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. SUNLARY.

The aim of this investigation was to prepare a thermoplastic
elastomer via the chemical modification of an existing commercially
produced polymer, Two separate polymer wmodification studies were car:'ried
out, In the first, solution polynerised polybutadiénerand styrene~butadiene
copolynmers were hydrogenated and in the second, ethylene-propylenc-diene
terpelymers were anionically metalated and subsequently carboxylated or
_ graft polymerised with styrene, -

| Fundamental differences in the two techniqués cepleoyed, hydrogenation
and metalation, resultgd in the emphasis of the two studies beinz somewhat
different, . Thus, the hydregenation prdcess was quite simple, enabling a
systematic investigation of products to be carried out whereas the
‘metalation procesé required COnsidé;able development resulting in only
limited investigation of the produéts..

The first study commenced with the hydrogenation of non-polymeric
olefins., This cnabled each of two éatalysts to be optimised and

compared with_regard to their reductive ability,. 1t also furhished
information on the relative reactivities of double bonds in different
conrigurations.. It was found that a catalyst formed from
triisobutylaluminium dgd nickel diisopropylsalicylate (NiDIPS)'waé

more active than onc formed from n,butyllithium, and NiDIPS. Thé rate
at which double bonds were reduced”wés in thc_order vinyl - cis

.~ trans-and aromatic unsaturation was not reduced,



The two.catalysts were compafed in polymer hydrogenation
and although the aluminium alkyl based catalyst aéain hrovdd morae active,
the one based on n,butyllithium was seclected for general use since it
combined greater case of haﬁdling with adequatélaétivity.
A numbcer of polymers were obtained with systcﬁatic variations
in composition and these were hydrogenated so that the effect on
properties of the following variables CQuld‘bo determined;
1. Degree of saturation.
' 2, Vinyl content.
3. MOlecular-Weight.
4. Styrcne content.r
The properties of‘greateét interest initially were ultimate
tensile'strength and elongation’éét And values for these weré de;ermined
for each of the hydrogenated polymef ;gmples; The.degree of erystallinity
was also determined, thié was influenced by both the degree of
hydrogenation and the vinyl content and was shown to be thé major factor
atfecting product properties. Reference to theilitérature revealed
that partially crystalline polymers such as these contaiﬁ_isolatéd
crystallites, These clearly functioned as.physical c¢rosslinks in a
manner similar to the thermoplastic domains in commercial thermoplastic
elastomers.
An improvément in tensile strength with increase in molecular
- weight was ascribed to an effective increase in the number of crystallite
crosslinké per chain and a decrease in the ﬁumber of free chéin—ends.
The effect of styrene content was found to be rather more complex,

the best combination of ultimate tensile strength and elongation sot
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being obtained with hydrogenated polymers containing approximately
5 mole % styrcne. Polymers such as these were found‘to have erystalliniti
similar to those of hydrogcnated polybutadiencs, when compared at
equivalent deprees of saturation. It was postulated that as the
styrene units had not decereased the overall crystalline contgnt then
they might have influenced thé crystallisation process. by their bulk,
S0 £hat a larger number of smaller crystallites were formed, If this
werce true the improved preperties of these polymers would-bé explained
by the effective inerease in thé crosslink density. |
Notwithstanding this effect, pfoducts with a fairly wide range
- of compositions were found to have properties which would qualify
them as thermoplastic elastomers. .7
The study of ethylene, propylene, diche terpolymer (EPDM)

i
modification thfough_metalation was“hampered,‘as expected, by the
relatively low concentration of acyive sites. Decause 6f this.it
was necessary to apply very stringent purification procedures and to
find a very active metalating agent,

Reactions werg carried out in hexane solution and techniques
were evolved to achieve the substantial aﬁséncé of any specics capable -
of preventing feaction between metalating'agent and polymer, The
finalised procedure invblved dearomatisation and drying of solvent,
column purification of polymer solufiqn and scavenging with n.,butyllithium,
The metalafing'agent used by othe; workers in poiymor reaction,
n.butyl}ifhium/totramcthylethylenodiamine éomplex, proyéd unrecactive
towards EPDN, liowever n,butyllithium/potassium t,butoxido proved
to be highly active, réaéting with virtually 100% efficiency under

A}

certain conditions,
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These metalation techniques were used to introduce cérboxyl
functionality z=nd to graft polymerise styrene. -

Polymers were carboxylated by reacting metalated polymer with
solid carbon dioxide., The products were eitner isolated as formed
in a necutralised.state or acidified, isolatédrand néutralised wholly
or partially with sodium methéxide. The ionically crosslinked products
thus formed were evaluated as thermoplastic elastomers and found to have
ultimate tensile strengths similar to reinforced, vulcanised rubbers
. but rather poor nelt flow.properties.

The differing vicews expressed by other workers concerning the
nature of ionically crosslinked polymers were considered and an attempt
made to rationalise them, 1t was dccided that the properties of
these polymers werce best explainéd by the postulate that the ionic
bonds were presenf in conglomer#tes, which acted in the dual rolé qf
crosslinks and filler particles,

Polystyrenc gra%ted EPDN was prepared by reacting metalated
polymer.with styfene, vefy higﬁ graft efficienciea being obtained
unﬁer optimised conditions, Analogies woré drawn bétwcen these polypers
‘and the ABA block copolymer themeplastic clastomers commercially
produced by Shell, Lessons that had been learnt by other workers in
a study of Shell-type polymers were applied to the present systen., |
The product compésition with regard to polystyrene content and molecular
weight, numbe; of grafts per chain andugraft efficiency had therefore
to be kept‘within_very-strict limits. This proVed to be rather
difficult but some prqducts were obtained which had compositions approachihg
those desired, Unfortunately, these materials could not be ¢lnsgificd

as true thermoplastic elastomers because although they oxhibited a
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thefmoplastic nature and mederately high ultimate tensile strengths.
£he clastic recévery was very poor.

The shortgomings of these materials were explained by #nalogy to the
Shell=type block copolymers and methods by which;they mirht be

improved were discussed.
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GENERAL INTRCODUCTION.



" Recent events, notably the sharp increases in price of oll, coal

and some other commodities, have served to.underline the limited
availability of many natural resources and the noed to effcect the maximum
econony in their use, The notion of disposability has at last‘givcn way
to "re-usability" where this is practicablo. This change in attitude is
jllustrated by the ¢ade of deéfadable plasticd, Here techniques were
developed fo overCOmé the probléms arising from the casual disposal of
plastics containers and yet within a vefy fow years of their inception
the situation changed so that now those materials are congidered teo costly
to be merely thrown away. At the present time a considerable amcunt
of effort is being devoted towards turning the potential recyclability of
thermoplastics into a commercial reality, Elastomers, on the other hand,
being essentially thormosets h#ve not.been recyclable as elastomers but the
fecent developoent of thermoplastic'glastomers Lad made even thls a
p6ssibility; The major reason bghlnd the ﬁevelopment of these matericls
was not however their re-~cyclability but, as night be cexpected, a
potential saving in cost through, in this case, improved methods of
processing. Maybe the present situation will give added impetus
towards their development énd commercialisation in the future.

The original drive which stafted the development of thermoplastic
. elastomers was the desire to prdduce an elastomer without the elaborate
and costly procedurcs of compounding and vulcanisation.

The two main methecds for producing elastomers, éulphur vuicanisation
and peroxide crosslinking, both require a sinmilar four-stage procedure,

1., Curing agents have to be blended in to the ruﬁbor.

2. The coﬁpound has to be placed in a mould.

3. The ﬁould has to be compresscd, |

4, The material has to be heated for geveral minutes to effect

croaslinking.
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This pfocess resulﬁs in an irreversibly crosslinked product,
and rejects or "flash"” cannot be re-cycled but have to be scerapped. On
the other hand if a thermoplastic elastomer is produéed with built-in,

- heat sensitive crosslinking systém_thcn the first stape cén be eliminated,
the second and third stages can be combined by injection moulding techniques
and the fourth stage can be considerably shortened as the material has only
to cool after moulding, Any rejects or "flash" can simply be granulated
and fed back into the system, |

A scarch for a suitable heat seksitive crosslinking systenm leads to
the following possibilities, groupced into two main fypes.

1. .Physical.

(i) Glassy.
(ii) Crystalline,
{iii) Entanglemen;s. g
11, Chenieal,
(i) Ioﬂic.
(ii) Co=ordinate.
(111) Rearrangement reaction,

Physical crosslinks can be produced by arranging that the elastomeric
chains are linked fo thefmoplastic chain segments, either glassy or
crystalliné. The overal) thermoplastic COhtentlis.controlied 50 that it
is less than 50% of the total. this resulting in a two-phase system with
thefmoplastic domains dispersed in and linked fo a ?ubbery matrix, 1L
the rubbery chains are‘chemically linked only to thermoplastic chains and
not to cach cther then when-tho material temperature is raised abové the
mélting peint or glass transition temperaturq of the thermoplastic phase
the crosslinking sysfem will brealk down and allow melt flow, ' Ag soon

a8 the temperaturékis reduced sufficiently the crosslinking syétem will reform,



Entanglement crosslinks are present in all polymeric systems but arce
clearly only impoftnnt if chain discnpapement is prevented by a primary
crosslinking system.

The chemical form of crosslink has to involve a heat sensitive chemical
reaction, In the simplest form thia involves a link botwoen atoms in tivo
polymer chains which will break when the material tomperature is raised above
a critical value and reform when the temperature is reduced. Nofmnl éOValen
links are of toco high an cnergy to allow this to oc¢cur. If sufficicnt
energy was put into a system to bfeak this form of bond then‘clearly
catastrophie failure would oécur in the system as a whole. Ionic or
co-ordinate bonds are of a lower order of strength and if the links befween
pelymer chains are of this tybe then the desired hecat sensitive dissociation
and association might be achiceved, . If covalent links are to be employed
"then they would have to occur through é‘systcm capable of rearrangement,
bonuds bfeaking and reformipg by exchange between suitable atous,

All of these‘systems have bcen investigated previously by other w°rkers'
but so fér only three of them, the glaésy, crystalline and ionic have préved
to be of any conmzercial utility. These will be discussed in tura
after examples have been given ot‘the other.two.

“Cnly a ve:y limitgd amount of work in thesé fields has in fact been

(1)invest£gated the vulcanisation of nitrile

published.: -Some Russian workers
and vinyl pyridine rubber with zinc chlori&e and found that under mild
conditions weak co-ordinate‘crosslinks were'f&rmed. They sugrested that
- these bonds would regroup easily but. their study of thermoplasticity was

hampered by the fact that a second type of linkapge formed when témperafures

were raised slightly., - They deduced that these linkages were covalent
: 4

)/



and formed due to the catalytic activity of the zinc chloride. A somewvihiat
nore satisfactory example can be given of the heat sensitive rearranpenent
reaction form of crosslink, This is referrcd to in a review article by

(2)

Melville, Polyizoprene was reacted with BH2C1 and crosslinks were

formed, On heating, rearrangement occurred and the bonds were bhroken,

~W>H'3=§\~m-

—_— ‘
\\BCI N : BCl

e
—4-

It was stated that these polymers exhibit high creep but were however still

in an early stage of development.
The three forms of crosslinking that_have been developed coﬁmefcially

P

have received considerable attentibn in the litofature and an excelient
general review of these materials has been written by Wellsss)
Except for the ionically crosslinked Dupont, Surlyn A ionomers.(not

mentioned in the review),rthe rest can be broadly classified as block

. copolymers, A brief description of the iononmers will ba

given before considering the biock copolyﬁers.as a separate groub.

The Dupent ionﬁmers arc dgscribed in two papers by Rees and Vaughanf4’5>
They are ethylene, acrylic or nethacrylic acid copolymers which have been
heutralised wholly or partly by rcaction with metal salts, A typical
product contains 3.5 mole % acid of which 70% 1s ionised with sodium i&hs;

The materials are generally rather more flexible thermeplastics than

thermoplastic elastomers as they appear to exhibit high “set" characteristics,
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However it is stated that they are characterised by unusuai elﬁsticity
and toughness and that'ﬁany of them are very resilient, superficially
resembiing curcd elastoners. They illustrate well the reihforcing but
heat scensitive nature of jionic croéslinking., ‘

6,7)

Block copolymers have been the subject of many symposia( and

reviéWS(S’g'io’Ii)

so they need not be discussed here in too gfeat a detail,
The differcnt types éf block copolymer can Se classified in a number of
ways but probably the simplcst.is‘to use the rethod of polymcrisatiqn

used in their production.. These areg: - o

A. Sequential

B, Graft |

C. Random

D, Condensaticn

ﬁ. Addition

Each of thesc methods will be discusséﬁ} relating each to the relevant

commereial product,

A. Secauential Polvmerisation,

" The production of block copolymers by'sequential polynmerisation
'requirés that the growing chain-ends éhould have a significantly long "life-
_timeﬂ thus enabling the polymérising monomer_to be changeéd and a new monomcr
addéd'which can continue polymerising on the‘old chains, The most suitable
systen in tﬁis‘respect is anionic polymerisation. This involves no |
termination step, the cﬁain enés remaining "live" indefinitely. This
method is used in the‘production of the Shell, Kraton block copolymersciz-Is)
~these being introduced in 1965, prqbably causing tﬁe surge of interest in

(1?’18)have also been marketing similaor

thermoplastic elastomers, Phillips
materials but until now this scems to be in little more than defelopmental

quantitices,

——



. Polymerisation is typically carried out using n,.butyllithium as
initiator with styrenc as figst mondmer. As soon as the required molccular
weipght is produced and a;l éhe styrene used, a diene, usually butadiene,
is added and the sccond block is poiymcrized until all the monomer is usod.
Mofe styrene is then added and polymerised so that an ABA type of block
copolymér is produced, Other methods can be used such aé coupling-after
the second block has'polymorised but generally the best producis scem
to be produced by the stréightforwafd sequential polymerisation, -

"Numerous papers have geen published(ig_zs)on the ﬁorphology of these
-products and. it 1; generﬁlly agreed that they are two phase’ systems.with
glassy, polystyrene domains dispersed within an amorphous rubbery matrix,
The shape of these domains appears to depend on both thé composition of
the pelymers and thg way in which the sample is proéared. However,
genérally, for the mofe rubbery materials these domains can be considered
ag spheres, The end of each chain is ££erefore imbedded in a glassy domain,
the domain acting as crosslink and filler particle. ihen the temﬁerature
of the material is raised above the polystyrene glass transition then the
domains break down and aliow thermoplastic flow, These materialg are'thus
an excellent example of the way in which glassy, physical, crosslin#s can
‘be employed to produce thermoplastic elastomers. In fact, these are tho
only commercial products_to‘use glassy qrosslinks, the others all being semi=-
erystalline materials,

Other companies have shown interestlin preoducing block copolymers.via
anionic polymeriéation, albeit using réther more "exotic" materials., G.E.
us¢ ‘bisphenol A carbcnate fop the thermoplastic, eéggigﬁiine segmeats
and dimethylsiloxane for the fubbery segments, Dunloep use eth&lene sﬁlphide

"for the former and propylene sulphide for the latter,
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Block copolymers havc also been pr enared via scquential polyncrlgatzon

using Ziegler-Natta Catalysts_(lo’“g)

Typically, propylcne is polymerised,
then ethyione is added to give an cethylenc pfépylene copolymer block, finally
whén the ethylene is exhausted the propylene polymerisation is continued,
Ideally, this results in an ABA block copolymer with crysfalline pol&propylcnc
end segmeats and. rubbery ethylené propylene copolyner centre segments,
Unfortunately, it appears rather difficultrto obtain a pure product in thiz weo
due both to the limited chain end lifetime and the difficulty of finding a
catalyst whicﬁ will bkoth poiymerise propylene to high isotacticity and
randomly copolymerise ethylene with prbpyieng. ‘This systenm has thercfore
not, as yet, been developed commercially.

r

B, Graft Polymerisation.

Thermoplastic chain segments can be grafted onto rubbery chains
to produce "comb" shaped polymers;’ The essential requirements for a bleck
copolymer thermoplasfic elastomer can thus be fulfilled, viz, thermoplastic
chaln °e°uenus separated by rubbery segments, Thig system is demonstrated

(30) . Unfortunately,

in the Allied Chemical Corporation's ET polymers.
no definitivé paper has yet been publisﬂed on thé method ofrprebaration
but it has been gtated that butyi rubber is grafted with poiyethylene
‘using a gsuitable phenolic resin. The heat sensitive crosslinking system
in this case would be via polyethylene crystallites..
A somewhat similar uystem has been developed by Uniroyal, the
product being called TPR; The method of production has not yet been épenly

d13c105ed, it being stated simply that -it is an olefin block coaolymers )

However, a recent British patent( )gruntcd to Uniroyal clﬁirs a thermop1a°tic

elastomer prepared by reécting a highly'isotactic polypropylene with athylene,
propyléne, diene terpolymer tEPDM) rubber using a "dyn;mic crosslinking system
for example, peroxides, The procedure appears to depend'on a vefy limited

erosslinking of the rubber cccurring togoether with grafting of the rubber onto

the polypropylene, The heat sensitive cfosslinking systenm in this
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‘material would therefore presumably he via polypropylene crystalilites., The

el
publishedca")

elastomeric brope;ties of these polymers are inferior to the
Shell, Kraton block COpolymeré, however they do have the advantéﬁe that

tﬁey are both more heét stable and have better ageing characteristics,.

ﬁhe former being duc to the polypropylene meltiing point heing much highgr than

the glass transition temperature of polystyrene and the latter being duc to

the saturated nature of the polymer,

C. Randon polvmerisation,

Random polymerisation would not normally be thought oflas a method
for the production of block copolymers, Howover, if onc considers the
' case of two monomers being copolymérised ﬁhere there is a much higher
proportion of one monemer than thé other then random copolymerisation must
result in the‘prcduction of polymer chains with sore segments having a near
equal proportion of the two monome?é‘and cthers being-blocks of the monomer
presegt in the highest proportion. Ir the.formcr segments are amorphous
. and rubbery and the latter are cr;}:;tanin_e then an essentially ABABAD ete,
block éopolymer_is produced, This sort of.systcﬁ can even be produced by
homopolymerigsation as long as the mononer enployed is capable of
polymerising in different ways in'the same sSystem, one preducing crystalline
segments.and others producing amorphcus ségmeﬁts. Precipitated natural

of & post %Mc- MMWW (3)

balata rubber is an example ed=%idb& and a similar naterial, Trans-Pip
a synthetie trans=1,4 polyisoprene has been producedland marketed as a

thermoplastic rubber by Polymer Corp.



- 10 -
An ¢oxammle of the copolymer system can he found‘in the ethylene,

(33)

vinyl acetate copolymers, . These two monomers c¢an be copolymerised over
' , : or alassy :
a wide range of compositions, highly erystalline/haterials being produced

when there Ais a I;reponderance of eéither one or %he other monorer, Howevorr
in the intermediate ranges of aﬁout 20-30% vinyl acetatc, semi-crystalline
rubbery materials arc produced, In this case, chains are composced of

segments of crystdlline polyethylene and amorphous ethylene, vinyl acetate
copolymer. The heat sensitive crosslianking system would therefore be via

 polyethylenc crystallites,

D, Condensation Polyrmerisation,
This methoed has‘ been useci to produce the Du Pont Hytrel polymers.
| These are random block co;)olyestez;s, 'the‘ir method of preparation being
described in a papér by _Cellafsé) ‘ ‘olt transleéterification is carrigd out
of dimethylterephthalate (DNT), 1,4-butzahediol (BD) and poly(tetramethylenc
ether) glycol (PTMEG), The.material so produced caﬁ be considered to be a
‘copolyester having been formed by rando:.nlyl Jjoining, he?.d to tail,

poly(tetramethylene ether) glycol terephthalate soft segments and '

{etramethylenetcrephthalate hard sogﬁnénts.
.0 Q | | ‘
cHOHO)COCH, + HO(CH)OH + HO(CHCHCHCHO)H
——————>  copolyester elastomer.

O O ' ' '
G @ ¢o (C HDJ,O : MlTard" segmentl
| n

CQCOE(CHJPL Soft" scgment
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The overall stoichiometiry is choseﬁ so that there is a preponderance of
"hard"” units in thelmixﬁure on a mole basis, rosulting in a polymer containing
relatively long sequences of erystallisable "hard" units., A systen is thus
obtained somewhat sinilar tg that which is produéed via random polymerisation
vis, ABABA cte.
The erystalline melting point of the "hard" scpmenis depends on fhe

overall composition of the polymer 5ut for commercial products it would be

in the region of 200°c. This-of course confers great heat stability on
these materials but carries ﬁith it the disadvantage that high processing
~tompéfatures are reguired, The elastonmeric propertiecs ﬁave been pﬁblishcd
and comparcd with other thermoplastic clastomcr5535'36) In pgeneral, except

for the heat stabllity they zsppear to be broadly similar to the Shell

Kraton block copolyzers,

E, Additi on Polymerisation, "

lThe connercial préducts.which £all within fhis classification are the
.poiyurethaﬁes. The genefal field of polyurethanes is fathcr complex
there being a great variety of products, Here it is convonient to.excludq

(37,38)

‘the ionic urethanes and concentrate on what might be termed the

so0lid polyurethane clastomers, This exclusion still leaves a grodt nurber
of materials, illustrated by the table given'inlfhe review by Wells(s) which
lists twelve prodﬁcerslaﬁd 59 products,

| A1l these polymers may be clasged into fqur categories, ‘They ﬁay
.contain either ether linkages or cster linkages or be lincar or ﬁrahched

and cach of the first two types ﬁay be prepared so that they'also fall

within cither of the latter two categories. Urcthanes are formed typically
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through the reaction product of a diisocyanate and a polycther or polyester
clycol, hence the ¢lassification in£§ polyether or polyestér type, The
lincar polyurcthanes are ﬁroducod using stoichicmetric quantitics of
isceyanctoe and alcoholt The branched peolyurethances are preoparced using an
excess of diisocyanate. This w091d nornally result in a Iully crosslinked
product similar to the thermoéetting cast ﬁolyurothanes, however in this case
the crosslinking reaction is arrested during'manufacturc and it is only
when procgssing is‘carricd out at high temperatures that the crosslinking
reéction ccntinues, . This partial crosslinking improves th§ comprossion
sct of the materials but results in iﬁperfect thérmoplésticity, hence they
cah only be reprocessed g limited numﬁer“of times, A discussion of the
branched polyuréthanes can be found in a becok by Viright and CummingEGO).

The 1incarlethor or cster type polyurethanes arc of more intcrest in
the prescnt context s these arce truly thermoplastic in nature, fhe Lirut
material of this type to be marketed was Estane, produccd'by D.FF, Goodrich,
One grade was prepared using polytetramefhylene adipate, 4,41~diphcny1methane
diisocyanate and 1,4-buténediol, it is therefore a ﬁolyester TYPC. The
polyether types arc the rore expensive of the two, but they have much
better hydrolytic.stability and 19w tempgrature flexibility, These are
typically prepared by reacting tdgethcr an aromatic diiso;yanate, 1,4-butanediol
and polytetramefhylene oxide, the resulting product being very similar to

the Du Pont-Hytrel polyesters.

Nyl i : , .
C—NARN-C-0(CH) O  "“nard" segment.

n

e} 9 o .

i |

C—NAPN“C‘O[(CH;‘*(% o "soft" sepment.
. , x\ :
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Arain, tho overall stoichiometry is arranged so that there is a
preponderance of "hard" units. The prod;ct thus consists of biocks'
coﬁtaining a number of "hard” units separated by Ysoft" sorments,

The properties of these materials; of-course depends to a larpe

(a)gives a list of the

(40-43)

extent on the starting materials. oweover, Vells
ranges within which cach lig. .Investigations have been carriéd out
into the effects of segmeﬁt size and polydispersity, resuvlts being broadly
similar td those found for the hydrocarbon ABA block copolymérs. The

| properties of these materials have also been explained in an analogcocus way
to the hydrocarbon block copolymers viz, high modulus domains, in this

case crystalline, acting to reinforce the rﬁbbery nevwork.

ThiS'surve& of existing commercial materials enables an idea to be
gained of the requirements which may be thought necesséry for zn - alternative
product, these being: . | _ T |

a) _Good elastomeric properties.

b) Dasy pfocessing.

¢) Good heat stability.

d) Invironmental resistance.

e) ' Low cost.
None'of the materiéls discﬁssed excels on ali’counts, each having strong
;nd we#k points.' Not#bly the better elastoners éppear to rcduire more
' stringent production control and this results in a2 higher cost; sore of the
cheaper polymers being rather more flexible, semi-rubbery, fhermoplastics
.than elastoners, 'It is also evident fhat it is rather difficult to
satisfy both b and c. If the heat sensitive crosslinking system is such
that it is stable at relatifely high temperatures then cioarly even higher
fempératures are}required for processing. Envirecnmental rcsigtapce mustl
- surely be one of the most important criteria to be satisfied, this being
demonstrated py the fact that after the initial marketing of the Shell

unsaturated Kraton block copolymers, a new saturated grade, Rnaton G,
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‘ 44
probably produced via hydrogenation, had to Le introduceds ) The

above 1list of requirements may therefore be reeorpanised into a rough order
of prioritics.

a) Low cost.

by Goosd elastabmerie.rjropcrties.

¢) Environmental resistance.

d4) Easy processing.

e) Good heat stability,
The main ieaSOn fhat the majority of these materials have a comparatively
high cost lies in the fact that they are still speciali ty polymers Lein
produced in relatively small quantities. It was reasoned that if this is
the case then a better approach might'be to‘také an‘existiné polymer already
being produced in large qugntities agd Fo modify this in some way t; gife
the desired end product, Fbr goodjéﬁvironmental resistance the product
would ideallj be mainly saturated. These two considerations led to three
main péssibilities. | | |

| A, Thé hydrogenation of unsaturated ﬁolydienes.

B. The graft polymerisaticn of ethylene, propylene,
dienel£erpolymer (EPDH),
C.. The'carboxylatioq and ibﬁic crosslinking of IDPIM.

The first was aimed at the sort of product which has been‘earlier
.described as bexng prepared via random polymerisation viz, Trans Pip and ;Vn.
.copolymers. It was thought -that if a polyhbutadiene or styrene butadiene.
copolymér was hydrogenated over an intermediate range thep a product with a
limited amount of crystallinity might.be obtained and that this might function
és a thermoplastic elastomer. If neecd be, not only could the degrce of
hydrogenation be varied but;also; by minor variafion ia.the_polymerisation
recipe, the compbsition and microstructure of the-st;rtﬁng polymer could be
varied. It was hoped that a systematic investigation into these variables

might lead to an optimisation of properties,



The sccond possibility was aimed at the production of a graft
pelymer with a rather more specific composition than those describea earlier
as being prepared in this manner. It was thought that if sités cn the IEPDM
could be activated in some way then a monomer such as styfege c6u1d be
pelymerised at these points; This should result in a product rather better
defined and having better properties than those obtained simply by a randem
free radical reaction in a blend of two polymers.

The third possibility led from a considoraiion of the scocond; having
activated the EPDM to enable graft polymerisation to occur, these same
activated sites could alsd be used to introduce carboxyl groubs into the-
chaing, ‘This would enable ionic crosslinking to be carried out via metal
salt neutralisation of these groups. . A rubbery, lonically crosslinked
product should then result rather thhn_the semi=rubbery, similarly crosslinked
Surlyn A polymers described eariiertf,

In order to discuss the investigatibn into these three ideas the thesis
has been split into two scctions, the first dealing with the hydrogenation
study znd the second, as both materials sten froﬁ 2 similar beginning,
'aealing with the graft polymerisation and carboxylatien 6f.EPDM. Separate
introducticns {o each of these two sections will bo' made so that relevant

earlier work in these fields might be discussed.
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PART 1. NYDROGENATICN OF POLYEUTARIENE AND  DUTADIDNE

STYQIENE  CCPOLYLITRS .
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1. INTRODUCTICN.

The preécnt state of art of polymer hydrogenation has ariscn through a
number of parallel developrments in hydrogenation catalysis and polymeriszation
pfocesscs.' it stgrted in 1889 when Berthelot hydrogenated natural rubber
to liquid products using hydriodic acid(45). There followed é period in
which the only rubber available was natural and the only catalysts available
had to be used under such severe conditions that suhstantial;polymer
breakdown was iﬁevitable.

The Sccond VWorld Var stimulated'intcn§ive rescarch into practical means
of producing synthetic rubbers and around the same time new supperted |

(46) ‘ |

catalysts were developed which c¢nabled hydropenation to be carried out

with prescrvation of hirsh molecular weipht, Work during this period has beor
(47) ' (48)

]

revieweﬁ by Wicklatz , @ typical examp}e being that of Jones et 2l
who found it necessary to purify emulsion polymers prior to use and then
employ temperatures in the region of 300-400°F and a hydrogenvpressure of
50Q PeS.i. to effect hydrogenation, & later example of this peried is the
lwork of the Russian, Yakubchik, who used a palladium ~ or plat;num - on

(40 )

calciun carbonate catalyst at atmospheric pressure and temperatures in the

region of 80 C to hydrogenate a variety of the ecarlier solution prepared

polymers, sodium polymerised polybutadicne(50’51) G1)

» cis 1,4 polybutadienc
(52) '

and cis 1,4 polyisopfene
During the early and middle sixtigs, two devélopments occurred,  First

fhe séope of SOlution.polymerisation‘was consideraﬁly widened by the

introduction of organolithium, anionic initiators and gecondly the Zicglcr—typ

SaLopongous hydrogcnation cafalyéts were develcpcd;. ‘A highly active

catalyst systen was thus availaple to hydrogenate a raﬁge of X;W.polymcr~

and work unfil the present date has mainly concentrqtéd.on eﬁbloring the

potentialities of this situation,



The varicty of catalysts within the gencral Ziepler grouning, their
great activity and the wide scope for reaction that they allow can best bo
illustrated by a consideration of the work carried out with non-poliymers,

polymeric rcduction will then be returncd to later.

Reviews of the literature on lhomogencous catalysis havo heoen carricd

(53,54,55)

ocut but none coversthe field of Zicgler catalysis very thoroughly.

(56)

One of the earliest papers is by Sloan, Matlock and Bresiow This is

extensively refcrred to by other workers due to its containing a
postulated ﬁcchaniém for the action of thesc catalysis, it 15 interesting
that n§ sisnificant imprbvaments_have vet beoen made on this mechanism,
: Desideslthe mechanism they alsb covered a wide vagriety of two coﬁponent syste
ihcluding triispbutylaluminiuy wi£h eithor.triethyl vanadéte or triisopronpyl-
titanate. They stated fﬁat the most active catﬁlysts appeared to he cobalt
(1I1I)  iron (III)  chromium (III) gcetylnéetonatcs, conttbined with.
triisobutylaluminium but.also'mentigned that they could be cozbined with
n.butyliithiun 2lbeit with a resulting‘ioss in‘éctivity.

Lappoftc and Schuett(57)found that a triethylaluminium; nickel (II)
2-ethyl hexanoate é#talyst_cauld rcduée aromatics using tewperatures in
the region of 150-200°C and a proessure of 1000 p.s.i, They stated that this
cdtalyst had a higher aétivity than Ranéy_nickql or other supﬁbrted nickel -
catalysts. . |
(58

used soluble cobalt complcoxes in conjunction

Tajima and Kunioka
with triethylaluninium to hydrogenate the conjugated diolefins; butadicne

and isoprone.,

A -
Kroll(ag)investignted various aspects of aluminium alkyl reduccd,

hydrocarbon soluble, non-noble metal catalysts and concluded that the cobalt

system wag the most active.  He found also that the addition of a Lewis
o, o . :
base such as @m-dloxane reduced the poisoning effcect of impuriiics,
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Fallc( 60 )

Tound in 1970 that previous investigators had severely_gndcr—‘
estimated the reactivity of catﬁlysts rrepared firon alkﬁllithiums znd stated
that the catélysts they had made Irom organolithium compounds and transition
netal salts of Z-cthylhexanoic acid were fully ag active as alkylaluminiun
based systems,

During the period in which thése studies were Dbeing carried out, similar
catalysts were being used to hydrogenate polymers. The Russiaps, Yakubchik

and Tikhcmirovcsi_ss )

used cobalt or chromium‘acetylacetonate with aluminiun
trilsobutyl to hydregenate cis 1,4 polybutadiene, .- soditm. polybutadicne,
and styrene~butadiene copolymer, They found that using these catalysts 1,2
units were ﬁydrogenated in préferenco:tc 1,4 and that in contrast to the .
hetcrégeneous catalysts the ;eduction ﬁasla chenically wiform process, all
chains taking part equally in tpe read%ion.

