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SYNOPSIS 

~ · The reactivity lof a novel magnesium alkyl reduced 

Ziegler catalyst system, has been studied in· the 

preparation· of various homopolymers and copolymers. 

Many of the earlier expericents were based upon ' the 'use 

of ethylene monomer as the major component of . the 

polymorisation system. In the later sections, the 

work mainly concerns the formation of styrene polymers 

although acetylene and 4~methylpent-l-ene have also 

been used as the ' monomers. 

A method ' ~or- ~~aft · ~~polymeris~~ion usi~~ the· 

magnesium reduced Ziegler catalyst was studied based 

upon a technique developed by rGreber and Egle. This 

technique involved the. generation of· a poiymeric 

dialkyl aluminium yrecurser which the earlier authors 

had· reported 'to · be capable of' initiating polymcri'sation 

in .... a titanium tet.rachlori.de baeed Ziegler syster.1. 

HOliCVer~· tinder the' 'conditions . employed in' thiR work 

such polymeric substrates could not be developed with 

the ability to act as coca talyst f'o%' a magnesiut!l reduced 

titanium trichloride system. 

Negligible yields of polymer were obtained from 

the catalyst when a ·modif'ication of the Greber and Egle 

technique was usoa, · although previous experiments had 

shown that the magnesium reduced catalyst system had a 

hieh level of' activi.ty f'or ethylene when used with a 

trialkyl aluminium cocatalyst. The evidence of' soveral 

experiments suggested that this · techniquo will not 

provide an efficient route f'or the ainthesis of' ~rnf't 

copolymers o~ ethylene. 



An alternative study was undertaken into the activity 

oC _the magnesium reduced c~talyst in its reaction with 

other unsaturated monomers. ·. The . three alternative . 

monomers used
1
were styrene, acetylene and 4-methylpent-

1-ene. In the case o£ acetylene a polymeric material 

was generated using this catalyst system. The material 

appeared to be polyacetylene but ,proved di££icult to 

handle and characterize. Several samples were prepared 

using mix.tures of' ethylene and acetylene but these 

copolymerised materia~were similarly intractable. 

Low activity and very poor yields \~ere obeerved when the 

-syatem was used to polymerise 4-methylpent-1-one and 

4-methylpent-1-ene/styrene mixtures. 

The magnesium reduced titanium trichloride catalyst 

was e~fective when applied to styrene polymerisation 

although the activity which the catalyst exhibited was 

low and proved inCerior to that o~ a conventional alum-

inium triethyl reduced system. In addition, it was 

£ound that a major ~raction of the polystyrene produced 

was readily soluble when extracted with methyl ethyl 

ketone and so ~urther investigations into the tacticity 

o~ the material wore undertaken, based largoly on 

spectroscopic studies and an investigation o~ the crystal-

lieation properties. 

The polyme r molecular weieht and the reaction rate 

were studied as a Cunction o£ catalyst, mono~er, and 

oocatalyst concentration, temperature and time. The 

number avorago molecular veight, H , was estirnated from 
n 

g&pormeation chromatocraphy measurements. These rosults 

were used to obtain value s Cor tho concentration of active 



polymerisation sites, propagation rate constant and the 

. li:fetime o:f the growing polymer chain. A determination 

o:f the overall apparent activation energy o:f the reaction 

was made giving a value -o:f 64! 30 kJ. This study 

suggested that the di:f:ferences between the magnesium 

reduced catalyst system and conventional Ziegler catalysts 

can b~ attributed · to the increased disorder in the 

catalyst particles caused by this novel preparative 

technique. 
: . 

-. 
: 
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CHAPTER 1 

SECTION 1 - INTROnUCTION 

It is only in comparat~vely recent times that man 

has investigated the chemical nature of polymers, although 

they have alw·ays been important natural materials, e.g. 

cellulose, proteins, nucleic acids and enzymes. It 

is now poss~ble to manufacture many new polymeric materials 

by the development of suitable chemical reactions and the 

commercial exploitation of such processes has led to 

synthetic plastics ·becoming a f'am~lia1• part of' our 

~ontemporary life-style. 

1.1. - POLYMERS AND COPOLYMERS 

A polymer is defined as being a substance, the 

molecules of' which are made up of many repeating units, 

the monomers, which are generally small molecules, but 

may bo atoms. The polymer molecule by convention 

consists of in excess of 100 - 200 such units and is thus 

of molecular weight · ~10,000. A copolymer is defined 

(1,2) as a polymer consisting of a heterogeneous combin­

ation of two or more different repeating units. 

Many commercial symethetic polymers are llornopolymeric, 

consisting of relatively linear chains of identical 

monomer units - e.g. poly(vinyl chloride), polyethylene, 

polypropylene - as represented below:-

-~-~-~-~-~-~-~-~-~-~-~-
In contrast, natural polymers are generally copolymers 

with complicated heterogeneous combinations which, in many 

cases, involve seYeral different monomer units. Synthetic 

copolymers normally possess a simpler structure consisting 
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of only· a few types of 'monomer units,. e.g. 2 or 3 types, 

combined together either in a random £ashion or in simple ' 

arrangements. The three main sorts of synthetic 

copolymer are outlined below:­

A) A random iopolymer 

B) 
.. , 

- M1 - M1 - ~~ ·- M1 - 1-12 - 1-1;. : - :t-11 - M1 - M1 - M1 - M2 -

A regular copolymer (e.g. an alternating copolymer) 

. . ' 

Further factor·s, such as the degree of branching · 

within the molecule and the ' composition differences between 

the· main chain and side chains, which govern the nature of 

a copolymer, pr.oduce two additional sub-diviaions :-

1. Linear block Copolymer: 

A linear polymer molecule with two or more uninter-

rupted sequences of hocopolymeric species, e.g. -

Grafted block copolymer: 
.,.. 

A branched polymer molecule w~th a · backbone of one 

polymeric species attached to wh~ch are one' or more 

side chains of another polymeric species, e.g. -

Ml 
I 

M2 
I 

J.f2 
I 

H2 

- J.ll - J.-11 - Ml - f.ll 
I 

M2 
I 

M2 

Further sub-division of tho main typos occurs if branching 

within the homopolymeric segments (possibly due to 

transfer or combination reactions, e.g. cross-linking) 

takes place, and also in cases where the 6egmento forming 

the 'blocks' aro copolymeric rather than homopotym~ric. 



The tacticity of monomer sequences can also be 

regarded as a factor for classification, e.g. "stereoblock" 

copolymers, poly ( {iso) styrene - g- ·{a) styrene) 

and in the case of polymers derived from diolefins ·the 

inclusion of cis and trans {z and E) nomenclature for the 

arrangement of the geometrical isomers must also be · · :' ~ 

considered. 

1. 2. - COPOLY?vtER NOJ.1ENCLATURE 

The · nomenclatu~e {1,2} used for the classification 

of' the copolymers outlined above, is exemplified in the · ·· 

.following list:-

Homopolymers 

p~lyethylene 

polystyrene · .,. 

· ·· --·poly {vinyl acetate) 

· Copnlvmers · 

:·· Random: 

... ~ .... . 

Alternating: 

Block: 

Graft: .... 

.. . 

poly {butadiene-co-styrene) 

Note: the first monomer of' tho 

pair is the predominant 

proportion of the 

copolymer composition • 

poly {styrene-alt-maleic anhydride) 

poly (&tyrene-b-methyl methacrylate} 

poly (othylene-g-acrylomitrile) 

Notes the first monomer of tho 

pair .forms the backbone ­

chain of the copolymer. 
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Comple~ examples: 

.. , 

poly (styrene-g-butadiene-co­

!ltyrene) 

poly (methyl methacrylate-b­

styrene-c~-butadiene) 

poly (butadiene-co-styrone-g­

styrene-co-butadiene) . 

e.g. The last copolymer listed above represents a random 

copolymer with a high proportion of styrene to 

butadiene grafted onto a rubber with a low proportion 

or s~yrene to butadiene. 
.""". ... 

, ~he prefixes_ (br) and (c.l) can be used to indicate 

branching and cross-linking respectively, and tacticity 

can bo accommodated using the pref.~xes (iso) - for 

isotacticity, (sy~dio) - fo~ syndiotacticity and (a) - for 

atactici~y. If the. prefix is placed before the "poly" 

it can be used to indicate that the feature is present in 

all segments, e.g. (c.l) poly (styrene-g-butadieno), 
.·. .-. 

poly (iso) styrene-b-(syndio styrene). 

1.). - TACTICITY OF POLY~~RS 

The tacticity of a polymer is a further possible 

variable in its structure which arises when a carbon atom 

of the backbone chain is attached to two dirfcrent side 

groups. The simplest case is vinyl polymers of tho form 

-(Cl~-cnd)- where alternate carbon atoms are chiral, i.e. 
n 

asymmetric centres, as they are attached to four different 

atoms or groups. Thus, at such a chiral centre, two 

possible configurations exiat (~), known as R, the right 



handed, and S, the lc~t handed, mirror images o~ each 

other. Polymers which contain a random arrangement o~ 

these two con~igurations are known as atactic polymers, 

whilst those with regular arrangements are tactic polymers. 

I~ there is a continuous repetition o~ the same type o~ 

con~iguration {e.g. R) the arrangement is known as 

isotactic, whilst alternation o~ the two types is called 

syndiotactic, as ' illustrated in Figure 1. 

SECTION 2 - HISTORICAL BACKGROUND 

Natural rubber and cellulose have been processed as 

commercial materials since the 19th century but it is 

only since the beginning o~ this century that the develop­

ment o~ most o~ the contemporary synthetic polymero has 

taken place. Several polymers which were merely 

laboratory curiosities be~ore 1930 found important 

applications during the 1939-1945. war and the demands o~ 

the war ef~ort intensi~ied their development as new 

materials. Styrene-butadiene rubbers, polystyrene, 

polyethylene, polymethylmethacrylate and polyvinylchloride 

were all introduced commercially as new synthetic materials 

. during the nineteen thirties and ~ortios. 

The earliest record o~ the material we know as 

polystyrene occurs around the 184o•s, when it was 

observed by Simon (4) and also Dlyth and 1Io~~man(5). 

By 1866 Berthelot (6) had discovered the technique of 

solution polymerisation and that the reaction was a~~ected 

by certain catalytic agents. However, much o~ tho early 



Figure 1 

H R 

·- . . . ,, 
· The two possible configurations at an an asymnetric 

carbon atom. .· 
R H R H H R R H H R H R R H ' .· ' . ,• ' •' . •' ' ... · ' ' ·.·· ' .. ·. ' ... · c· c' c' c c c c "/"./" /"'- /" /" / c c c c c c 

. / ' .. , / ·... / '•, ~" '•, / '•, / ' ... , 
~ .H ·H H · · H H H H H H . H H H 

. r 

-
. ' Atactic 

, ; 

H R H R H R H R H '. R H R H . R ' ,•' ' ,•' ' ,•' ' _,, . ' .·· ' .•' ' ,.· C · C · . C C · C . C C 

/.VVV,~(VV. 
/ ..... , / '•, / '•, / ...... / '•, / '-. / • .. , 

H H H H H H .H H H H H H H H 

'Isot~~ctic 
... 

R . H H R· R H H R R · H H R . .R H 
' ,·' ' ,~· . ' ,•' ' ,•' ' ,•' ' ,•' .. , ,•* c c c c c c c 

"/"/'\/"/"/"7 c c c c c c 
/ ·... • / '•, / ·~ - • / .... / .... / ·... '" I . 

H H H H H ' H H H H H H II 

, .. . - , 

. .. - -
Syndiotactic 

Illustrations of the arrangement of substituents in the 
various forms of tacticity. 

. . . . ' . . . 
.. 

. ..... dddddddd"' t'otoctic 

} "-I Ill I II t"' lsotacllc Tactic 

"'d' dl dldl"'' S~lldiotoctlc 

"'dddldlld"' Atactic 
. -- . 

The various stereoisomers can be illustrated in the mru1ner 
shown abo.,re with the confie;uro.tinns arbi trari1y · desi~nated 
right handed(d-) and .left hnnded(l-)(with no i~plication as 
to the direction of nny optical rotation). 

Rep.resentations of polyoer tactici.ty •. 
Dia~rams illustratinB polymer tncti~ity . 
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study of styrene polymerisation was contributed by . 
the e~rorts of Ostromislensky (7) between 1910 - 1920, 

and also the later work of Staudinger (8). Following 

the recognition of polystyrene as a useful synthetic 

material, the concentrated effort of many research 

workers led to its commercial production and the 

subsequent needs and demands of the 1939 - 1945 war 

accelerated its development into a very successful commercial 

product. 

Polyethylene was first observed by Pechmann (9) 

in 1898 and subsequently prepared by several methods (10) in 

the 1920's. It was not until the 1930's that commercial 

interest was attracted by the discovery, by ·Fawcett and 

Gibson (11), which involved a high pr~ssure reaction. 

Further research led to a patent ' on the process by Imperial 

Chemical In~ustries Limited (12) in 1937, and by 1942 

the Company had a full scale continuous plant in operation. 

The next important step forward was some twenty years 

later, in the development of low pressure synthesis processes. 

The ~irat of these syntheses for the low pressure 

polymerisation of ethylene was discovered by lC Ziegler (13) 

in 1954. This became the starting point from which many 

other~ofin polymerisation processes, using a catalyst 

precipitated by the reaction of transition metal ~alts 
. 

and metal nlkyls, were developed. It wao followed in 1955 

by tho discovery o~ an alternative method by the 

Phillips Petroleum Company (14) which employs a preformed 

transition metal oxide catalyst supported on silica. 
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These processes had an important di~~erence ~rom the 

high pressure technique, in that the polymer produced was 

essentially linear chain material, in contrast . to . that 

produced by ' the latter,' which was highly branched. An 

even more signi~icant reiuli is the abil{ty o~ ~uch 

catalysts to regulate ·the st~ra'.ochemistry · o~ higher · 

oe-ole~in polym'ers. A~t-er 'the Ziegler disc.overy, intensive 

investigations \'lere carried out by Natta on a wide range 

o~ monomers ine.luding propylene, styrene, 4-methylpentcne 

and but.:.l:.·one { 1.5). The use o~ this·· type o~ catalyst for 

steric control o~ propagation sequences enabled the 

synothesis o~ highly isotactic polymers {16), in par~icular 
• •(>. 

tho preparation o~ isotactic polypropylene both in the 

laboratory and on a commercial s~ale. This polymer, in 

contrast to its atactic counterpart, proved to be a use~ul . 

and saleable material. 

SECTION 3 - a- OLEFIN ADDITION ~OLY}~RISATIONS 

A vinyl monomer is a substance whose general_ formula 

is indicated below:-
': 

Rl R3 "c a C / 
·/ 
R2 ~ R4 

where the groups n1 - n4 are either hydrogen or a substituent. 

In ger.eral, very ~ew tetra~substi tuted monomers readily 

produce high polymers; however, fluorine atoms are 

exceptional, due to their small size, and materials such 
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as polytetra~luoroethylene and polychlorotri-

~luoroethylene are use~ul polymers. Quite a few 

compounds in which R1 = R2 = H with two substit­

uents are readily polymerisable and a ~ew of the 

type R1 = n3 = H are also easily polymerised. The 

b~lk of the compounds of this type which will form 

polymers are the monosubstituted ethylenes (R1 = · 
R2 • R) = H). 

The addition polymerisation of a typical ~-

unsaturated monomer may be represented simply in 

the following equation:-

•.-

Tho mechanism for the reaction is far more complex 

than this over-simpli~icd equation indicates, as there 

are several possible types of reaction in a vinyl 

polymerisation. Nevertheless, in general, all the 

types can be considered to have three basic mechanistic 

steps:-

(1) Initiation 



(2) 

9 

Propaeation 
n 

·x-cii2- cH * + 
R • R 

CH~·-CHR~X-CH2-CH-Cli2- CH* 

~ 
X-CH2 -cH-CII2-cH* +r(CH2=cHR) 

.. , : . . 
~ R 

. x-tcu2-cn1
0
- cn2~ CH* 

(3) Termination 
~ ~ x+cn2 -CJI1ocH2cH*·-·-

inactive polymer chain. 

,. . These three steps di££er in detail depending upon 

the ·class o£ initiation involved in · the reaction • . The 

initiator may be one o£ at least £our types, and 

determines the character o£ the active centre, 

Thess types are: 1) th~ free radical centre (17) 

2) the cationic centre (18} 

: ~) tho anionic centre (19) 

· 4) the ·co-ordination catalyst 

active centre (20). · 

In general terms, the role of the initiator is to · start the 

crol.,th of a particular chain by becoming part o£ it. 

Growth is 'then continued at an active site in which 

the initiator no longer plays a part. A catalytic 

centre is ~sually responsible for starting the gro,.,th 

o~ · many chains and may well participate in the addition 

of each monomer unit! ; i.e. the catalyst is literally 

the active site or an integra~ pnrt of it • 
• 

Most monomers are only readily polymerised by one 

or two of the catalyst/initiator types and normally 

' 
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tbi• will not bo with equal •ffa6tiveneee in · terme of the 

scale ot reaction and the molecular weight of the polymer. 

From a consideration of the sterio and electronic 

structure of the monomer it is often possible to 

estimate its susceptibility to each type ot_initiation. 

Generally, polymerisation is less likely for sterioally 

hindered vinyl or diane compounds and enhanced by the 

electronic effects of substituents which provide resonance 

stabilisation of the active centre, whether it is an ion or 

a radical. Table I shows the etteot ot the various 

initiators upon various vinyl monomere. Certain monomers 

may be polymerised by more than one technique if either the 

radical and one or both ot the ionic type active centres 

can be stabilised, e.g. styrene, iso-butylene and N-

vinylcarbazole. 

In addition to a consideration of the initiation 

step, it muet beremembered that for polymerisation to occur, 

the subsequent propagation step must occur much more 

readily than any termination process. There are character-

istic termination re~ctions for the four type5 of vinyl 

polymerisation initiation/propagation mechanisms. The free 

radical termination mechanism is either the bringing 

together of two radicals, which destroys the growing 

centres to give 'dead' polymer molecules, or merely a 

t~ansf~r of the active centre to some other molecule from the 

growing chain to give a 'dead' molecule {see Figure 2). 

When tho transfer of an active centro takes place, the 

radical centre may transfer to an atom of a monomer, solvent, 



TABLE I 

Susccptability of various monomers towardc initio.tor 
+ ,... . _Lc .. u-aaues. 

Monomer 

Ethylene 

Propylene 

Styrene 

Vinyl chloride 

Acrylonitrile 

Methacrylate 

Alkylvinylethe~ 

' : 

Vinyl Acetate 

!so butene 

a-methylstyrene 

Polymer 

-CH2-cH2-

-CH2-qH-
CH:3 

-CH2-Cif-

@ 
-CH2-CHC1-

-CH2-?E-
en 

-CH2-Gff­

t.ooCH; 
-CH2-9H­

OR 

J.!et~ylt'le thacryla te · 

Cyclobutene 

Initiator 
Radical Cationic 

Anionic 

. X 

X X X 

X 

· x X 

X X 

x · 

- ·· X 

X X 

X 

X X 

Ziegler­
lia.ttc. 

X 

X 

.· 

X 



Free Radical Termination Mechanisms 
A) Combination of two radicals . 

FiPjure 2 

R 
. . . I 

VVVVV' ... CHr CH · 
i . i i 

~cH2CH · --l•~ANCH2CH·CH-CH2~ 

.. • .. 

+ 

B); Disproportionation of two- radicals . · 

· C) Chain transfer. 

· R 
I 

~·CH2CH· · + R' SH 

R'S· + 

Continuing propagation.· 

I n addition to added transfer aeents in certain 
instances monomer , solvent and dead polymer chains 
may act as chain .transfer asents . 
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dead polymer chain, or an added transfer agent molecule. 

Although this reaction terminates an individual molecular 

chain, the kinetic chain growth may continue by reaction 

of this new radical with further monomer. 

The principal anionic termination reaction is the 

abstraction of a relatively acidic hydrogen. This results 

in the creation 6f a new anion but the overall process is 

a chain transfer only if this reinitiates further monomer 
., 

(See · Figure )) . In the absence ot impurities or built-in 

transfer and/or termination processes, the 'living' chain 

end of an anionic polymerisation has a remarkably long 

life-time, allowing tor further addition ot more or 
I 

different monomers with continuing propagation. 

The carbonium ion of a cationic mechanism cay be 

terminated in one of three ways, via an elimination or 

by reaction with an anion, or alternatively it may undergo 

a transfer step similar to ·that found in radical mechanisms. 

These reactions are illustrated in· Figure 4. 

For Ziegler (co-ordination) systems, the termination 

processes are lees well defined but individual chain growth 

may be terminated by one . of several postulated trnnsfer 

reactions of which Figure 5k) and 5B) are typical examples. 

The termination of the active centre, i.e. true kinetic 

termination, generally ari~oe from a reaction with an 

acidio compound {see Figure .5C)). 

As Table I illustra~ee, tho ranee of monomers . 
polymerised by these tour types of mechanism is so wide 

that it is difficult to adequately summarise the individual 



Fi rrnre ? 

. 
Anionic Termination Mechanism~. 

The pres~J1Ce of impurities in an anionic systcc such as 
alcohol molecules causes a termination .reaction. as . shown . . . . 
below for the polymerisation of formaldehyde,although 
subsequently reinitiation may occur • . 

Termination 

.. 
~cH;oe • ROH 

Reinitiation 

Under very vigorous reaction conditions the above 
termination reaction may occur as an in~ernal hydride 
eli~ination forming a vinyl end · gr-oup in a sim5.lar 
reaction to that shown for cationic polymerisation. 



Figure 4-

Cationic Ter~ination Mechanisms. 

A) Elimination 

B) Reaction \'li~h ·an anion 

~CH-CH-0-C-CF 
2 It 3 

C) Chain transfer 
(Normally to monomer ~ut may also be 

agents. E.g. dead polyme~ chains.) 
. CH

3 
. 

