very
similar spectra with C=0O absorption shift, suggesting a saturated C=0O (e.g. saturated
carbonyl absorption at 1735 cm-1). Analysis of the polymerised DBBA by proton NMR
spectroscopy, showed that the protons of the acrylic double bound (-CH=CH?) at 8 (ppm)
= 6.15-6.23, 6.44-6.50 and 5.82-5.86 has disappeared, and proton saturated were formed
as the result of saturation acrylic (>CH-CH7-) were found at & (ppm) = 0.85-0.95 and
2 04-2.35. However protons of decalin were not found clearly, because of overlap with
other protons at chemical shift between 1.0-2.0 ppm. 13C NMR spectrum of the
polymerised DBBA showed the complete disappearance of acrylic carbon at & (ppm) =
128.6 and 130.1, and appearance of the new saturated carbon at & (ppm) = 43.1 and
21.7. Decalin carbons were found at 8 (ppm) = 26.7 and 36.2, but the other two decalin
carbons did overlap with other DBBA carbon at & (ppm) = 43.3 and 34.2 (see Figure
5.43). Insitu 13C NMR investigation, of polymerisation of DBBA in decalin at 100°C (in
the NMR cavity) gave similar results. In addition, after 25 hours polymerisation at 100°C,
one of the >CH- peak of decalin at 8 (ppm) = 43.1 decreased sharply. This peak is
known as that of the trans >CH- which is more suceptible to hydrogen elemination than the
cis. Therefore, the peroxide used in polymerisation may also attack the trans >CH- of the

decalin solvent, which then grafts to the DBBA polymer.
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9. In the presence of Tris, the FTIR analysis of polymerised (DBBA+Tris) in decalin
showed the disappearance of the typical acrylic absorptions; double bound of DBBA
at 1408 cm-! and decreasing intensity of 1636 cm-1 absorption, and the appearance of new
absorptions at 2922, 2854, 2736, 2709 and 2644 cm-1. The FTIR spectra of a copolymer
DBBA-Tris, grafted DBBA-Tris-Decalin model reaction product and grafted DBBA-Tris
masterbatch, showed also very similar overall results in that the unsaturated C=0 becomes
saturated (saturated carbonyl absorption at 1741 cm-1). Solid state of 13C NMR spectrum
of copolymerised DBBA-Tris showed the complete disappearance of acrylic carbon groups
of DBBA overlaps to that of Tris at 8 (ppm) = 128.6 and 130.1ppm, and was replaced
with the new methyn saturated carbons (C no.9' overlapped with C no. T4 and T6")
appears at 66.1ppm. The new methylenic saturated carbon (C no. 10" overlapped with C
no. T2) and methyl carbon of Tris (C no. T1) at 7.7 ppm. When solid state 13C spectrum
of model raction of a copolymer of DBBA-Tris was compared with that of model reaction
of polymerised DBBA-Tris-Decalin, it was revealed that similar resonance peaks occured,
except in the area between 20.00 to 40.00 ppm which was more crowded. In the latter
case, should be due to that the decalin absorption in this region, i.e. C no. D1 overlapped
with C no. 9, T3 and T7' at 34.6 ppm; C no.D2 overlapped with C no. D3 and 5 at 34.6

ppm, and at 30.4 ppm, C no.D4 overlapped with C no.6.

6
CH;
\_CH,
H

7 § 9 510
CH,-O- (C=0) - CH - CH,
T4

T6' T5
17 CH, - CH-(C=0)-0-CH,

% T2 TI1
H, - CH-(C=0)-0-CH — %-CHz-CH3

H, - CH-(C=0)-0-CH,

D3
D4

D2

Grafted copolymer DBBA-Tris with Decalin
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10. Analysis using physical technique (Soxhlet extraction with different solvent) and
GPC for molecular weight distribution showed that bound-DBBA xylene soluble polymer
processed with Tris as coagent, has higher molecular weight (Mn), compared to that of
processed without coagent, however, still lower than that of processed PP without any
additive. This indicates that Tris coagent may inhibits further melt degradation of polymer.
Model reaction of DBBA in liquid hydrocarbon (decalin) and analysis of products using
FTIR and NMR spectroscopy showed the formation of grafted DBBA onto decalin
molecules, as well as homopolymerisation of antioxidant. in the presence of Tris coagent,
copolymerisation of DBBA with Tris inevitably occured, which was followed by grafting
of the copolymer onto decalin. ETIR and NMR results of the polymer concentrates
containing bound-DBBA processed with and without Tris coagent, showed similar
behaviour as the above model reactions. This evidence supports the effect of Tris coagent

in enhancing the efficiency of the reaction of DBBA in polymer melt.

6.2 RECOMENDATIONS FOR FURTHER WORKS

1. This work advanced our understanding of the nature of the grafting reaction of reactive
hindered phenol AO's in PP melt and the structure of the antioxidant-grafted polymer
through model compound reactions, under conditions very closed to that used during
processing. However, so far, estimation of the binding efficiency, has been limited only in
systems where the homopolymerised antioxidant is extractable from the polymer matrix.
Further investigations of these reactions, using high sensitivity analytical techniques (i.e.
ESR, HPLC, UV, solid state NMR ect.) are required to be carried out on the polymer in

order to analyse the polymer products formed during processing.

2. Synthesis of VDBP from Irganox Acid using procedure described in this work gave
low yield. Further work can be carried out to modify the synthetic procedure to enhance

the yield of this AO may be very promising.
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3 1In this work, 3% MB containing VDBP was shown to give low binding efficiency in
polypropylene. Further work to optimise conditions of VDBP in PP are needed, as well

as to examined its stabilising activity in PP under these optimum reaction conditions.

4. In this work, preleminary analysis of the structure of graft HAEB in PP was carried
out. Further investigation, may be conducted using model reactions and identification of
products formed from the reactively processed HAEB using various spectroscopic
techniques especially solid state NMR, may lead to a better understand of the nature of the

graft HAEB reaction .

5 The reactive processing procedure, in this work was carried out 1n polypropylene.
Further work, the reactive processing using multifunctional coagent and reactive
antioxidants can be investigated in other polyolefins (e.g. polyethylene, polystyrene, poly

vinyl chloride).
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