The less sterically hindered double bonds in poly-1, <4-butadiene were

' 4
found by Falk(G')

to be hydrogenated in preference to those in poly-l, 4-iscprenc
when organoaluninium or iithium compounds with niclkel or cobalt salts of
Z2—ethylhexanocic acid were used as catalysts,

Aﬁongst thé nultitude of patents bublished, two in particular are worthy
of note, In dne(es)‘ the pél&mer to bLe hydrogoﬁéfed was prepared using an
organolithium initiator ana the resulting "living" pélymer was used as the
organcmetalliccomponent of the hydrogenation catalyst, neécssifafing'only the
transition metal complex addition beforé hydrogenation éould'be efféctod; Ci
the face of it‘this procedure looks very ipteresting'with regard to
comnercial opefation, however,‘in practice commercially these polymerisations

tend tp be carried out under non-ideal conditions in order to maximisce throughput

and this results in a large degree of chain termination occufring. Clearly,
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if most of the initiator is lost then nore organclithium would have tp_-

“be added beforc an cffcctive catalyst was obtained.

(66l

The other patent claims improved hydrogenation rates when a
catalyst such as triethylaluminium, nickel naphthenate is mixed in the
prescnce of the unsaturated pélymcr to be reduced,

The developmqnt of znionic¢ polymerisation made possible the production
of numerous bloék copolymers, This'typerof polymer is discussed in nore
- detail in part II of the preéent study but the hydrogenation‘oi nmaterials

~such as these has been the subject of much work, Typically that of Falk and
(67

Schlott, who used Ziegler~type catalysts to hydrogonate 1,4 butadicne-1,4

isoprene and 1,4 butadiene-l 4 isopreno—styrcne block peolymers to form

ethylcne—l 4 isoprene hnd ethylene-1,4 1soprcn -styrene oloc: copolyners,

They have also used a nodified nolymﬂrlsqtion technique to produce( 58

o

-1,4 butadiene~1,2 butadiene blocx copolymcrs and have hydrogenated them to
form ethylene~butenc=1 block copolymers.

A few miscellancous examples of nolyrer hydrogenation are worth

(69

mentioning, Raney nickel continues to be uscd, Gregg in 1968

employing this in very high-concentrations to reduce poly—z-alkylbutadienes
at a temperature of 240°C and pressure of 3,600 p,.s.i. He tated that
complete hydrogenation was effccted and that only a moderate arount of

polymer breakdown otcurred.  Ziegler type catalysts have been used to

reduce the terminal unsaturatlon in polyolefin"( 70,71 )as a means

of improving stability. Similar catalysts have been used to hydrogcenate

polydienes grafted with vinyl aromatics(72 )

pendant ionlc groupss 73)

and polypentenamers having
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Sﬁrprisingly little work has been published on the physico~
mechanical prOperfies of these materials, product evaluation in most

cases consisting of no more than the determination of molecular weight,

" refractive index and glass transition temperature(47'4gﬁ0).

(74)

The review

' 4
mentioned briefly that hydrogenated emulsion SBR( 8)and

by Moberly
alkyllithium polymerised butadicne tend to resemble polycthylene whereas
hydrogenated branched or random copolymeré are rubbery products but

apart from that, most evaluation work has concentrated on vulcanised
(51,65 '

hydrogenated polymers
The only study'of unvulcaniséd, hydrogenated polymer properties had

(67, e, 72 )who concentrated firtuaily exclusively

been carried out by Falk
on block copolymers and found that he could only obtain strong, rubbery
products by hydrogenatiné tribldck ﬁolymers, the terminal blocks finisiong
as thermoplastic in nature and thd{éentre Segment being rubbery.

Deépite the considerable_amoﬁnt of work carried out on polymer
hydrogenation it thgrefore‘appeared that some of the basic studies of
the effects of variables such as molecular weight, side group type and
content, degree of hydrogenation.had not been fully 1nvest1gated‘5y
other workers. This was possibly due to the ?nct that when this work
was commenced, the methods ﬁy which the bolyméré could be produced had not
long been ayailable.

A consideration of the other types‘of thermoplastic elastomer available
(see general introduction) led to the conclusion‘that a good thermoplastic
elastomerlmight be obtainéd_in this way;

It was‘therefbre decided to carry out a systematic investigation

of the hydrogenation of polybutadiene and styrene butadiene random

copolymer using the highly active and convenient Ziegler type of catalyst.

.
1



2. EXPERIMNENTAL PROCEDURLS,

2.1, CATALVST STUDIES.
Two differcnt technicques, gos bureile and pressure botftle were
employed for the reasons given in scction 3.1.1,

2.,1,2, Catalyst componcnts,

2,1.2,1, n.Butyllithium,

This was used as supplied by Metall G.S, as a 9,7% w/v solution
in n,hexane. It was transforred from the bulk container in convenient
gsized quantities into a rubber sealed,two-hole crown capped * pt.

beverage bottle. This was kopt under a positive pressure of 10 p.s.i.

with pure nitrogen and aliquotis were removed by syringe as required,

2,1.2,2. Triisobutylaluminium.'
This wasrsupplied as undiluted liguid by Cyclo Chemicals.
Solutions of required concentration were made by syringing-aliquotsl
: from the bulk container, under nitrogen, into a % pt;, rubher sealed,

two~hole crown capped beverage bottle containing a known amount of

pure solvent, usually cyclohexane or toluene,

2;1.2;3; Nickoldlisoprenylsalievliate (NiDIPS).
This was supplied by ASpro-Nichoias Ltd. It was dried in a
~ vacuuz desiccator then dissolved in dry toluene to the desired strength.
It was stored in a bottle iﬁ a similar way to the organocmetallic

solutions.



2,1.3. Gas barette studios,

2.1.3.1, Solvent ard Clefin moritication,

-~

Cyclchcxane and toluene were purificed in two stages, Lirs

ot

by
refluxing for 1 hr. over sodiunm hydride, thea, adter translor under qy
to‘n separate atill, by distiliation Lrom butyllithium,

The olefiné uéed, except styrone, were all obtaincd relztively,
pure and simply dried by sforing them in crovm capped, + pt. bﬁttles
containiny aﬁproximately cne inch denth of activated $4 molecular
sieve, 'ihey were degerated by purging the bottle and COntcnts for
about 2 hours with.nitrogcn‘introduced and vented througzh éyringe

. needles,

The styrene centained a pheunolic inhibitor which had tq be
removed, This was carried out by ¢istillation undor roducéd pressuré
'through a 6" column pf 54 molccu;gr sieve, The centre cut of the
digtillate was c0110cted‘and purged with nitrogen fof %‘ﬁf. before boing

used., _ . ‘ ' ’

2.1.3.2, Procedurea,

Reactions were carried out in a 250 ml, one necked (B24) round
bottomed flask, in a water bath thormostatted at 40 x 2°C.  Good
mixing ol the hydrogen with the solution was achieved by magnetic stirring.

As 211 reagents were liquid (or solutions) transfor to the Tlask
was effccted by syringe throuch é serum cap, The c¢hange ia volune
of hydrogen during reaction was neasured at ambient prgssuré, with a
simple gas burctte of cither 100 or 500 mla capacity according to the
accuracf required, and the anticipated specd and magnitude of the
volume. chafipe. The displacement licuid was 1i§uid paraifin,

s

A flexiblé connection between the reaction flask and the

burettes was made by 2 coil of 4" 0.D, coppor tubing, The dried



nitrogen and hydropgen were suppliced throﬁgh in 0.D, copper.tubing.
Each copper to glass cbpnection was made using.a sleeve of polyethylone
tubing, which was sealed by heating above its softcning point when
in position thon c¢lamped with a Terry clip, The apparatus is
illustrated in Tirure 2.}. and was used &5 follows s
The flask and neck édapter were dried_at 180°C for 4 hra. then
connected vhilst still hot to the apparatus. The whole mpparatus was
then flﬁshed with niirogen, the gas passing out through tap A. Vhen
the f£lask was cold the rcquired amount of solvent WQS'aﬁded and the
apparatus was flushed with hydropen by repeatedly fiiling and empliying
tﬁe burettes, venting again through tap'A.when filled with hydrogen,
the apparatus was allowed_to cquilibrate for a few minutes with stirring.
. Solutions of catalyst componénts were then introduced followed by
the olefin, The‘volume of hydrogen in the ras burette was noted and a
stopclock started. TheAgas burette was kept constantly at atmospheric
pressure by adjusting the heightldf the manostat and th§ change in

volume in the burette was rccorded at ¥+ minute intervals.

2.1.3.%, Product analvsis,

Usually product analysis ﬁas not required, thé ratolof reéction
being measurcd by hydrogen zbsorpticn. .However in the case of the
hydrogenation of styrene,'gas-liqﬁid chromatogzraphy weas carriéd out
on fhe hydrogenated solution using a Perkin-Elmef‘Fii'to deternine

the prbduét conposition.
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FIGURE 2,1. Gas-burette hvdrocenation annaratus.

‘Gas

Burettes

llydrogenation

Flask

D,

100 nl,

6\9

500 nl.




1

| ]

(9]
1

2.1,4, Pressure Bottle Studias,

2,1.,4,1, Cvelenentodiene nrananration.
Dicyclopentadicne (ODCED) was supnlied by Velsicol Chenieals U.S.A.
and contained less than 5 ppm of sulphur, This material was preferred
' r ‘ .
to that of other supplieh which had much higher sulghur contants,
It vas ﬁurified by passing throush a column of sodium hydroxide
pellets and alunina and then purged with nitropen Zfor sc§0r31 hours.
Cyeclopentodicne (CPD) was obtained'by thormal cracking of the
dicyclopentadicene (DCPD). fhis wes carried out by heating the BCPD
in_a stirred flaslk 2t 1609C under nitrogen. The vapour was Iracticnated
through a warm water condenser (ﬁ,éooc) go that wncracked DCFD was
returnced to the flask, VThc CPD vapour was condensed with a water
cooled condenser and collected’ﬁﬁder niﬁrogen in an ice=cooled, rubber
sealed, crown-capped. 1 pt. bottle. This was stored in a
rof}igerator as necessa}y but whénevef pessible it waz prepared.just

before use,

2,1,4,2, Solvent purificstion.
Cyclohexané was employed as- solvent éﬁd‘purifiod by disfillation
under nitrogeh from n,butyliithium into a crown-capped bottle. Thic-
was then purged with nitrogeﬁ for a few hours zand kept under a 1¢ p.s.i.

pressure of nitrogen.

2.,1,4,3, Proccdure.

Catalyst components were premixed in § pt. crown capped bottles by
syringing in the roquired aligquots of solution, Thé bouvtles were then
pressurised to about 20 psip with cither hydrogen or nitrogon, and then

generally allowed to stand overnisht before uszo.
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. Hydrogenation was carried out in 1 pt, bottles, 50 ml§ of
cyclohexane were ayringed into a 1 pt, ¢rown-capped bottle then tho
_reéuired amount of cyclopentadiené was added.‘ The catalyst solution
.was‘addedlby syringo then thoe bottle was placed in a cage and pressuriscd
to 40 p.S.i.ﬂf with hydrogen, The bottle was rotated 1a a water bath
at the desired temperature agd pericdically samples wero rémoved by

syringe, the gas pressure in the bottle being measurced at the same tise by

ised with hydrogeg a3 necosSsary. At the end of the experiucnt the
botile Was vented and the contents, together with the samplos withdrawn
-wére analysed, |

After a few experiments hzad been carried out it was noticed that

the hydrogen pressure fell at a faster rate when most of the CPD ha

-

been converted to Cyclopentene" This allowed an estimate to be made
of the “end-point" of hydrogenation without recourse to detailed
product analyais.  This is discussed mofe fully in section 3.1.3.1, and

illustra{ed by an example,

2.1,4,4. Product analvsis,

The reaction products were analysed by gas ligquid chreozatography
using a Perkin-Iimer Fli chromatograﬁh. ritolyl phosphate
supported on Chrozosorb P was employed as the stationary phase at 43 C,

Detection was by flame ionisation,



2.2, PCOLVIER HYDRCGENATION.

2,2,1, Polvrmer Prenaration.
-

Tho polymers used were prepared at the request of the author

in the. Pilot DPlant of The International Synthetic Rubber Co, Lid.

2,2,1,1, Polvybutadiene, varvinrs molecular vaisht.

Polynmerisations were carricd out in a 5 gallen reactor using hexanc
solvent and n.butyliithiuvm initiator, Approximatoly 200 sﬁ.‘samplcs
ol polyzer wére taken out at intervals durianrg the_polymerisatidns s0
that polymers of different molecular weight{buﬁ gimilar Ginyl contents
vere obtained,

Three polymerisations were carricd out with-siightly different
levels of initigtor so thaf-samples with the reguired range of molecular

-

weights were obtained,

2,2,1,2. Polvbutadiene, varvine vinvyl content.

Polymerisations were carried out similarly to those above but were

modified by the addition of diglyme (dimethylether of diethylene glycol),
' (75

according to the method of Duck and Locke .. to vary vinyl content
of the polymer, A number of polymerisations had to be carriced ocut . in
order to obtain products having similar molccular weiphts and vinyl

contents in the region required,

2.2.1,3. Styrene butndicne conolvyners,

Qommercial styrcne butadiéno rancCont copolymers are génerally
pfoduced‘by the inéromental addition of butadiene, careful coatrol of
mononer feed resﬁlting in a random_product. Cn a smallexr scale this
procedure ig not practiczble =0 a ran&omiéing ageﬁt is used, both xonemers

being charged at the bezinning of polymerisation.



If as randomising agent, a polar compeound such aa an ether
is exployed,this usually has a pronounced influence on the vinyl content
of the polybutadiene portion of the polymer, However in 1959 Ilsich

ang Wofford published a paper(76) disclosingy the use of potassiun t.butoxid

as a.randomising agent and work at I.5.R, confirmed that,using this
material, random copolymers cculd be obtained with virtually ne increase
in vinyl content,

The series of polymers with a range of styrenc contents was therefore

prepared in a similar panner to that previcusly described but with the

addition of potassium t.butoxide,

2,2,2, Polvmer Analvsis Before Hvdrorshatioh,

-

2,2.2.1, lolecular weight.

The number averagé melecular weight of the polymers was
determined by osmometry according to the method discussed in the

Part 2 experimental section number 2,.3,2,%1,

2,2,2,2, Yinyl content.

The vinyl content was determined by infra-red analysis according to

(77)

the method of Hempton using a Grubb-Parscns G.S.4. spectrophotometer.

Sauples were prepared by casting films from solution onto a

U

potassiun bromide disec. The spectra wvere then recorded between 9
" and 16.5,,. In order to achieve the desired level of accuracy the £ilm
1 . . . - .

thickness was regulated o that no absorption in the measured pari of

the spectrum exceoded 80%.
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The peak positions for the differcnt isomers were, trans 10.4u,

vinyl 11'0LP cis 13°8LV - Baze lines were drawn, for trans from the
troughs at 9.Gt‘and 1058}I; for vinyl fron 10.8}1to 11.4i}and Ter
cis from 12.5L,fo 16}1. The absorbance for each peak was calculated

fron,

Absorbance :Ilogld_gg
o I

where Io was the percentage transmission to base line and.I was the
percentage transmission to the‘tpp of the peak.

The absorbance figure for cach peak was dividchby the
appropriate c#t{pction cocfficient viz:

Trans (10.4.) 2.61, Vinyl (11.005 3.285, cis (13.8,) 0,603,

}’ . ‘

The values thus obtained wore summed snd cach isomer was .

calculated as a percentage oﬁ/the'total.

2,2,2.3. Bound styvrence content,

This was deternined using the Hilton method(78 ).' Samples
weighing“o.lsg'weré digested by refluxing with 76% nitrié acid
which converted styrene present {o p-nitrobenzoic‘écid." The
resulting solution was neutralised with-sodium bydroxide,diluted to a
standard‘goncentration'with distilled water, and tho absorbances at

| 27%m -287un and 300un measured using a Pye J_Jn.:'.cam SP700 U.V.
Spectrometér with diétilled watér as the blank.

The following foraulae were used to deteraing the amount of

styrene present in the sample, making allowance for excess nitric acid,



t

Styrene % = 02,86 Abs. 275 - 53,18 Abs, 205 - 2,04

Styrene % = 57,81 Abs, 270 - 21,09 Abs, 300 -~ 1,82

The values obtained from the two Tormuluace needed to agree within
2% rela?ife to be accepnted,

ihis method gave the total styrenc content Qf the pelyner, the
amount of randen styrene present was found‘by Qﬁbtracting,thc ancunt of

block styrene determined 25 described in the next section,

2.2,2,4, DBleck 8tvrene Content,

.
i

Although the polymerisation cétalyst was cxpcétcd to pive cemplcetely
randon styrene distributions this was checked using {lic method of Kblthoff,
Lec and Carr(79).

A xnovn wdight of sample was decompoged by héating with t.butylhydroperoxid«
in the presence of osmium.tetroxide. /ffhis treatment degraded the
unsaturated regionsrof polymer but did net attack thé satﬁrated polystyrenc
segments.,

As osmium tetroxide is poisoncus siad wvolatile and can cause irrceversibkbloe
damage to the eyes, this reasent and its solutions wore used only in a fume
cupboard.

After degradation the mixture was poured iﬁéo industrial nmethylated
spirit to which had been added o feﬁ dreps of conc, sulphuric acid-to
cdestroy cxeess reapgent, Any polystyrone prescent precipitniod and wias
recovered by filtering through a weished, sintcrcd zlass crucible (Porouity 3),
-The_crucible was ﬁashed thoroughly with 1.11,S, then dricd at 110°C to censtant
weight. The block styrene content wag calculatéd as being cqual to the
weight of precipitate, divided by the wc‘i{:ht‘ of sample, ;cgl"ciplied by 100,

Cnly those polymcrs which had an undetcctable- biock st;rrbne content

were used for subséqucnt hydrogenation,
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2,2,3, Hvdrorenation Proccdure.

2,2.3.1, Solvent nurification.

Tolucna was refluxed over sodium hydride, under nitrégen then
transferred to a sécond distillation flack ungor a positive pressure of
nitrogen. It was then distilled froem n,butyllithiuvs under dry nitrogen
into a '"Christmas Tree" bottle recéiver (figure 2.2.). Thils bottle
permitted withdrawal of solvent using a small positive prossure of nitrogen
via the dip;pipo through the L-tube directly into the nitrogen flushed

hydrogenation reactor.

2,2.3.2, Polymer,
The polymers required no further purificaticn being obtained from
the Pilot Plant as solid after havihg been isolated from solution by

~evaporating the hexane solvent in a stecam heated vacuum oven.

2,2,3.3, Frocedure,
- . All glassware was dried in an oven at isoﬂCfor 4 hre and assembled
hot with a nitrogen purge. The nitrogen supply was obtained from a bulk
supply of liquid nitrbgen.and had <:5 ppm Oz'béntcnt. It was used
without pﬁrification. 'Hydrogen was obtainod from an Air Preducts cylinder,
fitted with an Engelbard Deoxo purifier. The gas was dried with 4A
molecular siave.

The appgratus was assembled as in-figuro 2.3.A, The condenser was
recoved from the f;ask,‘being flushed vigorcously with nitrogen, and
 toluene was introduced from the “Christmas Trce® bpttlé, to a cﬁlibration
mark. . Small lumps of fubber wereAthen added whkilst stirring vigorously.
_The solutlion concentratica was generally 3% w/v however with high molccular
weight polymers (1 -~ 150,C00) the hiéher solution viscogity necnssitatcd

the use of a 1% w/v goluticn.
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Nitrogen was bubbled through the stirrced mixture and the temperature
was slowly increased wup to that requiréd for the hydrqgcnation rcaction,
After the polymer had dissélvéd, the apparatus and solution wcre'purzcd
with hydrogen fbr 1 hr, The catalyst nmixture was then made up in the
pressure compensating funnel (figure 2.3.5), which was closed Qifh a Suba
sc¢al, The nickel diisopropylsalicylate solution (Bcétion 2,1,2,3) was
introduced by syringe, followed by the.organometallic compouﬁd solution
'(sectioﬁs 2.1.2.1, and 2.1,2,2), - The catalyst mixture was!a dcop black-
brown colour, Ik general n.butyllithium was used in a 5:1 molar ratio

‘with the nickel complex, and thelcatalyst to pelymer ratio was approximately
20g polymer : 1 umole nickel,

tThe ﬁremixed catalyst was fhep azdded to the polymer solution and the
- reaction mixture was stirred at atmosphefic preésure and a temperaturé of
70°C with hydrogen bﬁbbling fhrough for the required period,

The degree of hydrogenation was controlled simply by'tﬁe length
of time hydrogehation was cohtinﬁed, approximately 90% saturation beiﬁg
achieved in 4 hrs, At the end of the reaction period and aftor cooling
tﬁe catalygt vas destroyed and the pblymer precipitated by pduring.the
301ution-int§'twico its volume of acetone, The solvent was then decanted

and the peolyzer dried-in a vacuun oven at 60°C.

2.2,4, Preduct Ahalysis and Evaluation,

2.2.4.1. Iodine numbor.
Thé.degréelof hydrogenation was calculated as méle percent saturation,
as described in section 3.2,1.4, from the icdine number of the polymcr'
before and after hydrogenation. | This wad determnined by the method of Lee,

(80)

Kolthoff ond Mairs ’ Qezcribed in the part 2,experimental section no,

2.2.4.1,
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(75)

A check was made to determiné if any cyclisation ‘had occurred
dﬁring thé preparation. of the series of polybutadicnes of varying vinyl
contcht; After the lodine numbers of the polymérs were determined they
were coﬁpared with the theoretical valuo for a repeat C H, unit (472).
Foftunatcly all values were within experimental error éo it was concluded

that no cyclisation had coccurred,

" 2,2,4,2, Thysical Testine,

Samples of polymer were compression moulded in a mic%o-tensile
mould at 160°C and a pressure-of 4000 p.s.,i., the mould being cooled in
- cold water prior to removing the test sheet.

Physical properties were determined using the Bfitish Standard
method 517, | Seven dumb-bells were obtaincd from tho test shect using a
type E cutter., These were pulled on an Insiron tester at a speed of
-50cm/min. and a stress-=strain curvedggtained.' Using this and the sample
- cross-sectional area the ultimate tensile stréngth, elongation at break and
moduli were déterﬁined. Median'figu?cs were cobtained by discarding the
“highest ahd lowest values for cach determination and averaping the rost.

Elongat;oﬁ set was also detcrmined; Two lines one inch apart were
marked across the narrow parallei section of ‘a dumb-bcll which was then
extonded té 300% elongation for 10 miub., rcleagcd and allowed to relax

for one minute, The distance between the marks was re-measured, and the

elongation set calculated:

( Final senaration - 41) 100
Initial separation n
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2.2.4,3, ry3tallinity.

This was deternined using a Philips X-ray diffractomcte?.-- Samples
were taken ﬁs moulded under standard conditions, cut to size and placed
in the sample holder, A.2é scan Iron 4° to‘60° was then recorded
using filtered copper X« radiation. A typical spectrum is reproduced:
in figure 2.4.,, which shows the brozd peak associated with thé amorphous
regions of polyger with the two crystal;ing peaks superimposed. The
positions of the crystalline peaks are equivalent to thé polzéthylené
1,1,0 and 2,0,0 crystal planes. - The crystalline content of.the polymer wasg
calculatéd simply from a comparison ¢of the peak areas due to the '
crystalline and amorphous regions vii},

crystallipity (%) = crystalline peak area ' x 100

total peak areau(crystalline + amorphous)

e

the amorphous peak being extrapolated through the base of the crystalline

peaks and arcas being measured by square counting,
Oricntation effects in the mouided filns were checked by scanning"
‘each sample both perpendicular and through the plane of the film. No -

‘differences were detected,

2.,2.4.,4, Yelt Flow Index.

This was determined usinﬂ a Davenport melt flow indexer at a
‘temperature of 230 cC and a loading of 12,5 kp. according to the ASTM
nothod 82 '

C . Samples wore collected at 1 minuteo intervals for a period

of 10 minutes,, -Results were quoted as.the number of grams extruded in 10 mins,
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2.2,4.5., Glass Transition tomperature,

This was determined using a Perkin-Ilmer DSC-1B and the method

described in the part 2'experimenta1 section nunber 2,2.4.4.
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3., DRESULTS AND DISCUSSION,

3.1, CATALYST STUDIES.
-3.1.1. General,
-The two component (Ziegler) homogencous c?talysts
described here were prepared with n,butyllithium or triisobutyl
‘aluminium. In both, the transition metal component was nickel bis‘
(diisopropylsalicylate) (NiDIPS) chosen for its high solubility in
A hydrocarbon solvents and known efficacy in Ziegler poiymérisation systems,
In type, thesc catalysts were by no means novel and, as mentioned
in the introduction, similar systems had been investigated by a numbgr
of workers and found to be extremely activo. In the present work it
was sufficient simply to conduct the minimum investigation required,
to arrive at a gétalyst showing sﬁi£ab1e acti§ity for polymer hQQrogenation'
and then develop suitable techniques for its application.
The study of the n.butyllithium/NiDiPS catalyst was maiﬁiy.carried
out in a conventional manner using cyclocta 1,5 diene (COD) as a
convenient ﬁydrogcn receptor and standard.gas burette techniques,
" However, in general, the study of the triisobutylalumiﬁium/NiDIPS
catalyst was carried out using cyéIOpentadiéﬁé as substrate and a
pressure bottle technique, These rather unusual conditions were
employed because we were at the time élso intergsted in a selective catalyst.
'.for the continuous low pressure hydrogenation of cyclopeptadiene to |
cyclopénteng.‘ Th;s projecﬁ‘was carried through successfully, resulting
in the process being patented,<83)_and proyidod‘useful information Lr
on catalyst preparation, activity and selectivity, s
The main results ffom'these sepéfate investigat{ons‘were of co%rse
checked usipg pbl&mer substrates; . . '.: B fif
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3.1,2, n,Butvilithiom/NiDIDPS.

F3e1e2.1. Cantalyst component ratijos,

The most important variable was the ratio of the two catalyst
components, the optimum depending to a large extent on.thc exact
naturc of the components. No references were found in the lipcrnture to
.the specific n.butyllithium, nickel diisopropylsalicylatc cétulyst u;ed
in the present work but n.butyllithium had been used in the ratio 3-5:1
" with cobalt ethyhcxanoatq@x%64)and 2.2:1 with cébalt octoatq$84) A
N substaﬁtial decregse in activity had been found when ratiosfdeviated
frém the optimum, The ratio of n.butyllithium to NiDIPS was therefore
investigated within the range 2-10:1,

. . Y .
Hydrogenations were carried out at 40 C using 20 m.moles cycloocta

1,5 diene in 100 mls cyclohexane, 0.5 m.moles NiDIPS and various amounts

-~ )
-

of ﬁ.butyllithium. The rate of hydrogen uptake was measured using a gas
burette.

lAs shoﬁn in Figu;e 3.1.1, maximum activity was achieved at a mole
' ratio of 5 BuLi: 1 NiDIPS, activity'declining steeply either side of
tﬁis optinumn, This opiimum rat;o probably varies a little due to the
scavenging level of the systém. However, in later studies a similar
ratio was found to be ideal.

For ratios greater thaq 2:1 the catalysts wefe dark brown in colour
and no preéipitate formed on standing. This indicated the homogeneous
nature of the catalyst but did not preclude the possibility of.its being
_colloidal. The colour suggested the formatlon of a nickel (0) complex.

After the two components were mixed, and before the olefin was
added,hydrogen was absorbed and GLC analysis of the solution showed the
presence 6f n,butane. Quantitafive.investigations were not carried out
but these-obse;vations are consistent with the generally accepted
" postulate of Sloan et a16 )that initial alkylatlon of the nickel complex .

occurs followed by the hydrogenolysis of the nickel-alkyl bond, this



RATE (MLS/MIN)
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FIGURE 3.1.1.  INydrogenation of cycloocta-1,5-diene,
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‘resulting in the formation of nickel hydride complex plus, in this cgse;
n.butane,

If an active catalyst was deactivated by exposuré to.air the colour
changed from dérk brown t¢ clear, yellow-orange, withqut Jbservéble
precipitation, Addition‘of more n.butyllithium was found to regenerate

. o ;
some activity but as the quanfities of dissolved air etc. were not known
the optimum ratio could not be produced and hence it was not found whether
the maximum previous activity could be regained,. However, tﬁe fact that
no‘precipitate was formed oﬁ deactivation and that some activity could be
regeneratgd indicated that these catalyéts wcre probably truly homogeneous

- and not colloidal,

3.1.2.2. Activity towards olefins.

An investigation was carried out, using the 5:1 catalyst, of the

effect on rate of hydrogenation of extent of double bond substitution.
Olefins containing double bonds which were, mono, di, tri and tetra-

substituted were hydrogenated., The results are given in Table Zulal.

TABLE 3.1.1. RELATIVE RATES OF IIYDROGENATION FOR VARIQUS EXTENTS OF

DOUBLE BOND SUBSTITUTION.

DEGREE OF OLEFIN ~ FORMULA RELATIVE RATE
SUBSTITUTION B ' ] OF HYDROGENATION.
8 ____.r,. = . .
JNONO HEPT-1-ENE CH3(032)4QH CH, : 100
DI L 4 METHYL CH30H=CHCH(CH3)2 o . 80
! PENT-2-ENE : '
TRI 2 METHYL (cu )2C=CHCH3 _ 50
BUT-2-ENE 32
g : T 1) = : . ' ' : .
TETRA o 2,3 DIMETHYL _(cnj)zc C(CH3)2 . .20

BUT-2-ENE
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The rates of hydrogenation are quoted as percentages of the ratg
obtained for fhe mono-substituted olefin. As might have becn expected,
“the ratclof hydrogenation decreased with increasing sﬁbstitution. These -
results were interesting when related to the hydrogeﬂation of polymers
as they indicated that vinyl doub;e bonds would be saturated faster than
.. internal -double bonds and also that.polyisoprene wogld be hydrogenated ‘
with much more difficulty than pelybutadiene, . This was in fact founh.

‘ (‘secf.ioln- 3.2.1.2).

The hydrogénation of styrene was carried out with the ShBuLi:INiDIPS
;cafalysi at temperatures'up t6 80°C. The sole product was;ethylbenzené,
no reduction of the ring occurring even at the.highest temperﬂture._

This result was ihportant as it showed that in the h&drogcnation

of styrene containing polymérs reduction of the ring would not occur.

" "These olefinfhydrogenation results:agree very well with thosé

p

(60,649 -

obtained by Falk using an n—Butyllithium, cobalt-2—ethy1hexanoate

catalyst.
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3.1.3. Triisobutvlaluminium/NiDIDS catalyst.

3.1.3.1, Procedures,
1t was previously mentiéned (3.1,1) that some of the catalfﬁt studies
. were carried-out using cyclopeﬁtadiené. For this purpose it was.required
that a large number of hydrogenations bo carried out at elevatédf
temperatures. The standard gas burette technique proved'to be somewhét
unsuitable since it was only possible to carry out onc or two hydrogenations
ai a tinme, and monitoring hydrogen absorpt;on was difficult under conditions
of fluctuafing tempefature.. A simple boftle téchnique wasldeGeloped which
zet the neecds quite adeqhately. Beverage bottles (1 pint) we;e crown
capped using neoprene rubber seals then purged with hydrogen. Cyclopentadiene
‘and cyclohexane werg_then added followed by the catalyst, The bottles were
" put into metal cages, as a precaution against explosion, pressurised with
hydrogen then rotated in a water batgxat’ihe required temperature. The
pressuré in ‘the bottles was periodically checked apd more hydrogen was
admitéed as necessary,

Initially, samples were removed by syringe at suitable times and
analysed by GLC to determine the extont of h;drogonntion. It was
obsched'that at the point of maximum conversion to ¢yclopentene, the
rate of hydrogen uptake increased. ?his proﬁed'to be a simple method

ior the dotection of "end-point" and is illustrated in figure 3.1.2, Hereo
maximum conversioh to cyCiopeﬁtene occurred at approximately 6 hrs and

shortly afterWard'thé‘fate of ﬁydrﬁgen uptake increased sharply, as

evidenced by the slope of the last solid line compared witﬁ the other,

parallel iipes. " Conditions were selected to givé #dequate accuracy in
detérmining the effect of variables by selecting the nmount.or Cyclopentadienel
(50 ml. ih 50 ml} cfclohexanej to give long hydrogenatién times.