I 
~ ... CH2Ce 

0 

to other transfer 

CH3 
I 6Ha .., lvV\.N\I'v'ACHr C=Cf-12 

+ (CH 3) 3 c~ A e 



Figure 5 

Ziegler system Termination Mechanisms. 

- A) Intern.al hydride transfer. 

· R " 

I . . ~ . . 
Cat-CH-c~ct-1-CHR-CH-CH . ~I· . . 2. . . 2 . 3 

H I . . :·.. . -·, + 
.. 

' . 

Cat-H + 

B) Transfer to ~anomer. 

(Similar transfer may occur l<ri th ·metal alkyl, or . 
alkyl group or with added agents ·such as hydrogen) 

' " 

. ... . . '• 

+ CH2 =CHR 

Cat-CH2CH-R 

C) Termination by acidic species. 

Cat-CH2CHR~CH2CHR-ClirCHl + HX 
. ,. .- . 

~ 

( ' 
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' techniques by which these various active centres are 
.. 

generated and the typical conditions of the polymerisations. 

However, details of these aspects of the various systems 

may be found in tho literature as follows:-

Free Radical . Polyme~lsation; Bamfo~d ~ t ~ {17); - Catio~ic 

Polymerisation, Pl~sch {18); ' Anionic Polymerisation, 

Szwarc (19); Zie·gler systems, Reich · and Schindler (20). 
,• ., ,. 

. . . 
SECTION 4.1. - ZIEGLER CATALYST SYSTEMS 

Ethylene and most higher oc-olefins, which require 

high temperatures and pressures for free radical 

polymerisation, react readily at room temperature and 

pressure using Ziegler catalysts. These catalysts are 

typically obtained by mi~ing together a metal alkyl or 

aryl of Groups I - IV of the Periodic Table with a compound 

(generally tho halide) of a transition metal of Groups 

IV - VIII. Thus, there are numerous possible permutations 

of' catalyst and many have been cited in the literature, 

although in general the most useful combinations have been 
,. 

obtained from titanium or vanadium chlorides and aluminium 

trialkyls or dialkylchlorides. These catalysts normally 

produce polymer of a high molecular weight and with a linear, 

sterooregular structure which confers enhanced. crystalline 

properties over the material produced by a radical mechanism. 

Much of' the early development of' Ziegler catalysts was by 

research workers in.Europoan countries where several 

industrial plants now exist for the production of materials 

such as high density linear 9olyethylone, lsotactic poly" 

propylene, poly-4-methylpent-1-ene, polybut-1-ono and poly-
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butadienes • . The original discovery o~ this type o~ . 

catalyst is credited to K Ziegler and his research school 

at the Max Planck Institute, Mulhein. However, in earlier 

work, M Fischer (21) re~ers to ethylene polymerisation by 

a oatalyst . mixture o~ a similar nature (aluminium, aluminium 

chloride, and titanium tetrachloride) an~ several British 

and us .. patents which stem ~rom the investigations in 1949 

of Roedel (22), ~ease~~ of the . Du Pont Company also 

cite combinations o~ this type. Likewise, Herman and 

Nelson (23) - report a styrene polymerisation in 1953. using 

a catalyst which would now be . considered as a Ziegler system. 

In the middle nineteen- fifties, after the Ziegler discovery, 

intensive work was carried out concurrently .by .. K Ziettler 

and G .Natta, the latter concentrating on the polymerisation 

o~ higher oc-ole~ins (24), especially with respect to the 

preparation o~ stereoregular polymers (25). The extensive 

research carried out by these .workers was recogni:Jed ,. in 

1963 with the award of the Nobel Prize in Chemistry jointly 

to . K Ziegler and G Natta. Their - accounts of the development 

of the work can be round in · their Nobel addresses (26, 27}. 

A Ziegler cntalyst is usually formed by bringing 

together in an inert . atmosphere, a transition metal 

compound in which the transition metal is in a valency 

state below--its normal maximum (e.g. titanium (111), 

chloride, vanadium (111) chloride) and an organowetallic 

compound (e.g. aluminium triethyl, aluminium diethyl 

chloride). The former is ienerally though to bo a •true• 

catalytic compound. The technique o~ reduction is 
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extremely important, often being the 'most important single 

factor in deciding the activity of the catalyst. The latter 

acts principally as an activator, alkylating the catalytic 

surface, and also as a scavenger for minor traces of 

any catalyst poisons. 

In conventional Ziegler polymerisations, a slurry of 

titanium (111) chloride is preformed by reduction using an 

aluminium trialkyl or alumini~m dialkyl halide ~sually 

R=ethyl) in a dry, oxygen-free inert hydrocarbon solvent 

{e.g. heptane, iso-octane) under a nitrogen atmosphere. 

Tho catalyst efficiency varies with the nature and the 

crystal structure of the catalyst particles and therefore 

particular care is necessary over the reduction conditions, 

and so elaborate techniques have often been developed to 

0 achieve optimum results. When carried out below 70 C 

such reduction produces the ~ - crystal modification of 

titanium (111) chloride (28, 29) which, although a very 

activo ~-olefin polymerisation catalyst, has the poorest 
' 

storeoregulating properties of the four known modifications. 

This p-form of titanium (111) chloride has, also, a crystal 

structure considerably different from the three other forms, 

consisting of threads of linear macromolecules of titanium 

tri-chloride, shown pictorially in Figure 6. . . 
Enl1aneed isotactic stereospecificity, especially for 

propylene, may be conferred on such a catalyst by a heat 

treatment cycle, heating the catalyst above 150°C (28, 30, 

31), which converts it to the 1- modification. A further 

alternative crystalline modification is oc-titanium (111) 

chloride , which is also capablo of this hicher decree of 



Figure 6 

Qct 
0 Ti 

Structural model of the a-modification of T1Cl3·• 
The X-ray spectrum can be ~nterpreted on the basis 
of a layer lattice, which can originate from the 
hexagonal close-packing of the chlorine atoms, in 
which the titaniwu atoms are arranged in layers, 
placed at every second layer of· tbe cr.lorine atoms. 
The elementary unit cell of ihis.modifisation has 
oonstants . of : a~b=6.12A,c=l7.50A,Y=l20 • 

(lA=lo-10m.) 

Tho crystal structures of the various modifications 
of titanium (III) chloride. 



Figure 6 

Qct. 
0 Ti 

Structural ~odel of the P-modification of TiC13• 
The X-ray spectrum can be interpreted on the basis 
of ·a hexagonal close-packing of the chlorine atoms 
,in which the TiC13 molecules are gathered in rows 
that are parallel to the three-fold axis.The 
coordination of the halogen atoms around the 
titanium is still octahedral,but the way in which 
the titanium atoms are arranged among t-hemselves 
is completely different.The spectrum yields ao 
hexagonal unit cell,having constants : a;6.27A ; 
C;5.82A. 

The crystal structures of the various modifications 
of titanium (III) chloride. 



Figure 6 

. . 

Loyer A 

•. 

Loyer B 

u . - . 
layer C 

- ., 

Distribution of the titanium atoms(small balls);and 
of the chlorine atoms in consecutive structurgl 
layers of the unit cell of Y-TiC13• 
From the X-ray powder spectrum,the hexagonal unit 

cell ha~ the following constants: n=b=6.14A; c=17.40A 
; Y=l20 ,and contains six monomeric units TiC13• 

: . ! ... . 

. ·. . \ 

Unit cell of Y-TiCl.,..The layers,ns shewn above,repeut 
nlong the c-axis,thus determining a cubic clo~e packing 
of the chlorine otom~. 
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stereoregulation. This latter variet¥ results from the 

reduction of titanium (IV) chloride with hydrogen or 

aluminium at high temperatures (~2, ~~) • . Finally, a 

third form with similar properties is the b- form, which 

can -be -obtained by pro~ongcd grinding of either oc- or . 

~- f'orms ( ~4). All . these three forms, oc.~, '¥ - and b­

titanium (III) chloride are purple in colour, whereas the 

~- f'o~m has a brown . colour. These .. forms of' titanium (III) 

chloride, which are formed by reduction of titanium (IV) 

chloride with an . aluminium alky~ ·. reducing · agent, are 

normally found to be a solid solution of' aluminium 

chloride (~5). This is supported ·by observations (~4) .. 

that samples of varying aluminium content· have essentially 

undetectable dif'f'erences in X-ray spectral intensities 

and that no indications of a ~uperstructure can be found • 

. The oc-, 1- and b- forms of' . ti ~anium (III) chloride 

all have a :.similar crystal structure. In the oc~ .f'orm 

it is a cadmium iodide : type struotu.re consisting of' 

hexagonally close packed chloride ions with titanium atoms 

distributed in the interstitial ~paces between alternate 

layers of chloride ions {see Figure 6). Similar .layer 

structures can be .. f'ound . in the other two modifications,~­

titanium (III) chloride diff'ers !'rom the oc- f'orm only in 

that the chloride ions are in a cubic close packed array. 

The b- form has a . less ordered layer structure, -with a 

degree of alternation between the cubic and hexagonal 

packin~. This may be observed in tho X-ray powder spectrum 

which indicates an essentially disordered structure (~4) · 
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although some characteristics of the te- and "{- layer 

structures may be found. The similarity of the crystal 

structure of the oc-, ~- and forms is reflected in 

the results obtained when each is used as a component of 

a Ziegler catalyst. Although each of them exhibits greater 

stereospecificity than the p- form, it appears to be 
. 

achieved at the expense of the rate· of polymerisation. 

All the four types of structure found in titanium (III) 

chloride contain octahedrally co-ordinated titanium ions 

and similar layer lattice structures containing octahedrally 

co-ordinated metal atoms arc found in titanium (II) chloride 

(J6), and also vandaium and chromium trichlorides, all of 

which are active Ziegler catalysts. In contrast, inactive 

compounds such as titanium (IV) cnloride and titanium (IV) 

alkoxides contain tetrahedrally co-ordinated titanium 

ions. Thus, for stereospecific polymerisation, the presence 

of this octahedral configuration in a Ziegler catalyst may 

be regarded as being of as great ~mportance as any specific 

valency state. 

In a polymerisation reaction, the titanium catalyst 

is used in conjunction with a cocatalyst, normally either 

aluminium trialkyl or dialkyl-chloride. The reaction is 

generally carried out in diluent medium (a hydro-carbon, 

e.g. heptane, iso-octanc) and the product forms as a solution 

or a particulate slurry. Figure 7, a typical application of 

a Ziegler catalyst .system, illustrates schematically the 

steps involved in the industrial polymerisation of ethylene 

by a slurry process. This particular reaction is generally 



.. ! ..... 

A~"-o~ 
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Fir;ure 7 
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A general scheme fo~ the ~ Zie~l~r polymerisntion of Ethylene . 
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carried out · at 0.1 - 1.0 MNm-2 (1-10 atmospheres) using 

a catalyst suspended in a monomer solvent chosen to be a 

poor solvent ~or the polymer, which thus forms as a solid 

on - the catalyst particles, producing a slurry of the 

0 material. The reaction temperature, usually less than 100 C, 

( ~ -50-80°C), ensures that polymer solu~ility remains.low 

and in industri~l- situations the excess solvent and monomer 

may be recovered and re-cycled. Before work-up, if the 

product · contains · a high proportion of catalyst, it may be 

necessary to deactivate it by treatment with alcohol or 

water. In such ases, it may also be necessary to wash out 

catalyst residues (de-ash) with acid and water . or by steam 

stripping, before proceeding with drying • 

. ' 

SECTION 4.2. - THE HECHANISH OF ZIEGLER CATALYSTS 

Nany aspects of the mechanism of Ziegler catalysts 

· bavo been described as a 're3ult of recent investigations. 

However, the mechanis·m of the.se immensely c'omplicated ·· 

systems, is still not conclusively and fully explained. 

Two major groups of theories exist, those employing a 

bimetallic and 'those omploying a monometallic mechanism.··' 

In the bimetallic mechanisms, the presence or· two metals 

in tho catalyst .combination is considered to bo essential. 

In 'the monometallic mechanisms • 'however, only one metal 

atom (tho ·transition met~l) is necessary for polymerisntion. 

In the case o~ bimetallic mechanis~s, the propagation step 

em~loys two metal atoms which may be the same ~r di~~erent 

elements, whereas a monometallic mechanism involves growth 

about only one metal c6ntre. 
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One o£ the early mechanisms proposed by Natta ('7) 

in 1960, is a cogent example of' .. the . bimetallic mechanism ... ' ~ . 

which provides a simple explanation for the creation of 

isotactic polymers and is outlined in Figure 8. ,. More 

recently, this type of mechanism has lost favour, 

as ~~ater evidence has not apparently supported . it (~8) • . , 
An1increasing amount of the recent evidence and opinion 

./ 

' has favoured the monometallic. theories. This type of 

' mechanism was proposed as early as 1956 by Nenitzescu 

.(J9) and found support from the later experimental 

evidence of Carol and Carrick (40). A more elaborate 

model including .a description of the olefin co"ordination 

using molecular orbital · treatment was developed by 
,. 

Cossce (41) in 1962) and this etill f'orms the backbone 

of' many current proposals. 

The active site in · the monometallic mechanisms is 

the transition metal atom (e.g • . Ti) and a second metal 

atom (e.g. Al) is not directly involved. In such cases, 

an active catalyst species (e.g. Ti-Et) is formed 

by the alkylation of the reduced metal compound (e.g. 

titanium ( 111) chlorid.e) by the second catalyst. ·Component 
. 

(e.g. aluminium triethyl). This type of mechanism is 

supported by the experimental evidence of several 

important po1ymerisation parameters (e.g. copolymerisation 

reactivity (40), propagation rate constants (42) in 

presence and absence of motal alkyls) which can be related 

only to the properties of' the transition metal and not to 

those of tho other metal present. 
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The Natta Bi metallic Mechanism. 
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The active centre proposed in the Cossee (41, 43) 

model essentially consists of an octabedr~lly co-ordinated 

transition element, with empty or nearly empty t 2g 

orbitals, which has in its co-ordination sphere one 

alkyl group positioned cis to one vacant position 

through a p~ - d~ (dihapto) bond. The mechanism 

shown in Figure 4 will thereby be facilitated as this 

co-ordination step also appears to weaken the transition 

metal - carbon bond to the alkyl. The mechanism supposes 

that the active centre is formed due to the interaction 

of a chlorine vacancy on the t~tanium (III) chloride 

surface ld th an alkyl aluminium. Such vacancies l.rere 

proposed by Arlman to exist on the crystal edges to ensure 

its electro-neutrality. The result ·or this reaction is 

the replacement of one of tho chlorine atoms on a Ti centre 

by an alkyl group ~nd the retention of a ligand vacancy 

(see Figure 9). This generates the active centre, providing 

a Ti-C ~-bond and the facility for monomer co-ordination 

to tho Ti. Propagation is due to the adsorption of a 

monomer unit, which forms ~ Ti bond to the Ti c entre and is 

subsequently inserted into the Ti-C bond via a four membered 

rinz transition state {see Figure 9). The overall thermo-

dynamic drive for a vinyl polymerisation arises from the 

2 
relief of strain in going from the unsaturated sp hybrid C-

atom configuration, to the saturated sp3 form, but this process 

is an ·activated ona and the activation barrier has to Le 

reduced by a catalyst. Cosoee postulates that, as a 

result of the availability of the d-orbitals, the alkyl 



The Cossee Monometallic Mechanism . 

R ... 
J ' "cH 

-M~ H 2 ~ 
/ ·· "'CH 
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. 1/ . . 
-M-CH-CH-R /.1 2 . 2 

A) Mechanism for the propagation step as proposed by Cossee • 

~ . . .. .· .. 

. . 
· ! 

B) One l ayer of _the crystal structure of ~-~icl3 showin~ 
the Ti- al·kyl bond and the chlorine vacancy fo~ming the 

' acti ve ' centre in the surface. 

R 

I /x2 
x4 ----·M ------

x ? 

' 
x3 

C) The confiGuration nupposed to be the active centre in 
a Zie~ler catalys~ . ( H.,;, Transition metal ion ; R= Alkyl 
group( growinB polymer chain), x

1 
- x4;.: Anions.) 

Dine;ramn illustratinG the Consee t1cchanism (I). 
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X 

.D). A schematic picture showing the spatial arrangement 
. of the relevant orbitals in .a~-bond between a . . 
transition metal and ethylene • 
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E) The molecular or~i tal e·~ergy diagram for the octahedral 

complex H T.i .c14 ( C2H4 ). (For reasons of sir:1piici ty 4s 

and 4p orbitals .. are not taken into account and the . Ti-Cl 

bond is supposed to be 100% ionic.). 
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F) The complete ·mechanism ~e~uencc proposed by Cossee. 

Diagra'[lls illustra ting the Cos nee l'lechn.ninm (II) • . 
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group migrates, using a combination of p and d orbitals 

all along its reaction path, which alfows it to remain 
. . ' 

relatively strong bonded to the active centre and 

gives the reaction a· low activation energy (se'e 4-membered 

ring transition state, Figure 9). This he describes in 

terms of a molecular orbital diagr.am (see Figure 9)". 

:In the ' uncomplexed condition, the energy 6 E must be 

obtained to weaken the Ti-C bond (i.e. transfer an 

electron from the bonding ~rbital into the metal J d orbitals) 

and as catalysts may be stored for long periods without 

decomposition, ~E is large ·. enough to maintain· the 

bond intact in the absence of olefin. However, '~hen an 

olefin is co-ordinated to the complex, a new energy lev~l 
. ' . 

d(y~) is formed ·by· mixing metal d orbitals and ethylene 

antibonding orbitals ("back donation"). This new level is 
. . . ' 

lower than that of tho original metal J d orbitals and tho 

A I · energy·, ~E, required to.' excite an electron is less than 

· ~E, therefore more readily obtained~ This lowering of the 

energy gap makes the Ti-C bond more susceptible to homolysis. 

it should be noted that in the mechanism proposed by 

Cossoe the growing chain and the vacant position change 

place during propagation, which would give rise to a 

syndiotactic polymer. · :In order to account for isotactic 

polymerisation, Cosseo proposed that the alkyl croup returned 

to it~ ·original position before a further monomer unit 

was comploxed. It ~as considered that such an ~lkyl shift 

,.,ould be aided by the presence of .tbo d (yz) orbital, similarly 

to its migration in the propagation ~top. 

\ 
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Subsequent developments of the Cossee mechanism have 
• 

q~ostioned the occurrence of the complexation step and tho 

final migration back step of the vacant position. Boor has 

put forward a concept (44) originating 1-1ith Tennett, tha.t 

tho mechanism is a ..£!!!_-four-centre addition 1-1i thout prior 

co-ordination. They suggest co-ordination would increase activ-· 

ation energy as the ground state is more stabilised than the 

transition state~ so that a complex formation would lower 

the rate of insertion. The Boor model postulates a highly 

polarisable metal-carbon bond, and the driving force of the 

mechanism is transfer of an electron around the four centre 

system (see Figure 10). This achieves a thermodynamically 

favourable conversion of the unsaturated C=c· bond into a 

saturated one 1'lhilst retaining the metal-carbon e'"' -bond. 

In place of the Cossee complexation step, this mechanism 

only requires the approach of the olefin to the active centre 

and the lengthening of the M-C bond by polarisation 

resulting in a direct insertion of the olefin into that bond. 

The advantage of this model is .that the position of the 

ligands around the Ti centre remains the san1c, which 

eliminates the requirement for the final vacant position 

migration step of the Cossee mechanism in order to achieve 

isotacticity. This model also has the advantage of 

accommodating a number of catalysts with d
4 

and dS electronic 

systems which have been found to polymerise ethylene nnd 

propylene, and 11hich violate tlJC d0 and o3 roquirer.1cnts of tho 

original Cossee model. 
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Obliq_ue view of two Ti8 c124. units separated by Al2 c16 • 

The · Buls 3nd Hits6irw concept of o.n eight Ti taniure 3. tom :..cti ve 

centre moiety. 



22 

Recent proposals by Buls and Higgins (4~) modify 

the Cossee mechanism by considering that the process is 

not a surface phenomenon but that the whole Ti content of 

the activated catalyst is actively involved. Usinc tl~eir 

experimental data froc the TiCiJ/AlEt2 Cl system, they 

conclude the basic structure in the unactivated catalyst 

is a Ti8 Cl24 molecule containing A12 c16 present in 

solid solution. They postulate that the eight Ti atoms 

are arranged in a .planar ·p-xyiene like skeleton (sec 
<· 

~igure 10), giving an overall structure with regularly 

spaced cavities into which monomer and alkyl may diffuse. 

Tho cocatalyst addition causes alkylation of the exposed 

titanium atoms producing active centres each with two 

vacant ligand positions but otherwise similar to those 

proposed by Cossee. The configuration of these vacancies 

within the alkylated T18 c124 unit is such that they are 

roirror images of each other and a co-ordination/insertion · 

process as already outlined by Cossee, results in 

isotacticity. Although the mechanism provides a plausible 

explanation in tho context of tho studied system, it is 

difficult to accept generally as it appears contrary to much 

photographic evidence supporting crystal edge and defect 

polymer grOl'lth. 

Theoretical investigations have attempted to describe 

in greater detail tho tentative orbital sequences proposed 

for the active titanium site. The essentially qualitative 

scheme constructed by Cossee baa boon recently discussed 

quan~itatively in .terms of the eloct~onic structures and 
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energy levels o£ the intermediate complexes by Armstrong, 

Perkins · and ·' Steward · ( 46). They do · not £ind it necessary to 

postulate that a · vacancy ·exists ori the titanium at some 

point but rather that the complex in which an alkyl group 

lies between two octahedral sites has ' the lower enorgy and 

a mechanism in which an incoming ethylene displaces this 

on co-ordination is shown to .be possible. 