5

R \
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3.1,3.2, Catalyst component ratios.

The triisobutylaluminium, nickel bis diisopropylsalicylate catalyst

(74,85)

has becn investigated by Shell and an active catalyst was obtained

: using a 4:1 aluminium to nickel ratid; Catalysts of triethylaluminium

<60’64), nickel naphthenate(se), and nickel

(57) have also been investigated and paximum activitiés were

(59)

with cobalt 2-cthylhexanoate
2—§thylhcxanoate
rall 6btain¢d with ratios of 3 to 4:1. Kroll however, fqund_that with
triisabutylaiuminium and either nickel oé cobalt acetylacctonate the
optimum ratio was 6 Al:1 Ni or Co, but also mentioned that with higher
proportions §f aluminiun a peisening effect occurred which could be
J paftially elimipated by closely adjusting the.ratio.. Ie commehted thét
this adjustﬁént,was‘very difficult due to the presence of impurities.

The ratio of friisobutylaluminium,to NiDIPS wags therefore investipated

-

_and Figure 3.1.3, shows the times taken for 50 ml cyclopentadiene to !f
reach approximnate maximum cgnversion_to cyclopentene using varyiné catalyst
ratios; in éach case the two components were premixed in the presence of
hydrogen before contact with olefin, = Two catalyst levels were investigated,
1,25 m,mole hnd 2,5 m,mole nickéllper 100g olefin, HBydrogenations were

carried oui at GOOC. |

As can be seen for both c#talyst levelsi£he shortest hydrogenation

times were obtained with similar ratios of about 3 Al : 1 Ni. ﬁhis‘ ,

result agrees wéll with those of ﬁost other workers and whereas Kroll

appeared.to havé di111Cu;ty in achieving satisfactory levels of

purity this was apparently not the case in the present work,

i
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Attention needs to be drawn to the appareni importance of preparing
the catalyst in the presence of hydrogen. In the present work it was
found that pre-treatment of the catalyst with hydrogen before contact with
olefin greatiy improved activity. As far as the writer is aware other |
workers employed the reverse procedure, perhaps guided by the well
~ established fact that Ziegler catalysts are often more active if the

- components are mixed in the presence of olefin.: As an example of the
radvantagc to be gained by pre~treatment with H2, two similar;hydrogenations
. _were carried out at 0°C; in.one the jAliBuj/lNiDIPS-catalysl was mixed and
aged under pitrogen for 20 hre and in the other ageing was carried out
under hydrogen. The farmer catalyst took 3 hrs to hydrogenate 10 ml; of
cyc}opentadiene to maximum cyclopentcﬁe content, the latter 1 hr. It

is perhaps surprising that‘no méntiqp of this effect can be found in

the literature as it is generally ﬁccepted thaﬁ the fransition metal
complex‘hydride has to be formed before hydrogenation can oecur, . These
:results suggest that the hydrogenolysis rgaction of the transition metal
complex alkyl to form the hydride is'comparatively slow, Catalysts which

~were stored under hydrogén lost none of -their activity when kept for many

weeks.
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Sale3.3. Other reaction paramecters.

The otﬁer reaction parameiers that were of interest were catalyst
concentraﬂion, température and pressure. lFigure 3el.4. shows the effect
of both catalyst concgnfrétion and temperature on the time taken to reach
approximate_maximum conversibﬁ to cyclopentene, .In'each case the

'catalyst SAliBu. 1NiDIP$ was premixed and then treated with hydrogen.

3
'Three different levels of catalyst wére investigated viz., 0.62, 1.25 aﬁd

.2.5 m.moies.nickel per ldOg éyclopentadiene. .The-figures %n parenthesis
'”rgfer to the actual conversibn to cyclopentene, determined by G.L.C,

analysis, As might be expected the rate of hydroéenation was increased

by raising either ihe temperature (up to 6000) ér the catalyst concentration.
. However, an interesting feature af thgse results is that the selectivity to'
cyclopentene did ﬁot decreaée, witﬁliﬁcrease in temperature. This means
that the hydrogenation was still hlghly selective even at 60-80°C.

The éffect of pressure on rate of hydrogenation has not been fully
investigated; however reference to figure 3.1.2. leads to the conclusion that
the rate\&asrindependent of'pressure.‘ Admittedly only five absorptions
.have been followed by more than two readings but in each of these cases
the résults‘appear ;o fall on straight lines ;Ad cover a wide fange of
pressures., The reason for thisiis not clear as the'literature(59}87)

indicates a Tirst order dependence on pressure. It might be thought that
in the present work diffusion control may have existed but, if that were

the case, no 1ncrease in hydrogenatxon rate would have occurred after the

maxxmum conver51on to cyclopentene.
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3.1.3.4. Comparison with n.butyllithium/NiDIPS.

5/

INiDIPS catalyst and the other with 5n.DBuLi/INiDIPS catalyst. - In both

Two similar hydrogenations were carried out, one with the 3A1iBu

"_caseslthe nipkel concentration was the same and catalyst ageing was carried
out overnight under hydrogen. Hydrogenations were carried out atlo°p,
;fand.the-time taken, to cnge;t 10 ml; cyclopentadiene in‘IO mls cyclohexane
to maximum cyclopentene content, was noted. The aluminium alkyl catalyst
took 1 hr and gave 85% cyélopenteﬁeiwhcreas the lithium alkyi todkjj hrs to
~give 90% cyclopentene, The former catalyst was therefore éhe more active
‘of the two though the latter was égill extremely good, _Under the
 conditi6ns used for polymer hydrogenation (section 3.2.1.1), the différencé
'betwéen these cétalysts was much less marked.
| These results are in general;ggreément wiih those of Falkaad)
who stated that previods investigators severely underestimated ;he
. reactivity of reduction:catalysts‘prcpared from alkyllithiums. -One
of the previous invcstigators referred to was Sloan who stated that(56)'
‘thg rates of hydrogenation with n—butyllithium catalysts were
considerably slower than.with the triisobutylaluminiuﬁ containing

counterparts. ‘ -

s
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‘3.1.4._ Hydrogenation Mechanism,

: 859 3 ‘
The generally acceptedC> 6 ) mechanism is that proposed by -
Sloan and Matleck( %n 1963 _ Thié, howevcr, was only a generalised

'scheme, a more definitive mechanism being unobtainable due to the
unknown naturé'of the catalyst specics.' Slnce this time there has

. been no real improvement in the situation. Kroll in 1969 stated that in
" a subsequent publication, results wouid be dlscussed to allow suggestions
to be made for the reduced gﬁd h&qbide form of the cﬁtalysti however,

to this date no such publication has been foﬁnd. Obviousi&, there are
profound.difficulties in'investigating species as unstable as.thesé.

An investigation into the nature of the catalyst and the mechanxsm
was outside the scope of the present study but a few comments can be
 made on the former and the Sloan‘Epchan1sm can be mod:fled to include
the effects found during the selective hydrogenatlon of cyclopentadlene
to cyc10pentcne. |

One of the fundamental points of di;cussion with respect to these
catalysts has been whethcr they are truly homogeneous or contain colloxdal

,(66,57,59) suggests that they are

metal. The published evidence

homogeneous and the 'results obtain;d here viz. no precipitate formed

on‘standiné'for p}oloﬁged,periods; no activity after reaction Qith air;

" no precipitate”fbrmed @n reaction with air; loss of black colou; on

: reaction with;air,xfend to‘sﬁpport_these conclusions. |
The Sloan mcchaﬁism postulaged the-initial alky;ation of the

transit}oﬁ‘hétal compiex, followed‘by the hydrogéholysis 6f the metal-—‘=

“alkyl bond to form the metal hydride. fﬁgain, the present results tend ‘

to support this theory. On mixing‘the'catalyst components, -hydrogen

o
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was absorbed aﬁd,lwhen the reduction was carried out with n;butyllithium,
n.butane was evolvéd.- _Howevcr, no results-wcfe obtained which would
‘help in the discussion whether the active ‘species was the metal
hydride or a zero valent T-complex.

“ Thqrresuits from tﬁe hydrogenation.of cyclopentadiene indicated
that the diene was hydrogcnéted in prefercnce to the cycldpentenc}but
at a slower rate. A modified Sloan mechanism (figure 3.1.5) shows

how this‘may have occurred. For the sake of simplicity it has been

" assumed that the active catalyst species is the nickel hydpidegl) This
could associatg with either diene(II) orxnonoanefIII)the former

producing a more stable complex due to the increased ease of T-bond .
. formétion. l_An equilibrium would exist bétweeﬁ the hydride and
both of the associated COﬁplexes but due to the greater stability
" of the diene complex its conéeﬁikationrwould be much greater than
tha£ of the monoene complex, Hydrogenation of the diene would
thus proceed in prefereﬁce to the monoene,
The final stages of reaction would be: alkylation of the nickel
.3  and hydqogenolysis of the nickel-alkyl bond; This would yield the
. reduced hydrocarbon and fegenérate'metal hydride. As the diene
. complex is comparatively stable it would Bé gxpected to uhdergo the
alkylation reaction mofe slowly than the monoene complex. The |
result would béran overall slower réte of reduction for ;he diene,

After the concentration ofidiene has been lowered to a sufficient

level, substantial reduction of the monoene w@uld then start to occur.

.l,A
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3,2, POLYMLR IIY¥DROGENATION.

._3.2.1. General.

3.2,1.1. Choice of catalyst.

In the catalyst stud;é§ section it was.shown that the triisobutylaluminium
NiDIPS catalysf wés superior iﬁ activity to the n-butyllithium NiDIPS catalyst,
“but as the techniques for the' polymer hydrogenation were somewhat different
for those previously described a check was made on their.relativc‘suitapilities
in this context. - | | | |
.To éimplify procedure, catalys£§ were ﬁremixed under hydrqgen just prior
" to addition .) to the polymer solution. " The ﬁremixing'was ca}ried ocut in
‘a pressure compensating dropping funnel attached directly to ghe hydrogenation
.vessel. The two‘catalygts'were compared undér similar.conditions, chosen
.,for their case of operation,_by hydrogenating a solution of polybutadiene
(10% vinyl) at 60°C for 3 hre uging 1 m.mole NiDIPS/20g polymer. The
polymers were then isolated and the‘gxteﬁt of hy&rogenatibn determined by
;odine number, It Qas found that'the polymer hydrogénated with the aluminium
alkyl catalyst was éq% hydrogénated'and_therother 85% hydrogenated,  There
was evidenftly no great differéhce between qatalysté under these conditions
and‘qs n-butyllithium was much mofe‘easily handled due to it being supplied
as a dilute so}utioﬁ rathér than neat and hence being non-flammable it was -

chosen for the subséquent studies.

+3.2,1.2., Polymer compoéition effeets.
The hydrbéenationlof non-polymeric olefins (section 3.1.2.2.) showed
fhat terminal double bonds were reduced at a faster rate than internal double .
o bonds. This.sﬁggested that the vinyltgroups of a polydiene'would be
hydrogenated in preference to ﬁhe ¢is or trans isomers, Figure 3.?.1. shéws
.. that this was indeed the case. Sampleé of'poiybutadieng,w(th\jf’f ‘TLLL‘,

1

.}ﬁicrostructure 9% vinyl, 51% cis, 40% trans were
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hydrdgepéted'to varibus.exténts and the pfoduct micfostruciure
determined. As shown when 4LO% of the double bonds had been reduced

only 7% of the originél.vinyl groups remained whereas 53% of the cis

| and 72% of the trans remained. This figure also shows tha£‘the.cis doubl
| “bonds were hydrogenated at a_faster rate than the trans, }The
relative rates of hydrogenation were therefore

vinyl > ciss trans,

These results are in agreement with those of Tikhomirov et alsez 63)
It should be p01nted out however, that Witt and HOgan (70,71) using

‘an n.butylllthlum, nickel octoate catalyst, found that 1somer1sat10n
of polyethylene vinyl groups occurred during hydrogenatlon. This

uqsum¢0mgsio
isomerisation wowtwot have occurred in the present study for two
reasons, . Flrstly, lsomerlsatlon of a polybutadiene vinyl group to

was unlicely o

an internal double bond casié:nut occur, w1thout chaxn sc1551on, due to
.the tertzary -carbon,

ANANNNA—CH—NAINNY

I
Hexcy,
and no such.depolymefisgtion was found, ‘Seéondly, they state the reason
for theisomerisation was that the nickel catalyst site wasscomplctely
shiclded frﬁm hydrogen as long as vinyi groups remained in the sy;tem._'
This occurred in their.system because the catalyst components were not
premixed under hydrogen. The active cétalyst hydride. had thus not
been formed before contact with olefin, -

The preferential hydrogenation of vinyl groups was of interest-
for.twq reasons. Fifstij‘iﬂ méant'that the vihy} groups in

hydrogenated polymers with measurable'tensileAstbengths had virtually

!

.
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all been reduced to ethyl éroups since generally; the onset of measurable

- strength did not oocur uﬁtii about 45 to 50% hydrogenation. Socondly

it indicated that hydrogenotion nust have occurred ﬁo a large cxtent

in'a-random'mahner. All of the macromolecules of the original polymer

¢an be cohsidered to have been equal in structural_composition so at

ihe eﬁd of hydrogonation of the vinyl groups all of the macromolecules

‘must have taken place in the reaction and all parts of the chains attacked
It was previously found {scction 3.1,.,2.2,) that these catalysts,

under the conditions employed, did not reduce the aromatic fpnction of

'ethylbenzene; thus implying that the styrene wnits in a sty#ene outadieoe:

.copolymer would nof be reduced and indeed no evidence was found for

“#,their hydrogenétion. This result is again in agreement with earlier

(60,67) (87)

workers Lapporte and Schuett have hydrogenated aromatics

using similar catalysts but found it necegsary to employ a pressure
of 1000 p.s,i., and temperatures.in/fhe region of 150-210°C. Under
these conditions it is possible that metallic Ni was formed having a

quite dirferent activity Irom the presumed monatanic species,

3.2,1.3, Yethod of investiﬂation of variables,

The ﬁain aims of this investigation were to producé a good
thermoplastic elostomer through a systemotic'biudy of the eftocta ot
the variablos involved,,ond to gain some 1hsight info the nature .-
“of the produots. |

- The tﬁo main variables were the extent of hyorogenation and the
composition of the polymer. The polymers selected were prepared by
'f anionic polymefisation viz. polybutadiene and styrene butadiene copolymer.

_This method of polymérisation pro&ucod l;near, well-dofineq polymors, |

the compositions of which could be varied ‘lwith respect to vinyl content,
moleoular welght and styrene‘content. As only one of‘these variables
could be sensibly investiéated'at a time, three series of polymers wero

prepared =
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1, Polybutadienes having similar molccular weights but.ditrerent

vinyl contents, | |

2. DTPolybutadiencs of constant-viny; content but.different molecular

weights, | | |

3. Styrene butadiene cépolymers with constant molecular weight and

vinyl content but of various styréne content,

The first series was prepared‘by fhe addition of various amounts o;

:‘Qiglyme (dicthylcneglycoldimethylethér) to the n-butyliith;um
initiator{75), microétructure beiné determined ﬁy infra-red quctroscopy.:

Samples of polybutadiene‘haviné differenf molecular weighis were
prepared by tﬁe removal of polymer at various atages during nftypical

& n-butyllithium polymerisatiaon of butadiene, the number average molecular
weights being deterﬁined by osmometry.

The scries of polymers containing Varioqs gstyrene contents.wba
prepared ugain using n-butyliithium;}piti#tor but including potaéqium
t.butoxide to randomise the disfribution of styrene withogt 1pc;easing

the vinyl content.(76) | |
Samples of each of the polymers were hydrogenated to different

' extents and then evaluated,

| The aésessmeqt of products had, at fir#t, to be fairly simple 5ecaﬁse

of the large number of samples involved, The propertigs of primé interest

ﬁere ultimate strengfh,_elasticity and'thérmoplasticity. The ultimate

tensile strength was detérmined-using fhe standard method and a dump-bell

specimen cut from a coumpression moulded sheet. Elasticity was determined

as elongation set;' test pieces were extended to 300% elongation held for

10 mins., ;eleaséd, allowed to relax for one minuteg The residual strain

was then calculated as a percentage of the originalllenéth.

"A perfect elastomer would have zero elongation set,



Thg thermopl;sticity‘was not initialiy investigated as all.'fj
samples Qere sufficiéntly thermoplastic to permit‘high iemperatuf;
moulding into thin sheets; ‘the'melt flow indices of some materialé were
determined laier.

.Most of the samples were also examined for érysta;linity. This
was determined by X-ray diffraction. Thg levels of crystalliniti
measured were generally low and absolute measurement was therefore
.inaccurate, however comﬁaratiye estimates coulg be made ahd;these were
found to Eorrelatervery closely with product properties.f .It was

i

therefore a very useful aid in the investigation into the nature of the

products,

3e2.1.4¢  MNolar polvmer compositions.

The standard methoa of quotiné styrene butadiene copolymer
.compositions is to use weight percent for styrene content and weight/hoie
percen; of butadiene fraction for vinyl content. For example an SBﬁ
could be qgoted as having a composition of 25% styrene and 10% vinyl,
This means that it contains 25‘weight percent.styrene and that 10¢ of the
butadiene segments have been pdlymefised 1,2 instéad of 1,4, The extent
of reduction of a polymer is often quoted'gs'degree of hydrogenation,
that is the perdentage of the.butadiene segment s which haye‘becn
hydrogenated.  This is simple in some respects but can lead to
confusion if stfuctures are to be drawn or envisaged, In the present
' study itwas“considered.expedien§ that all va{ues should be quoted as

“mole percegtages. | | ! |

;
"
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. The rélafionship beiween mole pcbéént anﬁ weight percent styfene 
contents can be seen in figure Fe2e20 -

The conversion of vinyi content to mole percentége dependéd
on the styrcne content of the polymer. . The relationship betweén
~mole percent and perccniugc of polybutadiene was therefore calculated
"for.differeny styrene contents and set out as in figure 3.2.3., which
permits ready conversion of 6ne quantit& to thg 6ther.

The concept oé mole perceqt saturation, iﬁstead of dggree of

hydrogenation, was employed to 6vercqme the difficulty of ' comparing
. » / .

s " hydrogenated polymers with different styrene contents. For example an

SBR containing 25 mole percent styrene would have 23% of the polymer
chain mpnomer‘units saturated without being hydrogenated at all. It
therefore.seemed mofé légicél to consider the ﬁtyrene units as
substituted ethylene qnits and to”iﬁﬁlude'them with the hydrogenated . .
'.putadiene units in the overall moie percent séturation. - The mole

. bercent saturation was £Berefore caiculated from thé ratip;

styrene content + saturated PBD content .
"styrene content + total PBD content.

- All values are quoted as mole percentages, the satufated polybutadiene
content being calculated from iodine values determined before and after .
hydyogenation{ ‘In fagt, for polymers substantiallj_hydfogenated with
moderatel& ;ow styreﬁe qontenfs, which wére those of main interest,
there was ;iftle differencé.between mole.pefceﬁt saturation and
dégfee of.hydfogenation (figure 3.2.42); | .

Lo
pL e :
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Fe2+s2. Polvyvbutadicnes.

"5.2,241., The effect of Mole percent saturation.

The general section (3.2.1.3.) described how two series of_po;ybutadigncs
were prepafcd_haviné, |
1, Vaéipus vinyl contents and constant molecular weighi.
2. Various moleculaf weights énd constant“vinyl content.
Each polymer was hydrogenated in tqlﬁene solution using a n-butyllithium,
NiDIPS catalyét, samples being reducéd for varying lengths of time, The
maximum reduction was about 97, accdmplished in about 4 hours;
After the reaction, the catalyst was destroyed by addition of methanol
and the polymer was then isolated by precipitation with acetone and dried. The
hydrogenated samples,'up'to fifteen with different degrees of saturation for
eacﬁ starting polymer, were then cdmpression moulded.withoutlfurthe;
treatment into thin sheets and tested.
The effeét of increasing the deé;ee of saturafion was generally’
similar for each of fhe polymers investigated. At low levelé fhere was
little apparent effect, products retaining the properties of an unvulcanised
rubbér. Howevér after a certain value had been reached, usually above 407,
' further.increases'in_saturation fesulted in a rapid increase in green tensile
' strength. This is,illustrated_with'a polymer containing initially:S mole
percent vinyl (figure 5,2.5). At 50% satﬁfafion the tensile strength was
too lov to be measured, but as saturatioﬁ was increased so ghe tens@ie
étrength increased markedly up to a value'bf 34JMNm-2 (5000 p.s.i.) at
90% saturation, |
Generally, ét degrees-of saturétion less than about 40%, products
were not strong enough to permit the measurcment of elongation sei,
however as saturatjion was'increased elongation set went through a minimum
then increased so that at high ievels of saturation proQucts were generally
non-clastomeric, Bcing more akin ta flexiblelthcrmOplastics. The bosition
of the minimum élongétibn set‘andlits value proved to be very important in

the selection of compositions for optimum properties. Ideally the minimum
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elongation set had to be és low as possible and the tensile strength as
high as possible, .For 8 mole % vinyl polybutadiené the minimum value
can be seen {figure 3.2.5) to be about.jqﬁ which.correSponds to a
“tensile strength of about (;Ml\lm"2 (900 p.s.i;), - not very good
properties for o ﬁhermoplastic clastomer;
The crystailinity of the hydrogenated polymers followed very
closely the‘tensiie strength, being too low to measure up to 40-50%
séturation and then increasing almost iinear1y wifh further increase
;in saturation, For &% vinyl polybutadiene (figure 3.2.63

measurable crystallinity was detected at saturation levelg greater than
50% and reached a value of 200 at 90% saturation. Polymers-saturated

to less than 50% were practically amorphoﬁs.and béhaved as non—vuiﬁaniscd
rubbers‘whereas polymers with high degrees of saturation were more akin

to low density polyethylene, both‘iﬂ‘composition_and prdpérties.
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3e2,.2,2. The effect of vinyl content.

Samples of polymers containing 14%, 22%, j]% and 40% vinyl contents
and having similar molecular weights of about 200,000 were hydrogenated
t0'various.extents and tested for ultimate tensile strengeh. The
reselts were combined with those from the &% vinyl polybutadiene and
‘are displayed in figure 3.2.7. It‘can be seen that for each of'the
polymers, other than that contgining 404 vinyl, tensi;e strength
inceeased with increase in degree of saeﬁration above a yelue of 40-50%.
The‘rate of inerease, in generel, fell‘away with increasing Vinyl content,
the ultiméte‘being rcached at 40% vinyl content, which wae too weak
to be measured even at 85% saturation.

The effect of vinyl eontent is further illusfrated in figure 3.2.8.
‘This was constructed frem figune-}.i.?. to enahle the effect of vinyl
content on tensiie sﬁrength to be determined at constant degrees of.
saturation, It shows that as vinyl coﬁtent increased so the ultimate
~tensile strength continually decreased.

The measurement of the'deéree of crystallinity in each of the samplee
enabled the‘effect.of vinyl content on erystaliinity to be determined
at constant degree of saturetion. I.Figﬁre”3.2.9. shows that at‘9q%

~saturation, crystallinity decreased Wiﬁh increesing vinyl content in.
a siﬁilar manner to the tensile strength, Generally, similar tfends
were found at lower degrees of saturation but the crystalline contents
of the higeer vinyl content polyﬁers were teo lew to permit accurate
comparison, | -

To summarise, the tensile strength of these polymers has agaiﬁ
‘been shown to be related to their crystalline content, the highly
saturated low vinyl content polymeré being comparabie to low density
polyethylene and the highly satureted high vinyl coﬁtenf polymers bcing

‘eSSentially ethylenef-butene_copolymers with properties similar to the

commercially available ethylene, propylene copolymer rubbers.
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3.2.2.4. The effect of molecular weight.

Samples of polymers with different molccular weights but similar vinyl
contents (8-12%) were hydrogenated to varioﬁs degrees and their tensile
étrengths and‘crystallinities were measured. Each exhibited the expected
increase in tensile strength with increase in degree of saturation but,
as in the case of the vinyl content'effect, the rate of increase was found
,io be different for each polymer; This is demonstrated in figure 3,2.10
which iliustrates also that the lower molecular weight polymers had to be
saturated to a higher extent before measurable tensilé strengths were obtained.

“The effect of molecular wéight on tensile strength ét constant degree
- of saturation can be seen more clearly in figure 3.2,11, this being constructed
from figure.3.2.10. It shows.that the tgnsile strength ipitially increased
with increase in molecular weight but thap'thg rate of increase decreased
above moleculér weights of‘about 150;660.' In fact a£ dégrees of saturation .;/
grééter‘than ébout 70% there was no further ihcréase in tensile strength_wheﬁ‘
mélecﬁlar weigﬁt was increased abdQe aBout 200,000, | |

It might be thought, by analogy with the rcsuits.previously discussed,
that the crystallinity of the polymefs would again be related to thgir
tensile stfength. However this was not the cése, crysta}linity shoﬁed
no trcnq with molecular weight variation depending only on the degree'of
‘saturation, This is illustrated in figure 3.2.12 which shows that the
relationship between‘érystéllinity and degree of‘Safuration falls withiﬁ
a siﬁilar range for-all of the polymers, | Each curve displayed in figure 3,2.11
at constant degree of hydrogenation is thus also at constant degree of
crystalliniiy. _ In this case it is seen that the tensile strength increase
is not accoﬁpanied by a corresponding'incfease.in cryétallinity. An |
explanation for fhis can be found from a more detailed_cpnsideration of the

L

" function and nature of the polymer crystallinity.
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It is well known(as-gl)

that-poiymers ha§ing a small proporticn of
polycthylene type crystallinity contain small crystallites, formed by
intermelecular crystallisation, dispersed within an anorphous matrix,

The exact structure of these crystallites is.at p;esent not important,
they can be Considéred‘simply as small crystalline particles bound to the
amorphous phase: by the nonécrystallisable segmenfs of the same chains,

An analogy can be dravn between this situation and that which exists
in filler reinforcenment ;r rubber#. The crystallites can be considered
to be similar to filler particles which are chemically bound to the rubber
matrix, an ideal form of reinforcement. They therefore funcfion both as
filler parficles and ag multifunctional eresslinking agents.: The important
point for the moment is their crosslinking ability. The degree of
crystallinity can therefore be taken as analogous to croéslinﬁ
density and an inerease in fhe latfer,within a certain range, of course
increases tensile strength, e /

The effects o: degree of saturation and vinyl content on tensile
strength_are_thus‘easily understood as an increase in the former and a
decrease in the iétter caused an increase in crystallinity and hence an
increase in crosslink density, | |

HOWever, in the case‘ﬁf the molecular ﬁeight effect the tensile
s£rength was found to vary without change in crystallinity. The ~tensile
strength therefere altered without ﬁlferation in crosslink dens;ty. A
sinmilar effecf is we;l knowvn in normal rubber vdlcaniéatién; at constant
crosslink dengity tensile strength increasing with increase in molecular -
weight up to a @aximum above which there is little further change. To
illustrate this point scne of ﬁhe results obtained‘by Flory in

(92) have been reproduced in figure 3.2.13, These werc obtained

1946
from the evaluation of sulphur vulcanised high unsaturation butyl rpbber.
In this case the crosslink dénsity was.held constant since the maximunm

number of crosslinks attainable was determined by the unsaturation level

of the rubber. The similarity betwecn these results and those obtaincd
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in the present study are quite remarkable considerihg the diffcrence;
" between the polymers togethér with differences in the naturc of the
crosslinking systems.

The reasons for the incrcase in tensile strength with molecular
weight in the present study are two-fold, Firstly, the increased
molecular weight causes ardecrcase in the number of free chain ends and
hence a reﬁuction in the number. of flaws in the network. Secondly,
if at low molecular weight there are a number of chains ppcsent which
are not‘involvéd'in the crosslinked hetwork system then the incfcase in |
molecular weight will reduce this nuﬁber and hence again rcduce-the

" number of flaws in the system,



3e2.3. Styrene butadiene copelymers.

Fe2e3a1, _The effect of styrene content.
A series of polymers was produced containing 10 mole percent vinyl
" polybutadiene molecular weights of épproximately 150,000 and random styrecne
" _contents varying from 0 to 30 mole percent. Samplcs‘were hydrogenated
to various extents and each was then compression moulded and tested for
ultimate tensile strength, clongation set and degree of crystallinity.-
fhe relationships between mole percent saturation, tensile strength and
elongation set are displayed in grephical form in figures 3.2.14-18.
Except for the polymer containing 29%7 styrene the curves appear somewhat
siﬁilar both-tb cach other and to the polybutadiene series in that no useful
strength was attain;d untii the saturption had reached the region of
40-6&%; after which'ﬁhere was a stégﬁ increase in strength with further
saturation.  The elongation sets algo.show a similar trend for each
'polymer, going through a minimum and then rising with increased saturation.
The ‘main differences between the polymers lay in the positions of these
curves. E$sen£ia11y, the greater the styrcne content, the higher the
saturation required to produce the effect unt;l,at 2087 styrene the éffect
"was harqu observable, The overall picture can be séeh more clearly
" by referring to figure 3.2,i§. This was constructed in a similar manncr
to that'produced to display fhé effeét of vinyllcontent‘on the polybutadiene
series,lviz. ﬁoints were selected from the individual polymer curves so
that curves could be const;uctcd for constant degrees of saturation.
The result; for the zero styréne content polymer were iaken from the
100 vinyl.ﬁolybutadiene graph (figure 3.2.5) and for convenience are
duplicated in figure.j.é.l4. Figure;3.2.l9 brings oqttthe rather
surprising nature‘of these results, showing the distinc£ maxima whiéh

were obtained at the lower styrene lgﬁcls; Before discussing the effect
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FIGURE 3.2.15. 3% Styrene, 10% Vinyl,
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FIGURE 3,2.18, -29% Styrene.
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of styrcne on clongation set consideration needs be given to this marked effect
pf styrene on tensile strcngth.

The cxplanation to the previous effects has, except for ﬁolécular wcight,"
always bcen found by a consideration oflthe‘dcgree of crjstallinity, and
in similar fashion the prcsent.regults would be explained if hydrogenated .
_polymers ﬁith styrene contents in the region 3-8 mole % had higher crystailinitigs
4£han polymers with'eifher lovwer or higher styrene contents. It might be |
expected that crystallinity would show maxima .in a similar manner to tensi}é
:.;trength, though it is difficult to seé why this should neceésarily happen.,
The results show thét in fact fhis did not occur. Figure 3.2.20 shows the
effect of styrene content on degree of crystallinity at constant degrees of
" saturation, the cﬁrveg being constructed from the crystallinity vg. saturation
curves for the individusl ﬁqumcrs. _ Al}owing for tﬁe inaccuracies of the
actual values of crystallinify it  can Se dcduded that there was very little
difference in degree of erstallinit& between polymers containing 0 to 5%
~-styrene whép similarly hydrogenated. Certainly no maxima were found end if
;anything the genéral trend over this range was a decrease of crystallinity
with inﬁfcase in styrenelcontent. The cquestion cannot therefore be answered
.on.a basis of cryétallinity. ‘

Previous effects have been explained in terms of pélyethylene_
-crystallites acting és.filler particles and/or multifunctional crosslinks.
The present systgm,consiéting of two distinct phascé, was thereforc somewhat

similar to other types of thermOplastic elastoher.fand an answer to the .

o present probleh might be found by a consideration of these materials as a

I
Al

whole . In generhl, they contain thermoplastic domains, eifher crystalline,

glassy or ionic which link the surrounding rubbery chains; One nmust

e
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therefore consider how it might be possible to modify a system such

as this so that improved tensiig strength would result, without altering
the overall thermoplastic<nn£ént and without changing thc.polymer molecular
weight. |

.Consider the two phascs separately, theoretically the émorphous rubbery
‘phése could be modified in such a wdy thet the chains‘lihking the domains
could be made.morc equql in lengih. This.would enaBle the stresses produced‘:
in the network to be distributed morc.equally and would resu1t in an
improvement in ultimate tensile strepgth., In fact, in the prbduction
of the stjrenerdiehe-styrene block copolymer thermoplastic elastomers by
- 8hell ‘93) ’ great'pare is taken to obtain polymers with a.polydiene segment
of narrow molecular weight disfribution so that this condition of chain
;lehgth equality might be épproached. However,'in‘the present situation

the essentially random nature of botH'thé polymer and the hydrogenation |
‘meént that the crystallisable segments of chéihs must have been randomly
distributed and-heﬂce the chéin segmeﬁfs linking crystallites would have had

a very wide'molecular weight distribption. It is difficult to see how.it woulcg
‘be possible to change this situation herely by including a few styrene

éroups into the polymef chains. It seems unlikely therefore that the

effects undcr discussioﬁ can bé exﬁlained in-tﬁig Way.

The thermoplastic phase-cduld be modified in such a wéy‘as to decrease
the size of the domains{" This would .increase the number of domains present
as long as the overall thermoplastic content was not reduced. This would
be impossible with tge ABA block copolymers as the size of the domains is
cgntrolled Byjtﬁe léngth of the A blodks and any decrease in length WOuld
‘cause a Eorresponding decrease in thermoplastic_content. Hoﬁevcrf in the
case of the hydrogenatgd polymers an increase in fhe number of crystalliﬂes
without increasing the"érysfaIliﬁGJ'contcnt ﬁould be é;pcctEd to have a
substantial effcct, as it would effectively increase both the "crosslink
. density" and decrease the distance between crystallites, both of these

causing an improvement in ultimate tensile strength.
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© It is not too difficult to sece how this situation might have ariscn,

The phenyllgroups on, the chain styrene units would have been oflsufficient
siie to have been excluded during the c¢rystallisation process, Their presence
would therefore have had the effect of limiting the length of polymer chain
that could enter a crystaliito and‘hence the cryatalli@es fbrmed would have
bcen ¢of a smaller size, If only a small proportion of phenyl groups were
present thén one could envisage thom limiting the ¢rystallite size without
decreasing the overall crystalliné content to any great extent. This
. 8ituation would'then.explainlthe increased tensile strength of the low

atyrene content SERs compared to the polybutadienes.

A further increase in styrene content above about 6% has been shown
to cause a decreasé’in both degree of crystallinity and ultimate tensile
strength, the decrease in crystallinity clearly causing the decrease in
strength. At these levels the phenyl groups would have limited the crystallite
size to éuch an e%tent that the erstg;linity would have been reduc:ed.~
This hypothesis.explains.the effect dcﬁonstrated in figure 3.2.19 fairly

satisfactorily, though it might be argued that if this held true then one
would expect the variation in vinyl content of the polybutadiene series
(figure 3.2.4) to causera similar maximum in tensile strength, The reason
that-this was not found is iikely to be due to the fact that the pendant othyl
groups (formed by hydrogenation of theAvinyl groups) were sﬁail enough to
l.ﬁave been incorpobated into the érystallites, causing {laws in the process
and not altering the size of the crystailites. This idea'is supported

(94?95?; they have shown that ethyl groups can be

by other workers
incorporated into polyethylene cryspalg by an expansiqn of the unit cell
dimensions. The.presence of £laws in the present system would

have céused:ﬁ reduction ih the measured crystallinity aﬁd might also

have acted as sites for failure within the crystallites. As the

vinyl content was increased so the'crystallites would have contained
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more flaws, causing'a progréssivc decrease in crystallinity and
£hus a decrease in ultimate tensile étrength to the stage where
cr&stallisation wvas completely prevented.

fe can‘now proceed to a discussion of the effect of styrene content

on the elongation sets of the hydrogenated polymers. It has prcvioﬁsly

been stated (Section 3.2.2.1) that in order to obtain optimuﬁ elastbmefic
properiics, it is necessary to seleéi a polymer which, when it is hydrogenated
ta the optimum cxtent, gives a product'with both a high ultimatc tensile
streﬁgth and a low elqngation sct. Thus in a scan of the cf{écts of
variables on dlonggtion set one is intefested in any trend which might help
in this selection.

The effect of styrene content on minimum elonéation set values alone
can be demonstrated by replotting tﬁe values giveh in figufcs 3.2, 14-18.
Figure 3e2.21 was obtained in:this wﬁylaﬁd shows thaﬁrpolymcrs containing
between 2 and 7 mole % styrene can be hydrogenated to an exten£ such that
lower elongation.set values ean be obtained than with any 6f the other'
polymcrs investigated. However this does not necessarily meaﬁ that a
polymer with a styrene content within this range will be the optimum as
the figure gives no indicatiqn pf the ténsile strengths corrcsponding to
these elongation sets. |

Another graph was therefpré constructed (figure 3.2.22) to combine
all the effecPs feqﬁ;red. _Curves were plotted of ultimate tensilé strength
versus sfyrene content at various, constaﬁt clonzation sets. Clearly the
curves for the lower set values could not extend over the fuli styrene contcﬁt.
range as thcse could only be obtained from polymcrs‘with the lower styrene
levels. ~ The figurc shows that hydrogenated polymers containing around
5 mole S styrenc could be prqduccd which had tensile strengths of about . .
12.4MNm-2 (ISOQ psi} and elongation sets of about 2@3. “With polymers
containing no styrene this tensile strenzth was not reached even at an

elongation set of 45%. . Furthermore if an clongation set of 45% was
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acceptabl§ the maximum tensilé strength (2IMNm"2) could be obtainéd
only by using o polymer centaining again about ;8 styrene. Clearly, the
optimum balance of strcngth.and elasticity was obtained with polymers
éontaining this level of styrpne.

These rgsults can be explained quite satisfactorily in terms of the
hypothesis proposed for the tensile strength effeét, tha£ is to say that
" at iow styreﬁc lévcls the cfystélli£e'sizc was limited such that effectively
an’ increased- crosslink density was bauscd. This increase in crosslink
density would be expected to cause an increase in clasticity qé well

_as the increase in tensile strength.

3.2.3.2. Stress-strain propertics,

No systematic investigation was carried out on the influencc‘of.
variables on moduli and clongation at break, Howevér,'a few resﬁits will
"be given as examples of the ranges Eithin which thésc values lic.

The strgss-étrain curves genérally Were similar in shape to those
of reinforced, vulcgnised‘bubbcrs viz. an initial steep increase of stress,
followed by a leyelling of f and then a further steep increase to break, Some
examples are given in figure 3,2.23. This set of curves was obtained from
a styrenerbutadiene copolymer containing 105 vinyl-%nd 15% styreﬁe and. each
lcurve represents the results obtained ét a particular degree of saturation.
It can be seen that at SSﬁland 63% hydrogqnation little reinfohcemcn;
was acﬁieved.and hence little stress developed. The curves for 79 andASQZ
hydrogenation yeré however typical of reinforced rubbers, high stresse;

_ being developed at moderaterstraiqs.

As might have bpen expccted the ﬁoduli. of Fhese rubbers foilbwed very
closely‘the‘tfends of the ultimate tensile strength.' An cxample can be
" seen in figure 3.2.24. Thislshows the effects ¢f degree of saturation
on 3dq% and 100fc moduli together with ultimate tensile Str¢ngth.for §
rubber contaiﬁing 15 mole % styreﬁe. The fatio of tensile strength to

modulus was of a similar order for all of the rubbers investigated.
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The elongation at break decreased with increase in saturation
so that polymers with high tensile strength tended to have lower elongations
at break. However,  even at high strengths the elongations at break (E.A.B.)

- were still quite substantial and fairly typical results were:

Tensile N2 27.6 20,7 13.8 6.9
Strength | P.S.I. 4000 3000 2000 1000
E,A.B. % 400 480 570 740

" These stress—strain resuits are entirely consistent with the ideaa
proposed earlier suggesting that as saturation i8 increased so the effective
crosslink density is increased resulting in'a tighter network aystom and hence

higher moduli and lower E.A.Bs,

3.2,3,3, Melt Index.

Again no systomatic invostigatiop_wao corriod out but some melt indices
were measured for samples of 15% st;reno polymer with differing degrees of
saiuration. No correlation-ﬁas found with degree of saturation, the values,
measured at 230°¢C with a load of 12.5 Kg., falling within the range 1.5g/10 nins
These . values wére comparatively low for a thermoplastic material but were
sufficient to nllow compression moglding and would probably also oe sufficient
for screw preplasticised injection moulding.

A reduction in molecular weight of the polymer w°o1d improve the flow but
if carried too Iarthio would aloo worsen other physical properties.

) The addition of plast;clsers was tried in an attenpt to improve
rlow behaviour. Phthalate and naphthenic oils were found incompatible
but extension could be achicved with up to about 20 phr paraffin oils or waxes,

This resulted in ireproved flow but again there was a worsening in other

properties, In practice a balance oi the désirod properties could
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probably be achieved by the incorporation of the appropriate amount

of plasticiser.

3e3.3.4. Aging.
Hydrogenated polymcrs appearcd to remain rcmarkably unaffected by
aging at rcom temperature, A 607 saturated sample of the 3 mole % styrene

polymer was remoulded after 1 month and the properties were found to have

changed very little,

- Initial 1 rmonth
Results . Aged

Tensile Strength HNm 2 18.5 16.5
nmoow psi 2700. 2400
EAD g 760 780
3008, Modulus MNm 2.8 Gl
psi 410 450
10077 Modulus N2 1.6 1.3
| psi 235 - 195
Elbngation set % 30 | 20

Samples which were remoulded 1 year

;o be~much.the same.,

aftér preparation still appeared




3.2.3.5. Glass trnngition temperature,

The glass transition temperatures were detormined by differential
scanning calorimetry of two polfmers cach hydrogenated to various levels,
One was a polybutadiene containing 10 mole % vinyl groups and thé other
was a styfené butadiene copolyner containing 10 mole % vinyl and 15 mole %
styrene. The results are shown ih figure 3.2,25, Three facts 'were apparent .

 from the resulfs: | :
1. A sihglé Tg peak was obtained for each polymef.
 2. Tg increascd with increased degree of aaturationﬁ‘
3. The Tg's for the h&drogenéted styrene containingfpolymérs
were higher than for the polybutadienes.

Tho firéf fact helps to éubstahtiate the previously mentioned view
(section 3.2.1;2) that hydrogenati;n ﬁusf have occurred in a random fashion,
If it had been non;randbm then two Tg's woulaiﬁavé been apparenf, one
corresponding to that of the ﬂnhydroééﬁated polymer and the other to that
of polyethylene, the fofmer occurring at —95°C for 10% vinyl polybutadiene

or -87°C for 15% styrene copolymer and thehlatter, despite some controversy
0.(96) o 00(97).

probably occurring af ~110 r -125

Previous studies of the'Tg's of hydrogenated polymers have given

(98)

generally similar results, Illers used a dynamic-mechanical method

. to investigate a polybutadiene.containing 24% l;é isomer, Bgfore it

was hydrogenated he found a single Tg of -82°C gnd after hydrogenation, to
ap_unknown extent, he found it had increased to -35°C..

Yakubchik et a1(92,93)

studied the Tg's of hydrogenated sodiunm
7'polymerised (68.7% vinyl) and high cis polybutadienes and also natural rubber
and synthetic cis 1,4 polylsoprene., Except for the first mentioned polymer

"he found that Tz increased'with increasing saturation. In the case of the

‘sodium polymerised polybutadicne he found a small drop in Tg.

-‘ e B | S
NoTE u-gmuwrg wmereases ol Sulb- o bienk™ -i'ew\?em
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"It is therefore generally accepted that polymers with a low side
gfoup content exhibit an iﬁcreaée in Tg when hydrogenated and it is well
known-that” an incrcase in side group content causes an increase in Tg. The
.rcason-for the létter is thgt'chain mbbiiity is reduéed by the steric
hindrance of the side groups. This explains the higher Tg found in '~
the present work for the styréne containing_ﬁydrogenatcd polymers, However,
an cxplahation for the increase in Tg with increasing saturafion is not so
evident.. Illers proposed no explanation for his results, leakubchik
.Suggested two possible reasons for.ihe reduced chain mobiliéy on
i hydéogcnation. “The first was that a decrease in the double bond content
in £he chains diminishes the ﬁumber of single bonds adjacent to double bonds
”ahd it is known that these single bonds facilitate internal rotatién. The
second reason was that conVersion,of“vinyl side groups into ethyl groups,
which have larger volume, also hinders rotation.. It is, thought that these'
exblanations were far from éatisfdctory. A double bonq would be expected
to reduce chain mobility, rather than increase it, duc to its figidity and
iﬁ_is proposcd that any reduction in number wouid be more likely to causc
.a decrcase in Tg rather thanran.increase. With regard to the other point,
in the present wﬁrk the vinyl content was quité_low and analyses previously
qubted showed that they were virtually all reduced at about 500 thuratioﬁ.
Although it is accepted that ethyl ‘groups might well hinder rotation to a
greater eitent than vinyl groups thefc‘would be no effect due to this at
saturations greater than 507 yet the Tg still‘increased. A more suitable
e#planation‘%or the phenomenon was therefore‘sought.

Crystallisati;n would tend to occur aloné lengthé of chain free

~from side groups; the non-crystalline segments of chain would therefore
tend to have an -above avefage side group content. Tﬁé crystallisation
' process would thefeforerresult in.a side group concentrating effect, the
amorphous polymér containing an increasing side group content as degree

of saturation and crystallinity are increased. This procesS would
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clearly cause an increase in Tg with increase in saturation. One can
envisage a situation where, for the 10% vinyl polybutadiene, at high
degrees of séturation the only non-crystalline portioﬁs of chains ware very
.short and contained a verj high percentage of pendant ethyl groups.

This idea would explain another proviously puzzling fact, viz. the Tg
of polyethylene is génorally accepted as being in the region of -120°C;
the process of polybutadiene hydrogenation produces a material-more andl
more like polyeth&lene as saturation is increased; therefore one would
oxpect the Tz to decrease gradually from -95°C to ~120°C rather;than to increase.
The side group concehtrating effect however predicts that as crystallisation
increases and the erralI proﬁerties of the pblymér become more like
- polyethylene, the amorphous portion ;n fact becomes more like polybutene
and this has a Tg of_-20°C(96); The Tg would therefore be predicted to
increase from ;95°c to -20°C and this more nearl& approaches the results
obtained, in fact, the amorphous po?%ion can be considered to be more
like ethylene butene copolymer rather than pure pqubutene and this of
course wouid have a Tg lower than -20°C. | A rather dubicus extrabolation
of the polybutadiene Tg curve (fig. 3.2.25) gives a figure of about -60°C for
a 100% saturated polymer but tﬁis is 19 the right region for the pfésent
theory to be correct. | .‘ |

1f the Tg curve for the‘styrene butadiene cobolymer is extrapolatéd_to
~ 100% saturation then a figure of -45°C is obtained, The side group
concentrating effect would predicy that the amorphous phase would consist 61
ethylene butenglstyréne terpélymer and this would be expected to have a Tg.
1n.this region.

The idea of crystallisation causing a side group concenfrating effect
therefore explains the results obtained much more adgquately than the

theories propcosed by Yakubchik et al,

1 . ) . . [
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3,2.3.6. Product nature,

The crystallinity 6f hydrogenated polymers, as measured by Xe-ray
diffraction, has been discussed in the previous sections ahd.the effects
on this Qf a number of variables hgf been considered. Although thé cr}stallite
siie limitation of styrene units has been proposed, as yet no suggestion has
‘been put forward of actual crystallite size and structufe., Ideally, one
requires a microscopic investigation of these materials, howevor whenlan
‘ optical microscope and c¢rossed polaris%:s ‘ﬁ' used, no detail could be
distinguished in polymers contgining low levels of crystallinity. A

(88) ot al when studying hydrogenated

siﬁilar result was obtéingd by Tikhomirov
high éis polybutadiene, Thej found though that at high levels of
crystallinity.Spherulites could be detected and that with'incredse in
degree of hy&rogenation their stfucture becane more clearly defined, | They
suggested that at lowefllevelslof crqftallinity the spherulites were too

swall to be resolved; in the preseﬁt work, a limited investigation
was carried out using an eledtron microscope, Samples of_hydrogenafed
polymers weré cast as thin films and then reacted with osmium tetroxide‘
to stain regioﬁs of high uasaturation. .Howéver, little heterogenéity was
observed. It is possible that, with ﬁore practise in the techniques involved,
this mothod might prove mora usoful,

A géod idea of crystallite size éan be gained by an approximate

calculation, A polymer cgntaining 40 mole % styrene has no measurable
crystéllinity,‘efen wﬁen fully hydrogenated, due to interference by the
phenyl groﬁps. This:materiallhas on average one styrene unit to-éne

and a half_butadiene ﬁnits and hence each phenyl group will be aﬁ average
separated by 8 C~C bond lengths, i;e; approximafely 102. 1f the styrene

coﬁtent is reduced sufficiently crystallisation may coumonce,

b
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Good eiastomcrié propertics were oﬁtnincd with nlpolymer containing
3 mole 9% styrenc. In this cose the phenyl units wurc'scpnratcg'by
approximatgly 100 C-C hdnd lengths, i.é. approximately IZSR.r Thc average
maximum dimension of crystallites nust therefore have bécn of a similar
order,

These two calculated limits fherefore_place the averagé size of the
crystallites_as being between IOR and 1253._ This trcatment does not,
of course, preclude‘the possibility of there being present'crystallites of
greater size, however it does seem unlikely ihat there wouldfbe any
 sma1ler'than IOR.' This minimum size limitation is in goodfagreement with
results published by Davison and Taylor(gl? Théy used a raﬁher lengthy_ |
procedure and domplex calcuiation to come to the conclusion that for alpha-
olefin-terpolymers crysfallisation did not occur with monomér sequence

lengths less than aﬁproximately 2charbon atoms, a figure in a similar
ofder to that proposed in the present work,

Further support for these siie limitétions was found ih-the-wprk of
Tuminelio(ggzi He.used.DSC ta investigate the mel?ing ppint transitions,
bfimaterialé prepared in the presen; work Supplied to_him by the author.

He found that melting occur}éd ovef a wide range pf temperafures indicating
a'wide variety of crystallite sizes. It was.caiculated that the minimum
crystallite size present at room temperature was épproximateiy 403,

smaller cnystallites only.formiﬁg at lower temperatureé and that crystallites
‘melting at 90°C would be approximdtely ISOR.

One caﬁ therefore conclude that the crystallite dimensions present -
in the maiefia;s under discussion muét have been in the'region of 208 to
2008,

- One further point that should be made concgrnsstress crystallisation;
Attempts wgre_made'to measure crystallinity on stretched samples. The
techniques cﬁployed were probably far from ideal but they did indicéte

that crystallite orientation occurred rather than further crystallisation.
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The system invéstigatcd in the present study can be represented
as in figuré 3.2.26, the bold lines dcnoting cr&stalline segments of chains
_ Lighter '
within crystallites and the hewiver lines the amorphous,rrubbcry chains
- linking the crystallites, The picture has been simplified by ﬂot
including chain cﬁtanglemcnts but these are clearly important, The
crosslinking effect of the crystallites prevents the entanglements from.
.disengagiﬁg énd they therefore function as additional crosslinks. |
Holden(iimjpfoposes that in the case of the ABA:block copolymers  the
entanglcments p;ay a more important role in crosslinking tﬁan do the
.thermoplastic domainé. Hdwever;'in thg qase.of the hydr&gcnated polymers J
it might be argued that this was not the case. The block copolymers
- contain 6n1y two ihermoplaétic éegments per chain and thus can only
" have two domain crosslinks per chain, a situatiqn which might be exéected
to produce very ﬁoor elasticity qnless one invokes a large number of
entanglement cfosslinks to 1nc£§5§e effectively crosslink density. An ;o
approximate calculation fqr hydrogenated polymers indicates that the
number of crystallites per chain is~ratﬁer greaper thgn two.

1f one considers the pélymer having most neériy the optimum properties,
' it contained 3 mole percent styrcnc,.had a molccular weight of 150,000,
* was hydrogenated to 60% and had 5 L5 crystniline content. . If an average
icrystallite size is taken as IOQR thén the number of crystallites per chain
"cah be found, |
The.average éhain length is calculated as'ISOOOR, from the molecular
_‘weight, using a carbon-carbon bond lenfh value of 1.25R and assuming a C4
_monome?'unit'molecular weight of 50. If the polymer was 4% crystalline
then each chain'will be crystailiné along a total iéngﬁh of 600£.- With

éach crystallite having an average size of 1008 this means that

'-egch chain mu§t take'partg on average, in 6 crystallites,- With this



FIGURE 3,2,26, DPolymer Crystallites,
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nﬁmbef of crygtallite crosslinks per chain it might be expected that
entanglement crosslinks, althﬁugh\iﬁportant, might ﬁc less important
than in the case of the block copolymers.

Figure 3.2.26 illustfates two reasons why this randam type of system
can never bé ideal. Firstly, it contains a large pboportion of free
chain ends and secondly, the chains linking the crystallites have
.a wide distribution of lengths. However in a comparison wifh the ABA
block'copolymers these deficiencies have been of fset SOmewqét by'fhe

. . i
comparatively high number of crystallite crosslinks present in each chain,
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4. CONCLUSIONS.

Cntanlyst Studics.

Two Zicglcr-tjpc catalysts_werc invcstigatcd; h.butyllitﬁium,
NiDIPS and trii§obuty1alum;nium, NiDIPS, Both catblysts were first
optimised with respect to the ratio of their two coﬁponenté. .Thig was
found to be 5 : 1 for the former and 3 : 1 for'the.latter, results whiqh
were.in generai agreement with those.published by other workérs. It
was found that the activity of these catalysts was enhanpgd wﬁen they
were contacted with hydrogen prior to-mixing with olefin,fa.feéture
that does not seem to havé been recorded by-other workers.

' The rate of. hydrogenation was found to be dependent on catéiyst
concentration and temberatﬁre up to 70%2but'was apparently independent .
of pressure. o |

The two catalysts We;e compareﬁ with respect to their hydrogenation -
efficiency tqwards both polymeric and non—polymerié materials,  The
organoaluminium'cataljst_provéd to be the more effective in botﬁ cases
but for pol&mer reduction the difference was not gfeat. The organolithium.
éatalyét was much more egsiiy handled and was fhefefore selected for
general use despite its ldwer‘activity.

The activity of the catalysts towards varibus olefins was
investigated. It waslfound £hat the rate of hydrogenation decreased with
increasing sgbsti£ution of the double bond. It was further found that,
dnder the'conditions emp;oyed, reductioniof the aromatic nucleus did
not occur. In the case of the'styrene butadiene copélymefs thefefore,
'.bnly the ethylenic unsaturatidn was reduced., The catalysts were also
o foundlfo be higﬁ}y selective in;réducing cdnjugéted'double bonds in
the presengé of isolaﬁeﬁ double bonds; In particular, cyclopentene was
produced from cyclopentadiene in yields up to Qq%’and the seleétivity

was still preserved even at a temperature of 808. These results formed
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the basis‘of a éucccssful pdtcnt appiicatidn for the prd&uction of-
“cyclopentene (British Patent No. 1,357,318).

Evidence was obtained which supported the contehtion that these
catalysis were truly'homogcneous rather than colloidal in nature, a
poiﬁt which has caused a certain amount of controversy in the literature.

Theif‘mode of operatioﬁ was eﬁpléined,in terms of the generally
':aqcepted Slpan and Matlock mechanism, a modificafion'being made to

| incorporate selectivity with respect to conjugated double bonds.

Polymer hydrggcnatlon.

A systematic study was carrled out of the 1nf1uence of polymer
composition on properties. To thls end a varlety of butadiene homopolymer
'and copolymers with styrene were produced, hydrogenated to varying levels
and then evaluated. ’frﬁ

It was found that thermoplastlc elastomer properties were obtained
within a speC1flc range of compositions, as illustirated in flgure Ze2.27.
The two main comp051t10nal variables were side group content, either vinyl
or phenyl, of the startiﬂg polymer and extent of saturation. Molecular
. weight also influenced properties-but only when values were less than
~about ;éO,OOOVand in this fegion there was'é'general worsening of '
properties. The-figure below shows that with low degrees of saturation
, and high side groub contepts, prod;cts were generally weak and rubbery
whereas at high degrees of saturation, and low side group contents,
préducts were tough and plastic. | The compgsitions in betweén gave
products which could bg termed therméplastic elastomers and the best
properties were obtéined -in the e;réa .replresented by f.he laréest spot size.
The figure does somewhat‘ovérgimplify the situation‘as it was found thaﬁ low

styrene content styrene butadiene copolymers gave generally better

products. on reduction than did the polybutadienes.
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The ultimétc aim of the study‘was to find the_composition which .
‘would give the bést thermOplnstic elastOmer'comménsurate witﬁ»the given
system and thié aim was substaptially achiéved. "The ideai starting
polymebrwas selected as one containing 4 mole o styécne, 10 mole %‘

1 2 butadiene, 86 mole % 1,4 butadlene and a number average molecular
‘weight of about 150,000, The 1deal cextent of hydrogenation is

rcally dependent on the recquirements of a-parficular application, ihe more
-saturated products having higher ﬁenéile.strengths bat lowFr elasticity,
however é good balance of propertieé wa; obtained with a degree of
saturation in the region of 55 to 60%.

Products with fairly good properties were also obtained by the
hydrogenation of copolymers with styrene contents in the range of 10-15
mole percent. This is of interest as it is polymers such as these that
are alrcady being produced in larée tonnages for use in tyre fabrlcatlon,ﬁ'
they are therefore avallable comparatlvely cheaply.

The study does not include a comparison hetween propertieg of the
hydrogenated polymers and commercially produced thermoplastic clastomers
but pub;ished data indicates thét they are similar in many réspccts to tﬁe
_ Shell ABA block copolymers. A discussion of the relative merits of
the two systems has been carried out in the introduction, -

The results obtained in the polymer hydrogenation study have
provided a good insight into the nature of these materials. - In particular
‘_crystalllnxty values could be correlated very closely with most of the
‘effects on properties of the compositional variables,  Thus the
increase in tensile strength wvhen either side group qontent was

‘decreased or degree of saturation was increased was found to be
| accompanied by.an'increase‘in crjstallinity. These effects were by
no means unexpected havxng bcen reported prev;ously as occurrlng 1n a

number of polymerxc systems, however they did lead to the hypothesxs

which explained octher, novel, effects.
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The literature indicated that the crystalline phase conéisted
ol ﬁolyethylene-type crystéllites and an approximate calculation and a '
consideration of rTesults from other sources led to the conclusion ihat
these héd dimensions of between 20“3 and 200’2. It was proposed that
these crystallites acted in the dual role of filler particles and multi-
functional crosslinks in a similar manner to the thermoplastic domains
of the Shell block copolymers, . A point which was of interest was whether
these crystallites were randomly distributed or occurred iﬁ blocks .
and this was clearly dependent on the degree of iandomness Sf tﬁe
hydrogenation itself.. TWo'pieces'of evidence led to the c;ncluéion that
’ hydrogenation was indeed eésentially random, The first was tﬁat it was
found in a study‘of the relativé rates of hydrogenation of double.
‘bonds with differént configuratiohslin non-polymeric configurations that
ease of_reduction was in the ordeg;ﬂ'f- | |

vinyl  cis > trang

and tﬁis wés also‘found to hold true in polymef_hydrogenation. In
fact a polybutadiene containing 16 mole percent vinyl gr§ups had
virtually all the external double bonds reduced to eth&l by the time the
degree of saturation had reached about 50%.' It is well known that‘the
vinyl groups in a polymgr such as this are randomly disfributed alo#g
the polymer chainé 5o the hydrpgenation must clearly have taken place
randomly. ' Further_evidedée for random hydrogenation was obtainedrrrom
measurcment of glass transition temperatures, Non-random hydrogenation
. would have ;ed to-the presence of-blécks of both non~crystalline
polyethylcne~-type chain segments and also unreduced polydicne segmonts
. and this would have led to two glass transition temporaturos, In'fact
; only one-waﬁ‘detected and this behaved on increased degree of saturation

in a manner conaistént with random hydrogenation. \;'
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The novel effects mentinned above as having been explained by the
crystallite filler particle/crosélink hypothesis were those due to variation
in polymer molecular weight and styrene content. An increase in the .
fonmer led to an increase in tensile ntrcngth up to a maximum above
which there was no further increase, This was explained by the incrnase
' in molecular weight causing an increase in the number of cnystallités per
chain and also a decrease in the number of free chain ends..' The effect
was shown to be remarkably similar to that discovered by Flory.in an
investigation-of the sulphur‘vulcanisation of butyl rubber?f The
improved tensile strength and elnsticity of hydrogenated low ;tyrene content
styrene buiadiene copolymers was explained by proposing that the phenyl
‘groups on the styrene unlts exerted a size 11m1t1ng effect on the’

. crystallites resu1t1ng in an effective increase in the .number of crystallite
crosslinks per chain. The faqt,that the styrene units would have

limited crystallite size.enablcd a calnulationrto be made which fesulted

in the conclusion that in the case of the best product obtained each

polymer nhnin, on nverage, would have participated in five crystallites,
Hence cach’chain was linked through five c¢rosslinks, a situation somewhat -
more satisfactoryfthan'the ABA block copolymers which only have two per chair

The effects discovered.werc therefore saiisfactorily explained
in terms of a two phase system and a schematic diagram was drawn to
illustrate this fact.

This study resulted in a successful patent application(IOI)

concerning »he production ot thermoplastic elastomers via polymer

' hydrogenation.-
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PART 2,

 EPDM  MODIFICATION VIA ANIONIC METALATION,
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1. INTRODUCTION.

.The wbrk on ethylene; propylene, diehe terpolymers (EPDM)
compriséd metalation, styrene gfaftihg and carboxylation with the objcct 
of suiﬁab;y modifying the characféristics of the base polymer, These
.threé aspects §f the work are freated_separately as far as possible and
'it is édnvenient to first éonsidef the reasons for employing a metalation
technique in preference to.aﬁy other method of grafting'or carboxylation,
This will be followed by a Consideration of the work previously’carriéd out

on metalation reactions, o i

]
]
i

Graft Polvmerisation.

The literature on grafting techniques has been extensively reviewed
8,102, ‘ ' '
(8,102, 105 ) ;4 the main methods may be summarised as:

1) Radical = e

/‘,
2)_ Photochemical

3) Radiation (ifradiat;aQ)
4) Mechanochepical |

‘5) Addition

6) .Condensatipn

n Cationic

8) Anionic

For reasons already stated a specific reaction was desired, firstly
to give products of predictable composition and secohdly because of the
~ extreme practical difficulty of separating mixtures should the reaction

give undesirable b&-products.
A
In EPDM the natural choice is é reaction involving, or adjacent to the
double bond ds this has a differept'order.of reactivity to the saturated
portion (which comprises the_bulk) of the polymer and the level of this

functional group can be controlled as desired.
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The firsi four mecthods listed are all Irco.radical in nature and
éan be discnrded for the reasons that graft chain lcﬁgth is uncontrollable,
homopolymerisation of the graff species is inevitable and chain scission
or crosslinking might occur,

lethods 5 and 6 involve reaction between polymers bearing,
chemically rcactive functional groups which, if specificity is desired,
must not be capable of self condensation, A nﬁmberqu'elégant
syntheses have bgen aphieved but the basic tecpniques.rquire fairly
lengthy procedu;es‘and in a commercial context it was'feit that
these shouldlnét be pursued, A point of considerable importance is
that each grafting chain yas only one.addition function and thus the
concentration of reacting sites is’ extremely small, If complete reaction
of the sites on the base polymer’is to be achxeved then long reaction
times or a large excess of the graft species is required,

Thé cationic technidue has been employed to graft styrene onto
chlorinated butyl rubber(uyo‘ It.iﬁvoives fhe introduction of halogen
into the base polymcr reaétion with a Lewis acid to generate cationic

'sites then polymerisation of the monomer, In a similar way isobutyleng( 10

~and. butadlene( 6

have been grafted onto polyvinylchloride.

There are a number of reasons why this method is not very suitable
for EPDM modification. ‘The'EPDM would first have to 59 halogenated
and tﬁis Qbuld-need t§ be conducted in chlorinatedsolvent to avoid the
formaﬁion of side products, The processlwould result in the presence
Tof.Lewis acld residues and these w@uld have to be removed, prééumably
by'water ﬁashing. . Cationic pfocesses often invoive the difficultiies

mentioned as occurring in tho other methods, viz, poor control of

product composition and undesirable side recactions, -
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The last method to be considered,_anionié synthesis abpeared to be the
post attractive for the present study. It é suitablg metalating agent
coﬁld be found it should be .possible to produce éa;banions on thd‘EPDM
chains inla gne-step proccess, These carbﬁnions should not only function

as styrono graft polymerisation initlators but also facilitato tho

introduction of carboxy functionality. -

EPDM Cafboxylation.