SECTION 4.1. - HAGNESIUH REDUCED CATALYSTS 

The Ziegler catalyst used in the present work is a 

pre£orm~d titanium (111) chloride.prepared by alkyl 

magnesium reduction and activated using an aluminium 

trialkyl. The technique for preparing the catalyst was 

originally developed by Shell Research Company Limited 

(47,48) but the modified technique (49,49A) adopted in our 

earlier ethylene polymerisa tions ltas used throughout the 

present work. This system has also been found to be active 

in the polymerisation of propylene {50) and investigations 

into its use with this monomer are currently being carried 

out. · Duck, .,!! !;.!, (51) have also investigated a similar 

Ziegler catalyst £or the polymerisation of ethylene and 

propylene. In their case the titanium (111) chloride was 

prepared by the reduction of titanium IV chloride with a 

macnesium alkyl chloride carried out by ball milling in the 

presence or absence o£ a support. 

A · i.i~.&.·co c.omponent system, titanium 'IV chloride, an 

aluminium alh."Yl and diphenylmagneaium has boon studied by 
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Radenkov ~ ~ (52). In this system, tho highest yields 

were obtained when the diphenyl magnesium was added as the 

~inal catalyst component. At atmospheric pressure, the 

polymerisation o~ ethylene proceeded at a constant rate 

o~ ' - 250 g c2n4/ g TiC14/min f'or a long period • when 

carried out at 6 Kg/cm2 pressure very high rates were 

produc'ed ·but the.se died '·rapidly a~ter a £ew minutes, then 

tended ' towards zero rate • '. 

. ' 

---ooo--~ 

. ' 



CHAPTER 2 

GRAFTED BLOCK COPOLYHER EXPERIHENTS 

SECTION 1 - INTRODUCTION 

Previous work using a magnesium reduced catalyst · f'or 

the polymeria a tion of''· ethylene. ( 48,49) demonstrated that 

it was extremely active, capable of' producing in excess of' 

f'i:fty kilogrammes of' p~lymer per ·gra·mrr,e of' TiC13 • . It was . 

therefore propos·ed to use this ca talys't ·' to prepare graft co-

polymer materials by the synthesis of' suitable polymeric 

cocatalyste f'or use in the subsequent Ziegler catalysed 

ole :fin polymerisation. There is currently e.vidence ( 43, 

53.54) to show that an alkyl group present in the organo­

metallic compound used as a co'catalyst in a Ziegler system 

is normally incorporated as the :first unit o:f the growing 

polymer chain. I£ this alkyl group can be replaced by a 

polymer chain whilst still retaining the initiating 

properties of' the compound, the technique may be used as 

a general synthetic route to block copolymers. 

1.1. - TimORETICAL CONSID~RATIONS· 

A general scheme :for the ·preparation o:f an active 

Ziegler catalyst using titanium trichloride and its use :for 

an olef'in polymerisation is shown in Figure 11. In order to 

produce copolymers by such a system it was necessary to 

introduce segments of' another macromolecular species into 

the scheme. This appears possible at tl-ro points' · 

A) At the catalyst activation stage; by substitution of' a 

P.re:formed macromolecular chain. P into the metal alkyl 
• 

cocato.lyst HBRN to produce a species ~iDRN_ 1P. Theoretically 

thia would yield polimers with R and with P end groups 



_K!gure 11 

M8 Ru · + Ti Cl3 . 

I (where M8 RH can be AI(C2 H5) 31 

+ AI Et2CI ,Zn Et2,Li B~) 
•Active Ziegler Catalyst'' . 

· •R'CH=CI-t2 

Propa~ales growlng polymer c)jain. 

.. -~ 

RR'CH~ CH2-Cat 

.+R'Ctf~~CH2 prooL ces 

R R' CH- CH2-R"CH -CH2-Cat 

•R111 CfH CH 
repeat~·d many t~mes. 

Olefinic Polymer. 

_. RR
1 CB-~H2{RCH-C~2 Jn 

A general scheme · ror the preparation of active Zieslar_ 
catalysts using titanilz~:_t~ic~loride .. 
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{e.g. homopolymer o~ the ~orm: 

as in the Figure 11 scheme and also copolymer o~ the ~orm: 

D) At the chain propagation stage by the substitution o~ 

alternative oc-ole£ins. This may be accomplished by 

either o~ two techniques: 

i) Firstly the~-ole~in may be more than one type o~ 

monomer, this can be achieved by using mixed monomer 

f'eeds producing random copolymers or. by sequential 

f'eeding o~ alternate monomers which is said to produce 

a more 'blocky' type of' arrangement within the 

copolymer. (e.g. As f'or Figure11 but where nl!, Rll 

giving copolymers of' the types: 

a) -RIIcH-CH2-RICH-~H2-R/ICH-CH2-RIIcH-CH2-n11cii-CH2-RI 
I CII-CH2-R CH-CH2-

Random copolynaers. 

I I b) -R CH-CH2-R CH-CII2 •••••• 

CH-CH -nl I CH-'CH 
2 2 •••••• 

Dlock copolymer. 

Doth these particula~ schemes have already been well 

studied £or various catalyst systems. The ~ormer 

technique llcs ~ound a limited commercial application 

as a method for the mod~~ication of tho physical 
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properties of a polyolefin. . For instance. in low 

pressure techniques esp_ecially the Phi~lips process, 

' 
ethylene with properti.es closer to the high pressure 

products than the straightforward low pressure polymer. 

ii) Secondly, the olefin could be a polymeric species in 

which case a graft or block copolymer may be formed. 

(e.g. As in Figure 11, except Rl = P where P = polymer 
' 

chain). This produces copolymers of the form: 

· II · II II RPCH-CH2-R CH-CH2-R CH-CII2-(R CH-CH2-)n. The 

present work has concentrated on investigating methods , 
A) and . B)ii) as synthetic routes to copolymers. 

Organometallic Synthesis 

As outlined earlier an active Ziegler catalyst can be 

prepared using a metal alkyl of the general formula l-IB~· 

Typical examples of such alkyls are aluminium triethyl, 

alulninium diethyl chloride, zinc di~thyl, and lithium butyl. 

Various techriiques~re studied with the intention of producing 

modified macromolecular metal alkyls o£ the general formula 

MBRN_1 P, where P is a polymer chain. Preparative investigations 

into the synthesis of such compounds were centred around two 

pointst 

i) The Group III alkyls (especially aluminium compounds 

· as these generate very active Ziegler catalystD). 

ii) The Group I alkyls (especially lithium, aD here there 

is less · likelihood o£ homopolymer £ormation when the 

sole alkyl group has been substituted for by a polymer 

group. 

The Group I organometallic compounds contnining lithium 

may be prepared by two types o£ reaction either directly or 

by . cxcha nge reactions (55,56,57). The latter iuvolvo tho 



28 

conversion of a readily prepared lithium derivative into 

the desired lithium derivative. Such exchange reactions 

are generally of three types: 

A). Metal - metal exchange 

e.g. 

Ph.Li + Ph,Sn- CH2 -CH = . CH2 

' Ph4 Sn + Li.CH2 .CH = CH2 
.. 

D) • Metal - halogen exchange 

e.g. 

BuLi + p-Br.c6H4 .NHe2 

' BuBr + p-Li.C6H4 .NMe2 

c). He tal - hydrogen exchange 

e.g·. 
.. . . . 

PhLi + PhC = CH 

' C6H6 + PhC= CLi 

A1though these methods provide better routes (i.e. higher 

yields) to - ~any organolithium compounds than the direct 
•I 

methods, in this work such syntheses were inappropriate in 

many instances. A requirement of the exchange method is 

generally for an excess of the . lithium reagent to be used 

and in the metal-metal exchange a further metal alkyl (eg. 

Ph4Sn). is ·generated. Neither of these situations is 

desirable as efficient separation of the alkyls is di~ficult 

without decomposition and if these alternative alkyls are 

present in the subsequent polymerisation reaction they will 

cause interference and/or poisoning of the catalyst. The 

method o:f preparation involving a direct route also has 

limitations. · Tho reaction between lithium and another 

organometallic compound (if an alternative polymeric oreano-
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metallic were ·available) Himilarly creates undesirable 

side products which may be di:f:ficul t .to exclude. Thus there 

remain ·these routes in which Lithium metal reacts directly 

with an alky~ halide or. alkane substrate and it is with these 

~hat investigations were .initially carried out. 

Greater practical di:f:ficulty is associated with the 

obtaining o:f Group III organometallic compounds, containing 

aluminium on a laboratory scale. These highly reactive 

materials may be directly sy~thesised only by the :fo~lowing 

methods (58): 

i) From another organometallic compound, e.g. R2Hg. 

ii) From an ,alkyl halide, e.g. RX. 

iii) From an ole:finic compound, e.g. RCH = CH2 • 

Method ·i) can , only be .re.alised i:f a suitable alternative 

polymeric metal -compound , (e.g. po~ymeric mercury compound) 

is available and providing that its - reaction side product 

(e.g. mercu~) does not inter:fere at the polymerisation stage. 

Method . iii), the direct synthe.sis o:f alkyls :from an olefin and 

aluminium which is the current industrial method o:f synthesis:-

also proves unsuitable as the necessary special equipment :for 

a high pressure' high temperature reaction generating higlll.y 

reacti~e products· o:f this type was not ' available. However, 

Mi. indirect variation o:f the reaction as has been previously 

employed by Greber and Eglc (59) w~s used. In this instance 

the preparation o:f a polymeric alu~inium was carried ~ut 

using an unsaturated polybutadione substrate and diethyl 

aluminium hydride: 

·, 



Et2 Al H + RCII 
~ 

Et2 .Al cu2cH2R 
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where n is the polybutadienc substrate. 

,, 

Method .. ii) was also investigated to :f'ind out whether it 

could be suitable £or the synthesis of' polymeric metal . _ 

alltyls £rom saturated substrates. In this case a ~aloge~ated 

polystyrene was reacted with aluminium metal and also with 

rn aluminium - magnesium alloy in order to p~od~ce alkyl 

aluminium compounds. 

1.2. - EXPERIHENTAL CONSIDERATIONS 

· ; The initial step in . the synthesis consisted. of' the 
1 

preparation .o:f' an organometallic polymeric initiator which 

was then used £or a Ziceler catalysed ethylene .. polymerisation 

to produce . a copolymer.. Experiments o£ a similar nature 

. were reported by Greber . and Egle in. l963 (59) who propose~ . . . 
that a macromolecular Ziegler catalyst was . f'orm~d by the 

addition of' a dialkyl aluminium hydrides to an unsaturated 
• • I • 

macromolecule (a styrene - butadiene copolymer c.ontaining 

pendant vinyl groups) and treatment.o£ the product with . . 
titanium (IV) chloride. The subsequent . use of' this catalyst 

£or ethylene polymerisation apparently , yielded a copolymeric 

material. The.present e~periments study the use of a 

saturated substrate, poiystyrene, and an unsaturated 

substrate, polybutadiene (with a high pendant vinyl content 

{ -'60~), Ol'l to which it was ~ t tempted to .gra:f't a pol.yothylene 

chain. 

The majority of the experiments were concentrated on 

the preparation o:f';macromolecular aluminium alkyls of' n 

similar type to those o£ Greber and Eglc, as the aluminium 

compounds appear to be the most e:f':f'ective nlkylating agents 
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~or the Ziegler systems (60,61). However, certain 
• 

experiments involving lithium and magnesium alky~s were 

also undertaken. 

The two main synthetic routes used with the t\10 

substrates are illustrated by Figure12. The reaction 

products o~ these metallation experiments \-tere tested 

£or activity as initiators in an ethylene polymerisation. 

Xn order to make comparative ~stimations o£ the activity 

o£ these catalyst systems control experiments were £irst 

9arried out using a conventional aluminium triethyl 

cocatalysed homopolymerisation. These results were compared 

with those previously obtained £or this system as a check 

on the reproducibility. · The reaction products ~rom the 

copolymerisation experiments were subjected to a ~raction-

ation procedure in order to separate and characterise 

the copolymer content. 

SECTION 2 - EXPERI~ffiNTAL PROCEDURE 

PREPARATION OF ~~CROMOLECULAR ~~TAL ALKYLS FOR USE AS 

C_O~CATALYSTS 

2.1 . - HALOGENATION EXPERIHENTS 

Xnitial experiments investignting the preparation o£ 

macromolecular metal alkyls were carried out using a 

p~lystyrene starting material. As outlined earlier, this 

ldatorial was usually halogenated ~irst and subsequently 

subjected to a metallation reaction. In earlier instances 

a direct motallation was employed. Tho polystyrene mntorial 

used throughout these exporimentts w~s Shell Cnrinox polystyrene 



H.R. grade: IV; 0.7 - , o.B · (M.wt.-100,000- 120,000), which 

was used . without £urther . puri£~cation. 

1 • . Preparation of Poly(p-iodo)styrone 

Poly. (p-iodo) styrene was prepared by_the method ,of Braun 

(62). Polystyrene (5.2 gms, 0.05 mole*) was dissolved in 

nitrobenzene (150 em') and a m~xture o£ I 2 (5.1 gms, o.o4 mole) 

and H 103 (1.9 gms, 0.01 mole) were added, . t~gether with 

cc14 (5 cm3) whi~h was used to wash- the subl~med iodine back 

into the reaction mixture. Finally, the mixture was 

completed by the addition of 1 : 1 H2so4 (10 em3) and then 

re£luxed under vigorous agitation, · and maintained at 90°C. 

for 36 hours • . After being allowed to cool, the entire 

reaction mixture was run dropwise into 2 . dm3. of ··CH
3

0H 

saturated wi~h so2 .r During th~s addition, the mixture was 

vigorously stirred • . The poly (p-iodo) styrcne . was 

recovered by £iltration and washed well with CH OH. 'rhe 
0 3 

precipitate was dried in a vacuum oven at 50 C and then 

subjected to elemental analysis, I.R and N.H.R. spectroscopy. . .. 

Yield : 10.3 gms of _poly (p-iodo) styrene {90~) 

Elemental Analysis: Cr 45.8% II: 3.3% I: 52.5% {95% 

Iodination) 

Similar results were obtained when the experiment was repeated 

on a larger scale using 52 gms of polystyrene (0.5 moles). 

A partially iodinated material was also prepared .using . the 

same technique with 13 gms of polystyrene (0.125 moles) and 

0.46 gms of iodine (O.OOj6 molus). 

Elemental Analysis: c ·: 89.1% H: 7.4rf, I: .3.11o (6% 

Iodination) 

NOTE:* Throughout the text tho quantities of polymer used are 

expressed as moles of tho monomer unit present. 
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2. Preparation o~ Poly(p-bromo)~tyrene 

Poly (p-bromo) styrene was prepared by the method of 

Bachmann, Heilman~~ (6:3) • . Br2 (26 cm3 (80 «rns), 

0.5 moles} was added dropwise over four hours to a solution 

o~ polystyrene (52 gms, 0.5 moles} dissolved in cc14 (250 cm3 ) 

in _which was su~pende~ Fe powder {2 gms, 0.0)6 mole) catalyst. 

The mixture was contained in a three necked flask fitted with 

a reflux condenser, _ mechanical stirrer and dropping ~unnel. 

The reaction was run at room _temperature and the apparatus 

shielded ~rom the light. A~ter the bromine had been completely 

added the mixture was left ~tanding ~or three days be~ore the 

product was precipitated by dropwise addition to a vigorously 

stirred solution of so2 in CH3oH. A~ter filtration and washing 

with CH3ou the precipitate was dried in a vacuum oven at 50°C. 

Yield s 90.6 gms of poly (p-bromo) styrene (99~) 

Elemental Analysis: C: · 52.8% H: 4.0~ Br: 41.2% 

(94~ Bromination} 

J. Preparation of' Poly( oc -bromo )styr?ne 

Polystyrene (10.4 gms, 0.1 cole) was dissol~ed _ in CCl4 

(:300 cm:3) and maintained at 60 - 70°C whilst Br2 (2.6 cm3 (8 g~s), 

0.1 moles) dissolv~d in cc14 (50 cm:3) was . added dropwise. The 

reaction was carried out in a magnetically stirred three necked 

flask fitted with reflux condenser, droppinc .funnel _and 

thermometer pocket. Tho app~ratus was illuminated by a 60 em, 

20 watt fluorescent strip light for the duration of the 

reaction. Agitation and heating of the mixture were continued 

for two hours after tl;e addition of the bromine was complete. 

When cool, the mixture was precipitated and worked up as in 

preparation 2. 



Yield 1 9.8 gms (54%) 

Elemental Analysis: C: 77.3~ H: 6.0~ Dr : 16.7~ 

(38% Bromination) · 

The experiment was repeated on a 0.5 moles scale using 51.6 gms 

o~ polystyrene (o~49 moles) and Dr2 ' (13 c~3 (40 g~s) 0.05 moles), 

with the ~ollowing reoults:-

Yield 

Elemental Analysis: C: 30.0% H: 6.)~ Br: 13.7~ 

(31~ ·Broraination)' 

A partially brominated sample was prepared on the 0.1 mole 

scale, using only 0.06 cm3 (o.l9 gms) o£ Br2 ' (0.0023 moles). 

Yield a 10.2 gms 

Elemental . Analysis: · c: 91.7~ ~ · H: 7.8% Brs 0.5~ 

(1% Bromination) 

4. Preparation of' Poly(p-bromoetbyl)styrene (Friedel-Croff (64)) 

Polyotyrene (20.8 gms, 0.2 mole~) was dissolved in .nitro­

·benzene (600 em)) in a three necked 1 dmj £la8k ~itted with a 

ref'lux . condenser, 'mechanical stirrer and thermometer pocket. 

BrCH2cH2 0H {8.5 em) (15 gms), 0.12 mole) and cone. H2S04 

(100 cm3 ) were ~dded, and ~he mixt~re was he~ted at 70°C for 

4i hours. A~tcr cooling, the entire reaction mixture was poured 

into lee water. The product was recovered by £iltration and 

dried (vacuum oven at 50°C}. The crude product proved 

impossible to dissolve ih toluene !'or·' £urther· puri£ication, and 

so it was concluded that crosslinking of tho polymeric 

material had taken place. 
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2. 2, - 1-IETALLATION EXPERDfENTS 
. ' 

i) - ORGANOLITHIU1-f AND ORGANOHAGNRSIU~t C01•lPOUNDS 

.5. Preparation o~ Lithiatod Poly~tvrene from Poly(p-bromo) 

Styrene and Lithium Metal 

Poly (p-bromo) styrene (.5.7 gm, 0.03 moles) from 

preparation 2 was dissolved in .50 cm3 of fresh distilled 

(off. LiAlH4) _tetrahydrofuran (T.li~F.) and S:dded to 

lithium shot (0.7 gms, 0.1 moles) suspended in T.H.F. 

(25 cm3 ) • The mixture was contained in .. a magnetically 

stirred three .necked flask, fitted with nitrogen inlet, 

reflux condenser with while oil bubbler and dropping funnel. 

The apparatus had been oven dried·over night at 140°C and 

flushed out with dry nitrogen before use. 

Prior to the .addition of the brominated polymer, the 

lithium surface was cleaned by the addition of a few drops 

of ethylene dibromide. After all tho brominated polymer 

solution had been added, the mixture was refluxed over night, 

then allowed to cool to room temperature under the nitrogen 

atmosphere. In order to determine the degree of lithiation 

subsequent experiments were carried out in which the 

substituted lithium was replaced with a stable group which 
. 

could be readily detected analytically (see preparations 7 

and 8). 

6. Preparation of Poly(trirnethylsilyl)styrano 

3 
A 20 cm3 (0.008 moles) aliquot of tho reaction mixture 

from the above experiment ,.,as 1·oacted with _ (cn
3

)
3

s1Cl (1.0 

0.85 gms, 0.011 moles} in n .dry flaok under a nitroeen 

atmosphere. ~fter standing for eoveral houro to ensure 

c~ • 



complete reaction, the polystyrene was recovered by 

precipitation into methanol, ~iltration and dryin~ under 

vacuum at 50°C. The product was subjected to elemental 

analysis and N.H.R. spectroscopy. 

Yield o~ polymer 1.7 gms (116~) 

Elemental Analysie: C: 50.6% ll: :3.8~ 

7. Preparation o~ Poly(p-iodo)styrene 

A 20 cm3 (0.008 moles) aliquot of the reaction mixture 

as in the experiment above was reacted with I 2 (1.5 gms, 0.012 

moles) in a dry flask under a nitrogen atmosphere. After 

standing for several hours to ensure complete reaction, the 

polyDtyrene was recovered by precipitation in cn
3

o:n, 

filtration, and dryin~ under vacuum at 50°c. The product was 

subjected to elemental analysis:-

Yield o~ Polymer z 1.7 gms (89%) 

Elemental Analysis: C: 50.5~ H: :3.7~ I: O% Br: 44.0% 

8. Preparati.on o~ a Poly(lithio)styrene In.itiated Copolymer 

Preparation 6 was repeated on a doubled scale reacting 

poly(p-bromo) styrene (11.5 gms, 0.06:3 moles) aiasolved in 

T.H.F. (200 cm3 ) with lithium shot suspended in T.II.F. 

(150 cm3 ). A 150 em) portion o~ the solution from this 

reaction was subsequently used as co-catalyst in a high 

pressure ethylene polymerisation using 1500 cm3 o~ toluene 

solvent, a T1Cl:3 catalyst (1 mM concentration) and 

temperature of 80°C. Negligible polymorisation of ethylene 

occurred. See later results of' experiments E/2, E/8 and SE/1. 

9. Preparation of a Polystyryl Gricnard Reacont 

The conventional method (65) for tho preparation o~ a 
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Grignard reagent was employed in this experiment. }lagnesium 

powder (1.70 gms, 0.070 moles) was vigorously ' stirred under 

a nitrogen atmosphere at 1J0°C ~or two hours in a 

maGnetically stirred three necked ~lnsk ~itted with a 

nitrogen· inlet, re~lux condenser, with a white oil bubbler 

and a dropping ~unnel. The apparatus was oven dried 

0 over night at 130 and ~lushed with dry nitrogen be~ore 

use. A~ter slight cooling, a solution · o~ poly(p-bromo) · 

styrene, (10 gms, 0.055 moles) in ~reshly distilled T.H.F. 