{

As the metalatioﬁ reaction appeared suitable for both #raft
polymerisation and carboxyiatiog there was po‘need to.seafch for an
alternative method for the latter, Howevef it is interesting to consider
briefly whﬁt other methods are available,

The chemical reactions of polymers have been reviewed in a book
- of that name edited by Fettes“oz)”" Considering only reactions capable of
producing carboxyl groups on unsaturated polymers without degradat1on then
the numper of p0551b111ties are very feow. The free radical addition of
thiol acids to unsaturated pol&mers is weli knéwn, the author having
carried out some work in this fleld(1°8), however though the reaétion

procecds quite satisfactorily with polydienes, it does not work very well

with EPDI, due to the very 1ow level of unsaturatlon.

Ozonolysis appeérs quite interesting. Normally of éourse the
decomposition of a rubber 6zonide-résu1ts in chain scission due to the
unsaturafion generally being presentlin fhé rubber|in an internal position,
lEPDM:though is unusu#l in that all unsaturation is external to the

main chains andlézonide deconposition in this case would only result in the

.
]
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introduction of functiopality and not in polymer break down, It -is
'possible that EPCM could be ozonised and the fesulting ozonide deconmposed
under oxidative conditions, with for example hydrogen peroxide, so that
a cafboxylated product is produced, Ag far as is known this has not
beep éttcmpted, possibly duc to the fact that a commercial process might
prove soméwhat hazardous due to the unstable nature of ozonides, :
Apart from the possibility of ozonolysis, the.methods available
for the intrdduction of carboxy fdncfionality.intﬁ EPDM appéar to be
very few and generally ﬁnsuitabie. The anionic metalati%n method

therefore seems to be not only more convenient but probably also the

most suitable.

Metalation Reaction.

This type of reaction is by- no means novel metalation being

(109)
defined in 1934 as the replacement of hydrogen by metal to yield a

true organometallic compound.and Iluorenq being metalated with

ethyl lithium in 1928(1u»;' In éhe earl} days only nonepolymeric
_‘édﬁpounds with fairly.acidic hydrogen.atoms could be metalated, The
.work with organollthium compounds has been reviewed by Gilman(nl)

and Morton who statq that benzene could only be metalated to the extént of
about 5%, . The uge of sodium and potassium alkyls resulted in

iincreased reactlvity and permitted the metalation of substituted

aromt ics (112) {113)

,-cyqlopentene and cyclohexene to be carried out.
" The discovery that ofganometaﬂics'could be activated by chelating
polyamines led to a revival of interest startlng about 1967. In

thc next few ycara reports were made of n.butyllithium, NNN' N'

tetramethylethylenediamine (TMED) complexes metalating. toluene(114"117)
benz ene(116 11Szmd metallocenes(ils'ligz A sympoaium on “Polyamine

Chelated Alkali Netal Compounds" was held in New York in 1972 and the
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- papers presented have recently been ‘publishedin book formGZO). This

covers the structure of these cpmplexes and their use in a number of
different ficlds as well as metalation, The discovery of these
complexes enabled work.fé begin on the metalation of polymers, a field
previously exéludcd due: to the relative inactivity of earlier metalating
agents.'

During 1968 and 1969 a number of papers were published dealing with

G21-124)

polymer metalation. Chalk, Hay and Hoogecboom metalated aromatic

polyethers with n,butyllithium, TAED complex and used the broducts to

J .

" prepare carboxylated and graft polymerised polymers. Some Russians(lzs”lze

carried out similar work and also used an indirect method involving the

reaction of n.butyllithium with chlorinated polyolefins to preduce for

example metalated polyethylene. The use¢ of anionic techniquas to

(12”But again

prepare graft copolymers was req;ewed in 1972 by Heller
this dealt mainly with the metalation of aromatic polymers, During
this time work on the direct metalation of polydienes was published by

two groups of workers, the Japénese'Minoura and Harada
(130) oce

(1282122)and
Iaté and Halasa of firestone . -In these cases mgtalation was carried
dut at the olefinicaliy unsaturated sites presont in poiydienés rather
‘.£han at aromatic‘sites. | Tﬁe results obtained were very good, ﬁigh
levels of metalation beipg gchieved and pgood graft eff;cienpies. It
therefore seemed that the metalatiﬁn of EPDM mi'ght be ca_rjrie_d out uqing
a similar reagent so work was commenced to verify this. Befofe long
- it became apparent phat'n.butyl;ithium, TMED‘éomplex.was not sufficiently
active Fo'opérate with the very loﬁ levels of u#s;turatisn'present and

(131

"in a pafent publfshed later by Dunlop a similar conclusion is

mentioned.
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Potassium t,butoxide had hecn shown(76 132)

to bchave in a
similar manner to TMED when added to the n butyllithium initiated
polymerisation of. butadlene. both of them causing an increase in rate
of polymerisation, and in vinyl unsaturation, Alkali.metal alkoxides
generally had been shéwncsa) to increase the yields from metalation;
of éromatics carried out with n-amyisodium. Acdordingly, work |
commenced using n.butyllithium, potassium t.butoxXide as a metalating
“agent for EPDM, A considerable amount of w?rk_had.ﬁeen:gqmpleted‘whén
‘two relevant patents were issued to Firestone, One(iagiclaimed the
use of n.butyllithium, botassiﬁm t.bufoxide as‘a metalating aggnt for.
, unsaturated polymers and mentioned EPDM in the preamble though the

(138 a1t

'exampleglquoted dealt only with polybutadiene, The other
with a vulcanisable carboxylatqgupoiymer prepared via metalation. In
this case metaiatioﬁ was carried out with n.butyl}iéhium, TUED cémplex

and EPDM was nof menfiohed. |

In 10872, in conjunction with some colleagues thé author published

;a paper<1 36) summarlslng some of the work that is discussed in this thesis,

" This mentioned the métalation of EPDM with n.butyllithium, potassium
t.butoxide and covered the use of the metalated polymer in the preparation
of carﬁoxylafed, st&rene grafted and.bdtadiene grafted products, the
latter section of the work haviﬁg been carried out by colléague‘

Dr, A.,J. Amass, ; A pqtent037> was also-granted covering the butadiene

gralted EPDM in ﬁse as a covulganisation improver, Later in the year

tke author presented a paper dealing with thesé t;picé at the Grﬁupe

- Francais d'Etudesiet d'Applications des Polymers Colloque, "Copolymeres

‘ Seque@ceé_et Greftes", Mulhqﬁse, France and this was'subsequently |

[y

published;(1?s),53?*}.T;:“’j' ' o - ..
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In 1973 Falk and Schlott publiéhcd a series of three papers;

the first(xam dealt with the metalation of polydienes using sg,.butyllithiur

THED chelate and subsequent graft polymerisation'of vinyl aromatics;

4 - , '
a wwith-the styrcne grafting of IEPDM using the sane

(141)

the second
metalating aéent; and the third covering the hydrogenation‘af
polydienes grafted with vinyllﬁrqmatics. The results guotcd for the
styrene grafting of EPDM indicate that although in some cases high
graft efficienéies were-&btained the number of grafts'p?; chainlﬁas
low. . This was foésibly due to elther insuffipient metalating activ;ty

or the moderate levels of unsaturatidn in the EPDMts used,

»
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2. EXPERIMENTAL PROCEDURES. - e

2.1, NETALATION REACTION.

Fof the metalation reaction to succeed it was essential to ensure the
-abséncé of substances\wﬁich might rgact'preferentiaily with the metaléting
'agent. The most common contaminants likely to give trﬁublo nra.oxycon,
“mﬁisture, oxygenated compounds in the solvent and aromatjics, the last
‘ being present in commefcial solvehts in appreciable amounté.

The genéral proceduré.was to purity tﬁe solvent and dry the rubber,

then make up the solution and subject this to a final purification,

!

2.1,1, Hexane Purification,
f .
The hexane used was a commercial grade which contained a certain

proportion of un;aturated Compounds.mainly benzene and these were of course
"cabable of competing with'the p6iymer for-metalation. Two methods were
"tried.for theirlremovél. . The first was the‘well known sulphuric acid
washing-technique_which_however proved wholly unsatis{actory'énd the

- second. was the method developed by Murray and Keliera42 ). After the

‘metalatable species had been removed, the solvent was dried.

' 2.1.1}&; Determination of'Afoﬁatics,A
Qas/liquiq chromatog&aphy methods c¢an be used for the determination
of aromatic cdntents.but in the case of commercial hydrdcarbons,peak
-assignmeﬁt.is vér& difficult due to the large number of components, In
general tﬁg;eforé U.V. analysis was used, this being supplemented by the

quick ‘check I.R. method described in section 3,3.2.
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The major aromatic. present iq commercial hexane is bonzene sb this
' Qas uscdlas tﬁe'stan&arq for the U.,V,. analyéis. Solvent spectra were
recorded using 5 Pye Unicam SP?OO spectrometer and 1VCm cells.  Penzene
absorbs ver} strpngiy in_the region of 255 nm the band being resolved
into a‘sextuplet. .Thé'determination was carried out on the O-i.l
' _abso;bapqe scale using the height of the highest peak (255 nm) ds the
measure of bénzene.chcentration. The extinction cgefficient was first

calculated using hexane containing known amounts of benzene, -

extinction coefficient {E) = Molecular weirht (M) x absorbance (A)
' . concentration (mg/pm)

and found to have a value of 200,
Samples for aﬁalysis_ere first diluted as necessary in order

to obtain an on-scale réading and the absorbance determined, The.

-

re

. concentratioﬁ'of benzene was then calculated from the equation,

Concentration (%) = M.A.D,
' - 108

‘where M is the mblecular weirht of benzene
" A is ‘the absorbance
D is the dilution factor

E is the extinction coefficient (200).

2.1.,1.2, - Sulphuric acid washing.
The‘usual mgthoq is to shake theﬂhydrocarbqn in a separating funnel
‘with concentratéd sulphuric acid and then wﬁsh with water to remove the
‘sulphonates and sulphurié acid; LIt was found that witﬁ hexane containing
~0.2% benzene, "Jzﬁlilﬁ of sulphuric acid were required (in __700 ml
batches) to reduce tho aromatic in 1 1itre of hexane to 6.0035’:,, and that
considerable.contact time (1 Qeék) between the sulphuric acidrand hexane
-rwas reqqiréd.r Anéthef difficulty wi%h this method‘was tpat'if the water

washing was not carried out extremely thoroughly then sulphonated

‘aromatic impurities could be left,
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2,1,1.3, Ceolumn dearomatisation. .

. 142
This method,developed by Murray and Kellerf )produCed hexane with

no'detectable'(by U.v.) aromatibs; in a comparatively dry state in a
one-step_process.i |

The cdlumn.material was prepared in the following manner:

360z alumina (Spence U.G.2) were mixed with 500 ml of approx.
2M nitric acid, This slurry was filtered off in a Buchner funnel the.ml :
washed with deionised water unfil neutral, 40g sil#er nitrate were
dissolved in 20 ml. of déionised water and ?50 ml of methdnol added, Thi:s
 ‘golution was used to wash the alumina info a Buchi flask and the solvent
was\then‘rdmoved on a.rotagy evaporator. The resulting solid (white or
very pale grey) was'then'aié dfied at 140°C for 24 hr¢., The dried
material was then packed into a drzed glass- column,

Using double quantities 1n 'a 50mmx1m’ packed column about 1 yﬁu\
{6f aromatic (apd olefin);free hexane could be collected. This size of
‘colqmn was adequate to pdrify about 25 ﬂ-:; of hexane containing about
0.2% aromatics, ‘ |

ih-order to ensufe cpmpiete'removal of -water the_exit.end of the

“¢olumn ﬁas packed witﬁ molecular siéqe and fhe eluant was collected in

a nitrogen flushed receiver.

2.1.,1.4, Solvent drving.

Even though the column dearcmatisation process produced a dry solvent

" it was considered desirable to effcct further drying. This was carried

)

out by distlllation under nitrogen at atmOSpheric pressure, from
n. butyllithium.
In some cases solvents were not dearomatised prior to use, however the

v

C . were still dried by distillation.
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' 2.1.2. Polymer solution preparation and purification,

) 2,1.2.1, Polymers.

Three different éthylene propylene diene terpolymers were used
-in fhese‘expefiments.' | ‘
'(a) Intolan 155, manufactured by The International Synthetic
Tubber Company and having éth&lidenenbrbornene és termondmer,
i
'(b): Nordel 1040, produced by Du Pont and having 1,? hexadiene
‘:as termonomer, |
{(c) A sample prep#red in the laboratory by other workers at i.S.R.
and having endomethy1enehexahydronaphthalene.as termonomer.
The sfructure_ot fhese termonconer unité is given in section 3,1.,5,
~ The polymérs were”not eSpeéiﬁlly'purifiéd‘prior'to use as it
‘was known from experience that.all impuritiés could be removed
effectively by:tﬁe.treagment.of the éolymer.solution described in.

section 2,1,2.4, they were however crumbed and dried in a vacuum

'.desiccator.

2}i.2,2. Solution preparation,

Polymer sglﬁtiqns were made'up in large batches so that a'number
of reactioné could be carried out on uniform mate}ial. Purified and
dried hexane (4 1) was added to a 5 litre round bottomed, flanged neck
flask, fitted with a'stirrer,-a h}trogen dip pipe and a condenser
protegfed with a calciumlchloride.drying tube.'l Nitroéen waé‘purged '
through the éﬁirred hexane and. tho polymer.waé then added in small
lumps, The amount of polymer added depended on the end use, On
mctalaﬁion, the polymef‘;§1utioné tcpdéd to increaéb in Qisco#ity {see

section 3.1.3) depending on the extenﬁ_or metalation, In order to
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keép solutiocn viséosity within.reasbnable limits fairlf iow
--concentrationé Qere employed, generally in the region of 1-3% w/v.
The polymer was stirred in solvent, under nitrogen_purgé warminé
as necesgsary, until solution waslcompléte. This solution was then
generally pre-scavenged with n.butyllithium priér to pasging through

-the purification column,

2.1.2,3., Scavenfring 1evel'determiﬁntion.

Scavénging the polymer solution with n.butylliﬁhium ;ri;f to the
addition of metalating agent was found to _1ﬁprofe reactiyity géeatly
and as 1t was important to havelonly a very slight excess qf organo-
metallic present after scavenging. it was necessary to develdp a method
for the determination of scaveng}ng'lével i.e, the amount of n.butyllithiu@
needed to leave a siight ekcess after reaction with all impurities.
: The methed incidentally wés a;so used to measure the effectiveness
of different mgéhods of purification (see section 3,3.3). i
The method was based on that’develbped by Gilman and Schulze(iqa)
£o deﬁect'the presence of Grignard reagents.'. They found the
- detection limit for LEtligBr to be 01037M whereas in the preseht study'
the éensitivity of n,butyllithium apﬁéa:ed to be much higher at |
about 0,0004M. | -

The reaction is based on the reaction of Michlers ketone

NMez-ﬁ-ﬁ-fLNMez with a metal alkyl.to produce ultimately a dyestuff,
‘ 0 . . . : o , .
The quantitative nature of the reaction-was irrelevant in the present

~context as an‘iﬁdication’pf any free n,butyllithium was sufficient.

i
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- The reagents employed were:

Mighlefb ketone, approximately 1% in dry benzeﬁe. | The fresh
reagent has a very pale blue colouf, any yellowness indicating
detérioration.

lodine, approximately 0.2%jiﬁ glacial acetic acid

n-butyl lithium of known Strength,

All solutiéns were manipulated using dry syringes and test’
reactions were conducted in 100 ml conical flasks, sealed:wifh Suba-Seals.
and nitrogen flushed. | |

Approximately 0,5 ml of the Michlers ketone solution was syringed

"into one of the conical flasks throuph a rubber Suba=Seal, About

1 ml of the test solution was added to this and the mixture then shaken.

- .
1 ml of water was then added together with about 0.5 ml of the iodine

solution and the mikture‘éhaken again. 'I;_butyllithiumAwas p;esent af

the start then the wate:‘layer turned'green and the solvent layer violet.

" I there was no butyllithium pfesent initially-then the water layer was

" coloured yeliow aﬁd'the?sblﬁent layer pink, Incremental additions of

bﬁtyilithium were made to‘the s&lﬁtion to be scavenged..and7the test
repeated after each addition, until a pésitive reaqtion was obtaincd, .

With experience; the‘apprbximétd sca&engingrlevel of a particﬁlar soiutibn

was knoﬁn‘before7testihg, which facilitated_thé_estimation of the #mount

of BuLilfé bé gddedl in this way only a few tests were nceded, : |

i
1 .

Ty
;
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2,1,2,4, Solution nurification.

Several‘different mcfhods were tried before a éuitable purification
technique was found; these are discussed in the results and discussions
" sections 3.1,3, and 3.3.3,

Initial experiments.were carried out using solutions prepared as in

" section 2.1.2.2,, ho&cvér.it wag sooﬁ found that these w;re quite
unsatisfactory dué tb the presencé‘o: 1mﬁurities; Imprbvgments.were
achieved by scaVeﬁging these with_n.butyllithium pridr to_ﬂsérbut even

" then resuits'were not very pood, The best method found éas to treat

the solutions with n.butyllithium then pass them through a qolumn of
activated alumina and silica gel before scavenging again with n,butyllithiuw

The final procedqre was : !

A glass column, 1m in lengtgfwith an'internal‘diameter ofzszmwés
plugged at the bottom yith dpied giass wool then half ril1ed with freshly';
activated (40000, 18 hg)'féo mesh alumina, The column ﬁaS»then topped up
with coarse, fresh si;ica gel. A dr;pping funnel was fitted to the top
of the column and the bo?tom was fitted with a tap adaptor eqﬁipped_ﬁith a
Qide bofé syringe ncedle, The needle was thon introduced into-a % pint,
rubber sealéed, crown~capped Eottle‘fitted.with another syringe needle to
act as a vent, The whole apparatus was flushed ror two hours with
puré nitrogen., | |

The pre=scavenged polymer‘solution {(section 2,1.2,2) wasrtransferred
_directly from the 5 1. f,flésk under a slight positive pressure of |
nitrogep via a dip pipe and dry poiythene tubing to ‘the dropping funnel,

" After several miﬁﬁtes tﬁe purified solution eluted from the base of the
cblumn. The first 160 mls eluted were often a little cloudy due to

‘suspended particles from the column packing in which' case the collecting
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sanple )

~ bottle was disconnected gnd/discarded. The reactor in which metalation

‘was td be'carried out was then directly connected to the column outlet

and filied to the required level whilst béing flushed.with pure nitrogen.
In general, carboxylation reactions were carrieg 6ut in 1 1, ‘flange-

ﬁeckeﬁ Ilasks and styreﬁe graft polymerisationslip 1 pf. crowh4§apﬁed

bottles.' Finai scavenging‘was then carfied out with n.butyllithium;

i

"2.1.3, Metalatinp Agent Preparation, : /

'2.1ﬂ3.1. n,Butvl1lithium,

This was used. as supplied by Metall G.S., as a 1,5 molar solution
in n.hexane. 1 pt. rubber sealed bottles‘fityed with two-holed crown
caps were dried,!flushed ﬁith Qitroggn, then filled directly froﬁ the
pfeésurised container via a ;yriﬁgg needle adaptor, Aliquots were then

transferred from this bottle by syringe.

5.1;3.2. NNNIN? tetramethylethylepediamine (THED) .
This was obtained from B.D.H. ' The contents of a fresh bottle (100 mls
were'tfansferred to a dried, nitrogen flushed % pt. bottle containing
" about 1“.of Ifresh éA'mole gieve, The bot£ie was then sealed with a
rubber disc, fitted with a tonhoie.crown Cap apd purgéd through the
liquid layer with pure nitrogenhfér 4 hrs, Aliﬁuots'were transferréd by
syringe, SRR - |

b ot
; v
A

2.1.,3.3. Potassium t,butoxide.

i

This was prepéred by a standard method. Potassium was reacted with
a four~fold excess of sodium dried t,butanol in cyclohexane, The
cyclohexane and excess t.butanol were removed by vacuum distillatién;

The product from this proéess was a 1 ; 1 complex of potassium t,butoxide

with t.butanol and in some cases this complex was used, without
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further treatment, as a metalating apgent tbgether with n,butyllithium,
lowever a more satisfactory metalating agent was obtained after the
removal of thefcoordinated {.butancl, Thi; was effected by vacuum
sublimation at lso%land‘0.5 mm pressure,

- To facilitat; handling,the reagent wag'slurry gréund with hexane
lin % pint glaés bottles containing a few glass'beﬁds. A suitable
quantity of'potass;um t.butoxi@e was weighed into the bbttle and a
measured volume of hcxane added by syringe. -.After roll‘;illing for a
few hours a fine dispersion of known concentration was oétained. The
enfire;weighing'operatioﬁ'gnd transfer were carried out‘in_an atmOSpheré

" of nitrogen. using a dry=bag,

"2.1,3.4. DPreparation of Metalatine Arent.

The two cqmponéﬁts of the metalating agent were premixed before
being added télthe polyméf solution, . The required amount of TMED or
potassium t,butoxide slﬁrry was syringed into a dried, nitrogen flushed,
,% pt. bottle having a rubber seal and fitted with a two-holed crown cap,
‘An equivalent amount of n,butyllithium solution was then added and the
mi#ture was shaken, =~ The TMED cémplek was a very pale yellow colour’
and entirely 501ﬁb1e whereas thé potassium t.bufoxide cémplex was a
paie pink-brown quour and only partially soluble, Both éomple#es

. . ;

- were added to the polymer so1ut;on almost immgdiately after mixing.
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2,1,4, Netalation Reaction Procedure,

Styrene grafting was carried out simply by adding monomer after

f

_metalation, as detailed below, and this operation did not present any
special difficulties, Carboxylation however required transfer of
the metalated polymer solution and as this was viscous (and jelly—iike)

preparation was conducted in an apparatus that facilitated handling.

i

i
;
f

.2:1.4;1. Metalation for carboxylation.
The reaction was carried out.in ail litre'flange-ngcked Llask fitted
with a four-neckéd 1id as shown in figure 2.,1. All glassware was dried
overnight in an oven at 140°C7aqd assembled hot, The 1id was then fitted
to the flask_together with.the.stirrer, nitrogen dip pipe, three-way tap
. on the dip pipe, and rubber suba’;’ééal. A stopper was fitted initially
~ where the_two-way adaptor is shown. The flask was placed jusﬁ'below fhé'
polymer éolution purific;tion colﬁmn and purged with nitrogen thch was
vented through a.syringe needle inserted in the suba?seal. until the
apparatus was cold, ' The needle ﬁt'the bottom of the purification columm
was then inserted through the suba-seal and polymer solution forced into
the flask under Nz‘pressﬁre uhti;lit feéched a measured mark (700‘mls)
-on the side of-the-flésk. Both needles were then withdréwn from the
flask and the three-way tap A was turned so that the flask was sealed,
The flask was then placed in an isomantle and a nitrogen supply
. connected to fhe three-way tap. ?his was opened to purge the tap
asseqb;& then turned to admit nitrogen to the flask; at the sanme tine

the stopper was removed and the thermometer pocket condenser assembly

cormected, Prior to the connection of the condenser to the fask tap B

"directed nitrogen through the condenser and over the thermometer pocket, .



FIGURE 2,1, Metalation and Carboxylation Apparatus.

B

fume
cupboard

carbonation flask = | metalation‘reactof

- Each joint was fitted with Spfings_to prevent opening
whilst transferring polymer solution into carboxylation
flask, ‘ : T

o N.B.

5 !
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As soon as the condenser had been connected, this tap was turned so that
efflucent f}om the flask was directed through polythene tubing to a
nearby fume cupboafd. The polymer solution was then stirred and warmed
' slowly until the required temperature was reached,® During fhis timo

- & final scavenging with n,butyllithium waé carried out, .Metalating
agent was then syringcd in‘through the suba-seal and the mixture was
allowed'to react for the requisife time, As metalation p:ogressed,

the polymer solution turned & deep red coloﬁr. . ' ‘f

i

/

2.1.4.,2, Metalation for graft polymerisation,
Reactions were carried out in oven dried, nitrogen flushed 1 pt.
bottles which had been marked to indicate the 500 ml level. These were

!

fitted with rubber seals and three-holed crown caps and were flushed with

pd
e

dry nitrogen introduced and vented by means of syringekneeéleé. Polymer,f
solution waé igtroducéd by insertiﬁg the needle on the boﬁtom Qf the
purification column 1nt0'tha_third.hole in the érown-cap. Solution was
added up to tﬁe 500 ml, mark on the 5ott1e. " .This method of introducing |
fhe fequired volume was checked by weighing‘and fouitd to be sﬁfficiently
accurate, | The solutions were -then usually_scavenged with n,butyllithium
before addition 6f the reqﬁifed éliquot of metaiating agent, The bottles
were shakeh, pressurised to 1d.p.§.i. with nitrogen then fixed on to a
-rotating arm situated ip a temperature contrblled water bath, They
'ﬁeré éhen fotafed for tﬁe reqﬁired length of time at the desired temperature
The level of metalating agent'ﬁéed for the styrene graft polymerisatio;
f was gegerally 1¢sslthah fof the carboxylation wdrk_and-solutions did not
-therefore'assﬁme such a deep—red'colour on metalaiion but were usually

orangé-red, .

!
¥
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2,2, POLYMER CARBOXYIATION.

2,2,1., Carboxylation Procedure.

' The deve1opﬁent of this proceduro will be1 partly described in
section 3,2.2. " For the carboxylation reaction to be effective it is
Y

necessary to qontact thelpolymer solution rapidly with a large excess

'of dry carﬁon dioxide, In earl& expériments-céfbonationfwas carried

. out by transfer;ing the solution from the reactor into ajélask éontaining

powdered solid carbon dioxide, This proved to be rathe; unsatisfactory

as.;‘?f;.iée tgnded to form very quickly oﬁlthe surface of the solid 002,
- also contact betwegn the'lumps and the polymer éolution was not very good.

. The tina1 procedure adopted is illustfated in figure 2.1, |

A fairly fine slurry (n.309fmlé) of solid carbon dioxide ih dry

' petroleunm efher (100-~1202) was hade up ina 2 1. . conical_fiask‘in a drf

bag, A pquthené tube was then cohnectgd to the three~way fap'A on

the ﬁitrogen inlet fo the metaiation feactor. The metalated polymer

"solufion wés‘cooled to room temperature and taps A and B were set in

the all-opeﬁ positiOn to éllow nitrogen to¢ pass over the top of the

con@enser;and thé‘fop pf fﬁe dip pipe} The flask containing the carbon
dioxide_slurry wag then ﬁiéced so that the bolythene tube reached'inside

| to the‘bdftom. Tap B was then turned to direct nitrogen into the

' metélat.ion reactor and tap A was 'tumesi to shut off the nitrogen but allow

" ‘solution to be paésed out of the reactor into the slurfy. The
.mefalaﬁion reactor was thus ﬁnder ; slight positive pressure of nitrogen
"from the top of the condenser, which forced the ﬁetalated solution

.out of thé.reactor through the diﬁ pipe and tube:into‘the solid carbéﬁ

dioxide slurry. The flask containing the slurry was vigorously shaken
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by hand to ensufe thorough mixing. As the polymér contacted the carbon
dioxide the red colour was destroyed, lAfter all the solution had passed
into the carboxylﬁtion fiask the solid carbon dioxide.waa allowed to

‘ evaporaté.‘ " The flask contents were then processed to iﬂolafe and purify

;he polymer,

2.2,.2, Product Purification.

Aa will be described in section 3.2.%. two_methods weré developed for
purification, The precipitation mofhod was suitable for ?glymers with
acid values uﬁ to about 15 but for polymers with higher acid values,
difficulty was e#perienced in redissolving the polymers after
precipitation so a colgmﬁ methodrwaa developed ﬁhich rembved thé pyproducts

without requiring isolation of the polymer, -

e

e

. 2.2,2,1, Precipitation method.

The free acid form of\the_carboxylated pblymer was obtained by
adding a few drops of concent;ated hydrochloric acid to the solution
formed after carboxylatipn.‘.<This diSpersed the locse gel of the metal
salt solution and thé polymer was then precipitated by adding acetonse.
‘jhe solvent was decanted and the polymer sqﬁéézed to remove loose
solvent. Thé recovered polymer was purified by~t§iée dissolving in
" carbon tetrachloride and precipitating with acetone. and was then_
vacuum dried:at 6b°C. Tﬁe product was apparently free of non=-polymeric
‘acid compounds iéllowing this treatmenf a8 acld value determinations

conduct?d‘before and after a further re=precipitation gave the.same“results.
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2,2.2,2, Purification on column,

L

A 25mm internal diameter, Im_lgng glass column was filled with coarse
~alumina and carboxylated polymer solﬁtion was filtered through it after

' acidifiéatfon. “This was'a fairly Jengthy procédure because of the
viscosity of tﬁe solution, The eluant was found to he completeiy
neutral to méis: indicafor paper indicating that all non-polymeric
acid'compounds had been removed by this treatment. The acid value
 determination or subsequent.neutralisation could then be carried out
directly on the eluted solutioﬁ;: The effectiveness of the column

- treatment was checkedlby passing some purified solution thfbugh a scecond

| column, no change in acid_value_was,detected._'

2,2,3, DPreparation of Meta14§a1£s of Polymers,

in some instances the cruAe salt formed by carboxylation'was
P .
isolated without acidification by precipitation with acetone then
rdf&ing in a vacuunm oven at-60°C. In this way wholly neutralised

éarboxylate-ﬁoifmerslwere obtained but these inevitably still contained
somé of the side products from carbbxylation, maihly valeric acid salts foraoc
_bf.carboxyiai;on of excess métalaging.agent. These_could'not be
renoved asrthe pelymer in its salt form would not redissolve,

Tﬁe'best mefhod of preducing the pure metal salts was either to
diss§ive the purified rreé‘acid form'or the polymer, or use solution
éiroctly frém_a purification column and then react this in solution
with # solution of e,g. sodium methoxide in mothanol., . The amount of

sodium ﬁgthoxide added was éalculaféd'from tﬁe gcid value of-thp polymer.,
'.‘In some instances 100% neutralisation of the acid groups.was carried out
and 1ﬁ-others onisr-?s%. * The neutralised polymers romained semi-soluble

provided the solution concentrations were kept fairly low ( .1%) and

the proportion of hexane to methanol was above about 2 ; 1,
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The reactants were stirred together for about 2 hrs. to ensure

complete reaction; the polymer was then isolated_by'precipitation with

méthanol and dried via vacuum oven at 60°C.

2,2,4, Product Analysis and Evaluation,

2,2,4,/1, Jlodine Number,

The level of unsaturation in the EPDM's emﬁioyed in tbis work was

deternined by the method of Lee, Kolthoff and Mairs$8%7. ' A solution
of the polymer wﬁg treated with iodine nonochloride in’atileast a 60%
excess, The mixture was allowed to stand for half an hour in the dark to
 allow reactioh to occur, ‘(It was kept in thé dark to ensure that

reaction occurred via addition rather than free radicallsubstitution).
' Potaésium iodide solution was aqged to liberate iodine from the excess iodil
monochloride and the free iodine was titratéd with stahdayd thiosulphate !
solution using a.éolﬁble'starch'indiéator. ‘fhe result was quoted as

an iodine number, that is, the equivalent number of grams of iodine which

had reacted with 100 g, of polymer.

é.2.4.2. Acid Value,

The c¢arboxyl éontent pf the polymers was determinéd by a standarad
acid=-base titrafion. The polymer was diQSOIVed in tqluene/ethanol or
hexane/ethanol mixture then ti£rated with standard potassium hydroxide in
ethanol, .The'énd-point was dété:mined using a pH meter and-results
‘ célculated as acid value, this being the numberiof mill;grams of

potassium hydroxide required to neutralise one gram of polymef.
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2,2,4,3, Infra=red Analysis.

Infra~red analysis was carried out using a Unicam SP 200
- Spectrophotoneter, Tha samples wére prepared by casting thin films
f from solution onto sodium chloride discs, Some of the spectra obtained

are illustrated in section 3,2.6,

2.2.4.4. Differential Scanning Calorimetry.

The iqnic dissociation temperature of the salt of a ca}boxylated
polymer was investigated using a Perkin Elmer DSC 1B differential
scanning calorimeter. A‘samﬁle of polymer of approximately 10-15 mg
) Qas placed in an aluginium dish and.sealed by érimping. An empty
alumih;umldish.was uéed as.the referen¢e, The temperaturé was increased
 at a rate of 16 deg., C/min and any imbalance beéﬁeen the energy input to

_ the two aluminium dishes was disﬁlayed.graphically.

2,2,4,5. Physical testihg of products,

Test sheets oIlpolymer Were'compression moulded at 200°C under a
.pfessure of 2000 p.s.i. The polymer was codled to about 100° before
releﬁse of preasure and'wés obtained in a ayget about 0,5 mm thick.

Test dumb-bells were cut using a standard cutter and pulled on an
ilnstron tester, using thelstandarg conditions emplbyed for rubber
compounds, to determine ultinate ténsile strength and elongation at break,
Thé method used is described in detail in part.i. section 2.2,4,2,

and generally accorded to the British Standard test procedure ®!?,

i

-

v
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2.3, STYRENE GRAFT POLYMERISATION,

2,3,1., Grafting procedure.

A discussion of some ¢f this work is presented in éectidn 3.3.4.,
where some of the problems which aroso 'in the proparation of puro utyreno_
'.and'in the‘disporsion'or the styrcne in the metalatod polymep sqlution
aro diséussed. | | |

2.3.1.1, Styrene purification. o

The étyrene as éupplied contained a phenolic stabiliser which had.

to be remOVéd aldﬂg withlhoisture, air and anj polymer that might be
‘present, .-The method adopted was a simple distillation under reduced
bpressure usiné-a 6" reflux column containing pellets of 4A molecular sieve
'*.'The receiver adapter'was'fitfed,witﬁ é syringg9fg%econnection tq a hried
nitfogen flushed, % pint, rubber-sealed,'crownicapped'bottle. f After a ’
'.;sﬁitable amount ;f styrene had been diétilled. the receiver bottle wag
'_-disconneqted, cooled in an ice bath ..Tlushed for 1 hr with pure nitrbgen
gnd finally pressu¥iéed with 20 p.s.i. nitrogen.

In early ekperimehts the distilled styrene was stored in aldéep
free;e at -20°C and aliduots-were ﬁithdrawn'as required, ﬁowever, it
was found fhat éVen at th;s‘temperature.somérpslymerisafion could occur

over a peripd'of time. To avoid this eventuality styrene was

.distilled immediately before use.

2,3,1,2, Graft polymerisat;on.

' The basic procedure was to add styrene by syringa to a bottle
containiné theimeQalated polymer. ..Dispersion of the styrcne throﬁghout
the rathér viscous solution proved somewhat‘difricuit'and if the sfyrene
was added to the bottle ﬁt room temperature then polymerisation commenced
immediately, before dispersion coﬁld océur. This inhomogeneity showed

a8 opaque, pale pink particles within the clear fed solution.
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The prob;em Qas overcome by cooling the bottle of metalated solution

" to 0°C before adding the styrene. The bottle was then shaken and fixed o

to a rotating arm situated in a water bath cooled to about 5%.' It was

then rotated for about i he to disperse the styrene. During_this‘period

'very.little polymerisation occurred, - Theltemperature of the water bath w

. then raised to 70 C ang polymerlsation was carried cut for 2 hie to

ensure complete qonversion. At the end of this period the solution

. appearﬁd quite homogeneous, bging alightly opaqﬁe and pinkishered in

" colour, ' o _ _ ;
: f'

2.,3.1,3. Product purification,.

At the end of the graft polymerisation 5im1t of 1&%‘b6nd;'BC1 in
methanol were added to terminate the chain ends., The product'had then
'-tp be isoiated dnd.:aﬁiéuﬁgrafted/homopqustyrené extracted , this

was penerally carried out by é ;;mple preéipitation technique, The
.polymer was first precipitated from solutlon using acetone, the solvent
'was decanted and the polymer then rediSSolved by carbon tetrachloride,

It was then reprecip;tated twice using CC14‘and acetone. The product was
then dried in a vacuum oven at 60°C.. The decanted liquors froﬁ each .
précipita£ion were collected ﬁogethgr and évaporatéd so that the
 ungra£ted'homépolystyreﬁe could be collected. |

This extraction pfocedure was clearly effective for poorly

. grafted materialé; as in a few cases, all-thq styrene added was removed
gé ungrafted homOpolystyréne, a check was necessarf to see if it was also
gatisfactory for_ﬁighly'gratted polymers, Styreﬁe contents were
'determined on samples purified as describéd and the polymers were then
further extracted for 4 h. \ in a Soxhlet apparatus using an acetone/

- hexane mixture;i No change-in styréne content was detected after the

‘further extraction,



membrane osmoneter according to the method of Steele et al.
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2,3.2., Product ahalvsis and evaluation,

2,3,2,1, ErDM molecular weirht.

The molecular weight of Intolan 155 was determined before grafting

was carried out o cnable a calculation of the number of grafts per chain

" to be made (section 3,3.1,), This was measured using‘a Mechrolab

(144)

- Solutions of'the.polymer were made up in toluene with concentrations

varying between 1g and 10g/1. . The osmotie pressure offehch of these

“solutions was measured in terms of cni! of toluene at 25°d. . A'plot was

~made of osmotic pressure divided by concentration (T4 ) versus

concentration. The resulting curve was extrapolated to zero

. concentration and the-number,average molecular weight then calculated

using the formula, . -
] . -

ﬁh "= R.T. ' &

o | ,." " ‘_l ‘_:(W§c==o

The, temperature T was 298°K, and the gas constant R, in pressure units,

was taken as 2,91 cm” toluene OK-1 mole-l.'

+ 2,3,2.2, Styrene Content,

' The determination of styrene content was carried out by refractive
index measurement, other methods beihé unsuitable (see section 3,3,1),
This required that the refractive index be determined of the unmodified

EPDN, some ungrafted polystyrene and the styrene grafted EFPDI, These

were measured using an Abbg refractometer at 25°C uging sodium light,

Films of the polyuners were pressed at 150°C to a thickness of

approximately 0,5 mm and’thege‘ﬁere:then clamped onto the retractomefer

v
Y

prism, ensuring that a good contact was made.
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" The styrene content of the grafted polymer wag calculated from the

- following formula,

Styrene' contént (weight %) = “graft - H EPDM x 100

H
FS - EPDM
B p

2.3.2,3, Polystyrene molecular weipht

This was determined by gel permeation chromatography .using a
Waters Associates chromatograph. | ‘ | f'

G.P.C. is a form of sieve or exclusion chromatography in which
.separation of polymer molecoles is effected on the basis of.hydrodynomic
volune, The column is packod-with a moterial of controlled miorOporoéitg
in‘thé present instance a cross 1}nked polyofyrene gel, in which the
pore size lies w;thin the rahge{of molecular diameters of the mixture to
be seporated.'l " In the_gaso.of polyﬁer analysis it 1s usual @o‘use
seVerol columns‘in series, each having'a different pore size in_order to
- effect a reasonable degreq of selection, Mcolecules excluded from the
'oackihg pass through toe oolomn at the samo apeed as the eluant solvent
'whéreaoithose capable of diffosing into the _packing elute at a slower
rate. Thus in contrast to gas chromatography the highest MW fraction
i appears flrst followed by fractxons of successively 1ower Nh.

| For the present work the instrument was operated with toiuené solvew
and differential réfractometer,deoector. Conditions were:.

Column temporature 65°C; 4 x 41t columns_in series, eaoh approx,

480 TP/foot, | |

Detector temperatufe 5390.

" Injectiqn port and.eluate volume syphon were operated ot ambient
. temperaéurelasuthere was no problem of polymer:procioita;ion.

Polymer sample concentration 0.25% w/w; sample size 0,25 ml,

A typical chromatogram is presented 1in Figure 2.2, oThe nuxbered



Polystyrene Gel Permeation Chromatograph.
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pulses represent § ml increments of eluant, these being recorded
'automaticaily by means of pulsed signals from the eluant volume.
'i_syphon, " The number average molecular weight calibration w;th"
”:‘stanéard polystyrene is indicated along the horizontal axis, For
the present work it was fouha sufziéiently accurate to‘take the _H'
‘peak position as indicating the number'gverago molecular weight

. .of the polystyrene sample. ;
. f

j
' 2,3,2,4. Infra-red analysis,

This was carried out as described in section 2,2,4,3., Examples

of spectra are given in section 3,3.8,

~

- 2,3.2,5, Physical test{gg_of'products.

‘ Test sheets were compression moulkd at 150°C‘and 2000 p.s.i.

Test_dumb-bells were cut from this using a standard cutter and
' (81)

tested according_to'the British S;andard test procedure . . This
- 15 discussed in mo:e_detail in the experimegtal section'oflthe

. hydrogenation study{ _ S . .
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3, RESULTS AND DISCUSSION,

" 3.1, HETALATION REACTION.

" 3.1.1. General.

The aiﬁs of this.siudy‘df metaiatiqn'were:
| (ij To find a.suitgﬁle method for the metalation of EPDH
; . rubbers. E
. (ii) To évalﬂate the éffect on the metalatioﬁ reaction of a numbe}
| of variables. | ; |
i. (iii) Toﬁacﬁievé'optimum tﬁermoplaﬁtic and'elaétomgric'prﬁperties
by the variation.in the degree and type of modificati@n;
An esseﬁtial part of this programme was the development of a reliablé -

method for eétimating the extent of ihe metalation reaction. A standard

procedure for the cstimation of organometallic compounds is the "Gilman

(145)

doublq titration™ .~ This however is lengfhy and does not distinguish

between organometallics of high molecular weight, i.c. metalated polymef,
and unreacted metalating agent.

The best method for determining the exient of metalation was found

to be td'carry'out the subsequeht modifibation, i.c. carboxylation or

styrene grafting and tben analyse these products for either Earbbxyl-

.content'by titration'or for styrcne content by a refractive index method.

It is difficult therefore to discuss the factors éffécting the
metalation reaction without consideration of the subsequent modifications.
For this reason, only a brief resume of the combined results will be

given in this section and the more detailed results will be dealt with

‘undcr the éeparate carboxylation and styrene grafting sections,_
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The general procedure adopted in the present work for carrying
l-éqt the metalation recaction was to addlthe appropriate organomctallic
_treégent to a suitably purificd-solutign of an unsaﬁpratchpolymcr,
~ and then hcat'this mixturc? with stirriﬁg, under nitrogen, for.a fcw.
hours. A polymer pfoduct having “liQe" anionic sites distributed
. along the chains was thus obtainéd._, In the preseni study these"
| products were further trecated by the addition of cither carbon qioxiﬁe

' t& give carboxylatcd‘pfoducts oristyréne.to give grafted.polystyrcne
f"'brpducts. - - E | o o f

+

The mechanlsm of hydrocarbon metalation has been 1nvest1"ated by

‘ (113, 116, 122, 133)
a number of people, The earlier ‘work was conducted using potass1um

: ' , (128) -
or sodium, allyls with non-polymeric substrates but more recently the’

" metalation of polybutadiene and polyisoprene has been investigated using

e
-

n—butyllithium, N, N, N', N' ~ tetramethylethylenedzamlne (TMEDA)
complex as metalat1ng agent.- ’

In general, there are two.p0531blé alternatlve metalatlon sites,
either allyllc or‘vxnyllc."

“ie€e

C=C-C . or .-C =$-,c
allylié - vinylic

Alkylpbtassium compouhds havé b¢en shown fo'favour‘attack at the
allylic poSitioh and alkylsodium compounds favour the vinylfc position.
However in the case where the vinyllpositions are adjacent to alkyl

‘substitu;nts then réaction favours the -allylic position even in the
_i case of the aikylsodium compounds.“
‘The 1nvestlgat10n into the metalatxon of polydlenes was carried

(128) o
out using squalene as a model compound. Squalene is a 1;qu1d having
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the following formula,

(cf13 - c = CH-CH, Cil, - c = Cif ci, CH, - c = CH CII, ..)2

CHy . - oHy i,

It can be seen that all of the vinylic positions have adjacent alkyl

" substituents and so it is.perhaps not surprisihg thaﬁ investiéation lead
'.‘to.the_COnciusion that_using_n-bgtyllithium, TMED}'as metalating agent,
subséitution occurred at the'ailylic position.  These resuits do not

: therefore indicate which posltlon would be substituted in éhe case of
an’ unsubstituted oleflnlc lxnkage such as occurs in polybutadlene,'

for th1s reason, squalene is not the ideal model for all pOlydlcnes.

However, the maJorxty of the present metalat;on work was carr1ed out

- -on an EPDM having ethylldenenorbornene as termonomer,

A representing the polymer chain.- In this case, it can.be'seen

" Yinubc - .
that the srisdydeie p051t10n, arrowved, is adJacent to an alkyl substituent

and it is therefore safe to say that metalation will occur at an allylic

position.
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3.1.2. Solvent selection and purification. |
The modified polymer products from this study are potentially very
‘useful commercially. For this reason the selection of operating conditions
and chpiée of solvents always involved a consideration of their commercial
suitability. In the choice of solvqn£ the factors involved are,
‘availaﬁility; low cosé;' reésonably low boiling point to enable the |
~u$e of low pressur¢ steam for recovery; inertness with respect to the. .
‘desiféd metaiation reaction. - - P
Hexane was regardéd as fulfilling ail the se conditi&hsﬂ‘ it is
in fact_e;tensiQCIy_used aé:a Sélvent for solution polymerisation, Howévef,
 when COmmeréiél hexane‘was uéed in preliminary experiments it was found,
surprisingly, that alihough the catalyst complex pfoduced a deeﬁ red
_ colour charactéristip of delocalised.carbaﬂions no polymer metalation
had in fact been achieved. Invesgagation revealéd that the hexane : 3 
"‘conpained aromatics (mainly benzene) in émounts sufficient to react with
-,'all the available caﬁalyst and it was found ;ater'from the literature'tbat'
“other workers ﬁad made the same discovery.‘ For examplc, the metalation L
of benzene by n-butylllthlum, tetramethylethylend1am1ne complex has been

. . (116,118,146) (116) i
reported by a number of people, a typlcal reactlon be1ng the, COﬂVCPSlOﬂ

: of benzene to phenyllithium in thirty mlnutes at 80q2

In an attempt to remove the aFomatics from the hcxané,-sulphUrip acia'
- washing was tried but wa; found to Be most unsatisfactory, at least at

the ievels rélévant to the present work. Naot onIy.was the procedure
itself uﬁattracfive, the amouné of acid fequired tﬁ effect a reduction

. from 0. szto 0.033% was of the order 4:1 with reépect'to'hexane;

Furthermore, prolonged contact was necessary and exten31ve washlng Wlth

water was " subsequently requlred to remove the sulphonated products.
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An alternative procedure, describéd by Murray and'Kcllcrﬂi?z)
~.was therefore tcsted: ‘ This was found to be entirely practicable and
effective. It involved_ﬁrcatment'of the hekane ﬂith alumina
-impregnatéd Wiﬁh silver nitrate. The treated alumina was made

' up into a column and the hexane then passed through it. The .

- eluted hexane was_found to be totally free of unsaturated compounds-

“and thus completely inert téwardﬁ £he metalation reaction, "~ This
procedure had thé added advantage in that iﬂ produced a COm;aratively
g dry prodﬁct. !
Howavér, frgm.a commefqial standpoint such a prodess would be

impracticable and in this case; hydrogenation or selective adsobption

on an 'X' type zeolite sieve would be considered.

-
-

s

" *.3.1.3. Polymer solution preparation.

| As a "liviné“,‘anioniclpolymer system was being dealt with,
ﬁeasures had to be takén to ensure that the }eaction.was carried out in
the. total ébsénce of water, air and’ other impurities. This was most
important when attémpfé were ‘being made to produce é thermoplastic
kelastomer by styrené grafting. In this case it was desirabie that a ﬁery
5pecific product be obtaiped‘with; if possible, 100fi graft efficiency; )
lé selected number gf grafts per chain; and grafts having a specific
molééulaﬁ weight.. The presence of-dny impurities would haﬁé made this
" _objective imﬁossiblél | |
Th§ me thods first tried to dry the polymer solutions were found’
':to be quite inadcquéte and numerous modifications had to be madec before
"a suitable system was obtained, Thelprocedurc_used'at first, involved
‘drying the hexane'solvcnt ahd rubber separately and ihen'making up the

solution under nitrogen. This gave Very poor results but was improved by
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scavengiﬁg‘the solution with n-butyllithium prior to the addition

 of the metalating agent. The scavenging proceduée was monitored using

the Nichlers ketone colour reaction. This had been used previously( 143)

to detect the brcsence of'Grignard reagents but was found, in this case,
- to be very suitaﬁle for the detection of n-butyllithium. :
The solution td be metalated was first trgé£ed with a small known
- amount of n—butyliithium; a small aliquot was then taken anﬂ tested with
the Michlers ketone. The addiﬁiﬁn of‘n-bﬁfyllithium was c&ﬁtinued
until a positive test was obﬁaineﬁ. In this way a solutio; was obtained
containing é véry slight excess of n?butyllithium, most of the impurities
"having been neutralised. _- -
o ‘fhe\two ma;n impuritieslwere oxygen and water, readting'thus: 

© Buli+ 0, —> BuOOLi

2 ‘
BuLi + H,0 —> = LiOH + Bul.

Both products might be eXpectéd to react further with n-butyllithium
and iis reaction with lithium hydroxide has in fact been reportedhiﬁ7)
" The significance of further reaction is that; "if, slow, it may.not occur
_during this quibk scavenging'proécss and may therefore lead to depletion
of actlvc metal ﬁlkyl duriﬁg the metalétion rcaction itself. It is

probably for this rcason that although a considerable imprbvcment in

. results was obtained using this technique, consistency was still not achieved.

[ .

In an aftemﬁt to further reduce the level of polar impurities,
. - | . . -( ! . : .
the polymer solution was passed through activated‘hlumina and de-oxygenated

'prior to treatment with n-butyllithium.  This reduced the scavenging

\
s

level but‘ﬁot‘to the desired extent,
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.Thc me thod finally adopted WSS.fo_pretfeat the bolymcr sqluﬂion
with n-'butyllithium and the‘n'.pass it thr‘éugh ‘a colﬁmn éontaining'silica
" gel and alumina directly into the reactor'to be used. This procedure
fcmoféd the products of séavenging very efficiently and left a solution
which required the‘additidn-df only a very low‘lcvgl Qf n-butyllithium
before a positive Michlers kgtone test was obtainqd.
| “In fhisrway, very pﬁre, dry!poiymef solutions weré obtéined hnd‘wﬁenr
. dearomatised hexane was used as the solvent, an excellent m;dium for S
" metalation resulted. ’ |
The‘conbentration.of bolymer solution used was dictated by the
" extent of metalation that ﬁas required. In genera;, as the degree of
metalation was increased, so the solution viscosity increased. If high
levels of metalation were reqﬁiredfés(in the carboxylation study then low
starting.concentrations had.£o,be_emp10yed so. that the viscosity of the ;
.treaﬁed solutlion was kept within a feasonable limit. |

This phenﬁmenoﬁ of increésed solution viscosity on mefalatioh was

-found to be due to ionicraSsociation of the polymer chain;. ~ This was
_dehonstfated by the fact that if the metalated sites were destroyed by
the addition of, for example,-concentrated hyarochloric acid, -then
'the‘solution viscosity reverted to the same iével 6btaining

. before metalation,

-‘.The ionic association probably occurred either through pair

formulation,. . ; .
— L : NS C A
2 NN LCANAAN ',ﬁa\\
o Me & ® Me
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where C is a chain carbanion produced by metalation and Me o
. is.the associaibd'metal cation, or by cluster fOrmation such as,

.

- A metolated polymcr solutioh probably containcd both t&pcs of
spccles, the ionic cluster structure predomxnntxng at high lcvcls of

mctalatlon and the pair structure at Iow levels of metalation.

“3.144. Metalating Azent.

Detailed discﬁgsion of tﬁe‘éffgétsjof different metélating‘
agents is presented in Sections .o 3.2, and "' 3.3. .

"The initial choice of metalating agent was of course detcrm1ncd by
“information avallable in the literature where much of.the work reportcd :.
1nvolved the use of the n-butyllithium, tetramethylethylcnedlamlne »
(TMED.: complex.(121 128 129 148gome work was undertaken to detcrmlne its
suitability but it was found that although as reported, it was remarkably :
effective with highly unsaturated polymers, reaction eff1c1ency toward
"EPDM-was disappointing. |

A- search for‘a more active metalating agent led to consideration
'of the nfbutyllithium, potassium t.butoxide complex.  Potassium t.butoxide
'_ had heenfshown to act in a similar mannér tolpolar ethers and Tmtaf wﬁen

(132)

'used in the n-butylllthlum polymerisation of dienes” *“"and the

o copolymerlsatlon of butadiene and styrene(762 In the former case it
" substantially increased the rate of polymerisation and vinyl unsaturation

~in polybutadiene and .in the latier case it allowed the preparation of

.random copolymers with various amounts of vinyl unsaturation and various
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degrees of randomness. -

In the metalation of t-butylbenzene with n-amylsodium, sodium t.butoxide

”Ni,had been shown to give a mugh higheé'yield than cbuld be achieved in
its absendepiss) |

At first the oniy dfréct reference fouﬁd to the use of n-butyllithium,‘ ‘
pqtassium t.butokidc in‘mctalatioq‘was.in a paper published.by Schlossé;(}49)
This discussed the me@alation of aromatics and furaﬁ and stated tﬁét.

" potassium alkoxides enhanced the reactivity of orgnndlithium;compounds
) . : : i

cven more than polar ecthers, ;

After the start of the‘prescnt work a patentrwas published by.

{150) '

i Firestong ""disclosing the use¢ of organolithium - metal alkoxide reagents
for the metalation of polymers. EPDM was mentioned in the claims but no
‘examples were given of its use,

-

An investigation of the n-butyllithium - potassium t.butoxide .

métalétion of EPDM was therefore carried out. Uﬁfortunately, all of the
. methods investigaéed for thé preparaﬁion of'potassium t.butéxide'resulted
" in the formation of a l:i_complex_with t.butanol, The pure butoxide j
could only be oBtained.from this comﬁlex by a vacuum sublimation technique,
The butoxide used by Séhloéser.was prepafed using this.prdéedure however,
before this was adopted in the present work ;h'evaluatién'was carried

out using the 1:1 cbmplex. 'it was found, perhaps surprisingly,

that nBuli ; KOt.BuitBuOﬁ.was-a very efficient reagent;for,the

metalation of EPDM-and'the results obtained wifh this métgrial were far
supe;ior to fhose_obtained using nBulLi - TMEDf coﬁpléx; ) Howevér, the
'"disadvantége;with'fhis reagent was that it contained én unknown.number

of active metalating'species.l Clearly, sdme of the butyllithium would

have reactéd wiﬁh the t butanol to'form lithium t,butoxide. This product
could the; have complexed ﬁith more butyllithium,to‘fofm species'having

no mefalation activity. - Only the remaining butyllithium cbuld have

L]

~complexed with the potassium t.butokide'to form active metalating agent,
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In ordef‘to avoid this'complication it was decided to purify'
.‘._tﬁe pétassipﬁ t.butoxide'b& veacuun sublima;ion. . The complcx‘with-
:_n-butyllifhium was found;'as expectga, to be extremely efficient with the
.}advantage;thét‘it was certain that allithe 5uty111tﬁium added could form

. ractive metalating agent. :

C 3,145, Polxn;er‘s.“"
' It was hopéd,tﬁatpuseful products migﬁt be obtained by the modifiéation‘
_ of cheap, commercially av;ilpble polymers especiélly those';ade by the
rubber induétry. Practical considerations 5150 required ihat a single
- material of known.and reproducible'tharacteristics_be used for a large
proportion of the work. : Infolap 155, manukacturedlby The International |
Synthetic Rubber Company was therefore sélccted.as‘fulfiliing these
| ‘rreqﬁirements. - This was a copolymer of cthflcne and propylene containing
- cthylidenenorbornene (ENB) to¢ introduce a controlled amount of unsaturatioﬁ:
" The molar ratio éf eghylené'to propylené was 60:40 and the iodine'number

was 18-20. - The termonomer unit was polymerised through its least

substitutedldoublé bond being incorporated thus,

-

The monomer uniﬁs were randomly distributed throughout the polymer,
a chain sequence can therefore be represented as,

 -B-E<E-P-E-P-P-T-E P-P-E-E=-T-E
R / ,"> C ' : . \
f,

~E-P-E-



- 1_18'_'..
‘where the unitslare.
) E - ethylene
P = propylene
T - ethylidenenorbornene
Two other ethy;ene pfopylene terpolxmers,.having Similar ﬁ:P
-fatios, were inycstigated but not to the same extent as the EN3 polymer.
. : . ‘ ' ‘ : P

These were;

1. . A laboratory prepared rubber containing endomethylenehexdhydro—

i

.f'

o naphthalene (EMHN) as termonomer, incorporated thué;

_Unfortunately. the methqd of preparation was iimited in that an iodine.
:number:of 10 was the max inum that,éoﬁid Se achieved.

2..‘Nordcl 1040, commerciglly broducéd by ﬁu Poﬁt, having 1}4
" hekadiene (iip) aé termonomer. This had an iodine number of 18'ahq tﬁe.

termonomer was incorporated thus,

 The polymers were not especially purified prior to use in metalation
" reactions as it was known from experience that all impuritiesléould be
_femoved effectively by the treatment of the polymer solution outlined above.

Samples ‘were however dried in a vacuum dessicator before use.
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””fj.I.G. Reaction Conditions.

The éffeéts of feﬁcﬁion conditions will Be discussed in detail
wheré appropriate. ﬂowevér, it may bc‘ﬁotcd that in order to obtain
 _a sétiéféctof& degrece of_rcaction.'temperaturgs in the region 40-80°C
weré‘necessaryaand reactions were allowed to proceced for up to 5 h. .
" . The level of métalating agent chosen was deterﬁined py the degree of
modification being atfempted. __In‘ggneral, levels used for{the _'
:;carboxylaiion procesévwére ﬁuéh higher‘iﬁan for théIStyrénefgrafiing.

4
’

'f' .
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. 3.2, CARBOXYLATION.

; 3;2;1. General.
Thé aims‘of this-paft_df the studylWere:
1. To develop a suitable procedure for the preﬁaration of
cérboxylated EPDM via metalation; o
- ‘2. -To obiain é thermOpiaspic éiaStémer pfdduct crossLinked throﬁgh-

f
! N

iqﬁic metal darbdxylate linkages. : i

Befofe these aims could be écﬁieved the following had to'be_‘

-invéstigated: 7 |

o (a). The'development'of procedures for,the carboxylation reaction,
'fhe purifiﬁation of products and the preparation of £he metal

-

carboxylate products. .~

(b) " The choice of a suitable metalating agent and polymer substrate.
(c)f The selection of reaction conditions and metalating aéentfr
levels to optimiselthe pfoperties of the products.
. The’reéults obtéined from these investigations brc'giVeﬁ énd
discussed ig the followiné sections; however, one point to bé brought
out Here is that the carbox&lation proqeduré used in thisiworg results
- in the imﬁediate ﬁrodugtion of a métai carboxylate polyﬁef product, the
ffée acid'poiymer_oply being'obtained-after neu;ralisation with acid. -

This process'can be represented as fpllows,

L ' Con
! \
T . ro B
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~Where (1) reﬁrgsermts a ﬁetalated.segmenﬁlof-polymer chain, M®
. being the metal cation. The péoduct ultimntcly desirerd frém this
1 study was a metal carboxylate polymer rathcr than a polymcg.contnlnxng
-frcc carboxyl groups and it mlght be thought that isolation of the
"intermediate (II) would result in the de51red product. This would of'
course be highly‘attradtifq_from,thé commercial hoint of view but .in
£he pfesent étudy this was‘%LuhsatisfaEtpry for the folloﬁing reasons,
(i) The métal counter ion could not be variéd as it was determined’
- by the metal ion'in the metalating agent.
(ii) The effeét of only partial neutralisation of the acid groups
- would havé been very difficult to determine.
(iii)‘ It was found Very.difficult to rémove free metal salts which'
had been formed by carboxylatxon of excess metalating agent.
(.iv).' For most of this work it was necessary to determine the
acid value of thg carboxylated polymer so that an estimate
“could be'ﬁade 6? the.extent of rcaction.
In commerCLal practlce these d1fflcu1t1es mlght be overcome,
|

however for the present it was desxred that the products be

‘isolatedAas the free acid.
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+ 3242, Technique Development.

Two techniques rcqui;ed QEveldﬁmcﬂt. The.first was the actual
6arboxy1a£i0n proccdﬁrg wherein‘the metalated polymer solution was reacted
with carbqn dioxide. The'sgcond was the purification procedure dﬁring

R which by-products were removed from the carboxylated polymer, 4
A prerequ151te of the carboxylat1on technlque was that the metalated
l" polymer should be brought rapldly into contact w1th a large excess of carbon

dibxide. This was to avo;d CPOSSllnklng reactions of. the type -

2 /\f\/\-cm—f\/\/\, —9-% NWCH,_—-’\fV\

fB _ o (:C)()hd
{ .M ‘ " . _
9
q’\Jf\/’\_ ' A e
hﬁ()-ﬁ}-()hd R '

f\/\/\—CH NN

" caused by the reactlon of a metalated site Wlth the carboxylated site
: (121,148)
of another polymer chain.’

o Th1s_p0551b1e 51de_reaction pfecluded the use of the simplest technique
.i.é. passage of dried carbon dioxide gas.thropgh the metqlated polymer
solution, so alternative procedures had to be 1nvest1gated.

"(116,151)
The standard technique mentloned in the literature was to pour

the metalated solution onto crushed, solid carbon dioxide. This had to
" be modified for the reasons that moisture very quickly condensed on the

surface of the 002, from where it could react preferentjially, also it was

; ‘ | . o | -

very difficult to achieve good contact between the polymer solution and

_the solid, - Tpé la;ter difficulty was aggravated by the fact that the
' polymer solution formed a loose "gel" on carboxylation, These difficulties

yere overcome by using q élurry of solid curboh dioxide powder in

petfolcum5spirit.‘ This was made ub'in a dry bagﬁfiushéd with nitrogen;
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© the metalated polymcr solution was thén blown, with nitrogen, oﬁt of

:gthe rcactof th;ough a‘tube.directly into the vigorously stirred slurry.
.After the-éolid-carbon dioxide hdd sublimed thc‘carboxylated polymer was

ﬁfqbtained as .a solution, often.in the fofm of a loose ionic‘gel due to the

. association of chains through the metal carbgﬁylate groﬁps. 'This "oel"
lwés_broken by the addition of a féw drops of cohccntfatéd hydrochloric agid.
- The product had then to be ;solated‘in pure form. The main |
impurities to be removed wéré‘those formed by the hydrolysi% of products -
formed by thc carboxylation of exéesé metalating agent viz: LiC1, KC1

; _t~butanol and valpric acid, - Rempval of thg valeric acid was especially

'importnnﬁ as this interfered with the determination of the degree of

“carboxylation, Initially it was fo.u‘nc'l_quit.e‘ satisfactory to
precipitate the pblymcr from soluﬁibn’uéing-acetone,'rcdissoivc'in Carbon'

‘-‘tetraéhloride then effect a further precipitation with acetone. " The ’

, va}eric-acid couid be reqoﬁcred‘from the precipitant liquor.and the
-sufficiency bf this proéedure could be proved by redisso;ving and
pnecipitaiing.the polymer once more. in this éése, no mofg valeric acid
éould be detected in the precipitating iiquor.. This procedure wofkgd
well with polymers having a low degree of carﬁoxylation but with material

_.having an acid value in eicess.of ‘15 difficu;ty was experienced in |
rgdissolving the polymer, in.non acidic_sol&ents, after the initial
Precipitaﬁion. 'Acid-value determinations cou;d‘not.then bé carried out

Hlés‘thé procedure'requiréd the Sample'to bc"in solution for'titratioﬁ.against

:'sodium‘meihoxide solution. A meéh&d was ahérefore sought whefeby the |
highiy'carboxyla#Ed polymeb:couid be purified with&ut iéoiatibn'from:'

- solution,



-124 -
The final procedure adopted waé to pass the acidified polymer-solution
.:through a golumn of qctivated, granulaf alumina.' This proved extrcme1y 
' successfu; in removiné the‘by-produéts of metélation and produccd '
a8 polymer solution that could be directly titrated for aqidlvalue or
.‘ibeﬁted by any othérlprocéss such és neutralisation to form polymcf .