(100 cm3) was added dropwise to the Mg. The mixture was 

allowed to re~lux during the addition and this was continued 

t'or a ~urther . two hours a~ter all the bromide had been· 

added. At this point, further T~H.F. - (150 cmJ) -was added 

to the reaction mixture, · which was then re~luxed for a 

further two hours before it was allow~d to cool under a 

nitrogen atmosphere. The strength of tho Grignard solution 

was estimated by reacting a 10 cmJ aliquot "with 1M HCl 

(20 cm3 ) then back titrating the excess HCl with 1M NaOll 

using phenolphthiein indicator. A hydrolysed sample of the 

reaction mixture was · recovcred and subjected -to elemental 

analysis. 19. 95cm3 ·. o~ 1M NaOH were required, · thero~ore 

Strength of Grignard Solution: 5 x 10-3 M 

Elemental Analysis: Cs 50.4% JI: · 3.9% Brs 46.1~ 

10. Preparation of Lithiated Polystyrene ~rom Poly(p-iodo) 

Styrene and Lithium ~~tal 

This · experiment was carried out with the · samo ~ technique - ae 

used for preparation 6 except that poly (p-iodo) styrcno ­

(73 gms, O.OJ moles) dissolved in tetrahydrofuran T.H.F. 

(200 cm3 ) · was added to - lithium (14 ems, ·o.2o moles) suspended 



in T.H.F. (100 cm3)• Elementa1 analysis was carried out 

on a hydrolysed aliquot of the reaction mixture after 

it had been worked up. 

Elemental Analysis: C1 46.5~ II: 3.5~ I: Sl.S: 

11. Preparation o£ Lithiatcd Polystvrene from Poly(~ -bromo) 

Styrene and Lithium Metal 

This experiment was also carried out using the technique 

described in preparation 6. Poly( oe-bromo)styrene (5.8 gms, 

0.032 moles) was dissolved in T.H.F. (100 cm3) and added 

to lithium (0.07 gms, 0.10 moles) together with sodiUQ 

(0.05 gms) suspended in T.II.F. (50 cm3 ). Elemental analysis 

was carried out on a hydrolysed aliquot o£ the reaction 

mixture after it had been filtered and dried in the usual 

way. 

Elemental Analysis: Cs 79.1% Hs 6.3% Br: 14.7% 

. 12. Preparation o£ Poly8tyryl Grirrnard Reagent using an 

"Activated Magnesium" Technique 

An alternative Grignard preparation was carried out 

using an activated form o£ magnesium. This was produced by 

the method of Rieke end Bales {66) which prepares very 

reactive magnesium !!! situ using a HgC12-K-T.H.F.-KI 

mixture. Freshly cut potasaium (2.48 gms, o.o64 mole~), 

anhydrous J.fgC12 (3.37 gms, 0.035 moles), oven-dried KI 

(2.64 gms, 0.016 moles) and SO cm3 T.H.F. (rreshly distilled 

off LiAlH4 ) were placed in a ury 250 cm3 ~hree necked flask, 

which had been f'lushed out with a nitrogen atmosphere. The . 
flask was magnoticnlly stirred and fitted with a droppine 

funnel, nitrogen inlet, condenser and white oil bubbler. 
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. ~ . 

The mixture wa~ vigorously stirred and heated to re~lux 
.. 

for 2 to 3 hours, producing a viscous black mixture • 
. . 

Be~ore poly( cx:.-bromo)styrene (2.9 gms, 0.016 moles) 

dissolved in T.H.F. (70 cm3 ) was added, the mixture was 

cooled to room temperature over )0 minutes. Upon 

completion of the addition o~ the bromide, the mixture was 

returned to reflux for a further 90 minutes then allowed to 

cool to room temperature under the nitrogen atmosphere. 

Aliquots o~ the mixture were titrated as in preparation 

10. 19.95emJ: of lll NaOH were requir~d, therefore 

Strength of Grignard solution:- 0.005 M. 

1!}. Preparation of Lithiated Polystyrene using N-Butyl Lithium 

As an alternative to tho direct metallation methods, the 

exchange reaction technique was also used to prepare lithinted 

polystyrene. Methods using exchange reactions normally 

with n-butyl lithium have been devised by several workers, 

namely Braun (62,67), Leavitt and Haternas (68) and Huglin 

(69). The method used here is basically that used by Draun. 

The n-butyl lithium used for this preparation was a commercial 
' 

product, a 21~ solution in n-hexano supplied by Courturch 

ChemicalD Limited. Before use, its activity was determined 

by the technique of Eppley and Dixon (70) in which the n-butyl 

lithium is titrated against a standard solution o~ benzoic 

acid in monoglyme. This estimation is carried out under 

scrupulously dry inert conditions, using a triphenylmethane 

indicator. 

14.0 cm3 of a 2.2 M s~lution o~ lithium ~butyl (O.OJl moles) 

in n-hoxnne '"~ere diluted .with dry benzene (65 cmJ) in n dry 

2.50 cm3 three necked ~lask. The flask was equipped with 
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magnetic ~tirror bar, and also a nitrogen inlet and while 

oil bubbler which provided a nitrogen atmoehphore. 

Poly(p-iodo)styrene (0.81 gms, o.OOJS moles) dissolved in 

benzene (65 cm3 ) was added dropwise £rom a tap funnel over 

a period of 1 - 2 hours to tho vigorously stirred mixture 

at room temperature. Upon the completion of tho addition, 

tho mixture was stirred for a further 10 minutes. Dry 

n-hexane (100 cm3 ) was added ~o the mixture to induce 

precipitation of tho polystyrene. After leaving tho 

mixture to settle for a few hour~, the bulk o£ th0 super-

natant liquor was decanted of£ and the precipitate was washed 
" 

tl-Tice with 100 cmJ portions of' dry n-hexane to remove as much 

of the excess butyl lithium as possible. Finally, the washed 

poly(p-lithio)styrene was redissolved in toluene (JS cmJ) 

and used ill lieu of a magnesium alkyl as the reducing agent 
~ 

£or the preparation of a titanium chloride slurry by the usual 

technique. (See polymerisation number SE/1). 

ii) - ORGANOALUHINIUN CO~tPOUNDS 

Two methods were used £or the preparation of the 

aluminium organometallic compounds. The first method 

tttilises the addition reaction used by Greber and EBle (59) 

in their experiments. 

whore R = polymer chain. 

The un~aturated polymer substrate employed was a hich 

vinyl polybutadiene rubber, and as a commercial sourco of' 

diethylaluminiumhydride in tho United lCingdom could not ·· 

be located, it proved necessary to prepare this material for 

uso in tho above reaction. 
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14. - Puri~ication o~ Polybutndione R~bber · 

The polybutadieno material was obtained ~rom the ·· 

International Synthetic Rubber Company · Limited, Southampton, 

and is manu~acturcd under the trade name "Intolcne 50". 'The 

particular ·grade used ' had a ' high vinyl content with about 

60~ o£ the butadiene in 'the 1;2 con£iguration; · As supplied, 

the material contained a signi£icant proportion{~ ~O%) · 

o£ extender ·oil which was removed · by dissolving the 

material in ' an so · : 20 mixture o£ n-hexane/cyclohexane 

solvents and reprecipitating the rubber in a large exoe'ss of 

n-butanol; The rubber precipitate was filtered off, 

immediately washed with methanol and dried in a vacuum oven 

at 50°0. · This · puri£ication procedure ''las then repeated to 

obtain the starting material for 't.he subsequent experiments. 

15. Preparation o~ Diethylaluminium Hydride 

The method o£ Ziegler et ~ ·(71) employing sodium hydride 

and diethylaluminiumchlorido was used ~for 'this preparation. 

De£ore use, the activity •of the sodium · hydride was determined 

by reaction with ethanol, followed by titration of the sodium 

othoxide produced ae;ainst 1M liCl using bromocresol purple 

indicator. 17.7 gms o~ .the (~50%) sodium ' hydride dispersion 

in ~il (o.4o moles) was addod to a dry 250 om~ three necked flas~ 

£1ushed out with N2 • The flask was magnetically stirred and 

fitted with a nitrogen inlet, septum cap, and a condenser 

which could be connected either to the vacuum system or . n 

white "~il bubble.r. After the nddi tion .· o~ the oodium hydride 

the apparatus was evacua~ed and warmed cently for two hours. 

It was then allowed to cool and filled with nitrogen. 
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Benzene (45 cm3 ) and diethyl ether (52 cm3 ) ,(both having 

been dried using calcium chloride then sodium wire) ~ere 

added to the ~odium hydride. Diethyl aluminium chloride 

(55 cm3 , o.44 moles) was added continuously, dropwise, to 

the mixture over a period of 7 - 8 hours from a syringe 

through the serum cap whilst the te~perature was maintained 

at 47°C. Upon completing the addition, the mixture was left 

standing overnight. The solvent was then stripped off under 

vacuum and the product recovered by distillation at 65 -

0 75 C at a vacuum of 0.7 mm lie. ** 
Yield: 30 cm3 (25 gms) of diethylaluminium hydride 

16. Preparation of an Aluminium Polybutadiene Compound 

Using Diothyl Aluminium Hydride 

T.he method of Greber and Egle was used for the prepar-

ation of aluminium metallated samples of polybutadiene which were 

introduced into an ethylene polycerisntion system. ~repara­

tion of these compounds was either carried out in the 

polymerisation reactor prior to the ethylene polymerisation 

o~ in the apparatus as used for the oreanoliothiurn prepara-

tiona, in which case a measured aliquot of the polymer 

solution was transferred to the roactor. Dry !so-octane or 

toluene wa s used as the solvent for these. experiments of vhich 

the following is a typical example. 

NOTE; ** Reference 55, Chapter III, Page 340, also Annalen 

.1§.2, 91 (1954). (b.p. 65 - 70°q"tt 0.7 mm IIg). 

i 
I 

'I li 
! 
i 
; 



The puri~ied polybutadiene (5.25, gms, 0.097 moles) 

was dissolved in !so-octane* in the reactor and stirred at 

85°C. Diethyl aluminiumhydride (6.0 cm3 (4.9 gms), 0.05 moles) 

was added to the mixture, which was then le~t stirring ~or 

three hours be~ore starting the ethylene polymerisation, 

To ensure maximum reaction, it was pre~erred to leave the 

0 mixture overnight at a minimum o£ 50 C be~ore use. Details 

o~ these polymerisation~, experiment numbers BE/1, BE/2, 

BE/3 and BE/4, are given later in the text. 

17. Pr~Enration o£ a Polystyrene Aluminium Compound ~rom 

Amalgamated Aluminium 

The . preparation o~ Et3Al2 I 3 by this type o~ reaction, 

was fir~t reported by Hallwachs and Schafarik (72) in 1859, 

but the method used in this preparation is similar to that 

used by Grosse and Havity (73). In this experiment the 

aluminium w•s activated by amalgamation using the technique 

of Vislicenus and Kau~mann (74). Aluminium turnings were 

firstly etched by the addition o£ d.ilute sodium hydroxide 

and shaking the mixture until hydrogen was evolv~d. The 

sodium hydroxide solution was then decanted of~ and the 

turnings washed with water. They were then treated with 

0.5~ mercuric ch.loride solution £or 1 - 2 minutes. A~ter 

decanting this solution o£f, the entire process was repeated. 

When the mercuric chloride solution had been decanted off for 

the second time the turnings were washed with portions of water, 

then dry ethanol, then dry eth~r, be~ore their immediate uso. 

NOTE: * In other cases toluene was also used as an alternative. 

:! 
r 
l 
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I • • .' 

About 5 gms o~ tho aluminium turnings prepared as above 

were placed in the three necked ~lask apparatus as 

described previously ~or metal alkyl preparation. 

Poly( ~ -brome)etyrene (9.2 gms, 0.05 moles) dissolved in 

toluene (100 ~m3) was added to the turnings and a~ter the 
• 

addition o£ a crystal o£ iodine the mixture was brought 

to re~lux. A~ter re~luxing overnight, the mixture was 

allowed to cool and an aliquot o~ the supernatant solution 

was used as initiator in a polymerisation experiment, SE/2. 

18. Preparation o~ Polystyrene Aluminium Compound Using 

a Magnesium Aluminium Alloy 

The preparation was carried out using the techniq~e o~ 
. . 

Grosse and Mavity (73). The appa~atus used was as ~or 

preparation 17. 4.32 gms o£ magnalium turnings (an alloy 
• h( 

of' 30% :P.Ig and 70~ Al) tog~ther w_ith poly(~ -bromo)styrene 

(9.2 gms, 0.05 moles) was placed in the £lask and dissolved 

in 100 cm3 o~ toluene • . The procedure then £ollow(td that of 

preparation 17. See polyruerisation number SE/3. 

2. 3. EXPERINENTS TO PREPARE AN UNSATURATED POLYSTYRENE 

SUBSTRATE 

The f'ollo\o~ing three step procedure was adopted in 

order to synthesise a vinyl substituted polystyrene. 

19. Preparation of Poly(p-chloromethyl)styrene usinc a 

Frieder Crafts Reaction 

The method o£ Kockelbergh and Smets (75) was used for the 

preparation of' poly\p-chloromethyl)styrene. This requirau 

the use of' chloromcthyl methyl ether which was prepared by 
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the Gilman and Blatt procedure (76). A mixturo of 

438 cm3 (350 gms) of methanol (10.9 moles) and 900 gms 

of technical formalin solution containing 252 gms of formaldehyde 

(8.4 moles) in a 2 dm3 flask were reacted . with a stream of 

hydrogen chloride eas supplied from a cylinder. The ether 

was salted out of the aqueous phase with CaCl~ · and separated 

off. The product was dried· ovor CaC12 before further use. 

15 gms of. polystyrene (0.14 moles) · were dissolved in 300 cm3 

of carbon disulphide and the mixture cooled in an · ice bath 

to O~C. After 30 cm3 (32.1 sms) of chloromethyl mathyl ether 

(o.4o moles) had been added, 7.5 gms of anhydrous aluminium 

chloride were, over a period of t~o hours, gradually added 

to the vigorously stirred mixture. 120 cm3 •of dio:ane 

was added to the reaction after a · further four hours, and ·· 

the polymer was then precipitated by pouring the mixture 

into methanol. The product was filtered off; washed well 

with portions of water, · then methanol and finally vacuum 

dried at 50°C. 

Yields 

Elemental Analysis: C: 79.5~ 11: 6.9% · ·c1: 13.6% 

(59~ Chloromethylation) 

20. Preparation of the Triphenyl PhosEhonium Salt or 

Poly(E-chloromAthyl)Styrene 

11.0 gms (0.072 moles) of poly(p-chloromethyl)styreno 

were placed in a flask together with 23.6 gms of triphenyl phos­

phine (0.09 moles) in dimethyl~ormamide (700 cm3) and the 

mixture stirred under reflux for three hours. When cool 

the precipitate was filtered off, washed with benzene and 
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d i d 'i at 50°C r e __n vacuo 

Yield t 25.4 g (9:3~) , ,. 

Elemental Analysis: C: 76.6~ H: 6~9% Pi 4.j~ Cl: 6~.0~ 

(53% Phosphorylation) · 

21. Prepa r a tion o~ ' Poly(p~vinyl)Rtyrene 

·12.9 gms o£ the phosphonium salt (0.034 moles) from 

preparation 20 were suspended in a mixture of 160 cm, ' o£ 

toluene and 200 cm3 o£ anhydrous ethanol. lOO 'cmj of a 

saturated solution 'of formaldehyde in ethanol were added 

to the mixture, · followed by 150 cmJ o£ a O ~ j M solution 

of . lithium ethoxide · (o.043 moles) (prepared - by the addition 

o~ 2~0 gms of lithium wire to 1 dmj of anhydrous ethanol). 

The mixture was ' !ltirred well, then allowed to stand. ·The 

precipitation o£ Athe ~rodu~t was -~sisted by the \ addition of 

250 cm3 of water and the re£rigera tion of the mixture over­

night. The precipitate wall · recovered ' by filtration,· :washed 

0 with ethanol and -dried ~vacuo at 50 c. A purified enmple · 

was prepared by reprecipitation • . :rt was found ' ' that a consid- · ,·, 

arable amourit of the material was insoluble in toluene, 

which suggests that cross linking of tho polystyrene had 

occurred •. 

Yield : 5.2 gms of ronction' product (1.6%) 

· o.l gms of toluene soluble material (2~) 

Elemental Analysis : 

of the tolue ne · soluble · 

m~terial 

Theoretical figures 

· ror poly(p-vinyl) . 

styrene : C: 92.3~ II: 7.7cf, 
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2.4. - POLY}ffiRISATION EXPERI~mNTS 

Ethylene polyrnerisation experiments were carried 

out using the technique employed for previous work (48,49) 

(see also Figures 7, 13, 14). The technique, apparatus and 

materials were as employed previously with the following 

exceptions. In these experiments the gas supply systems 

were reconstructed entirely from metal, the pipework and 

catalyst columns being chiefly copper or stainless steel 

connected using "Wadett brass fittings. Nylon tubing was 

used to a very limited extent, only for essential flexible 

connections, especially in the couplings connected to the 

glasaware, as in the solvent supply system. The gas supply 

system incorporated an additional drying column containing 

molecular sieve type 3A and the ~~lvent supply system 

incorporated one containing molecular sieve type SA. 

All sieve pellets used for these experiments were 1/16 in. 

diameter. The drying agent for the solvent distillation was 

sodium-potassium alloy in preferepce to lithium aluminiurnhydride, 

since its activity'could be relied upon providing liquid 

metal was visible. 

22. Ethylene Ho'mopolvmeri~ations 

A series of 11 experiments were conducted initially to test 

out the activity of the rebuilt apparatus for preparing 

ethylene polymers. Results were obtained usin~ aluminium 

triethyl and compared with previous figures in order to 

obtain a system with high catalyst activity. Control experi-
• 

ments, where alternative metal alkyls were employed, were 

carried out in order that comparable activit)r results could 
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be used to ascertain "activator" ef£iciency. 
' . Natal alkyls 

used £or this work included lithium butyl, aluminium 

diethylchlori4e and aluminium diethyl .hydrido. 

23. Ethylene Polybutadiene Copolymerisations 

A series of four experiments were carried out using 

' l ' 
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co-catalyst preparations in which polybutadiene rubber was reacted~ ~ 

in order to £orm an alkylating material. Samples £rom certain ~~ 

o£ these experiments were -£ractionated for evidence of M ~ 
I!. I 

copolymerisation. Details of . the results of _theso tests 

are given . lat~r in the text • . . . 
24. Ethylene Polystyrene Copolymerisationl!l . , . 

A series of three experiments -using polystyrene based 

catalyst materials was also carried out. These employed 

the materials cited in the earlier preparations {numbers 

13, 16, 17). Chara~~erisation of one of the . copolymcr samples 

was at~empt~d and , the results are . given later • . 

25. Characterisation of the Copolymer Materinl~ 

The -first stage of characterisation .of the copolymeric 

materials -was fractionation of the crude polymer . using solvent 

extraction techniques. ;· The following method '\-tas ~mployed: 

A weighed sample of. the crude material was placed in a 500 cmJ 

flask and refluxcd for · 20 .hours with a solvent, then the 

mixture was filtered whilst still , hot. Tho filtrate was 

evaporated to . dryness, usually on a rotary .evaporator* and 

both that and the residue dried . in vacuo . at S0°C. - .;..;;;;.,;;;;,.;-.-
After 

NOTE: * High boiling point solvents were vacuum diotilled to 

low bulk and then the polymer precipitated iH methanol 

and the precipitate recovered 'by filtr~tion. 
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reweighina, the residue was treated with a different 

solvent in the same way. 

The butadiene - containing materials were treated with 

benzene, trichloroethylene, cyclohexane, iso-amyl acetate, 

tetralin and decalin in that order. The ctyrene - containing 

materials were similarly treated with the following sequence 

of solvents; toluene, xylene, tetralin and decalin. Where 

possible, samples of the fractionated materials were cast 

into films and subjected to infra-red spectroscopy. I£ 

sufficient material was available, an intrinsic viscosity 

determination was made, using the method aiven ·in. referenee 

49, page 39. 

. 
SECTION 3 - RESULTS AND DISCUSSION. 

The initial experiments were concentrated on tho prep-

aration of the macromelecular organo-metallic compounds as 

only very limited ethylene polymerisation facilities were 

available at this stage. Whilst investigating these reactions, 

the reconstruction ·or the ethylene polymerisation apparatus 

was also undertaken incorporating all modifications thoueht 

necessary from the prev~ous work. The first preparations were 

the halogenation experim~nts su~marised by t~e scheme . 

overleaf • In general, these reactions were successful in 

providing precursors for the la~~r organometallic syntheses. 

Preparations 1 to 3 were ~eadily effected with a useful 

yield of the variou~ poly{h3lo)-styrene compounds. The 

p-iod~material was prepared by an established route which gave 

90% recovery and an estimated 95% haloaenation according to 
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HALOGENATION EXPERIHENTS 

(1)Iodination 
Iodine in nitro­
benzene/COl~" vd th 
iodic acid;rt2so4 • 

I 
Poly(p!iodo) 

styrene 

Pol:vstyT'ene 

(2)Bromine in cc14 + Fe in the dark. 

t Poly(p-bromo) 
styrene 

( 

Poly(p-brorno 
ethyl)styrene 

(3)Bromine in CC14 
+ light irradiat~on. 

\ 
. Poly(<X-bromo) 

styrene 

Direct lithiation experiments were carried out on 

all. the above polyhalostyrenes. Poly( ex: -and p-bromo) 

styrenes were used ~or Grignard preparations and the 

poly(p~iodo)styrene was used in an~alkyl exchaneo 

renction~type lithiation. 
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the elemental analysis. N.M.R. and I~n. ~pectra were 

obtained ~or the poly(p-iodo)styrene. · The I.n. spectrum 

con~irmed the para substitution showing. strengthening o~ 

l -1 the peak at 8~0 em .in relation to those ~ound at 700 

and 750 -1 em • -1 . The 1600 em absorption o~ a polystyrene 

£11m is greatly reduced in tho nujol mull o£ the poly(p~iodo) 

l!styrene and the absorptions at 1490 and '1450 cm-1 are £ound 

at the lower values o~ 1470 and 1400 cm-l respectively. 