!

metal carboxylate or the addition 'of processing aids.

' 3,2.3. n-Butyllithium/TMED. as metalating agent. ;

i
F

- Initial mgtalation expériments were carried out using n-butyllithium/-r
- N, N, N',:N' tctramcthyleéhy1ened;amine,(TMEm61;” The conditions chosen
weré similar to tﬁoée described by Minour;(zqf) Reactions were:carricd
‘out on a laboratory prepared EPDH (207/)28) with ehdomcthylcnchéxuh&drof.
naphthalene (EMHN) termonomer andljodine number 10. 10g of pelymer was
dissolved in 700 ml ' of hexane, various ratios of n:butyllithium(TMEDf.
. were added and thén'rehcted.for 5h. at temperatureé'of 60°C‘or180°c.

.-The_reéults obtained are summarised in Table;-.j.l.

I3

TABLE 113.1: n-BUTYLLITHIUM/TMED;.

BUTYLLITHIUN - - TMED . ~ REACTION PRODUCT
AMOUNT - AMOUNT - TEMPERATURE ( C) ACID
(memoles) . (m.molesl : - - VALUE

0 . C 10 60 ] 007
TS § 10 80 0.5
S0 | s 60 < 0.5
10 - s | e L o a7
o IR % 2 B &0 ) < 0.5 i
10 ‘ 20 ..} - '60 ' < 0.5
20 | 20 60 0.5
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It can be seen that very little success was achioved under any

conditions,

According to the literature a 1:1 ratio of n-butyllithium to TMED
(114,118,128) '

should give the moét active complex but from these raesults the
equimolar complex is seen to be no more effective than the others. - Similar
- difficulty in the metalation of EPDM was apparently experienced by Pope et al.
In.their patent(lsz?'on polymer_grafting gnd metalation using this reagént the
.only‘example given of the ﬁetﬁlation ol EPDM shpws a very low level of
etticiency. An attempt to gratt‘styrene to this product could not have

. been very effective judging from their statement, "The amount of grafted
'polystirene was.dirficult'tb measure, probably owing to the caéparat;yely

- small amount present".

This 1is probably not surﬁrisihg when one compares polybutadiene which
(128,130,152) '

can be easily metalated with this reagent, and a typical EFDM,
Both have gimjlar reactive siteé/;.e: ethylenic double bonds but the
concentrations are widely different since EPDM generally has an jodine

- number in tﬁe region of 10«20 whereas the value for polybutadiene is

... approximately 470;ﬁa‘factor of thirty éreatér;

3.2.4. n.Butyllithium/potagsium t,butoxide,

It was mentioned 1n'section 3.1.4, that metalation reactions had been
‘carried out using butfllithium in conjunction with either pure | |
- .potassiun t.sutoxide'or potassium.t.butoxide; t.butancl 1:1 coﬁplex. In
- the carboxyl#tion work, redults\we;e only obtained using the pure potﬁssium
ft.bdtoxide. " A comparison of the two metalating agents is given in
"the section on styrene graitihg'(3.3.4).:

‘The polymer.metalated with this reagent was the same as.that discussed
in tye'previous section (3.2.3,) and attempts were made to metal#te and

“carboxylate to as high a level as possible. Metalation reactions were
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"carried out for either 2% his-or 5 k. and various levels of metalati?g
~ agent were employed. ‘ _ - |
The results obtained by carbo#ylation of the metalated polymérs are
'¥shown in figure’ 3.1, It can be seén.gﬁat the extent of metalation .
- increased with incréasing metalatinf_l; age'nt lcvel up f.o a maximum at wh;ch a
”.‘carboxylated produét with an acid value of about il was_obfained. |
The extqnt_of metalétionICan also be seen to be affected by the length
1df'time for which the reaction_was'carried out, 5 h; periods giving products
wiih high;b acid'vaipes than those carried out for 2% hs;?i llowever at high
.lleve;s'of petaiating agent, reactions carfied out for botﬁ periods of time
 8ave pfoducts whiph tenH tovards a similar maximum in acid value, Reacti&n
f.periods longer than 5 ha: wére found to givé no further improvement in
degreé.of'carboxylation.‘ If thesc results are compared wlth those obtalned B
using n-butylllthlum/TMEDf as metalatzng agent (Tab1e3 1ht 15 obvious
that the potassium t.butox1de complex is far more effectlve. A p0551b1e

 reason for this is as follows, Alkyllithium compounds on their Bwn are

"_'poor mctaléting agents'for hydrocarbons though-thcy will rcact provided.thcy

conta1n a sufflclently ac1dlc hydrogen atom as for example in fluorene and

(153)

- similar materials .
H- H

| ] \.| N RLi
| A o |

The react1v1ty of alkylllthlum is consxderably 1ncreased 1f they
are made more polar by reaction with electron donors or mdeed usmg a polar
medium,  Thus the complex of n butyllithxum with the bldcntate electron

donor TMED (146 151)
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‘_has considerably enhanced activity and will allow the substitution of

'i;_hydrogen atoms far less acidic than would be required for n butylltlhlum

on its own. Clearly the more ionic the complex the greater the reactlvxty,
and this would seem to be the case when n buty111th1um,15 complexed with

: potas-s.ium t;butoxide. B ' | |

- Lo¢hmann, Pospisil and Limﬁsalnwe made a study ot the interaction

‘ of organollthxum compounds w1th sodium and pota551um alkoxldes and state
ithat if n-butylllthlum is reacted thh potassxum te butOxlde in an equlmolar

o (149

" ratio then a 1:1 adduct is formed. Schlosser

.

postulates the structure .

" as being,

If this is correct the active portion of the complex is probably dissociated
- n butylpotassium rather than n bﬁtyllithium. However whatever the case the .
fact remains: that thlS complex is hlghly ionic in nature and this would

_explain it act;ng as an excellent metalatlng agent.,
) s' . \‘.

i'
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3.2.5. Metalation of different terpolymers.

The previous section discussed the results obtained from thclmétalation
ﬁnd éarboxylation of a iaboratory prépared terpolymer having.endométhylene-
hexahydronaphthalene (EMHN} as.fermonomgr-and an.iodine number of IO.]' The
- highest degree oflcarboxylation-thgt was achieved with th;é polymer
was equivalent td é polymer.acid.value of 11 and fhe appearance of this
.product suggested that a higher carboxyl content was needed in order to
achieve the desxred properties, Two other EPDMs were therefore’ selected‘ 
for study on the basis of their,comparativciy high levels of unsaturation.
Thesc were commerclal polymcrs, Intolan 155, manufactured by the
; Internat10na1 Synthetlc Rubber Company using ethylldenenorbornene (ENB)
.as-termonomer, and Nordel 1040 manﬁigctured by Du Pont‘u51ng.l,4~hexad1ene

(D) as termonomer. The iodine'numbers of these'ﬁolymeré were in the

.; region of—}8-20. lletalations were, carried out on 10g polymer with

vérious levels of n-butyllithium/potassium't.buthide metalating agent;

at 60°C for 5 h . ahd the.proﬁucts then cargoxylated, | The acid values of
theée polypers wére.then comqued ﬁifh,those previously obtained using thel'
IEMHN terpoayméf; '_ o . o | . : |

‘The results show (Table © 3,2.) that with similar levels of ‘metalating .

" agent, much higher degrees of carboxylat1on were achieved with the hxgher

. .iodinc number polymers. Higher levels of metalation were attempted with
Intolan 155 and Nordel 1040 but it was.found that-polymcrs more highly

-carboxylated “than those shOWn were extremely dxfflcult to purify and analyse

- due . to the1r 1nsolub111ty in non-acldlc solvents. . It is therefore nossibly

" coincidental that;the acid value results quoted for each of these pelymers

correspond to.carboxylation of approximately 50% of their unsaturation..
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TABLE . 3,23  METALATION OF VARIOUS EPDM's,

METALATING AGENT . * EPDM PRODUCT
ANOUNT . . — ACID
{m.moles) TERLONOMER I0DINE NO. VALUE
o BaN . | 10 5
20 . EMHN T .9
15 : ENBS | 20 22
15 HD .18 18

I .

It is difficult to draw any conclusions from these results as to .
whether the tjpe of termonoﬁet'has any effect'on'the degree of metalation"
~ and carboxylation as unfortunately the polfmeré that were avﬁilablé
had différing iodine numbers as well’hs/termdnomér type., One way in
‘which the termonomer units migﬁt be exppcted'to.have differeﬁt reactivity
" towards metalating.agentsjis‘@he variéﬁion iﬁ the numberlof allylically
situated‘hydrogendéﬁbms which are a%ailab1e1for substiiuiion. A §onsideratioﬁ

of the'strécturg of these units,

By, H H
H .
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shows that EMIN has seven‘allyttc hydrogen atoms, and both ENB snd H.D.
:.nave five and therefore-if one considers just the number of reactivelsites
in each of these.termonomep units~the conclusion would be that a polymer
containing EMHN termonomer ﬁould be the nost sudtebie for metalation;

| However it does appeen that,'tn thts investigation,'any effect due.to -

the termonomer type must be outweighed by the effect due to differences

in termonomer level,

';53,2.6. Properties of the metal salts of carboxylated EPDMs,

Ideally, after neutrallsatlon of the free carboxyl contalnlng polymer
" Wlth a suitable metalc?mpfugg xonlcally c¢rosslinked product with elastomeric
' prOpertles should be obtained, These ionic linkages will be sensitive to |
heat and:above the salt dissociatidn temperature the linkages;should
be come d1ffuse allowzng the‘polymer t;-exhlblt plastlc flow, : A product
‘51m1lar at servxce temperatures to that of a normal sulphur vulcanisate
. would thus be obtained bnt‘having the.advantage.tnat-thermoplastic
forming c¢an be applied. |

These prOpert1es of elast1c1ty at room temperature and thermoplastlcxty
at elevated temperatures can be ‘shown to be present in these metal
carboxylate crossl;nked potymens. - H

A sample of crnde metai carboxylate was isolated, after carboxylation
" but without acidification, by precipitation with methanol. This was dried
then pressed at 200 C under a pressure of 2000 p.s.1. The leymer
;was cooled to 100°C before removal from the press and was thus obtaxncd
-as a thin sheet. Test‘pleces-werc cut from this and testcd, under
standord conditions for ru‘bber compound's'. for ultimate tensile strength
“and elongation at break, - Tne averogel' results obtained from a sample

of Intolan 155 carboxylated to nge an acid value of 20 as shown

"in Table 5 3.
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Another sémple was similarly carboxylated but then acidified and
"purified as in Section 3.2.2, so that it was finally cobtained in a pure
- :ree carboxyl state in hexane solution. - A solution of sodium methoxide
was then added so thaﬁ‘products-wi?h 100% and 75% of the acid groups
neutralised were obtained.  These were then precipitated, dried and tested

"_in.the same way as the crude carboxylate, The tensile strength and elongation -
: ‘ !

- at break results are given in table 3.3,

TABLE 3,3: PROPERTIES OF NEUTRALISED PRODUCTS. -

« . B TENSILE STRENGTH ' EaB
SAVPLE = P.S.I.  NNo=2 g

CRUDE CARBOXYLATE - | 1200 8.3 350
100% NaOMB , © 1 1600 11 _ 400
75% NaOMe | 1300 9.0 250

-

It Can'ﬁe seen that the results for the sample 100% neutralised
‘with sodium ﬁetﬁoxi&e are bettér then those for the crude carboxylaté.
‘. This is probably due to the fact that the presence of impurities in the
crude carboxylate .caused early failure, - Also, when only 75% of the
acid gfoups ére neutraliséd then a reduction iﬁ property values wéé ' ‘\
cbtained, ﬁbwever, these results are excéptionaily good for an
l.‘unreinf;rcedfrubber and can b§ cértainly said to‘rulril all the
'requirements of an elastomer., 'jlt seems 1likely that the ultimateliensiie -
'atrengfh cﬁnrbe improved'by the 1ncorporation of a suitaﬁle reinforcing
~ filler such as carbon black,

The highest acid value that was obtained for a polymer in this

-investigation WaS approximately 20 and 1t is intoreating to calculate from

* this the creosslink density that WOUId be ohtained if the subsequent

neutraliaation resulted in 100% :ormation of ionic crosslinks.

*E* sm?\eawefe-m?re?ue’ajﬂvjfmwer
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A polymer of acid value 20 requires, by definitioﬁ, 20mg

of potossium hydroxide to neutralise 1g of polymer. This is equivalent to,

20 moles of cérboxylic acid per gram of polymer.
56 x 1000 : '

If one takes the average molecular weight of the ﬁolymer as being
200,000 then the number of carboxyl groups per chain is, |

20 x 200,000
56 x 1000

i.c. approximatcly 80 carboxyl groups/chain, From this the approximate

i

crosslink density con be calculated,
The ethylene, propylenc ratio of these polymers is ap;roximatcly
60:40 and if one ncglccés the effect due to the comporatively low
termonomer content then a section of the polymer chain containing 10
monomer units woﬁld have,_pn average, 6 units of ethylene and 4 of propylene
'fse moleculér weight of this secgjdn ;ould therefore be,
(6 x 28) + {42 x 4)
i.e.ﬁ 336
. and the length of g’section such aé this Gould contain 20 carbon atoms.
If the polymef contains 80 carboxyl groups in each chain of
200,000 moiéqular weight thén a section'of-336 molecular wgight would
contéin, | | . | |

80 x 336 groups’
200,000 - S

and this nﬁmber of"groups_would be situated along a chain segment
containing 20 carbon atoms. Therefore, ihe number of chain carbon

atoms between each carboxyl grbup_wpuld be, H

i

20 x 200,000
80 x 336

i.e. approximately 160,
If neutralisation resulted in all carboxyl groups forming ionic linkages
then there would be on average 160 carbon atoms separating each crosslink.

Arpolymer having an écid value‘of_only 10 would have crosslinks twice this



- 133 - '
distance apart i.e, @ chain segment of 320 carbqn atoms scparating them.
It has previously been shown in this work that a polymer such as this has very
' poor elastomeric propertiesf This is perhaps not surprising as the optimum
crosslink density‘for a standard'rﬁbber sulpﬁur vulcanisate is in the region
of one crosslink per 100-200 chain carbon atoms.
.These resﬁlt# also agr;e»very closely ﬁith those obtained by

- H.P. Brown and C.F. Glbbs(ﬁ 2 They prepared copolymers of butadiene and
ﬁnsaturated acids and 1nvest1gated me tal salt crosslinkiﬁg. The cpnclusidn
"~ was, that to obtain optimum:elaStdmerié properties the separa#ion of each
carboxyl group should be in'tﬁe'region‘of 65-230 carbon atomi: |

in the ﬁresen; work vebj little investigation was carried out on
.thp behaviour of the ionicglly croéslinkcd barboXylatéd EPDM's at clevated
temperaturés. | However,.the facf that they do exhibit thermoplastic flow is
demonstrated in that theylcould be moulded into‘thin'sheets by tﬂe
appiication of pressuré at 20000.../SHe;ts thus formed could then be‘reformed,
after cooling by repeating the treatment. The ﬁelt flow properties of ’
these polymers were/howevef éeﬁcréliy poor and were probably not good enough
to.ehable standard thermopléstic~iﬁjéction moulding techniques to be
carried out. Th;s situation could probably be improved somewhat either. by
the 1ncorporat10n of a sultable plast1c1ser or by starting with a lower
_ molecular welght EPDM. o E o

These results demonstrate clearly that the polymers prepared behaved
.in the manner expected. g The followihg fcsults obtained using diffcrential
thermalranalysis‘and infrareél analysis give additional eVidence that the
properties of these polymefs are ‘due ;o the presencé of heat labile, metal
'cafboxylaté-crOSSIinks. | | |

IR analysxs of the carboxylated polymers can démonstrate the presénce
of both‘free carboxyl and ionic, carboxylate_groups. " Figure 324 is
the IR spectrum bbtained.from an unmodified EPDMlﬁnd sHows very little

: -1
absorption over the range 1500-1800cm . Flgure. .3.3. is the spectrum

of a carboxylated polymer (acid value 15) after the polymer had been acidified
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.and purified. | It shows’e eeak att?io‘cm"IAwhich is characteristic
- of free carboxyl. efter neutralisation of this polymer with sodium
l_eethoiide the Iﬁ‘epeetrum tn‘figure 34 was'obtained; | This shows the
. 'absence of free carboxyl, the peak at 1710cm - having disappeared, and
:the presence of carboxylate as ev;denced by the penk at IGOOcm I
Differential thermal analysls was carried out on an Intolan 155

polymer which had been carboxylated to an acid value of 20 then 1005

neutralised with sodium methoxide. A sharp transition temperature at

' 153=154 C was detected whlch .was absent in the unmodlfled polymer.

/

‘This transition occurred in the same temperature region at whlch the
polymer commenced viscous flow and might therefore be assigned, tentatively,
to the dissociation of the ionic-crosslinke.-

Evidence has been gtven that the-ionic croeslinking of EPDM has been
ach1eved via 1ts metalat1on, carboxylatlon and metal salt neutralisation
- and a descrlptlon has been glven of the propertles of the products. - Two
1nteresting questlons'are raised by these results which merlt further
discussion, T

1. How does the univalent sodium ion effect chainlinking?

2, Why'are'thse polymers so strong? I

The first ie prompted by the expectation that in order to‘effect a
crosslink between two poiymer ehatns one weuld requiee‘e pelyvalent ton

reacting with a carboxyl group on each chain in the manner
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Carboxylated Intolan 155 - Free acid.
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Carboxylated Intolan 155 — Neutralised.
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. where f\/\J\. represents a chain segment and M@®@ a divalent
meiul ion, |
The-second arises from the fact that a standard EPDM, gum
sulphur vulcanisate has q'ténsilc strength oniy in the fegion of
100-200 p.s,i. i.e. typical pf any‘ﬁon-crystallising rubber gum
; vulcanisate, whereas the-syrengths exhibited by the ionicallj linked
polymers are very much higher and in the‘region of the streﬁgths.exhibited
by reinforced rubber vulcanisates, |
It should first be mentioned that the reason that a univalent
metal alkoxide was chosen for this work was because previous work by
the authpr‘a£ I.Sdlpsmﬁgshowcd that a univalent ion would gjvc similar
cffects to thosé obtaiﬁed wiﬁhzdivalent ions;' Thiq eaflier work invoi@cd‘
the metal salt crosslinking of.carboxﬁlated polymers prepared by the free

‘radicul rcaction of thioglycollic ocid with polybutadicne and results

-

showed that similar properties were eXhibitea-by poiymers neutralised in
.solutibn ﬁith me thoxides of lithium, sodium, potassium and magnesium,

Other inveséigators'in tﬂis ficld appeaf to present a variety of
views, particularly about the behaviour of divalgnt metal ions, © Some said

that they produced infusible products similar to covalently crosslinked
(156, 159-162 ) '

polymers and others that thermoplastic products could be
- ' ' " M 3 - .
obtained which had considerable creep at room temperature.ﬂ5 168) The

| : ~ (156,159,160,163,164,167,168
views generally expressed about monovalent iong ! '1, 163,164, ‘wés )

that they ﬁaused cfosslinking, butlthé produﬁts, although gtrong, were
ggnerally weaker than those prepared with divalent ions. ' Bonotfo and
Bonner@fghoweVer, caﬁe-to thé-conclusioﬁrihat there was little differénce
‘betweeh monovalent and divaient salts when they were used at levels giving_
simiiar deérees_of ionisation,

It isAperhaps ﬁot sufprising that there is such a divergence of

opinion when-it is eppreciated that the carboxyl containing polymers used

by these invesfigators were often bonsiderably different from each other,
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Another coneributory fector might_wcll be that, in gencral, the
neutralisation proceés employed outside of Isﬁ involved the physical
‘blending of metal salts with polymers,.using for example a two-roll mill,
This is not a Qery efficient method for mixing materials on a molecular
"basis and is likely to lead to a veriation in results depending on the
particular conditione and techniques employed. | This effect was
‘probably accentuated wﬁen, as in the majority of investigations, even
that .of Bonotto and Bonner, valency comparieens were carried out using
"hydroxides such as sodium hydroxide to supply the univalent ions
and - oxides such as zinc oxide to supply‘the divalent ions. _ It seems
hardly likely that.the ﬁechanical blending of polymers with materials

S0 d1551m11ar as sodlum hydroxide and zinc oxide, would nge products
differing only in the valency of the 1on neutrallslng the carboxyl
groups. It is therefore suggested that the method employed by.'l the author of
neutralisation of carboxyl polymers in solution, with monovaleﬁt and
divalent alkoxides‘probably gives a fairer idea‘of the effects:of ion
valency. lHowever, notwithstanding this divergency of opinioﬁ, it is
generally agreed‘ihat beth_monovalent and divalent metal ions causerthe
crosslinking of carboxyl containing pol&mers.: The simple picture of en
ionic crpsélink as given aﬁove therefore needs modification to accommodate
this fact, |

In the lxtcrature there are two groups of workers holding

‘fundnmentnlly dszercnt 1dcns on‘this subJect. The first group(166 167, 170)

_ (163,164, 16917
-rctnln thc idea of an 1solnted ionlc crosslink nnd the second gr 3

, invoke a conglomerate link. | Thus the fomcr propose a divalent metal ion
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‘link similar to ihat previously given and a monovalent ion'link such

as,

o O

\/\/\/\/lvv\/\/\

- The cohglomerate ion link proposed by the second group has'the same

:
i

structure irrespective of ion valency and can be pictured as,

The investigators proposing the_isolatéd.link argue(isihat a conglomeral
type of linkage ié very unlikely to ﬁe,formed due'to‘ghe comparatively
~ low concentration of carboxylate groups, it-being unlikely that more than
© . two would meet af anj one time. This was counteréd by the opposing

camp (171)

by the proposal ihat there was a positive motivation to form
'conglomerate.links; This would arise frdm the highly unfavourable thermof
rdynumic situation of ionic‘snlts'csscntinily dissolved in a'hydrocprbon
_hedium., The aggregation qf”the iﬁhic groups in£o élustcrs would fclicvc
this cnergetically unfnvoUrable;conditiﬁn'nnd theﬂiong-rangc coulombié
interaction would assist in the sefﬁiﬁg up of the clusters.

These two.different ideés,‘concerning the nature of the crosslinks,
. fer .an inﬁereht part in the discussion of the theories proposed to

. answer the question "Why are these polymers so. strong?", so it is worthwhile"
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at'ehis point to go en to an appraisel of these theories.

There are of course two different theories, eepending on which of
the two proposed cross%iek'structures is thought to be true,

The first wae proposed by Cooﬁerf“ﬁ)who suggested that the great
streegtﬁ of these polymers.ﬁas due to the.ability of the networks to

L o ,

relax by exchange_reactions between crosslinks'on different chains,
| thus preventing the development of local stress. |

The. second theory, described by Tobolsky et al(1 1), proposed that
tee high strength was due to the presence of ienie clustere which '
gaVe.rise tora ewo—phasc, reinforced structurc.. The ionic vulcanisation
would result in the formatlon of an lnternally relaxed network structure
with the ionic clusters acting as-a relnforclng "filler" and quasx-crossllnk=

Cooperor course explains the strength of the polymers in terme of
. isolated erosslinks and Tobolsky‘eeplains it‘in terms of conglomerate lipks.
It therefobe appears as though there are two eompletely Opposite explanatiens
proposed to explaln the propertiies of these polymers and that only one
.can be true. 7 However, th;s is not necessarlly so. It is possible that
.both theories may be true but under.dlfferent circumstances, it is likelx,
ehat with a eomparativeiy low degree ef.carpexy;ation the frequency of
. carboxylate ions, along the.polymer chains, would be too low to enable
,.the foreation of ienic clueters despite the thermodynamic mot ivation.
However; a pelymen'sech as this could still exhibit strengths two or three
times that expeeted_for an unreinferced rubber, say of the order of
7.0 min~2 (1000 p.s.i.). In this case the Cooper theory plus the
isolate& crosslink structure'couid apply. However,‘ae‘the degree of
carboxylatlon is 1ncreased, 50 the frequency of carboxylate groups would
increase ‘and the formatlon of ionic clusters would become more and more

(168) . before.

"llkely.t It is suggested that, from this work and others
polymers exhlbzt tensile strengths greater than about 7.0MNm'2 .,  the

frequency of carboxyl gpoups nust be greater than about one per 200
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' carbbn atoms and éhis woﬁld be sufficicht to allow the formation of a
high proportion of ionic clusters. | Thc p;oportiop of carbbxylate
groups in linkages.containing more than two ions would therefore
rincrease with increasing degree of éarbbxylatioﬁ.

One other piece of evidence which helps to substantiate thé pr9p05al
that thé ionic cluster theory is more valid at high degrees of

(156) ., ¢ although

‘ carboxylation is_in fact presented by Cooger, ‘He staies
the high creep of these poiyﬁefé would be expected from the stress
relaxétiod-by'ionic exchange thcdry,'the permanent set exﬁibited by them
is much lower than would be-anticipatgd.; The ionic cluster theory cen
however provide for an eXplanatibn of both properties, The ionicf
aggregates would be likely to deform fairly easily under apblied sﬁress,
thus giving high creep, but on ri}case of thc stress they would be
expected to return to thg’shape giving a more optimum necutralisation
of charge, | - |

It is.therefqre thougﬁt that the more highly carboxylated‘of the EPDMs,
at preéent under discussion,.contain both isolated and conglomerate |
ionic érosélink5<but the ﬁajority of the carboxylate groups are more
. likely to be contained within the 1atter‘type.of linkage., The
propérties are thpught to be mginly due to. these conglomerate ionic

‘bonds acting in the dual role of crosslinks end filler particles.
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STYRENE GRAFTING.

2,3.3.1. General,

The aims of this part of the stddy wvere to develop
techniques fof the grafting of styrene onto EPDM Qia metalation
and then to eptimisc conditions so that a thermeplostic
elastomer could_be_qbtained. |

in practiéé,.the first objective was so difficult that only
m;derate success wés achieved with the second.

By analogy to the ABA block copolymers, the desired product
was an EPDM in which all polymer chains contained at least two

polystyrene grafts. A further requircment was that tﬂere

should be a complete abéence of any ungrafted polystyrene. The .

 , deveIOpment of procedures was accordingly directed towards

obta1n1ng a system wh1ch would result in high graft eff1cxenCLes

. with as large a numbe r of grafts per_chazn as possible,

"It is appropriate at this poxnt to describe how approxlmate‘

‘ values for graft efficiencies and the number of grafts per chain
.were obtained. To enable values to be calculated the following -

_had to be determined.

a. The number averagé molé;ular weight of the EPﬁM.
| b. The styfene content of the gréfted polymer.
c;'_The numbe r aQeragé molecular weight of the
'éfafted polystyrene,
The first was determined quite simply by membrane. °
éémometry buf the others posed certain problens, In the case

of styrene-d;ene—styrene block copolymers these had been .

-found by degrading the polyd;ene chain segments w;th osmium

1

" tetroxide and t-butyl hydroperoxide and recoverlng the

. polystyrene,
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| This gnvﬁ.thc styrene content of the grﬁftcd polymer ond ﬁlso cnabled the

polystyfcne molcculur.wéight fo be determined. This procedure coulﬂ;not

‘be used for the EPDM'graftcd‘polymers as thé ethylene propylene copolymer

" portion could not be degraded, }t.was therefore neéessary to develop

other methods. | . | :
A suitable procedure fof tﬁe determination 6f styrene cﬁnicnt was

finally found, This entailed refractive index measurements and full

details are givén in the experimentﬁl section, | Briefly,fit consisted of

' measurjng the rpfracéive index of; .the unﬁodified EPDM; fthe grafted.EPDM;

polystyrene. The réfractive index éf the graftea polymer was the -

sum of the effects of the EPDM and the polystyrene. The perceﬁtage of

~ styrene could thus be calculated using the following formula.

weight % styrene = pp graft = ~ M EPDN x 100
_ - v .
/u PS - /UEPDM
The reasonable assumption waé made that the molar Qolume of the
~graft co-polymer was the hri;hmetic mean of the components.
The molecular weigh£ of‘the grafted PS wés estimated by assuming
that it would be.similar to that:of the ungrafted polystyrene. This
- seemed reasonable as the initiation of botthould be by similar épecies
and the propagafion would occur via idéntical chain end structures,’
This assumptioﬁ was adopted and the molecular weight of the ungrafted
'.polyétyreng determined by Gel Permeation Chromatography. It was found
that even when very high graft efficiencies were obtained, sufficient
~ free polystyrene could be‘isoiatea to enable tﬁe molecular weight to be
determinéd. | | |
The three determinations having been made, the graf£ efficiency and th
number qf grafts per chain could be palculated. '
The graft efficiency-was found,_as.a percentage, by subétitution

~of values in the following formuia,
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-

Graft Efficiency = actual styrene content x 100
'_theorgtical styrenc content

" The number of grafts per chain was calculated from a comparison of the
mole ratios of EPDIM and polystyrene i.e.

o Numbcr of grafts/chain - Styronc content = EPDU contcnt
o PS.Hin © EPDM }n

In the earlier scqtinn Qcaling with the metalation reaction ' (3.1) the

n'techniques that had to be developed before reproduciblc metalation was

achieved were discussed. In the foliowing two sections ‘ (.3.3.2 and ' . 3.3.:

" of the grafting study soné of the results obtained during this time will be

| glven to 111ustrate the need for this development work. i |
The th;rd of the followxnﬂ sectlons_ (3 3 4) will deal with the

.prOblems found during the development of procedhres used in the grafting of'

1styrene onto the metalated polymer.

. The later sectlons will deal Wlth the results obtalned from styrene

grafting undcr dxffcrent conditions and then go on to discuss the properties

. of the products.

;ﬁ3.3.2. Solvent purification. -

The impurifies of major concern'werc those which would compete with
~ the polymen in the metalation reaction. In general these were
unsniura_ted compounds, benzene being the mo'St'b important.,

| . The deferminétion of anomnﬁicslin_the solvent was mainly carried out
by U.V. analysis, howevér, it was fpund that.I.R; analysis enabled a quick“
estimaﬂe tn ne'made.‘ Figunés ' .%.5, 6 and. 7 show the I.R. spectra obtained
_'for hexane analysed by U. V. as contalnzng 5%, 0 2% and zero. benzene. A
comparlson of flgureS': 3 5 and j 3.7 show that the benzene contributes in the

-1

main to the absorptlon at four posxt1ons 675cm 1 1035cm . lSOOcnf:

1960cm .. When the henzene level was reduced to 0 2?
! L

N
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(rigure .3.6) it was found that althoﬁgh three of the peaks had disappeafed,
that at'675(:m-1 was“still‘visible.' In fact, this absorption was still
detectable at-much lower levéis of benzene. Thus by ruﬁning just the very .
.. fifst section;of the spectrum of a p;rticulér sample of hexane a check
could be made as to-its suitébilityrfor'meﬁé;ation rcactiﬁns.

Hexane was obtained with various levels of benzene and used as solvent
for metalation and styrene gréfting rcacti&ns.‘ |

Table, .3.4 shows the effect of e#en lbw levels of aromat;cs when present
jduring EPDM metalation. The‘métalﬁtibn reaction was carriedf;ut at 70°C for
5 h, . using the bﬁtylﬂlithium,‘Sublimed potassium t.butoxide 1:1 compléx

-as metalating agent at a level 01“2/1'11 l‘llaer'eIOg EPDM. Pure styrene was then

~added and polymerisation carried out for 2 h  at 60°C. It can be seen
‘that at aromatic levels of 1,2 and 0.2% no styrenc was grafted onto the
EPDM, At a level of 0.087 a graft.efficiency of 30% was achieved and

only_when all the aromatics were removed were high graft efficiencies achieved.

. TABLE ' _3.4: THE EFFECT OF AROMATICS ON STYRENE GRAFT EFFICIENCY.

HEXANE AROMATIC . STYRENE . GRAFT

 LEVEL : CONTENT . EFFICIENCY
) f (%) ' %)

12 0 | 0

0.08 - : 7 _ 30

Zero ‘ 23 ‘ 90
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3¢50 30 Poiymér solution drying.

Before metalation could bc carried out, the polymer soluiion had
‘ to be trcated so that i£ was né free ﬁs poséiblc from substances such as
water and oxygen'which coqlﬁ havc_caused deéctivation of the mctalating
_agent.¢ The déterminétion“of scavenging levels, using n-butyllithium
and'ﬁichlerg ketone,'has bcen.shown previously .(3.1.3) to be a useful
me thod for determining the suitability of solutions for metalation.
Table_‘ .3¢5. gives a list of methods employed for drying the solutxons and
_ the-corresponding average scavenging levels, It was found that when these
solutions were uséd in metalation—gtyrene-graftiﬁg reactions the variabilitj
in the resﬁlts obtained deéréased 55 the scavengiﬁg level.aecreased.

The treatment as descr;bed 1n (e) proved to be very suitable and

enabled hlghly efflCant styrene grafi polymerisations to be carried out.

_ TABLEA__S.S; - SCAVENGING LEVELS OF POLYMER SOLUTIONS PREPAREDl

_ BY VARIOUS METHODS.

METHOD OF PREPARATION : _ ' SCAVENGING LEVEL
: (m.moles/300ml soln, )

‘a. Polymer dried in desiccator. ' o 2.0
- Hexane distilled from nBuli under N2

"b. Solutlon as a. passed through alumina .. - 1
Ce 'Solutxon as' a. passed through activated ' 1.0

(400°C/16 h.) alumina under Nj,

d. Solution as a. passed through act, alumlna/ 3 0.9
silica gel under Nz. '

e, As d. but prescavenged W1th 3.C)m moles nBulLi - 0.5
300m1 soln. : '
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"3e344e Grafting techniques.

The polymerisation reaction of styrenc-with.metalated polymer

presented two peoblems viz, the preparation of pure, dry, deaecrated

| styrene and the_homogeneous dispersion of this in the metalated polymer
~ solution. -
The styrene ﬁas disfilled under reduced pressure through a molecular
' sieve column iﬁto‘a nitrogen flushed, crown-eepped bottle, At -first,
this wes stored in a deep—freeze at —20°C and aliquots were taken, as
reqﬁired, with a syringe. However, it was found that on continued use
of this material, thercelculated number of grafts per chaie and the graft
effieiencies, obeainedrin grafting.reactiees,'gradually decreased.
‘This wvas because even when stored at this tempereture, a certain amount of
- polymerisation still occurred and hence, when this was used for grafting,
an epparent decrease in graft_efflc1ency was obtaxned. The reduct1on :
in the number'of grafts per chain*waé due, presumably, to the
introduction ofAimpurities‘into the styrene during the syringing out of -7;?
_aliquots. ..The procedure was therefore modified and the styrene was
distiiled just priof to use, after'purgihg with dry nitrogeﬁ eo reﬁove
any air. | |

The difficulty of dlsper31ng the styrene in the metalated polymer
solut1on arose due -to the "Jelly“ like nature of this solution, and the
rapidity with which the styrene graft polymerised to form a partially hexane
insoluble product. The high viscosity of the metalated polymer solution
was reduced somewhat by diluting to 1% w/v though even at this’

' cohcentration the solution was still somewhat jeliy_like.

When styrene was added to the metalated pdlymee solution at room
temperature then tﬁere was a tendency for the styrene to polymerise,’
virtually immediately, as it reached the metalated polymer.  This
inhomogeneity showed itself as opaque, pale pink pa%ticles within

the clear red‘holymer'solution. ‘The problem of dispersion was overcome
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- hy cooling £he'metalated polymer solution to 0°C before addition of the
:rstyrcnc. The bottles were then rotated at 0°C for 1 h’ before

- increcasing the tcmpcratﬁre to TOOC for the polymerisation stagcf

.The styrene was thus well dispersed bcfprc-nny significant amount of
polymcrisntionloccurrcd. A well dispersed product was indicated by the
polymer solution appearing homOgeheous; slighily opaque and Eed;in :

colour. As long as the dispersion was carried out correctly'the grafted

‘polymer remained in solution in the hexane.

’

3%.3.5., nButyllithium/potassium tbutoxide,

All thé styrene graft resuits presented heré.were obtained using
“Intolan 155 as the polymer and nbutyllithium-potassium t.butoxide as the
metalating agent. Other EPDM'étweré tried witq this metalating agent and. .
Intolan 1557wés also tried with n-?ptyllithium; tetramethylethylene diamine,
as me£alating agent, hoﬁever, as in the carboxylation study, little succgss/
was achieved with these othef combinations.

Experiments were carri:d oﬁt using either KOtBu or KOtBu.tBuOH in
~ conjunction with butyllithium. However, althoﬁgh good graft efficiencies
could be obtaine& with either of them as metalating agent, when BuLi/K0tBu.
tBuOH was used there was o5 stated elsewhere an'uncertainty as fo what
' quantitj 6f active species wés prcsent... This made it difficult teo
control the molecular weight of‘thé polystyrene grafts and the number
of grafts per chain;-‘Because of this uncertéinfy it was also impossible
" to make a dfrect comparison of the two metalating agents.  The use
" of KOtBu;ih equimolar proportions with nBulLi resuited in an excellent
netalating agénp giving clﬁse.to 100% graft efficiency but if KOtBu.tBuOl
was. used in similar proportidns an inactiQe product resulted, due evidently
to the reaction of Buli with the available tBuOl., It{geeméd that in
this'case a 2:1 fatio of nBuLi to KOtBu, tBuOH would be satisfactory but

: this ' :
it wds found that/gave graft efficiencies of only about 70%. The
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" highest graft efficiencies were in fact achiéved using a ratio around
1.5 nBuLi : 1 KOtBu tBuOll, This indicated that there was an

equilibrium present of the type,- _
(1) . (11)

Bu-Li Bu-Li
g < iF
ﬂi-&tBu é-dtBu .
) + KOtBu - + LiOtBu

Complex 1 being inaétive ﬂowards metalation but Capable‘of polymeriSing

. st&rene and éomplex 11 being Highly aciive towards_mctaldtion. The |
"‘ﬁroportio; of each present must hgvé'dependEQ on the'amoﬁnt of n.butyl"
.lithium present, Thus'aﬁ the 2:1 ratio a comparatively high

proportion of complex I would have been present giving low graft
~efficiencies whereas at the 1.5:1 ratio vefy nearly all the n.,butyl
lithium would have been presén&xin a complex such as II giving high graft
efficiencies. - -Because of ihe uncertainty of the exact behaviour of-
- this metalating agent it was decided that pufe potassium t,butoxide

should be used instead. This was a pity as the sublimation procedure

irequired to produce the pure alkoxide was rather difficult and tedious.

 ‘w’:§.3.6.h“Meta1afioﬁ conditions.

-Metalgtions were carried out at 4000 or 7000 for varying lengths
of time:and the effec£s on polystyréne graft efficiency were studied.
The results shoﬁn in Fig.- 73;8 were obtained using a metalating agent
_level of 3.0'?@;3:?510 o of polymer and styrene was added to give a
theoretical 30% polystyrene‘conient. As. can be seen from ghe figure,
when me talation was carried oﬁtAat 40°C there was a gradual increase
in graft efficiency with reaction time untii an efficiency of 85% was
achieved after 5 h' 'Wiéh a reaction femp%rature.of 7Q°C the .-
graft efficiency increaégd mugh ﬁore rapidly at firﬁt s0 that an efficienc
of 85% wns'achieved aftér only 3 ﬂﬂf ;eaction. However, during;lhe

. subsequent 2 h” the effigiency'was only increased by a furthcr’ﬂﬁ.

LA

e
e
£3e
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: foo ‘_
90
80
70

GRAFT 60
EFFICIENCY

@) .
- 50
40

.fso 

20

10

-
-

4.~ . REACTION TIME (HRS.) '



- 148 ‘-

A temperaturelof 7000 and‘reaction time of 5 ﬁ was thercfore adopted

as being suitable metalation reaction con&itions,' These conditions are
fairix iypical for a polymer reaction; in general they take considerably
'iongcr than equivalent reactions with similar low mplcculur weight

olefins due possibly to the low mobility of the polymer chains.

;} 3e3.7« Styrene Level,

N After metalatiﬁn hgd béen carfied ocut, various leveis of styrene coul
. thgn be'graft polymefiéeﬁ to produce materials wifh a wiaq fange of.
_proper£ies. As in this study th; objectivé was to produce elastomeric
_products. Styrenc léfgls were kept ;ithin the 25-43% limits found to be
-”70ptim§m by Sheli(sa';qp;?ﬁf?their general invegﬁigétions of ABA block

copolymers, ' . o .

. /,..

-~

The effects were inyégtigated of styrene level on graft efficiency.

Métalations were carried odt usihg n.butyllithium/potassium t.butoxide

at 7000 for.S h. The results‘given in Table f.3.6. show that, as
:might be expected, the amoﬁnt of styrene added to variocusly mctalated
polymeré‘has little.effeétron graft efficiencies. The spread of results
for similarly ﬁetalatedlpolymers was with;n the range expected and shows
‘the difficulty bf.obtaining truly reproducible results_even with a
_‘carefully prepared_system.. |
The:Taple‘élgolshows that if the metalating agent was increased
'::abpve'a level of about 2.Qm.mole/10g polymer then graft efficiency

decreased. -~ This is shown in more detail in the next section.
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. TABLE .".3..6: THE EFFECT OF STYRENE LEVEL ON

GRAFT EFFICIENCY.

METALATING - _STYRENE CONTENT | °  GRAFT
AGENT  ATTENPTED EFFICIENCY
{m.moles/10g * () @)
EPDM) | o
s f 0. | 9
5 45 100
2,0 30 ‘ %0
2.0 | L 45 | 100
3.0. 30 85
3.0 = = 45 . - 70
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©. . 3.3.8, Mectaloting Agent Levcl,

The level of mctalating agent level used not only determined the
number of grafts per chain bﬁt“also, in conjunction with the styrene
1eVe1,‘détermiﬁed the molecular weight of the grafted polystyrene.

The published work on ABA block.copolyméaicloo'172;E2%Lstcd'that
as well as a spyrene contént in the region of 25—45%, an optimised
product should have a graft polystyrené molecuiar weight 'in the ;ange
-10;000 to-50,000 and at least.two'grafts per chain. The level of

‘metalation had therefore to be baiancéd‘with the styreneflevel, in order
~ to obtain prodﬁcts conformihg to these limits. It was found difficult
' _to'achieve-the cofrect'balance as can be seén.from the results givén
in Tablg;v 3470 fhese were obtained from products having as near the
desired éqmpésit;on as could be aghieved, and were prodqced'usihg the

- standard metalation procedures.

 TABLE . .3.7: THE EFFECT OF VARIATION IN METALATING AGENT LEVEL.

METALATING PRODUCT STYRENE| GRAFT | POLYSTYRENE | AVERAGE GRAFTS
AGENT LEVEL  CONTENT = |EFFICIENGY  fin PER CHAIN
(m.moles/10g @) _ (%) (x 10-3)
__EPDM) , ,
0 b 400 90 . 50 1 1.0
1.5 457 B 100 - 45 1.4
2,0 |-+ 45 . -} 100 48 1.3
3.0 | 38 70 - 23 1.9
4.0 36 65 . 32 1.3



- 151 ~°

Clearlylhigh graft efficiencics were only obtained with low levels
of metalating agent and this underlincs the difficulties that are-
experienced when modification of a polymer is aﬁtempted with‘such a
low.levcl of active sites,

Two othér facts.tha; arc apparcnt from the table are, that
polystyrene molecular weight‘only shows a general trend towards
depreasing with increase in metalating agent level and, the number
“of‘grafts per 6héin does not show much 6f a trend towards iﬁcreasing
with incfeaée in metalating agent'levei. | The. absence 6f positive
trends was probably due to variations in the numbers of!availablé
initiating species due to variability in the levels of impurity.

_ ' M. Moles

The, product obtained-with 3.0mi? metalating agent had a
‘ qomposition veby neér to that desired though it would have been better -
if the number of'graffs per chain Eould have been increcased. The
work on the carboxylation of EPDN showed that higher levels of
. ﬁetalation could be achieved By increas;ng the metélating agent ievel.
However;'gtyréne grafginé results show that this would have caused
a further decrease in graft éfficiency due to the increased level of
free metalafiﬁg agent., This decrease in graft efficiency would in
tufn have caused a.decrease in the styrene content of the grafted
product. . There.was of course the further complication that the
increase in metalating agen£ lével would have ceused a reduction
iﬁ the molecularjﬁeight of thé polystyrene;.

| These effects could have been partially overcome by increasing
_the lével‘of added styrene at ihe same time as incréasing the_metalating
agent level, Hoﬁever,_ihe increase in styrene required to maintain
-the molecular weight‘constant would not have been the same as that
required to.balance- the decrease in graft efficieﬁcy. |
. Becouse of these difficulties this line of resecarch was not pursued

any further. It is likely that a more ideal product could have bcen

obtained but only at the expense of producing a large proportion of



ungrafted polystyrene.

.3.3.9. Product nature.

“The styrene conteqts already qﬁoted established the fact that
the.graft'polymérisation of styrene had been accomplished, however
additional eQidence was gained from infré-rcd analysishdf the samples.,
Figure .3.9. shows a typicel spectrum of a grafted material whibh can
be cﬁmpared with the spectra of unmodified EPDM (figure 3.2.) an&
polystyrene.(figure 3.10)., It can be secen fhat the spectrum of
‘the grafted pol&mér would Be similar to that which woulﬁ be formed by
.'combining'the spectra'of EPDM and poiystyrene. In particular it -
contains peaks at 6450m-{, 7.€>0cm"l and 1600cmml which are characteristic
of polyst&rehe. Further attempts to extract free polystyrene by
Soxhlet extraction using acegoqg/hexane ﬁixture gave products with
unaltered spectra and confirﬁ;; fhat the polystyrene was indeed grafted{

In general, tﬁe éfhffed_ﬁroducts behaved rather mére as flexible
thermoplastics than eiastomers,.résembling polyethylene, Their
; therméplasticity was. demonstrated by their ability to form into thin,
cohefént sheets when pressed at ISOOC and then be able to reform
under éimilar‘éonditions. " The tensile_strengfhs of some of the
best of these sheets/in the range of 7.0-10.5 MNm 2 (1000-1500 psi).
. This was a considerable increase over the 0.7—1.4.MNm-2 (100-200 psi}
obtained from the unmodified EPDM and very good compared witﬁ a non-
: feinforced rubber vulcaqisate, though ﬁell below the values wh;ch can
be_bbta;ned from reinforced rubber vulcanisates and commercial
theémoplastic*élasﬁomers.'

Two other properties were rather worse than anticipated. These

- were melt index and elasticity. In general, melt flow characteristics

|

were very poor. Compression moulding was just possible but ihjcctipn
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FIGURE 3.9, Polystyrene prafted EPDY.
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E FIGURE 3,10, Polystyrene.
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: moulding'was noi pbssiblc under normal conditions.. Elastic properties
were. poor and did not. meet the fequirements of the ASTM definition
of a rubber viz. "a material which will, within one minute, retract to
less\than 1.5 times its original length, after being stretched to twice
its length and heid for 6ne minute before release".

The properties of these materials can, in general, be accouhted for
~ by comparison with these of ihe.ABA'block copolymers.

For these polymers structure;property 'Eelationshipg can be

summarised as followé.'. | |
. 1. | Thci thermoplastic A blockrshould_ have a. molecular weight 7,000,

Blocks of lower weight yend'ﬁot_to give comﬁlete.phasq separgtion

and a drastic reduction in tensile strength're§u1tsslga;x?2f174)
2. An increase in the.polydispersity of éither.othhe“blocks

T (14,003,172}

. e
can ceuse a reduction in tensile strength.

3. Block copolymefs with A block coﬁtents-bclow'abont‘liﬁ‘are very

- (14,100 ' '
: weak;( A '%hose with A block contents. greater than about 35%
L | (14,93,100,173 |
exhibit a yield point on extension ' ' ' ﬁue'to the

~_ thermoplastic blocks forming a semi-continuous pha50~rﬂfhcr than
discrete domains._yield beiné caused by thermoplastic dcfdrmation.
AR Thg_presehce of polymcric‘impuritics‘such as free B block
or AD diblock can‘greatly depreciate propertiesayzz The
. presence‘of frée A_block appears to have a minimal effeét but free B
‘block acts as a diluent and causes a reduction in tensile strength
‘and wobsenihg of elasticity. ﬁowever, the most important'of the -
'Empurities‘iﬁ the AB diblock, ashlittie as 1-2% causing a noticeeble
reduction in tensile Sfreﬁgth. This is.due'presumabiy to the
introduction of “network defects", one end of the elastomeric
'segmené being free, These.nétwbrk defects aiso'gausé a worsening

of the elasticity of these materials.
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5. Increcasc in overall molééulﬁr weight indreasés the viscosity and

reduces. the melt index..

Clearly in order to obtain optimum strength elasticity.propcrties the
-composiiion of these pol&mers must_lie within a well defined range.
Generall&,'any déviatioﬁ fbom spécifiéation causes a worsening of pfoperties
" This is evidently.the reéson why the EPDM érafted materials exhibited
generally poor properties in comparison. In bartipulér twvo of
- the above deviations from ideality are appiicable to the EPDN grafted |

' .matefia1s, viz, the polydiSpersity of thé elastomeric block and the
presence of polymeric impurities. 'VThe_very nature of théﬁmetalaiion
reaction ﬁeans that essentially random grﬁfting must occu; and hence the
polydisﬁersity of the EéDM segments betﬁeen grafts must be high. 1t

2 follows that block copolymers préparedlby this method can probably never
 . be ideal; thdughxthis effect in isolation would probably not cause;too |

1§rgé a woréening in prbpértiés;/f'“f-
: In consideration of thé.iikelihood of polymeric impurities.

Being present, the best pfoduct that was obtained in this study was

that cdntaininé a calculated average of 1.9 grafts/chain. It is
‘most likely that this averége,fiéure‘was formed'from polymer chains
:haviﬁg a fairly'ﬁide distribution bf numbe r of'grafts and probably
a'considerablé'pfoportion of chains may have had only one graft pef
. chain. . Further, some would probably have been completely ungréfted.
This would have been ba;anCed by chains having morelthan two grafts
' _per chain. By analogy with the ABA block copolymers, this is the

| mbst likely caﬁse.bf the poor sirgngth/élasticity properties of the.

' grafted polymcrsf If howcvcf the average number bf grafis per chain
éoﬁlq have been increased to 3 or 4 the proportion of chains with
less then 2 gréfts'would_have begn'significﬁntly reduced and an

A}

improvement in properties would have been expecied. . Had it been
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possible in addition to ﬁse a lower molecular weight EPDM then an
improvement.in melt f;ow properties might'also have been obtained.

| There is, however, a limit to the number of grafts per chain
that can be obtainediif'thé other parameters found for the ABA block
'copolyméfs arc.adhered'to, i;e. a-poiystyrene block molecuiar wéight
.. of about 10,000 and an overall styrenc content ofrbelbwljjm. This
limit can be calculﬁtcd'if'an E?DM of molecular wgight‘say IO0,000
" is cdhsidered, the maxiﬁum number of grafts ﬁqr chain,fx, can

- then be calculated from,

_35 10,000 x
100 100,000 + 10,000 x

which gives a vaiue of 5. Tgércfore 5'grafts per chain is the

max imum allowable if Fhe limits discussed are observed. - If a

polymer such;as this éould be produced.it.is reasonable. to guppose

that iﬁs prbperties should bé‘fairly good.

| The structurc/broperty correlations for these.styrene gréftéd

EPDM'Q are thus seen to be analagous to @hose‘fof the ABA

:l block copolymers.  The properties of ﬁﬁe latter have been

explained in terms of thcrmaplastic domains having the dual function

of croéslihks'and filler partiéie; and although there is qisagfeement

over the exadt_ghgpﬁ-of these domaihs, whether spheres, rods
(14,19-25)

or lamellae = - the idealised structure can be illustrated thus,

N *
‘ .
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Where the circles represent the-thermﬁplastic domains formed by
the A block ahd the linés reﬁresent‘thé'rubbery B Elocké. " In this -
case there are no free chain ends ond the lengths of the B blocks
are all véry.similar.
This pigture can be confrasted with that which could represent

the gfafted:polymcrs prépared in this study.

Here the-therhpplastid‘domains aré still prescnt and linked by
rubbery chain §egment§, howevér, lhere is a high "free end" gontent,
there are some rubber ¢hains‘wholiy unattachcd.and the lengths of the
cha%n segment; ilnk{ng ihe[domaiﬁs are variable. Thg'system is thus
fer from ideal and it is theréfore not éﬁrpbising that the elastomeric
;propertiés g#hibited.were not as.éoo&‘as hoped for. |

1
1
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.. CONCLUSIONS.

Metalation rcaction.

- Before metalation could be carried out, techniques had to be

devecloped which ﬁould produce polymer solutions suitably free of

impurities. The three impurities of importance were unsaturated
coﬁpOunds capable of metalation; oxygen and water, The first was
present in the hcxane solQent and consisted mainly of benzene. “

A purer solvent-could have been used but hexane was chosen due to its
.commercial suitability. ' The'standard method for fgmovalrof unsaturated
compounds frqm'éolvents involves repeated washing w;th concentrated
sulphuric, but this pfocedﬁre ﬁas found to be whblly unsatisfactory for-‘
the present study. An alternative method, due to Murray and Keller,

" was therefore invcstigated and tﬁis,brbved tolbe remarkabiy cffeciive.
The importance of this pur%ficéiﬁon stage was realised when it was found
‘that the presence of as little as 800 ppm of benzene cauéed a‘substantial
~reduction in graft efficiency when the graft polymerisation of styrenej,
on'to EPDM was being attempted.

Despite careful brébarétion of the polymer solutions they still
contained significant améunts §f oxjécn and moisture, Thése wcré
removed by rcacting wi;h n;butyllithium; however the produgts from
-this réaction were also found to be deleicrious'to thc‘mctalation reaction
'and‘theréfore-theggﬁﬁulto be rem@yéd. ‘ Tﬁis was effected by passing the
_tréated‘solutions‘fhrough columns of activated alumina and silica. |
Spbséquent treatment with small qﬁan#ities of hgbutyllithium resulted in. '
}he p;esence‘pf 8 sligﬁt excéssbof metal alkyl'nﬁq solutions sﬁch as
| these were i‘ou'nd' to be‘quitc 'éatifsfactory !‘or. the metalation rcnction.'

\
\
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The n.butyllithium, tetramethylethylenediomine metalating agent

-'initially chosen for study proved unsuitable being virtually unrcactive

- towards the polymer. Previous workérs had found that it metalated

polydicnes but the level or typé of unsaturation in the ethylene propylene
. terpolymers pﬁoved to be too low for it to 6perate. An alternative,
ln.butyllithium, potassium t.bﬁtoxide was thereford'investigated and found
to be higﬁly reactive,: The rcqéon for its greater activity compared with
the TMEDArcompléx was proposed as being'dﬁc to its increased ionic-naturc..
A compllcat1on was found in that the potassium t.butoxide as normally
' prcpared forms a1 ;1 complcx with t.butanol and it is only Wlth difficult

that the pure material is preparcd by sublimation. Both subllmcd and
B unsublimed matcrlals were found“to give very good metalatiﬁg agents in
conJunct1on w1th n.butylllthxum but as the exact composition of the complex
'w1th unsub11med but0x1de was unknown, it was dec1ded to use the purified -
material. -

Several ethylene propylené.terpolymcrs were studied and it was

.found as cxpccted that the polymers having the highest unsaturation were
post suitable foflmétalation. -Intolan 155, having the.highest iodine
",number of about 20laqd‘mannfac£uréa by the International Synthetic Rubber
Company was therefore selected for the majority of stﬁdies.l |

| Metalationrwas found tq take place to a substantial degree whénr
polymer sdlutions were stirred withimetalating agent, under niirogen at
;empgratureg‘of about 70éc.fdr periods up to 5, |

A study of the literature and a consideration of the double bond

:_situat;on,in the ethylidenenorbbrﬁene térmonoméb‘unit of Intolan 155
led t§ ihe conclusion fhat me talation occurred via allylic hydrogénr

Csubstitution. - . . . . .
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Polymer carboxylation.

Two techniques had to be developed before carboxylation to a
" high degreé coﬁld be carried out and the products analysed, The first
T was the carboxylaﬁion procedure, the other;purification of highly
'carboxyléted material, _

The usual method of parboxylating by pouring metalated polyme}
'solution'onto‘powdéred, spolid carbon dioxide proved unsuitable due;both
‘to the quick formation of .‘“ice on the surface of the carbon dioxide
-anduthé difficuity in cénggcting‘the polymer with the carBon dioxide.

A method which proved satlsfactory was to.make up a slurry)xn a

‘7 dry bag of powdered carbon dloxlde and dry petroleum sp1r1t the

metalated polymer solution was then added slowly to this with vigorous

 stirring.

P

L

Carboxylateq,polymers had to bé obtained; in‘solutidn, free
" “from the products_of carbaxylated ekcess metalating agent'in o;der that
‘the extent of carboxylation could be determincd. Although moderately
~carboxylated polymers coﬁld be purifieé by acidification followed by
:brecipitation ffom solution and then redissolving, polymers with acid
- values greater than about 15 préved to be very difficult to redissolve
in non-acidic solvents, An answer to this problem was found.by
developing a method which enabled$the side ﬁroducts to be-rembved'whilst
the polymér was kébt in solution; The solution was fifst acidified and
then passed‘thrqugh a column of activated, granular alumina the
- eluant proved to be free of any unbound acidic material and coﬁld be uséd
diredtiy for acid valﬁe;detcbmination, | |

The development of these techniques led to the productlon of
polymers with acid values. up to 20 and products such as these were
‘neutralzsed wath metal salt, and then tested as thermoplastic elastomgrs.
The ﬁeutraiigation'was cafried oﬁt by rgacting, in sélutidn. pu?ified

'polymers containing free qarbbxyl, with sodium methoxide soluiion.
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In this case'the.neutralising salt couid be sclected at will and the
3.,éxﬁcn£ of n;utralisntion varied, however,a completely neutralised product
could be obtained by isolating froh solution the direct pfoduct of
-.carboxylation, the metal cation.béing determined by the metaléting agent.
Cused. It was'found that products such as.these could satisfy the:tWO
main'criteria for thermoplas;ic elastomers viz that they shoﬁld_eihibit
ﬁigh tensile Stfength aﬂd elasticity at service temperakures but also
-be procecssable at-elevated temperaturés; Ténsilelstrcngghs of up to
11 e (1606 psi) were obtained and although the meélt fiowl
: characterisiics were not very'godd, sheets could be fommed by compression 7
moulding. ' |

Only a modest invgstigatioﬁ was carried out into.the nature of
 _thése materials but the results.qbtainedldid énable some tentativé
xr'conclusions to Be made, . infra;red analysis showed that in polymérs

ireaﬁed with a stgichiometric.quantityrof metal alkoxide; all Carboxyl
groups were pfeséﬁt as ﬁetal cérboxylate. " Differential therma; analysis
.indicétéd_a transition at 153-1548, a region in which the dissoqiation
"ﬁf ﬁolymer metal carboxylaﬁé‘miéht well occur. Calculation of c;osslink
density yi;ldeq the information.that if.all.the metal carboxylate groups
.took part in @he network system then there would be app;oximately

160 chain carbon atoms separating each crosslink, a result in good
_égreement with tﬂose published@by_other workers. These results and

the properties of the polymers were consistent with those which would

- be eprcted from a reinfofdéd'bolymer crosslinked through heat Iabilé;‘

© . lonic¢ linkages, however fhis siﬁple pdstulate did not explain how‘a mono-
‘_ valent metal ion could link two chain carboxyl groups and it also left
unexplaxned what the form of reznforcemcnt was, as no conventlonal

"reznforclng agent was present. -
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‘A consideration ef the l@tcpafure on'polymers of a
' similér type'showed that thefe.were two, apparently contradictory,
explanat?ons of these phenomena.: 'The first suggested the bresenee of
isolated crosslinks, monovalent metal. "ion crosslinks occurring by
;the association of metal carboxylate groups from two neighbouring chalns and
reinforcement bexng caused by the relief of local stresses by chazn
slippage and bond exchange, The seeond explanation invoked a
-conglomerate ionic crosslihk, each link being formed by the association
';ef e number of metal carboxylate_groups from Eifferent chains. In this
case reinfercement was said to occur by the cohglomerate links forﬁing
a separate Qispersed phase and functioning in a similar manner to
con#entiohal rubbcr bound.reinforciﬁg filler partic;es. A consideration
of these two explanations led to the conclusion that they were not mutually.
exclﬁsive hut were probably bothflrue albeit under slightly different =~
cirCumstances. The essential difference between the two ﬁas the number
" of carboxylate groups taking part in each crosslink and it was thought
| that the higher the degree of carboxylation the greater was the
‘.llkellhOOd of more than two groups bczng present. The more hlghly'
‘ carboxylated polymers of the present study were therefore likely to have
| cqntained a grester'proportion of cenglomerate lihkages than the less
" carboxylated materials, Reinferccﬁcnt of the strongest products obtained

'wouldrtherefere have occurred mainly through conglomerate linkages aeting
as bound filltef ﬁarticles. The ;ystem would therefore have been essentiall
51m11ar to- that prOposed for the hydrogenated polymers in the first part

- of the present study.
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Styrenc grafting.

. Using the ﬁetaiatiﬁnftecﬂniquc, styrene was successfully
graft polymcriscd onto EPbM with very high graft cfficiencies. A
polymcr'could be obtained with-virtually any styrcne contcnt, the
level depending only.on the amount addcd.

Atempis were made io nrodubc ﬁ polymer with thermoplastic ;
“clostomeric propertics and a consideration of the Shell ABA block
copolymers, a fuirly similar systcﬁ,‘lcd to the conclusionhthat the

. prodyct composition'had to be képt within very strict 1im%£s. - The
.   realiéétion of this aim in the preseﬁﬁ.system was complicated by the
fact ihat the thfee main compositional variables, the styrene ﬁontent,-
the polystyrene molecular weight énd the number of grafts per chain
lwerc interdependent and thus rather difficﬁlt‘to control. A further
complication arose through the gféft/efficiency being dépendent on the
level of metalating agent uéed. Thus if the levél was raised above
a certaiﬁ value indén éttémpt to increaseAthe ﬁumber of grafts per chain
‘then the graft efficienéy decreased. As one of the main requirements
for the system was that virtually 100% graft efficiency should be achieved -
this iﬁpdéed rather severe limitations and the highest a?erage numﬁer
of grafts‘pér chéin obtained was only 1.9.'.‘However this product had a
composition very close to fhattaeéifédf having d styrene content of 35%f
_and a érafted polystyrene number average molecular weight of 23,000,
The hest producté obtained had‘prpperties-somewhat more akin to
"flexible thermoplastics than elastomers and could not even be said to
. fulfil the rather limited requiréménts of the standard definition of‘an
_:elaﬁtomer.. However the producté could be pressed into tﬁin sheet§ at
elevated temperafures and-tensile strengths in the region of 7-10.5 ISII\Imm2
7(1000—1560 psi) were obtaingd,_the latter being a bié‘increase over the

negligible strength of the starting material,

- The reason the properties were not more satisfactory was ascribed
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to the fact that the number of grafts per chain was just not

high enough. The value of 1, 9 was only an average and the product
must have contained a fair proportion of chains with only one graft and
some with noné.at,all. This situation would have resulted in a great
number of flaﬁs-in‘the hetwbrk sysicm and hence a loss in strength and
“elasticity. The system inherently had one unavoidable disadvantage in
‘that no matter how high the nuﬁber of grafts pqr‘chain there woul& still
have been free.EPDM chaiﬁ ends éﬁa hence again a large number of flaws.

However, 1t was calculated that the compositional lxmltatlons of styrcne

4
¥

‘content and polystyrene molecular wezght would have allowed a theoretical
5 grafts per chain and if thzs cquld have been realised a vastly improved
product might well have resulted.

The aim of this section of the study was therefore oniy partialiy.
éealiscd bht.a product was obtaiﬁed’which approached the desired
Acompos1t10n and its propertles indicated that the system did bchaye in

‘the manner hoped for.
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