The N.M.R. spectrum was consistent with ' para-substitution. 

The p-bromo material was also prepared by an established · 

method and gave a high recovery (99~) arid good conversion 

(94% \ brominatio'n). The I.R. spectrum is similar to that 

~ound ~or the p-iodo derivative. A peak at 820 cm-l confirms 

para~eubstitution, and slightly larger movement of the 1490 

and 1450 cm-1 bands is ~ound this time to 1450 and 1370 cm-l 

respectively. A similar N.M,R. spectrum to that £ound in · 

the p-iodo experiment also con~irms para-substitution has 

taken place. 

The method used in preparation 3 for the ~-bromination 

of polystyrene was a novel technique which gave acceptable 

results. A yiold o~ 65% was achieved and elemental analysis 

on two preparations gave brominations of 38~ and Jl%. The 

I.R. spectrum does not contain any disubstitution bands but 

only a peak at 695 cm-l with side peak at 730 cm-l ~rom tho 

monosubstituted phenyl ring of the ~tyrene. The mid 
. . 1 

spectrum peaks are ~ound at 1450 and 1370 em- • The N.H.n. 
spectrum found for the product was consistent with 

~- bromination. In the preparations attomptinc partial 
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halogenation a usefully iodinated material was produced 

containing 6fo iodination but the oc -brominated material 

with only 1% bromination lias conaidored of loss practical 

value. 

In order to obtain a polyhalostyrene derivative which 

has no sterically bulky grou~s immediately adjacent to the 

halogen atom, unlike those mentioned above, e.g. aryl group 

or polymer chain, a preparation of bromoethyl polystyrene 

was undertaken. However,·the attempt to substitute a 

large alkyl function into the para-position ot tho phenyl 

nucleus as in preparation 4 was a failure. The 

resulting product was highly crosslinked and no soluble 

material could be recovered from the reaction mixture. The 

use of the acid catalysad Friede1~Crafts method with the 

2-bromo-ethanol proved unsuitable, probably owing to 

H 

H 

H 

H 



HETALLATION EXPERIHENTS 

Orsanolithium nnd Organomacnesium Compounds 

As outlinod earlier in the text, the halogenated 

polystyrenes wero used in experiments for the preparation 

of metal alk:yls ,as s~own in the diagram belo,.,:-

___________ P_o_l~y~(p~.--b~-r~rene , 

(10)Conventional . (6)Direct 
Grisnard expt. lithiation 

~ { 
Magnesium Alkyl Lit il~ Alkyl 
· Halide 

(?)Reaction 
\·ri th TMSCl . 

(9)Polymerisation 

- i. 
Poly(trimethyl 

silyl)styrene 

~ 
Copolymer 

Poly(a-b. ~ene 

(12)Direct (13)'Act1vated Mg' 
Grip.;nard expt. 

1' 
l1a~nesium Alkyl 

Halide 

( 14)Exchange 
lithiation 

t 
Lithium Alkyl 

li thiation -:. 

Li thfum Alkyl 

Poly(p-i~ene 

(11)Direct 
lithiation 

' ~ 
Lithium Alkyl 

(10)Reaction 
\vi th iodine 

' i 
Poly(p-iodo) 

'· styrene 

... 



The scheme shows a summary of th~ lithium and 

magnesium metallntion experiments 'rhich were generally found to 

give very poor results. None of tho direct methods, 

preparations 5, 10 and 11, were successful. 

The direct lithiation of poly(p-bromo)styrone, 

,, 

preparation 5, was qualitatively monitored by preparations 

6, 7 and B. Th e effect of preparation 6, tho replacement 

of Li functions by Si(CH)3 wa~ monitored spectrascopically. 

The I.n. spectrum does not show a characteristic peak for 

.cH,-Si 1-1hich should be present - 1250 cm-
1 • The N.J.f.R. 

spectrum does not show the peaks {the characteristic 

chemical shift) ~hich would be anticipated from the {CH.)).)Si 

group. These results imply that negligible lithiation of 

the material has been achieved and is confirmed by the elemental 

analysis of prepa ration 7. The determination of the percentage s 

of bromine and iodine present in a product sample gave 

thase rosults1- Ct SO.S% Hz 3.7% I: O.O% Dr: 44.o%, w~ich 

shows that the lithiation of the material was insufficient to 

be detected by this method. The polymerisation attempt using 

material from preparation S as cocatalyst was also unsuccessful, 

a minimal quantity of polymer baing prepared. 

The Grignard syntheses, preparations 9 and 12, failed 

to work using the polymeric alkyl halide substrates. Tho 

titration results for aliquots from each of the preparations 

were at the error limit for the burette readinas and it was 

concluded that no detectable reaction bad taken place ~ 
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.. 
Additional lith!ation experiments usinG p-iodo and 

~-bromo substituted polymers, preparations 10 and 11, 

were also failures. These sho,~ed that activation of the 

substrate using an alternative halogen and alkyl rather 

than aryl type substitution· had no effect. oVerall, the 

re~ults confirm that direct synthesis of lithio-~ubstituted 

styrene polymer using poly(p-bromo)styrene and lithium 

metal does not take place. The me'tallic · lithium does not 

appear to be a sufficiently powerful reagent to react 

with a polymer substrate. An exchange reaction seems, 

therefore, indicated. 

Exchange reaction~ 

~- ~+ 
-C-Li + 

I 

j 
lb- ~+ 

:_e-Li ~ ~ 
1\J 

·> 

[ 
·e 

-C . + 

In the exchange reaction the polarisation of the 

·· ·Li-e bond ·leading to ·-·attack by the alkyl group is 

sufficient to drive the reaction whorea~· in the 

case of metallic Li this is absent. 

Thus, the ·only lithiation technique which produced a 

high yield was the butyl lithium exchaneo reaction, 

preparation 13, but this motl1od enountorod practical diffi­

culties regarding the use of its product for ~olymorisation 



exper~ments. Although this reaction proved a much more 

effective synthetic route, tbe technique employed 

requires an . excess of lithium rcacent and therefore in . . ' 

this instance ~ts application was limited because ot the 
• • • f • 

~mpracticality of recovering the lithiopolystyrcne product 

from the excess reagent. llowever, partial recovery proved 

possible by precipitation of some .of tho polymeric material 

and separation of this . from the bulk of the reaction ... 

mixture. 
·~ 

A quantitative estimat~on of .~he activity of the 
~ • t 

butyl lith~um solution was ma~e by the Eppley and Dixon 

method {70), using the following _reactions:-

A) 

B) 

Titration reaction: 

DuLi + c 6J-I5cooH-c6n5cooLi .+ BuHt 

End , Point reaction: 

BuLi, + {c6H5 ),cH-(96H5 )3c Li 

~ (red colour) + BuHt 

.J:n. the absence of DHSO a· white ppt. rather 

than a red colour change , is observed. 

: \ . . 

The titration react~on . {~ee . Equation A) is carried out in a 

dimethylsulphoxide/monoglyme/hydrocarbon solvent using 

triphenylmethane as in~icat?r {see Equation D). 

The n-butyl lithium exchange reaction proceeded 

smoothly as found by earlier authors {62, 68) using , this 
• •l 

method. The washing procedure devised for preparation lJ 

appears effective . ~nd the lithiated polymer recovered l{as 

used to reduce titanium tetrachloride, producinc the slurry 

employed in polyrnerisation oxperiment SE/1 (see later). 
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At this stage tho organolithium was used as a catalyst 

reducing agent rather than a cocatalyst as the early 

homopolymerisation results showed that even the short chain 

lithium butyl was not effective as a cocatalyst for this 

magnesium reduced Ziegler system. 

The purification of the polybutadiene rubber, 

.preparation 14, proved to be a difficult practical problem. 

The mat'erial was only soluble in hydrocarbons and required 
' 

considerable effort to produce a solution, as it did not 

even readily dissolve in these. The optimum solvent appeared 

to an 80/20 n-hexane/cyclohexane mixture in which the rubber 

dissolved after vigorous stirring and g~ntle heatin~. Any 

excessive heating uas found read~ly to crosslinl< the 

material, producing ·a solvent swollen eel. Tho aluminium 

organometallic compounds were prepared by two- routes, firstly 

the addition reaction as used by Greber and ' Egle: 

R.CH = CH2 +· A1Et2H- R.CH2 CH2A1Et 2 

where R = polymer chain. 

Secondly, preparations involving the use of the parent 

metal diroctly~ The resultant product is an alkyl metal 

hal.ide. 

J:) :JIL~ + 2Al - R2 Al X t RAl X2 

An altcrnativo direct method . using aluminium tlagnesium alloy 

gives a product essentially free from the undesirable 

dihalidc side~product. 
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The most convenient way of' ascertaining the reactivity of' 

the macro-molecular orsanoaluminium compounds which were 

prepared was by their direct use as cocatalysts £or ethylene 

polymerisation. Aliquots of' the reaction product £rom 

experiments as de~cribed in preparation 16 wore used £or the 

cocatalyst in polymerisation experiments DE/1, BE/2, and DE/3. 

Polymerisation BE/4 used a catalyst consisting of' a TiC13 slurry 

made using an aliquot of' a similar react~on product as the reducing 

agent and a cocatalyst of' _aluminium triethyl• The reaction 

product £rom preparation 17 was used as cocatalyst £or polymor­

isation SE/2 and an aliquot from preparation 18 was used similarly 

in polymorisation SE/3. The results for these polymerisations 

will be found in a later section of the text. 

An investigation of' reactions involving an olefinic double 

·bond and aluminium alkyls in polymers containing a polystyrene 

backbone was also proposed. In ord~r to do this it wan 

necessary to synthesise a vinyl substituted polystyrene polymer. 

The synthetic route given in diagram p.71 was adopted. This 

technique failed in so f'ar as the bulk of' the material produced 

was cross-linked by the end of the reaction sequence. However, 

this does serve to illustrate a basic prerequisite of the 

techniques whicl\ must be used in the organic chemistry of 

polymers. The synthetic route used should be kept to a 

minimum of' stages. In conventional organic chemistry the 

products o£ side reactions can be removed at each stage of' tlle 

synthesis by puri:f'ication techniques. l:n polymer organic 

chemistry, undesirable side producto are incorporated into the 
" 

• 
same polymer chain ns tho required functions and the two are, 

therefore, inseparable. This will often lead to cross-
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linking at other stages o~ the synthesis, and only a 

relatively small degree of crosslinking is required for the 

formation of insoluble gels. Alternatively, , a .. solubility 

problem may exist solely because .of the variety of functions, 

including undesirable ones, present in the polymer. The 

following synthesis is .proposed as an alternative . f~r the 

formation of vinyl containing polystyrenes, and offers . the 

possibility of substituting longer alkyl , side . ohains. 

1. ~H-CH~ 

~ iodination 

(prep.l) 

4 • . ~u-cnreaction with 

CH2 I 
CH 
II 

' CH 
2 

allyl bromide 

+ LiDr 

·BuLi 
I 

metallation 
I 

. (prep. 13) 
t 3. VvvvV'Cfi-CH2~ 

Li 

Both o~ the oarly stacos may be carried out with high 

yields and little interference ~rom side reactions. The 

novel step in the reaction is the last stage whore the 

lithiated polymer reacts with an alpha bromo-omega unsatur­

ated alkane (e.g. alkyl bromide, 17-octadecanoic bromide, 

CII2=C~I ( CH2 ) l4. cn2cii\aDr) and eliminates lithium bromide 

~orming a vinyl substituted polystyrene material. Inter~erenco 

with this reaction may occur i~ the substituted ethylene 



6o 

reagent pre£erentially polymerises in the presence o£ the 

~ithiated polymer. Polymerisation has been shown to take 

place with non-halogen containing ole£inic monomers (77), 

e.g. methyl methacrylate, acrylonitrile, styrene and 

~soprene. An alternative proposal is that a vinyl lithium 

reagent can be used with a halogenated polymer, e.g. 

poly(p-chloromethyl)styrene, or poly(p-bromo)otyrene, and 

a similar e~imin~tion o£ ~ithium halide carried out. 

I \ 

Initial ethylenehomopolymerisations were carried out in 

order to test the system and ascertain the activity o£ the 

titanium chloride catalyst, (see experiments E/1 - E/7). 

The ear.ly experiments E/1 - E/5 {-s'ee table 1) abowed that the 

activity o£ the system was not as high as was to be expected 

£rom previous work (35, 36). In order to improve the 

activity,extra precautions were taken. A£ter tho £irst 

polymerisations E/1 - E/3, the gas supplies were double . 

checked £or gas leaks and all ground glass jointa in the 

solvent system regreased. A new TiClj catalyst slurry was 

prepared and £resh aluminium alkyl used £or experiments 

E/4 and E/5 but no improvement in activity has been made. 

The reduced activity was suspected to arise from either of 

two sources. Firstly, the solvent was rccylced material £rom 

the earlier work which had used £rashly supplied commercial 

material. Secondly, the dodecyl bromide used in the catalyst 

preparation was technical grade material and not that 

supplied by BDll Limited. In r:rder to overcome any pl .. oblems 

arising :from these causes; the solvent was initially washed with 

three portions (10~ by volume) o£ concentrated sulphuric acid. 
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This was :followed by washing with ac~d potassium pormanganate 

and then water. The solvent was driod 'with anhydrous calcium 

chloride then sodium wire be:f'ore ' its distillation as normal. 

The dodecyl bromide was washed with portions - of concentrated 

hydrochloric acid, water, sodium bicarb'onate and f'inally water, 

before standing it over anhydrous calcium chloride. Be:f'ore 

use th~ bromide was vacuum distillod. These precautions 

resulted in the preparation of a catalyst with an approximately 

50~ increased activity. The increas~ in activity of this 

catalyst to approximately 75~ of that used previously (48, 49) 

was considered to make it acceptable f'or the comparative work. 

Four :further homopolymerisations were carried out to 

estimate the ef'f'iciency of various metal alkyls ns cocatalyst . ' 
initiators. The results are shown in Table 2 f'or aluminium 

diethyl chloride, aluminium diethyl hydride -and lithium 

' . butyl. The. two alternative aluminium al~~la gave markedly 

\ 

reduced yields in comparison with aluminium tricthyl, and the 

lithium ·butyl gave negligible yicl~. As '' a result · of' tho poor 

reac tiv.ity · of' the lithium alkyl in experiments E/2 and E/8; it was 

decided to concentrate on the preparation of' macromolecular alum-

iniums rather than lithiums. 

Four copolymerisation experiments were carried ·out with 

the polybutadiene backbone and throe with the polystyrene 

backbone. Details of ' those experiments are also eiven in 
~ 

Table 2. In experiments DE/1 and DE/3, a polybutadi~no organa-

metallic was used as the cocatalyst compoundi and in DE/4 as 

the reducing agent for the TiC13 slurry; ' Experiments SE/2 and 

SE/3 usod poiystyrene orennomotallics as cocatnlysts. SE/1 

s See p.69 for Table 2. 
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0 ~ .. . f • 

employed a TiC1
3 

catalyst prepared by reduction using a 
' 

polystyryl lithium compound. The monomer absorption rate 

versus time was calculated from experimental observations 

using a programme written for an ICL 1906A Computer, and a 
J' .. ' 

graphical output produced using the graph plotting (GHOST) .. ' 

routines which .nre available in the system (GEORGE 4) 
.... , . 

~mplemented in Birmingham. 
. \ ' , ... l • 

'• . 
The results . of the fractionation experiments, preparation 

+ 
25, are given in Tableiii. The IR spectra for samples of 

the fractions are shown in part II .: , the spectroscopic 
~ : 

section, Appendix • The fractionation of the ethylene-

polybutadiene materials was very 'disappointing. The reaction 

product proved practically insoluble in low . boiling point 

solvents. When subjected to higher b~iling point solvents 

the poly-butadicne · rubber component was obviously becoming 
... 

~ncreasingly crosslinked, forming an insoluble gelled 
: .. . . . ·' 

material. However, small quantities of material were 

recovered and analysis of this material attempted. Here again, 
. - ' 

results were somewhat disappointing. In cases where only 

a very small fraction had been recovered, th~ casting of a 
. 

viable film for IR analysis often proved to bo iMpossible. 

In films where an adequate spectrum could bo tracod,there 

was insufficient difference in absorption peaks to show 

conclusively that a copolymer had boon formed. Interference 

in the spectra by absorption from silicone ercase contamination 

was found in the 625-1300 '~av,-1-number region. Absorptions 

were g enerally present in the 3000 nnd 1600-1800 wave -number 

regions . Fr.actionation of the ethylene-polystyrene materials 

+See p.70 fo= Table III. 



was an easier process experimentally; however, even in this 

case some o~ the material present at the later stages appeared 

to be ~orming a gel residue and some degradation o~ material 

was also taking place. IR spectra o~ these samples were 

similar to those ~ound ~or the polybutadiene materials. 

The ~raction soluble in tetralin £rom experiment DE/2 

was extracted with toluene to remove the silicone grease 

impurity. An .estimate o~ the molecular weight o£ this fraction 

was then made by a single-point viscosity determination. 

Assuming, the relationship as cited £or polyethylene in 

re£erence 35 holds for this material, the intrinsic viscosity 

was 4.45. dl/g and the estimated number average molecular 

weight was 1.7 x 105. 

. ' 

SECTION 4 - SUM}~RY AND FUTURE DEVELOPMENTS 

The results obtained in this section o£ the work, have 

shown that the probability of using macromolecular organometallics 

in order to generate an active Ziegler catalyst system £or 

the production o£ gra£t copolymers is low. The reactions 

which can be employed ~or the preparation o£ such organometallics 

without degrading the substrate are mainly ine£ficient. The 

polymeric compounds produced have shown a low activity when 

used as co-catalysts with tho magnesium reduced catalyst and 

a poor o££iciency as reducing agents, c.~. magnesium alkyl 

halides £or TiC14 reduction. 

The early preparations showed that polystyrene polymers 

can be ·ruudily substituted · with hnlogen atoms in the mnin chain 
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or the phenyl . ring. Subsequent cxperiments· proved that 

.these polymers can only be successfully lithiated by exchange 
:· 

type reactions. A further development of this work might be 

to react a lithiated polymer material produced in this way 

with an ~-halo, ~-unsaturated alkane. · The product of such 

a reaction could be either a styrene-(alkyl halide substituted) 

ethy1ene copolymer initiated by the lithium function, if 

polymerisation occurs, or a · etyrene . s~bstituted with a 
-. 

terminal vinyl side chain i£ a simple lithium bromine 

.exchange reaction occurs. 

The latter compound could be used for further investigations. 

F~rstly, ~t can be subjected to the Greber and Egle style 

reaction 'oti th aluminium ·diethyl hydride. Any product 'of the 

reaction might be ~ suitable as a eocatalyst and/or a reducing 

agent for the titanium catalyst. Alternatively, it could be 

used as a monomer for copolymerisation with ethylene in an 

attempt to form a random Ziegler copolymer using the conventional 

techniques. 

However, the results found in the current work do not 

substantiate the obvious inference which can be made :from the 
.. . 

Greber and Egle copolymerisation experiment. This is that a 

macromolecular organometallic compound reduces TiC14, 

alkylatcs the catalyst surface and propagates a grouing polymer 

chain after the role generally proposed for aluminium triethyl 

in a Ziegler catalysis. An alternative propos al micht be that 

in tll~ system used by Greber and Egle, the combination of 

polymeric alkyl and ethylene in tho reaction mixture may have 

generated aluminium triethyl either by a diapla c ement reaction 
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(78) or an abstraction/addition process. 

i) Displacement Reaction: 

Et~ . /p 
AI 

"Et 

P• Pc~"'e...-ie A.\k:}· . 
For the case of the displacement reaction it may be 

postulated that the formation o~ a dimeric bridged aluminium 

alkyl intermediate can occur, which may by displacement 

generate aluminium triethyl and a dipolymeric aluminium ethyl 

species. Dimeric bridged species of a similar type have boen 

postulated by Hoffman (79) although there is no direct 

evidence for the stable existence of dimors with unlike 

alkyl bridges. However, such species might only have a very 

transitory existence, and would therefore provo difficult · 

to isolate. 

\l 
I 
\ 



66 

ii) Abstraction/Addition Reactions: 

Aluminium alkyls are susceptible to hydrogen . abstraction 

(80) which in the case 'of' the · po.lymeric alkyl sp.ecies, may 

reeenerate the vinyl i>olymer and the ... aluminium :diethyl hydri"de. 

The latter, in the presence of' ethylene, would be converted 

to aluminium triethyl by an addition reaction. 

a)~I~d~ogen Abstration 
~ : ' 

Et, . H H 

~ l---c1 .....:....:..c1-P· 
. / .A / . I . I. 

Et H H 

.L 

b) Addition Reaction 
Et . >1-H+ 
Et · · 

• ' I, • ~ • •• ·~ 

... : • I 

,. I 

_., ... · Al(Et):f • i 

An .exchange process using this abstration/addition mechanism 

accounts for the equilibrium established in aluminium tri-

isobutyl (15). 

e.g. (i-Du),;Al --1 ... ~ (i-Du)2A1 It + CH2 = C (C11.)) 2 

If' aluminium triethyl is generated by either of' those processes, 

it l-till reduce TiCl.) and f'orm an n'ctive Zieeler catalyst system 

which can generate copolymers by reacting with polymeric 

vinyl groups, e.g. incorporation o'f' reeonernted cn2 = CliP 

~1 
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species, or any unreacted vinyl groupp where these are present 

in the graft substrate material. Tho in situ reduction of 

TiC14 by Greber and Egle ·in their system may, have •promoted 

such reactions as postulated above, whilst the use of a preformed 

TiC13 in ·our experiments m~y account for the poor activity. 

Such a mechanism as proposed above might be elucidated ·by 

experiments using radiolabelled ethylene in a mixture with a 

macromolecular aluminium allcyl and monitoring whether any 

radioactivity is incorporated into the metal alkyl. 

Overall, the preparation of graft copolymers by this 

type of synthetic route does not seem very practical. The 

Ziegler· catalyst system is very s"ensi tive to a wide range of' 

poisons, especially oxygen and water. The synthetic preparations 

necessary to produce the precursors r~quired f'or this work 

increase the opportunities for introducing such poisons. In 

particular ~n this work, undesirable ~unctions (oxygen contain­

ing, etc) may be incorporated into the substrate polymer during 

tho synthetic steps. These will be impossible to remove 

entirely and will reduce its ef'fectiveness as a cocatalyst or 

reducing agent. An alternative method of preparation of' this 

type of' graft copolymer may be envisaged, ho,'lever, employing 

the type of reaction which is normally associated with catalyst 

poisoning. This will limit the copolymer to a two block system 

ohly. The technique depends upon quenching and active Ziegler 

polymerisation with a suitably activated backbone on to which 

the growing ethylene chains become grafted. Unfortunately, the 

main torminat1on reaction for Ziegler polymerisations i8 

n~rrnally a hydrocon nbstration, · e. a:-
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(~at)-cH2cn2P .. ~ ,eon 

(Cat)-OHe + cn3cH2P 
.. 

Thus the .activated polymer .species must be more reactive 

than an abstractable hydrogen atom. Such a technique would 

nevertheless· remove the -extra complication o~ preventing 

contamination o~ the Ziegler system by tho gra~tinc . substrato 

as encounterod in the present work. , 

---ooo ..... -
•.· 

-· 



Experiment No. 

E/1 
E/2 
E/.3 
E/4 

I 

E/5 
E/6 
E/7 
E/8 
E/9 
E/10 
E/11 

B!l;/1 
BE/2 
BE/3 
BE/4 

SE/1 

I SE/2 

J . 
SE/3 

:!'!JLLU 

' 

Duration 
Activator Catalyst of 
conctn. conctn. Reaction 

Activator (mM) Catalyst (mM) (mins) 

' o.s A1Et3 MgR-TiC1.3 0.01 180 . 
BuLi ' 2.2 MgR-TiClJ 0.01 60 
AlEtJ : 1.1 MgR-TiClJ o.ol · 60 
AlEt 3.7 . Jl.g.~-TiCl.3 0.02 180 
rut3 1.8 MgR-TiC13 0.02 186 3 
AlEt 0.7 MgR-TiCI3 0.02 180 
A1Et3 0.7 Mg..~-TiCIJ 0.02 180 
BuLiJ 4.4 l.fgR-TiCl3 0.02 195 

Et2Al H+ ALEt.3 1.9 1-fgR-TiC13 0.02 60f-15 . 
Et2A1Cl 1.6 MgU-TiC13 0.02 127 
Et2.UH 2.3 MgR-TiClJ 0.02 180 

(Al-Polybut.) 56 ... HgR-TiC13 0.05 180 
(Al-Polybut.) 2S + Mg.~-TiCl.3 0.05 180 
( ll-Pol.yb ut. ) 28 + MgR-TiC13 0.05 180 

Alst3 0.7 ( Al-Polybut )R- 2.0 + 180 
TiCl 

' (Bn-Li-Poivsty~) . lSO AlEt 1.5 0.2 + 
3 R-TiCl · . 

(Al-Polystyr) 25 + MgR-Tidl.3 0.1 180 
(Mg/Al-Polysty) . 35 + Mg.-=t-TiCIJ 1.4 180 

-· 

+ Based on estimated yield of et~lenic material. 

++ Asst:es 100% conversion to alkyl; 

T"ne lJ.sgnesian alkyl redooing reagent used· throughout 
these· eXperiments vas dodecy1 megnesiw bromide. 

Tg!llp. Yield 
c (gms) 

50 4.3.7 
so o.rn 
50 27.5 
50 70 • .3 
50 75.0 
50 117.5 
50 1(17.8 

50 80 0.3 
50 ' 12.4 

50 80 38.1 
80 8.9 
so 8.3++ 
80 4~9++ 
80 -
50 -
so 1.8++ 

so -so -

Specific 
tctivity 
(kg/g TiC1

3 1 hour/ 
atoms) 

9.4 
--

7.7 
8.1 

12.7 
ll~6 ---
1.0 
----
-
--

% 
Activity 
c.f.1973 
Reoults 

45% --
46% 
43% 
76% 
7CJI, 
---
6% 
---
~ 

-
--

I 
' 
I 

0' 
\L: 

_.,;:;;.:; 



70 

TADLEJII 

FRACTIONATION OF REACTION HATERIAL 

Run Number BE/1 DE/2 

Dry lleight of' material 

soluble in hot solvent 

Crude material 1:3.6 g 9.9 g 

;[so-octane 0.8 g 

Denzcno o.6 g o.6 g 

.Trichloroethylene 0.3 g 0.3 c 
Cyclohexane 0.1 g 0.1 g 

Iso-amyl acetate. 0.8 g 1.0 g 

~.1'oluene 

Xylene -
Totralin . o.4 g 0.3 g 

Decal in 1.6 g 1.2 g 

Insoluble Residue 8.9 g 5.3 g 

SE/1 

1.8 g 

o.4 g 

-

0.2 c 

0.1 g 

o.1 g 

o.4 g 

0.2 e . 

7he tetralin . f'rac~ion f'rom experiment BE/2 was extracted with 

toluene to remove any silicone grease present. A viscometry 

determination was carried out on the sample af'ter the toluene 

extraction and additional IR f'ilms were cast an analysed. 

Viscometry results f'ound f'or thia . sample: 

4.1~5 
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~"-"'CH2 .CH.CH2._iH~ . ©, (8J . 
Chloro~~thyl~tion 

. using CH30CH2Cl 

. t 

~H2~:·::2~~ 
2 2 

Poly(p-chloro~ethyl)styrene 

.. . . I 
. Phosphorylation 

· using (C 6H5 ~ 3PH 

~ -@>-B+c 
.c19 @I ~ 9 c1 
React~on wi~base 

· ,. · using~LiOEt 

~H2~.CH2~~. 

· ~2 e'&2 
®-r~<s-r~ 

f81 I © · .. 
Reaction with carbonyl 

usir1g · cH2o 
t' 

~cH2.cH.CH2.CH~ 

- ~ @ '· 
~~H ~~H 
CH2 CH2 

· Poly(p-vinyl)styrene 

The sy~thetic route for the preparation of 
vinylated polystyrene 



CHAPTER 3 

STYRENE POLY~ffiRISATION EXPERI~mNTS 

SECTION 1 - INTRODUCTION 

In the light of the lack of progress with the prepar-

ation of graft copolymers using the magnesium reduced 

catalyst system, attention was tranaferred to the 

j.nvestigation .of the activity of , this catalyst in the 

polymerisation of alternative oc -ole fins. Current 

experiments by K .Gardner at Birmingham, have already shown 

that the use of. this catalyst for propylene polymerisation 

produces a mixture of atactic and isotactic polypropylenes 

(50). It .. was . there:fore proposed to investigate the activity 

of the catalyst towards the more bulkily substituted monomer 

styrene. Another alternative monomer acetylene was also 

studied . concurrently with the initial styrene experiments. 

Details of those experiments will be found in Chapter 4. 

1.1. - THEORETICAL CONSIDERATIONS 

Several authors have previou~ly reported reaults for 

tho polymerisation of styrene using a variety of Ziecler 

catalysts. One of the :first examples .of styrene polymer-

isation by organotitanium co~pounds .is the ltork of Herman 

and Nelson {23) using a Grignard reduced titanate mixture. 

However, this work was carried out before the existence of 

Ziegler catalysis was widely recognised and the author's 

contemporary conclusions attributed the catalytic activlty 

of the titanium to a radical mechanism caused by the 

ceneration of phenyl radicals through the decomposition of 

Ti-C bonds. Tho use of either titanium IV chloride . or 

· titanium III chloride/aluminium triethyl systems for styrene 
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polymerisation~l)isreported in the ear~y studies (24) o~ Natta. 

He also appreciated the stereoregulating properties o~ 

these catalysts and a £airly comprehensive characterisation 

o~ tho isotactic polystyrene which he produced is given 

in subsequent papers(82,83). There are several reports o£ 

investigations by other authors into the catalytic activity 

o£ titanium IV chloride based systems towards styrene 

monomer. Authors. reporting studies o~ such systems 

include Overberger ~ ~' (84), Kern~~ (85), and 

)furahashi ~ ~ (86). The ~urther study o~ titanium III 

chloride based systems has been reported by Burnett and 

Tait (87), who investigated the kinetics of the stereo-

epeci£ic polymerisation o~ styrene using an · ~ -TiC13-

alkylaluminium (or alkylaluminium halide) catalyst system. 

The titanium III chloride/aluminium tri thyl and <'•: 

vanadium II~ chloride/aluminium triethyl systems have also 

been employed by Otto and Parravano ~or the study of the 

Ziegler polymerisation of styrene{88J. 

Prior to the present kinetic experiments, an initial 

experiment had been carried out to ascertain whether 

the magnesium reduced catalyst '"as active £or s~y1•ene 

polymerisation. The apparatus described in Chaptor 2 for 

the ethylene experiments was used, and the results obtained 

are reported in Tableiii. When the material produ~ed by 

this experiment was examined, a portion was found to be 

toluene insoluble when subject~d to solvent extraction,. 

indicating that a quantity of isotactic material had been 

' produced. Further study of the reaction and its kinetics 
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was undertaken, and a dilatometric procedure for 

monitoring the reaction rates wns chosen. Observation 
' 

of the rates by this means is possible due to tho volume 

change occurring on polymerisation. The relationship 
' 

between the volume contraction and the degree of 

conversion can be expected in terms of a function relating 

to the density of the polymer e. p and that o£ the 

monomer em respectively:-

~ :: ~p • ~ contraction • constant 
~ Conversion ~- -

. < .. ep - e-m> 

c C • ~ contraction, where C is constant 

for the given system at a given 

temperature. 

A derivation of this relationship may be obtained by 

consideration of the measurements involved in the volume 

.change taking place in the dilatorneter and the capillary. 

Now, as __ Change in volume in dilatometer capillary 

a .:rc r 2 dh • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 1) 

Where r = radius of capillary 

dh = height change during time, dt~ 

If x, is the mass of polymer produced during time, dt, then 

also - Change in volume, = ~ - ~1;~ + ~l ........ (2) 
Where ~m and eP =· the density of the monomer 

and polymer respectively. 

By com~ining (1) and (2) -

dh = x ( , (). p - e-m) 
Wr2 • ~ m • E!. p 

• • • • • • • • • • • • • • • • • • • • • • • • • • • 

A C d(J>) _ X - 100 
s - onversion, -

V ~m 

(3) 
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Where V · a the initial volume · o~ styrene · · 

monomer in the system, 

by substitution in (3) -

dh c v • em • 1oo ( ep e 'm) d(P) ' 

JC .r2 • ~ m • e p 

. .... :"' 

d(P) a 
~. 

2 . 
r • e 1 . dh . ' 

v • 

- k • e. p • db 
( ~ p - em1 

D c .. • dh 

·. 

.. 2 
~r 

Where k = . loo.v 

Similarly an expression for the rate of polymerisation 

may be derived as follows:-

-1 Rate o~ polymerisation = Rp, moles min. 

X c 
M. W. , d t 

by substitution o~ x ~rom (3). nbove -

dh !mr 2 
a- · 

dt ' M.W. 

•JI. 

I, 

dh :rer2 . ~m ~ p -1 
then- Rp a -dt. (f. ) moles min. M. W. - P p '- m 

q,-,r2 0 4 :· 
dh ~~ • , m • 10 moles lit - 1 

or a dt • l-1 W F V 6 re -1 • • • • • soc 

dh -1 Wh ere dt = Rate o~ contraction, .em min. · 

Cl0r2 ... 2 
v~ a Cross sectional area o~ capillary, em 

• M.W . a Molecular weight of mon omer 

em• • Density o~ monomer , 8m,cm-) 

c Density of polymer, 

a lli - ~ rr.) • 100 
Ep 
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a the percentage contraction for 100% 

conversion of monomer to polymer 

V • Total volume of reagents, cm3 

2 
j'('r • p e 

\. Ill p can be considered a Hence, as 

· M. w. (e - € ) p m constant for the given system 

at a given temperature, then -

Rp oc~ dt ' the rate of contraction. 

As the initial experiment indicated that a mixture of 

atactic and isotactic polymers could be expected, it was 

decided to evaluate C for individual experiments by directly 

relating the total % contraction to the total % conversion 

determined by weighing tho polymer produced. 

1.2. - EXPERI~ffiNTAL CONSIDERATIONS 

In order to observe the catalyst system over a wide 

range of conditions, themale of those experiments was reduced 

compared to the ethylene work. A nominal size of 
2 

50 - 100 em 

capacity was chosen for the dilatometers which meant that the 

system could be studied over a 1000 - fold range of titanium, 

aluminium and styrene concentrations. In general, it is 

difficult to obtain reasonably reproducible results for 

Ziegler catalysed polymerisations unless scrupulous care is 

taken in the decontamination of the apparatus and reagents 

used. Details of the precautions taken for the styrene 

polymerisation will be given in the experimental section~ 

The samples of polymer obtained in these experiments were 

subjected to various characterisation procedures, to deter-

mine the effect upon the product of the wide variety of 

·conditions which were investigated. 
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SECTION 2 - EXPERIHENTAI... PROCEDURE 

2.1 .. - HATERIALS AND PURIFICATION TECJINIOUES 

·styrene . ' 
Styrene· monomer was obtained ~rom B D H Chemicals 

Limited, stabilized with ·o.OOl% - 0.002% tert-butyl 

catechol. This inhibitor was removed by washing 1 twice · 

vi tli 10~ sodium hydroxide ·solution, · ~ollowed by washing c 

with water until the washings were neutral to red litmus 

paper : (normally three times). A£ter drying over -anhydrous 

calcium chloride, the inhibitor £ree styrene was allowed 

to stand over £reshly powdered · calcium ·hydride £or two 

days with occasional shaking. The monomer . was then 

£ractionately distilled under a nitrogen atmosphere at a 

reduced pressure (15 mm Hg). The £raction boiling at 

38°C was collected over £reshly powdered calcium hydride 

in a storage vessel which was sealed at the reduced pressure 

and trans£erred on to the high vacuum system. · 

4-methylpent-l~ene 

4-methylpent-1-ene was also used as a monomer for a few 

copolymerisation experiments. This was a gi~t from 

ICI . Plnstics Limited, and treated in the same way as the 

styrene except that molecular sieve type 5A, 1/16" pellets 

were used as a d·rying agent in place of calcium hydride. 

The fraction collected was b.p· .. .53 • .5 - .54 .~ .5°0 at · ambient 
. . 

pressure under nitrogen. 

Iso-octane • 

Iso-octane (99% pure grade) was supplied by Phillips 

Petroleum Limited. The fr~ehly supplied material was dried 

(15 mm Hg.=20CONm-2.) 

l' ·I 
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by refluxing overnight over molten sodium-potassium 

alloy. The solvent was dis~ ~lled as in Chapter 2. After 

fractionation, the middle fraction {b.p. 99 - 100°C) was 

passed through a column of molecular sieve 5A, 1/16" 

pellets (1 m. long,Scm.dia.m) before transfer to an 

evacuated storage reservoir. The solvent was transferred 

on to the high vacuum system in this whilst remaining under 

vacuum. 

Solvent recovered from previous ethylene polymerisations 

was also used for some of the initial experiments. Berore 

being treated in the same way as for fresh solvent, 

this material, which had generally been recovered by steam 

stripping, was washed three times with concentrated H2so4 

(500 cm3 per 4 dm3 solvent). This · was followed by washing 

once with a 10%. (H2 so4 ) 5% kt-tno4 solution. After decanting 

off the permanganate, the solvent was washed three times 

with water to remove any pink coloration or grey powder 

before being dried firstly with calcium chloride then with 

sodium wire. 

The dist~llation apparatus used for these experiments 

was the same as that used tc distil iso-octane in Chapter 2. 

Titanium III Chloride 

The titanium chloride was prepared as a s~urry in 

!so-octane by alkyl magnesium halide reduction of titanium 

IV chloride. This preparation used the technique described 

in.the previous wor~ {49,49A) with ethylene .except that the 

final dilution with 240 cm3 of osi-octane was not mado so 

that the slurry was in TiClJ 0.025 H concentration. The 

\ 
I 
I 
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magnesium alkyl employed throughout this work was 

dodecyl magnesium bromide. 

Aluminium Alkyls 

Aluminium triethyl and Aluminium tri-n-octyl were both 

obtained from Schering A.G., a specified purity of not~ 90% 

(by decomposition gas analysis). The material was used 

as supplied by . the manufacturer. 

Drxing Agents 

Calcium hydride was obtained from Hopkin and Williams 

Limited in lump form. The lumps were powered, using a 

pestle and mortar, in a nitrogen filled dry box, immediately 

prior to use. 

Calcium chloride was obtained from Fisons Chemicals 

Limited and UDed as supplied. 

Holecular Sieve pellets, manufactured by·. the Lindo Air 
·. 

Products division of Union Carbide Corporation, · were obtained 

through B D 11 Chemicals Limited, and used as supplied.· 

Regeneration was carried out when n~cessary as recommended, 

0 ' using a stream of dry nitrogen at 300 c. 

Sodium potassium alloy was made up by heating a 40 : 50 

mole ~ mixture of freshly cut lumps of the two metals und~r 

liquid paraffin until a molten alloy was formed. After 

allowine the mixture to cool, the bulk of tho organic liquid 

was decanted off, taking care not to expose the liquid metal. 

The alloy was washed several times with dry petroleum · ether, 

then iso-octane, before being poured into the distillation 

flask under tho iso-octane (with great caret). Tho alloy was 

maintained by occasionally adding froshly cut lumps of the two 
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metals separately to the distillation•£1ask and then 

bringing the solvent up to reflux. 

Nitroe'en 

Dry nitrogen gas was supplied from the system 

described for the ethylene experiments in Chapter 2. 

2 . 2. - APPARATUS AND PROCEDURE FOR STYRENE POLY:t.rERISATIONS 

The styrene polymerisations were carried out in 

vacuum sealed dilatometers of the pattern shown in Figure 15. 

These consist of a bulb of ·capacity about 50 em' sealed on 

to a tube with uniform bore of radius about 0.48 em. A 

teflon coated magnetic stirrer bar was placed in the bulb 

to keep the entire contents of the dilatometcr stirred. ' 

The dilatometers were filled two at a time using the 

apparatus shown in Figure 16. Quantities of styrene and 

iso-octane were purified a~ outlined above, and the sealed 

storage reservoirs connected to the filling apparatus at 

points X and Y. The remaining apparatus, which had been 

previously dried overnight at 140°C -and assembled warm, was 

evacuated using tap E for 1 hour, flusping once with dried 

nitrogen after JO minutes. · In addition, whilst under vncuum, 

these parts of the apparatus which could be appropriately 

"fla~ed out" (i.e. all glassware except around teflon seals) 

were heated with a gentle Dunsen flame. Approximately 100 cm3 

o£ each of the reagents styrene and iso-octane wore freshly 

distilled under vacuum £rom flasks n and S into flasko P and Q 

respectively. Tho systems ~ere evacuated through tapa A and 

B, and the reagents condensed by immersing the receiving flnsks 

in liquid air. Aftor distillation the styrene nnd i~o-octano 

I 
~ 
\ 

I 
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were allowed to warm up to room temperature. Meanwhile, 

the titanium trichloride catalyst slurry was trans£erred into 

the dilatometers under nitrogen by syrinee, using the serum 

caps M and N, the pressure in the lower part o£ the apparatus 

having been adjusted to atmospheric using dry nitrogen 

admitted through tap E. A£ter addition of the catalyst 

slurry the appar~tus was re-evacuated until the bulk of the 

!so-octane solvent had been removed £rom the slurry. 

Styrene and !so-octane were then drawn into the 

evacuated burettes C and D, whilst dry nitrogen was being 

admitted through taps A· and D. A measured volume o£ monomer 

was then allowed into one of the dilatometers by manipulation 

of the funnel device · F, using a magnet outside the apparatus 

to move the glass encased bar G. ·The other dilatometer was 

meanwhile sealed off by tap K. Aluminium alkyl was next 

added by syringe under ni tro·gen through the serum cap. 

The pressure in the dilatometer was adjusted to atmospheric 

with dry nitrogen £or this step. rinally, iso-octane was 

added from the burette to make up the dilatometer to the 

desired volume marked on the stem. The contents o£ the 

dilatometcr were £rozcn immediately they were mixed, using a 

liqu'id air bath and sealed '"tnder vacuum by tap J. The £unncl 

F was then transferred across to the other dilatometer and the 

filling sequence repeated after opening tap K. Once filled, 

each dilatometer was degassed by a freezirig/thawinc cycle and 

then soa.led o££ under evacuation at point T '\-thilst the 
• 

contents were frozen. 

1 
! 
I 
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The sealed dilatometer was rapidly brought to room 
• 

temperature and then immersed in a thermostat bath normally 

0 + 0 set at 50 C - 0.02 c. After the dilatometer had been 

rigidly clamped on top of a magnetic stirrer unit (see 

Figure 17), the rate of contraction of the contents was 

: measured by observations of the height of the meniscus 

using a cathetometer (readings to ! 0.001 em). During the 

early part o~ the reaction these readings were taken at 

5 minute interval~, gradually increasing to '0 or 60 minutes 

towards the finish. The dilatometer was removed from the 

bath, generally after 24 hours, and immediately immersed 

in liquid air. When convenient, the vacuum was released 

by breaking open the top at point T, and after rapidly 

thawing the contents were pou~ed into 2 dm3 of vigorously 
' 

stirred methanol acidi~ied with concentrated hydrochloric 

acid (20 em~). The dilatometer was washed out several 

times with tol~ - and fin~lly with · m~thano~ to ensure 

quantitative removal of the polymer. After standing 

overnight the precipitated polymer was filtered off, using 

a sinterod glass crucible. 

at 50°0 to constant weight. 

The crucible was dried ~ .v.a~c~u~o-

The dry polymer saro~les were 

subjected to viscometry or gel permeation chromatography to 

determine the molecular weight(s). Infra-red and magnetic 

resonance spectroscopy observations, extraction and 

crystallisation exporiments ··were carried out in &n attempt 

to obtain data on the structurd of the polymer. Those are 

discussed later in the text. 

A series o~ 4 polymerisations were carried out, using 
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the monomer 4-methylpent-1-ene (4-~W-1). These experiments 

consisted o~ one homopolymerisation and three copolymerisations 

with styrene using di~£erent initial monomer £oed ratios. 

The method used ~or these experiments was identical to the 

styrene procedure with the exception that £reshly distilled 

4-MP-1 monomer, which had been collected under a n~trogen 

atmosphere over molecular sieve type SA, was added by syringe 

in the same way as the aluminium alkyl. 

2._3. - MOLECULAR liEIGHT DETERHINATION 

The initial characterisation o~ a polymer sample was 

an estimation o~ its molecular weight, either~ a deter-

mination o£ the intrinsic viscosity or by gel permeation 

cJtromatography • 

. The viscometry method was similar to that used in the 

previous work, re£erence 49A, p.39. In this case, ~or the 

partially isotactic polystyrene, the solvent used was 

o-dichlorobenzene and it was possible to use the conventional 

dilution technique and graphical extrapo~ation to C
0 

in 

place o~ tho single point method used £or polyethylene. 
•, 

Tho "Viscomctor used was o~ tho pattern shown in Figure 18. 

This was charged with a 15 cm3 aliquot o~ o.s~ polymer 

solution which was prepared by dissolving the powdered 

polymer in a-dichlorobenzene at 140°0 and stirring ~or 1 hour 

be~ore allowing it to cool to room temperature. The viscometry 

observations were carried out at 25 (!o.05) 0 c and dilutions 

made using 2 x 5 cm3 and 3 x 10 cm3 aliquots o~ solvent. 

The intrinsic viscosity was determined by extrapolation o~ 

the ~unctions t - to and Log
0 

t/t0 to zero concentration. 
toe c 

I 
\ 
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This viscosity average molecular Weicht Mv was calculated 

using the relationship, due to Krigbaum (8~): 

The gel permeation chromatography was per~ormcd by 

Hr S W Hawley at RAPRA, Shrewsbury. The determinations were 

made using a set or £our columns with pore sizes 700- 2000 A
0

, 

4 ° 5 6 ° 1.5-5xl0 A, 7 X 10 - 5 X 10 A, 
6 7 ° 5 x 10 - 10 A. The sample 

was dissolved intetrahydro£uran plus 0.1~ 2.6, di-tert-butyl­

p-cresol as inhibitor and eluted at . a £low rate o£ l ml/min 

at ambient temperature. The apparatus was calibrated with 

pol.ystyrene standards using the Mark-Hou.wink rcl.ationship 

r 1 ee -4 
l~= KM where K a 1.2 x 10 , oc • 0.7. The results were 

not corrected £or peak broadening e££ects but were corrected 

£or variation of re£ractive index with molecular weight at 

low molecular weights. 

2.4. - CRYSTALLISATION EXPERINENTS 

In order to characterise _more explicity the structure 

o£ the polystyrene samples an investigation of the crystallinity 

o~ several samples was undertaken! Hot stage microscope 

observations o£ the crystallisation o~ samples were attempted 

using the method adopted ·by Jiay (90.). 

A re~erence material similar .. to that used by Hay. was used £or 

control experiments. This was tho xylene sol.ublo £raction o£ 

an isotactic material prepared at 30°C by the method 

described by Burnett . and Tait using an~- TiC1
3
/AlEt3 Ziegler 

·catalyst system in toluene. Samples o£ t~e standard material 

and o£ several of the polymers prepared in tho present work 

were placed between a microscope slide and coverslip and 

mel. ted to form a thin !'ilrn .._., o. 05 - 1. 0 mm thick. The 



~evelopment of any crystallizing entities in the polymer 

melt could then be followed using the polarizing microscope • 
• . 

The size, distribution and number of entities were monitored 

using a micrometer eyepiece. The melting behaviour was also 

studied using a differential scanning calorimeter for the 

standard sample and one of the magnesium reduced catalyst 

samples. 

2.5. - SPECTROSCOPY 

Infra-red spectra were measured for several polymer 

samples and compared with results obtained for a control 

sample of an isotactic polymer previously used in the 

crystallization experiments. These spectra were obtained 

£or' thin films- of the material between sodium chloride 

plates. The films were either cast directly on to the plates 

using a toluene or a-dichloro-benzene solution of the polymer, . 

or were pressed by melting .the material at 140°0 between 

microscope'coverslips . 

Proton n.m.r. spectra were measured using a solution 

of tho polymer in tetrachloroethane at 100°C or in 
0 . 

o-dichlorobenzene at 130 C on a Varian or P.E. Rl2B 

spectrometer using a frequency of 60 MHz or 100 MHz 

respectively. 

l3c Nuclear magnetic resonance spectroscopy was also 

applied to some of the samples prepared in this work. The 

initial observations were made by Dr N C Billingham at the 

Univo==ity of Sussex, Brighton, using a JEOL Spectrometer. 

0 
The spectra.were rUJl at 25 C in CDC13 solution with a 1.0 sec. 

pulse repetition rate using a ~~equency of 25 Hz. 
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Later measurements were made on similar equipment recently 

installed here at Birmingham and operated . by Mr M Tolley. 

The technique adopted ~or these measurements was similar to 

that used by Bovey 96 using a chloro£orm/o-dichlorobenzene 

solution o£ the polymer sample. The spectra wero re£erenced 

internally using the chloro£orm which was assumed to be 

77.2 ppm £rom T.M.S. • Cross reference to the results 

obtained by Bovey was made by considering l3cs, to be 

at 118.2 ppm £rom chloro~orm • 

2.6. - CALCULATION OF KINETIC RESULTS 

The kinetic results and the graphical interpretation 

o£ the rate data were prepared u~ing programs written for 

.an XCL 1906A computer, in the same way as for the earlier 

ethylene experiments, using the extended FORTRAN compiler 

and graph plotting was achieved by use o~ the CUGHOST 

routines available on the system (GEORGE 4) implemented at 

Birmingham. 

The program listed in the Appendix, consists of two 

parts. The first program takes the experimental dilatometer 
. . 

readings which are stored on ~ile in the computer ·£iles-

~ore and ~rom successive pairs o~ time and moniscus height 

observations calculates values for the cumulative contraction, 

the percentage conversion and the ~unction; Log ~o (100% - ~ 

conversion). This program then calculates £rom the data 

the rate of contraction, the rate o~ polymerisation and 

time and contraction incremen~s. Finally the proBram prints 

the input and tho calculated ~ata in tabular ~orm nnd also · 

stores the information on filo. 
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The second program plots graphs ~or tho ~unctions 

reaction rate, conversion and Log10 (100~ -~conversion) 

versus time ~rom the stored results o~ the ~irst program. 

This program uses routines ~rom the CUGHOST library written 

at U.K.A.E.A. Culham laboratory and trans~errcd to the 1906A 

by Ox~ord University • 

. · , The rate constant values ~or individual experiments were 

estimated using the proportional values ~ound in the Log10 

(100~ - ~conversion) versus times curve (see Figures 23 . 

later- in text). Those values where 200 min < t < 700 min 

were submitted to a least squares analysis to provide a value 

o~ the rate constant k 1 (determined £rom the slope o~ the 

best straight line)~ The least squares computation was also 

carried out u~ing a program written ~or tho ICL 1906A computer. 

2.7. Results and Discussion 

The preliminary large ·scale styrene polymerisation 

catalysed by a magnesium allcyl reduced catalyst yielded 

25.5 gm o~ polymer (3.7% conversipn) a~ter three hours at 

S0°C. A catalyst concetitration of 0.018 M titanium III 

chloride and O.l6M aluminium triethyl (Styrene a 7.27 M) 

were used in this experiment. On solvent extr4~ion, this 

product proved to contain a high proportion (80.1~) o~ material 

soluble in mothrl ethyl ketone (complete solvent extraction 

results appear in Table 3). 

The infra-red spectras o~ £ilms cast from this material, 

when Cl)mpared with results ~rom an atactic standard prepared 

by free radical reaction, showed that this fraction consisted 

mainly of atactic material. The bulk of tho remaining 
-

material was found to ~orm n fraction soluble in toluene whilst 

'I 
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the small remaining fraction was soluble in,orthodichlorobenzeno. 

Proton magnetic resonance epectroscopy indicated that the 

1' . toluene soluble fraction was largely isotactic. C nuclear 

magnetic resonance spectroscopy confirmed the isotactic nature 

of samples from the toluene soluble and orthodichloro-

benzene soluble fractions. These spectra 1-tere obtained from 

a solution of the sample dissolved in a mixture of chloroform 

and orthodichlorobenzene and showed features similar to those 

found previously by Bovey (91) for isotactic polystyrene. 

~he presence of isotactic sequences indicates that a 

stereoregulating mechanism is operative in these polymerisations. 

A Ziegler type mechanism is probably responsible for tho 

generation of this minor fraction of isotactic material in 

this system. The remaining atactic material can be generated 

by various mechanismsincluding the thermal polymerisation 

reaction. 

SECTION.)- THE KINETICS OF THE POLYHERISATION 

3.1. - The General Behaviour of tho Reaction Rate 

The time dependency of the reaction rate and of the 

conversion to polymer arc depicted in Figure 19 and Figure 

20 for two typical ·experiments. The conditions used wore 

S0°C, 0.014 M titanium III chloride, 0.0077 M aluminium 

tri-n-octyl and 6.2 H styrene concentrations. In general, the 

pattern of behaviour exhibited by this system is in line with 

tho decay type kinetics illustrated in Fieuro 21 ~hich have 

been previously observed in several Zioclcr systems, especially 

those usinG' aluminium alkyl co-catalysts 48,h9.61. 
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In the magnesium reduced titanium III chloride system, 

it was found that within a few minutes a high apparent rate 

was generated. However, this ,.,as almost momentary and very 

quickly a rapid decay in the rate set in. This high 

initial rate ofdecay itself falls away sharply with time 

i"or t <~zoo mins as shown in Figure 19. For times > -...200 mins 

the rate becomes almost constant; however, it still maintains 

a slight tendency to decay (an apparent levelling off 

towards an assymetric value) . and this decrease may be observed 

over a long period as shown in Figure 22, when the experiment 

is taken to a high value of t ( ~ 5,500 mins). 

Observations of this type of time dependency have previously 

been made in similar Ziegler systems where liquid monomers were 

employed. Burnett and Tait repor~ a similar type o£ curve 

occurring with a styrene / A1Et2cf / cc. -TiC13 system ( 87) 

and with a 4-methylpent-1-ene / A1Et2cl/Vc1
3 

system (92) and to 

a more limited extent in the 4 methylpent-1-ene j .Al (iso-butyl):;./ 

VCl~ system (92). 

This initial period o£ the reaction in which the marked 

increases and decreases in rate are found, is known as the 

•settling period' and is typically characteristic of many 

Ziegler systems. No relationships have been established for 

correlating either the reaction rate or the time duration o£ 

this period to any of the component reagents o£ the system. 

However, a steady rate condition can normally be attained more 

rapidly at higher t~mperatures and ·physical treatments of the 

solid TiClJ catalyst component · (e.g. bnll milling) have also 

been found to affect the parameters of this period. Thus the 
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settling period is generally conside~ed to arise from two 

main sources, firstly the system building up to n balanced 

condition, i.e. the induction time necessary to produce 

a steady state of active centres and aecondly from the 

physical breaking up and aegregation effecte, i.e. physical 

changes in catalyst particle size and the formation of polymer 

on the · catalyst surfaces. In general, it~ found that steady 

rate conditions can apparently only be achieved when tho mixture 

contains a uniform dispersion of catalyst particles coated 

with polymer. 

The reaction rate was determined for individual experi-

ments from . the nearly linear portion of the conversion time 

curve as indicated by the broken line in Figure 20. When the 

experimental data for the conversion ~o polymer is presented 

on a logarithmic plot as in Figure 23, a linear dependence is 

found in th~ region / 200 min ..:(, 750 min and a proportion-

ality between the rate and monomer concentration is indicated. 

The reaction rate k1 used in certai~ of the following graphs, 

is the constant found durin~ this linear portion of the 

reaction curve. 

J.2. - The Effect of Aluminium Alkyls upon the Rate of Reaction 

The effect of various concentrations of aluminium alkyl 

upon the reaction rate was the first parameter of the poly-

merisation system to be investigated. Several experiments wore 

carried out using two aluminium a1ky1s, aluminium triethyl 

(T.E.A: 1.2 x 10-5H - 1.6 ~l)and aluminium tri-n-octy1 

( . -4 -1 ) T.N.O.A; 3.1 x 10 H - 7.0 x 10 M • These results were 

obtained for a titanium III chloride concentration of o.ol4 M 

and styrene concentration of 6.2 M nt 50°C over 24 hours. 
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The initial experiments used aluminium triethyl as 

0 cocatalyst and it was found that at 50 C for ratios of 

Al/Tl > 1.5 a · marked .depression in the overall average rate 

{expressed as Total Conversion to Polymer after 24 Hours) 

'~as observed as shown in Figure 24. In order to establish 

that the depression of the reaction rate was not the result 

of further reduction of the titanium III chloride by the 

excess T.E.A. present, a duplicate series of experiments 

were conducted using the less powerful reducing agent aluminium 

·tri-n-octyl as cocatalyst. The earlier '~ork of IIo·h·ard etal { 48) 

applying this catalyst system to ethylene polymerisation, sho,~ed 

the use of longer chain alkyls was preferred to T.E.A. in that 

case as a more stable system was established giving less rapid 

decay which resulted in higher overall average rates being 

produced. 

The results obtained for styrene polymerisations using 

T.N.O.A. followed a pattern similar to those obtained fo~ the 

T.E.A., as mown in Ficure 25 and Figure 26. However, the 

graph obtained for the T.N.O.A. experiments shows a more 

consistent behaviour in the plateau region which appears to 

be more level than for the T.E.A. case. Thus, subsequent 

experiments involving variations in the other reactants used 

a 0.0077 ~~ T.N.O.A. concentration as the standard co-catalyst 

component. 

The similarity between the results obtained using the two 

alkyl3, T.E.A. and T.N.O.A. (compare Ficures 24 and 25) suceested 

that an alternative mechanism to that oriGinally considered i.e. 

over reduction of the titanium, was operative as the reduction 
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~apability of two alkyls would be expected to bo different. 

An alternative proposal for the loss of activity at high 

alkyl concentrations was that either a termination/transfer 

mechanism involving the alkyl or competitive absorption 

between monomer and alkyl was accounting £or the depressed 

rate. 

In the case of both alkyls the marked depression in rate 

occurs in the region Al / Ti = 1 to 2 which suggests that the 

same mechanism is operating with both alkyls. However, it is 

dii'ficult to attach any signi:f'icance to the observation that 

depressed rates occur for Al/Ti 1 since tho alkyl is 

considered to per:f'orm several roles in the catalyst system. 

The catalytic activity of this system indicates that only a 

small percentage of' the titanium present must :function in tho 

role of' active sites. 

As outlined in Chapter 1, at a 1 : 1 ratio, there 

should be a more than adequate su:f':f'iciency of alkyl to 

allcyla te those titanium a toms which l'lill form the active 

species. Hence at Al/Ti ratios of' 1 : 1 and greater there 

is a sufficient excess alkyl present in tho system :for side 

r-eactions to occur. There are tl'IO mechanisms which may 

operate, :firstly it may be a reaction of' the transfer or 

tercination type involving the alkyl species outlined in 

Chapter 1. Secondly, if both the alkyl and monomer can be 

adsorbed on to the catalyst sur:f'ace, a competitive adsorption 

equilibrium will be set up partitioning tho surface available 

between the monomer and lkyl species present. This will 
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result in depressed rates if' the reaction proceeds throuch 

a mechanism involving absorbed monomer as has been cited 

previously by various authors (92, 93). 

The logari.thmic plot of the T.N.O.A. results (Figure 260) 

reveals there is no dependence between Log Rate constant 
,. 

and Log (Alkyl) :for alkyl concentrations less than 0.05 H. 

The results obtained for (Alkyl) ;> 0.05 M appear to lie 

on a straight line (gradient•(-1.3)). The graph confirms 

that the rate constant decreases for increasing alkyl 

concentrations above 0.05 ~~with an empirical proportionality 

or rate constant oc 1/(Al)-1 •3. This relationship does not, 

however, give any further indication as to the mechanism 

involved in the deactivation processes. 

3.3. -The Effect of Titanium III·Chloride Concentration 

Upon the Rate of Reaction 

The second parameter to be investigated was the effect 

of' a variation in the concentration of the titanium III 

chloride catalyst component upon 'the reaction rate. Figure 

27A shows the results obtained :for these experiments. The 

·.curve resulting from this linear seale plot, may be 

represented as a straight line when the data is replotted 

logarithmically as in Ficure 27D. This latter plot showed 

a linear dependency over tho concentration range 3.6 x 
-4 -2 . 

10 , M to 2.9 x 10 M an~ the gradient for this line was 

indicating an approximate proportionality between tho rate 

of reaction and j (Ti)'". lfhon tho experimental data wns 

used to produce a plot of the average rnte of monomer consump­

tion por hour versus (Ti t~n:f.um) (Ficuro 28A), n similar 

curve was obtained. The logarithmic plot of those results 
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(Figure 28D) also showed the linear dependency with an 

approximate proportionality between reaction rate and 

j(Ti)t , ~he least square straight line gradient 

= · + 0.47 - 0.03 • 

These observations arc contrary to those normally 

found in heterogeneous Ziegler catalyst systems. The 

normal proportionality found is to (Ti)1 which can be 

explained using the concept that the active catalyst 

sites are generated around certain titanium atoms and that a 

·Steady state concentration of these species is generated. 

However, this situation does not hold for all Ziegler 

systems without ·exception and modified behaviour has been 

£ound in certain homogeneous systems. In the Ziegler systems 

described by lienrici-Olive and Henrioi-Olive (94) in which 

ethylene has been polymerised using a variety of homogeneous · 

catalyst complexes generated from bia (cyclopentodienyl) 

titanium dichloride and an alkylaluminium chloride in 

toluene, a rapidly decaying type of rate curve has also 

been observed. This behaviour had been previously reported 

with a similar bis{cyclopentadienyl) titanium dichloride/ 

dimethyl aluminium chloride system for ethylene polymerisation 

in toluene some eight years earlier by Chien (95). The 

kinetic measurements reported in both instances suggest that 

the decay can be ascribed to a chain termination reaction 

which at a fixed temperature and monomer concentration, is 

dependent mainly upon the catalyst concentration. In the 

systems cited above, second order kinetics are found and 

the results indicate that a bimolecular mutual deactivation of 

the growing chains occurs for theoo particular case8. 
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The square root dependence of the reaction rate upon tho 

titanium III chloride catalyst component, empirically determined 

for the magnesium reduced system in the present work, is diff­

icult to explain by a simple chemical mechanism. This result 

suggests that a complex mechanism or combination of mechanisms 

which involve the titanium component must be operative. Tho 

magnesium reduced catalyst -is thought to have a structure involving 

considerably more diorder than conventional heterogeneous catalysts 

and · in this sense approaches ~ore closely the homogeneous 

catalysts which do not possess a sur£ace structure. The greater 

disorder found in the magnesiuc reduced system may allow a modi­

fication of the catalyst mechanism not usually found in the 

heterogeneous syst~ms, to operate and cause this unusual knetic 

behaviour. 

Ballard has found nn interesting situation of a similar type 

in his work concerning the use.of t~ibromozirconium hydride, 

derived from tribromozirconium alkyl, as a soluble transition 

catalyst for ethylene polymerisation in a toluene mediumbO~Jie 1 

proposes that the rapid decline in rate in his case is due to a 

dimerisation of the parent catalyst material Dr2ZrH or of the 

propagating centres giving Dpecies of significantly lower activity. 

Dy modifica£ion of the zirconium system with Si02 to produce 

heterogeneous catalysts an~logous to their Ziegler counter parts, 

a much higher activity and longer life time has been imparted to 

these catalysts which suseests that these characteriatics are 

at least in part due to the fact that in a heterocenooua system 

llhere active centres are .bonded to a surface deactivation by 

reaction with each other, ia relatively improbable. As the 



magnesium reduced catalyst has been shown by X ray diffs­

action (48) to have a considerably ~reater degree ·or disorder 

than conventional crystalline titanium III chloride catalysts, 

it seems more likely that deactivation processes of the type 

outlined may also occur in this system i.e·. due to Ti a toms 

being relatively mobile. The presence of aluminium alkyl . 

also has a stabilising effect upon transition metal centres 

preventing deactivation by metal-metal interaction in tho case 

of homogeneous Ziegler catalysts(94).In this system, the limiting 

effect upon the rate of an excessive concentration of aluminium 

alkyl as postulated earlier (probably due to competitive 

adsorption .instead of monomer) does not preclude its acting 

in a preventative role. 

3.4. - The Effect of Styrene Monomer Concentration upon the Rat! 

of' Reaction 

A series of experiments was carried out to investigate 

the relationship between the reaction rate and monomer concentration 

(1.2 x 10-
2 

M- 8.7 M). The results obtained in these experiments 

are depicted by the linear plot shown in Figure 29. This 

indicates an approximate proportionality between the monomer 

concentration and reaction rate. The logarithmic plot of the 

results, Figure :30, confirms this approximation 

+ producing a straight line whose gradient is 0.75 - 0.15. 

A linear dependence of the rate on monomer concentration is 

generally found in Ziegler systems and this system appears to 

conform in this respect. A diroct proportionality between 

reaction rate and styrene concentration was also found by 

Burnett and Tai t · for their bc-TiC13 - AlEt~ - styrene system ( 87). 
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3.5. - The Effect of Temperature Upon the Rate of Reaction 

The variation observed in the reaction rate with 

temperature is shown in Figure 31 in which the reaction 

rate constant, k 1 , is plotted versus temperature, T, directly 

on linear scales. Figure 32 shows an Arrherius plot of the 

data, Log 10 (nate constant) versus 1/T for the experiments 

t t ranpe ~o0c - 70°C. over a empera ure u J A least square 

analysis of the complete experimental data from this plot 

yields a value of 64:!: 30 kJ (15! 7 Kcals) f'or the overall ' 

activation energy, E, and the pre-exponential factor, A, 

4 -1 ( 4 ) = 2.95 x 10 sec Log A = .5 • However, the results 
10 

appear to consist of two distinct linear parts, as has been 

previously found for many Ziegler systems. The two parts 

depicted by the broken lines in Figure 32 give the following 

values:-

0 0 + . + 30 C - 50 c, Act. Energy, E = 100 - 30 kJ (25 - 7 Kcals) 
(Lo~ A :: 11.3) 

50°C - 70°C, Act. Energy, E = 20 - 9 kJ (5 - 2 Kcals) 
(Log A = -2.6) 

The decline i~ the rate of increase in the rate constant 

with respect to temperature above 50°C suggests that a 

~uction of tho catalyst syatem may be taking place at tho 

higher temperatures causing the catalyst system to become 

less active. A similar observation has previously been made 

at temperatures >50°C for .the magnesium reduced catalyst 

activated by triethyl aluminium '"hen used f"or ethylene poly­

merisation 49, 49A, and is typical or several Zio~lor systems 

(97, 98). 
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SECTION 4 - THE HOLECULAR ~/EIGHT DEITAVIOUR OF TJTF. POLY1-fERI~ATION 

The previous section outlined the main kinetic features 

investigated for the polymerisation of styrene with this 

Ziegler system. This section discusses the influence of the 

reaction parameters, i.e. temperature, reagent concentrations, 

upon the molecular weight of the polymer product. Tho data 

from these results and those from the kinetic investisation, 

are used together to provide an estimate of the concentration 

of active catalytic sites· and the lifetime of the growing 

polymer. chain using a simple technique previously applied to 

the investigation of the activity of this catalyst tmfards 

ethylene(49, 49A). 

4.1. - Holecular Weight Determinations 

Early de~erminations of the·~olecular weieht wore made by 

estimation ,of tho intrinsic viscosity. The limiting viscosity 

number was eval~ated by using .the standard dilution techniques 

with plots _of t - to and Loge t/to. No kinetic energy cor-
t c c 

rections were ma8e in the calcul&tion of the viscosity data as 

the efflux time of· the solvent was lone enouch, (- 100 sec) 

to make such corrections unnecessary · ~ for the viscosity 

numbers invol v~d in this work. Likewise, it \ias considered 

unnecessary to correct for the effect of shear rate upon the 

limiting viscos;.ty numbers as its determination involves 

extrapolation to zero concen-tration. 

Calculation of ~~ 

The estimate of tho number av.orace molecular weicht was 

obtained from the limiting viscosity number results by usinc 

this relationship. 
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This is a ~orm o~ the general empiral relation- : 

ship known as the Hark-Houwink equation, 

= 
where = limiting viscosity number 

are constants ~or a given polymer, 

solvent and temperature. 

u· ~ Viscosity average molecular weight. 

which superseded the earlier Staudinger relationship 

(') = kH 

where k = constant o~ the polymer-solvent system. 

The constants o~ the Hark-Houwink relationship quoted above 

were evaluated for the styrene/o-dichlorobenzene system by 

Krigbaum (89) and are shown below. 

4.2. - Molecular Weight Determinations by Gel Permeation 

Chromatography 

The determinations o~ molecular weight by gel permeation 

chromatography were carried out by }~ S W Hawley at 

RAPRA Shrewsbury, using apparatus which had been calibrated 

with polystyrene standards. Molecular weight calibration 

was made using the Hark-Houwink relationship ("1) :: kH~ 
. -4 . \ 

where k = 1.2 x 10 , ~ = 0.71. 

4.3. - The Effect of Polvmarisati(\n Time Upon the Number 

Averace ·Holecular Weicrht 1 !-fn and Weight Avernrre 

Molecular '"eight 1 l~w 

The number average molecular weight, Hn and weight 

average molecular ~eight, }~ were ·determined ~or polymer 

samples prepared under similar experimental conditions after 

·---polymerisation times from three to ninety-six hours, nnd these 
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results are shown in Figure 33A and Figure 33B respectively • . 
The plots ~ndicate that the molecular weight increases 

with time throughout this period although the initial 

sharp increase slol'IS doun to a gradual increase a:fter 

~300 mins. Under tho conditions studied the molecular 

weight does not appear to reach a limiting va1ue as has 

been found with other similar Ziegler systems using 

ethylene ( 49, 49.A, 98). 

4.4. - The Effect of Aluminium Alkyl£' upon the Holecular 

Weight of the Polymer 

The results obtained £or experiments carried out at 

-4 various TNOA concentrations between 3.1 x 10 1-t and 

-2 '· 7 x 10 M are shown in Figure 3~. In this· system the number 

average molecular weight after 24 hours was found to rise 

for lo,., concentrations of the alkyl up to approximately 

1 x 10-3 M, then a plateau region occurs between 1 x 10-3 M 

and 5 x 10-2 H where values for H are approximately 1 x 10-.5. 
n 

At a concentration of approximately 0.035 M (Al/Ti = 2.5} there 

is a significant fall in the molecular weight produced. 

Values of Hn ~ 5 x 103 are found for the experiments at 

/0.0.5 l-1 concentration (Al/Ti > 4.0). 

Tho decrease in molecular weight for high concentrations 

of alkyl is attributed to the ·offect of chain transfer with 

alkyl and occurs in the region where the depressed reaction 

rates were observed. If a chain transfer proce~s involving 

adsorbed alkyl occurs in the qystem behaviour of this type 

micht be expected as competitive adsorption between monomer 

and alkyl wo·uld be involved together with a lowering of 

molecular weicht caused by chain trnnsfor. 
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4.5. -The Effect of the Titanium III Chloride 

Concentration Upon tho Holeculnr loleirrhts of the 

Polymer 

Figure 35 shows the variation in molecular weicht 

found in expericents usin~ concentrations of titanium III 

-5 6 -2 chloride from 3.6 x 10 M to 3. x 10 M. At the· lower 

concentrations the normal behaviour expected from a Ziegler 

system is ~ound-in that the molecular weight increases with 

increase in the titanium concentration. However, in this 

system it was found that at the higher concentrations 

used the graph forms a plateau region with fairly constant 

Hn values as the increase in molecular ueight apparently 

tails off. 

The unique behaviour observed earlier for the kinetic 

behaviour with relation to the titanium concentration may 
,, 

give some ~xplanation of the latter observation. I~ a 

modification or deactivation reaction is occurring which 

involves the growing chain and the titanium active catalyst 

centres, it is liliely that such a mechanism results in a 

transfer/termination of the polymer chains. Higher 

concentration of titanium species would make tho possibility 

of this mechanism more likely and therefore as the rate of 

termination/transfer processes increases, the overall molecular 

weight ~ill fall. 

4.6. The Effect . of the Styrene }fonomer Concentrhti~n Upon 

the Molecular Weiaht of ~he Polymer 

The variation of the molecular weicht found in tho 

experiments carried ~~t usinc styrene monomer concentrations 

f -2 
rom 1.2 x 10 M to 8,7 M is ahown ~n Figure J6. A plot of 
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the molecular weight a~ter 24 hours versus ~he styrene 

concentration shows that Mn increases as (styrene) increases. 

For the exper·iments carried out it seems that this relation-

ship is approximately a linear proportionality in this case. 

From this observation it can been inferred that the monomer 

I ' 

'' 

is not involved in chain transfer processes with growing polymers· · 

which would cause a lower Hn at high values o~ (styrene). This 

is in line '"i th the previous ·Observations which indicate that 

the transfer processes in this system appear to involve the 

·titanium and alkyl components. This observation is not as 

has been generally found in Ziegler systems of a similar 

nature where a chain transfer process, as mentioned above, 

involving the monomer is operative (97, 98). 

4. 7. - The E~~ect o~ Temperature Upon tho 1-folecular lveight 

o~ the Polymer 

The effect o~ temperature upon the molecular wbight of 

th& polymer is shown in Figure 37. The molecular weight ·is 

~ound to increase with increase in temperature throughout the 

0 0 
range investigated 30 C - 70 c. This result is contrary to 

that ~ound in several Ziegler systems including this one when 

used for ethylene polymerisation. The ethylene results showed 

a decrease in molecular weieht for temperatures ~30°0. A 

decrease of this nature arises if the termination reaction 

has a greater ac~ivation energy than the propagation reaction, 

which, ~rom the results obtained between 30°C - 70°C, ia 

apparently not the caso in this system. 

' I 

; I 

:I 
; I 

i I 

' 
I 

I 
I, 

II ' 
I j •, 

' 

I 
• I 



· . . 

Number Average tlolecular weight versus Reaction temperature • . 

tlolecular weight. 
. 4 

1'1 X 10- .·. n . 
20 

15 .. 

10 ~ -

6.j) 
I 

5 ·• ~ 

:. .. 
.: 

., 

" 

0 
30 40 50 60 

~ 

Figure 37 

70 
. Temperature. 0 c •. 



10:) 

4.8. - Determination of the Active Site Concentration 

An estimate of the numbor of catalytic sites actively 

participating in the polymerisation was mado using the 

simple procedure adopted for previous work usin~ this 

system l'Ti th ethylene ( 49, 49A). This technique employs 

the followin~ assumptions concerning the kinetics of the 

polymcrisation. 

It is assumed that:-

i) There is a steady state concentration (C*) of 

.active sitGs set up before the firot measurement on the 

system is made, i.e. the active sites are generated durin~ 

the early stages of the reaction, during the settling period, 

and a steady state concentration is thereafter maintained. 

i.e. d{C*) 0 for all measured reaction times 
dt 

11 (t ~ 180 mins) 

ii) Chain transfer and chain termination reactions 

occur without the destruction of activity, i.e. there is 

no nett catalyst deactivation durin~ the reaction under the 

conditions employed superfluous. 

As the mechanism of transfer is uncertain, a first order 

constant is assumed for the purposes of the reaction scheme. 
R 

P ... C* - pn · a) C* - P l + M n-

Where C* is an activo site. 

Pn is a growing polymer chain consisting of n monomer 

units. 

M is a monomer molecule. 

Now if np • Rate of chain propagation 

RP a kP (c*) (M) 

Where kp • rato constant of propa~ation 

" 
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• • • • • • • • • • • • • • • • • • • • • • • • • • • • (1) 

llliere the site C* still retains catalytic activity 

Now i£ Rt a Rate of chain transfer 

Rt a l:t (C*) 

Whore kt a Rate Constant for chain transfer 

= 
... Rt 

(C*J • • • • • • • • • • • • • • • • • • • • • • • • 

I£ also Yt= Yield o£ polymer (~) at time,t. 
•' 

(2) 

(Mn)t = Humber avera~e molecular wei~ht o£ 

polymer at time, t. 

and Nt a Total number of polymer molecular plus 

total number of ~rowing chains at tima. t~ 

(in moles). 

Then clearly. 
yt 

Nt a (M ) 
. n t 

Therefore where Yt is plotted versus Nt' i.e. 

yt 

(Mn)t 

When Yt- o, t - o, 

(See assumption i ).) • 

lienee the intercept of' such a plot ~ -.~ ( C*) 

· In addition:-

At anytime since 

Measured rate of monomer consumption. 

= 



dN 
=at 

Also from (1) 

k a 
p 

10.5 

Thus estimates can be made o£ values o£ (C*), kp and kt 

f'rom results of' Yield, Mn and RP. Figure 38 sho,.,s the Yt 

versus Yt/(Mn)t plot for a styrene poly~erisation using the 

magnesium reduced Ziegler catalyst system at 50°0. Within the 

experimental limitations of' this Ziegler t~pe polymerisation 

the results appear to conform reasonably well with the linear 

relationship found in the ethylene case, although as in 

that case some deviation seems to occur f'or the hicher values 

o£ t(Yt)• The straight line found earlier f'or ethylene and 

assumed to be operative f'or this case, enables kt to be found 

from the tradient of dNt/dYt• The linear nature of' the rela­

tionship supports the assumption that (C*) is constant 

(i.e. d(C*)/dt = o). 
+ From the graph ohown in Figure 38, a value of s.o - 0.7 

x lo-6 was found f'or the tradient and 1.1 ! 0.5 x 10-S moles 

f'or the intercept with the y axis. The slope is equal to 

dN the dif'f'erential d¥• The intercept is equivalent to the 

concentration of' active siteo C* and equals 1.13 x 10-3 

moles which suggests that only about 0.08% of tho tito.nium 

atoms preoent act as active catalytio centres. This valuo is 

almost 10-3 time3 s~allor thnn tho ~ of active aitoo deter­

mined usinc this type of technique with thie cc.talyst oyoteln 

.. 

.I 
I 
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Plot of t;(M) ' versus Yt for the styrene/magnesium reduced catalyst system at 50 °C. 
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when used ~or ethylene polymerisation (49, 49A). However, 

the % active sites obtained with ethylene ~s much largor than 

found in most . Ziegler catalysed systems, where in general 

the % active sites ~or conventional catalysts determined by 

various methods, appears to li~ between 0.1~ and 1.~. 

R = TI as stated earlier 
(c*)J.O 

Assuming kp 

= 8.4 x 10-6 mol dm-3see-1 (overall avera~e 
polymerisation rate) 

(C*) = 1.1 x 10-5 moles 

00 = 6. 2 moles 

• • • 

• ' . -6 kt c ,3.8 X 10 

4.9. The Lifetime of the Growing Polymer Chain 

The average value for the li~etime of a growing polymer . 
chain was estimated usinc the expression:-

Where 

L 

L • Averaee li~etime of growin~ polymer chain 

As P = n 

Number average de~roe of polymcrisation 

Rate of polymerisation 

-
l-In 
104 for any time t, Mn was taken to bo 

tho number average.molecular weisht at th~ end of tho po1y­

merisation oxperiment (i.e. when t = 24 hours). 

Tho value for L was !150 sees • (19.2 mine, 0.32 hre) 
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Where Pn a 880 , Mn(t = 24 hrs) a 9.15 X 104 

··· (C*) = 1.1 X 10-5 

R D p 8.4 X 10-6 

Thus the average li~etime o~ the crowing. polymer chain has a 

value o~ 1150 secs · ~20 mine. This agrees favourably 

with the values ~ound in the previous work with ethylene 

in which li£etimcs ranged ~rom 10 mine at 50°C up to 24 mine 

at 0°C. Howeve~, the results £ound with this catalyst using 

ethylene monomer wore shorter than those generally reported 

for the Ziegler ,catalyst systems. Greiveson (97) found a 

value o~ 30 mins for an ethylene system and Chien (95) 

quotes a value . of 24 mins but various other authors (99, 100, · 

101) have found lifetimes considerably longer of the order of 

Deveral hours using Ziegler systems w~th both ethylene and 

propylene monomers. 

4.10. , - Crystallization Kinetics Experiments nn the H~cnesium 

Reduced CatRlyst Prepared Polystvrene 

The crystallization kinetics of a standard sample o~ . 

isotactic polystyrene were observed using tho techniques of 
. 

J N Hay (90.). · Determination of the nucleation rate and 

spherulitic growth rate wore made on this sample using a 

thermostatt.ed hot stage fitted ~or a Leitz Dialux-Pol 

polarizing microscope. The size,distribution · and number of 

crystalliz~ng entities was measured visually with a micrometer 

eyepiece for thin film polymer samples placed on thin class 

microscope cover slips. Similar exporiro3nts woro couductod 

with various samplea of the polystyrene. recovered from 

experiments ·using the magnesium reduced Ziegler catalyst. 

No visible crystallization of tho polymer . samples "as detected 
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£or six samples produced under various reaction conditions. 

Di££erential scanning calorimetry experiments were also 

carried out on the samples and the standard material. 

Crystallization was observed in the traces for the standard 

Jaaterial but not in traces using the material produced in 

this work. 

SECTION 5 - THE PREPARATION OF STYRENE-4-HETHYIJ-PENT-J..-ENE 

COPOLYN.ERS 

rn addition to the styrene experiments, ~our experiments 

were carried out to prepare .polymers using 4-methylpent-1-ene 

{4-MP-1). These experiments consisted o£ ·a homopolymerisation 

of 4-MP-1 monomer and three copolymerisation·a 'of 4-NP-1 with 

styrene using monomer ratios of 7 s 3, 1 : 1 and 1 1 4 

respectively. The results produced are shown in Table 4. 

The homopolymerisation o~ 4-~~-1 produced a very poor yield 

o£ a waxy residue upon filtration, and further examination 

o£ this negligible quantity of m~terial proved impossible. 

A sample of the product from each of the styrone/4-~W-1 

experiments was dissolved in dichloromethane and the .ultra-

violet spectrum of the solution obtained at various concont-

rations. The spectrum obtained from a sample of styrene 

homopolymer prepared in the ea~lier experiments was treated 

in a similar manner. From the results the proportion of 

styrene present in the product from these styrene/4-~W-1 

exper~ments was estimated and is shown in Table 5. 

Solubility tests were carried out on samples of the 

polymer produced in tho mixed monomer experiments to ascertain 

whether the material produced ,.,as polystyrene-Co-4-J.fethylpont-

1-ene. The technique e~ploycd waa tho solvent oxtrnction 

I I 
I 
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TABLE 4 

Results ·:from 4-Hethylpent-1-eno experiments. 

Expt. Concentration Concentration Ratio Yield 
o:f Styrene o:f 4-HP-1 4-HP-1/Styrene (gms) 
Honomer· Monomer Mole :fraction 

percentago 

S/42 6.23 l-1 o.oo 4.2248 

1-i/1 o.oo 6.21 H 0.0175 

M/2 o.eo 6.22 M - 0.0388 

St-t/1 4.97 H 1.24 J.{ 20tf,/BO% 2.0454 

SH/2 3.11 '11 3.11 M 50<f,/50'/> 1.2653 

SM/3 1.a6 M . 4.:36 M 70%/'JO% 0.6726 

---oOo---
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TABLE 5 

Ultra-voilet spectroscopy investigation o~ compos~tion o~ 

styrene/4-methylpent-l~one polymers. 

Expt. Ratio o~ 4-HP-1/styrene Percentage o~ Styrono · 
. (Hole fraction percentage) incorporated ~n Polymor 

' ' 

S/42 o% 100% lOO% 

SH/1 2~ Bo% 84.6t% 

SM/2 50~ 50% 94.9~ . 
SH/:3 :30% 

'\ 
?Otf, 82.4% 

... --oOo---

.· 

•, 

• 

.. . 
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method used previously by Anderson Burnett and Tait 

A polystyrene sample mada in these experiments was used 

as a control sample ~or comparison. The material from the 

copolymer experiments was ~ound . to be as inooluble as the 

polystyrene sample in cold. heptane extraction. Thus 

no positive evidence was · obtained to . show that the material 

was a ·copolymer rather than a mixture of homopolymers. 

However, Anderson et al report that the rate o~ polymerisation --
£or their ( Styrene/4-J.fethylpent-1-eno) / ~-TiC13/ A1Et

3 
system ho3) 

was markedly affected by the solvent used. A pronounced 

e:ff'ect was observed when the reaction was carried out in 

toluene rather than n-heptane. In tho f'ormer case a :five 

:fold increase in rate is found in comparieon to the n-heptane 

rate. · The solvent used in these experiments was iso•octane 

a branched aliphatic solvent which resembles more closely 

the n-heptane. This may be in part ·responsiblo tor the 

poor activity :found in these -experiments. . .. 
SU?-fl.IARY 

The results presented in this Chapter o:f the work 

have shown that the magnesium reduced catalyet system is 

capable of catalysing the polymerisation of sty rene throuch 

a Ziegler mechanism. The catalyst exhibits markedly reduced 

activity in comparison with its use in propylene and ethylene 

systems. The typical specific activity obtained in styrene 

experiments was 1.0 sm/gm TiC13/hr whereas the :figuroa obtained 

with propylene and ethylene were 100 8m/gm TiCl.:J/hr and 

10000 cm/gm TiClJ/hr respectively. The activity towards 

styrene o~ the magnesium reduced system is lowor than baa boon 

achieved using a conventional aluminium reduced ~ystom employ-

ing cC>-TiCl:J• The material prepared by the ma~nesium rcduood 
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system typically has a number average molecular weight o~ 

1.1 x 105 and a . weight average molecular wei~ht o~ 2.2 x 105. 

Investigations into tho tacticity .o~ tho material have shown 

that it contains an isotactic ~raction which may be 

detected by proton magnetic resonance spectroscopy, and by 

13 C magnetic resonance spectroscopy. This ~raction is 

considered to be , produeed entirely ,by the operation o£ a 

stereoregulating Ziegler catalyst mechanism. 'Uo'\-tever, tho 

major part o~ the material consists o~ randomly arranged 

sequences as shown by the inability of the unfractionated 

material to crystallise during the crystallinity studies, 

although crystallisation was readily achieved using a 

sample o£ a standard isotactic material. 

The atactic polystyrene may· ~e generated in two ways, 

£irstly due to thermal polymerisation and secondly, throuch 

non-stereo regulated catalysis. · Determination o£ tho rate 

o£ nucleation and o£ the crystallisation kinetics was carried 

out on the sample o£ the standard isotactic material but no 

such work could b~ carried out with our material as , it £ailed 

to crystalise. 

An attempt to quan_titatively estimate the percentage 

isotacticity present £rom in~ra-red and magnetic reoonance 

spectroscopic data also proved impossible. 

However, determinations o£ the percentage isotacticity 

occurring in un~ractionated poly-propylene samples prepared 

by this catalyst has indicated th~t not more than . 33~ 

isotacticity is present. The estimation was made using a 

solvent extraction technique and also a contparioon o~ infra-



113 

red absorption £requencios method. Due to the presence 

in the styrene monomer of the phenyl group, considerably 

more bulky than the methyl group o£ the propylene monomer, 
. . 

it might be expected that in a Ziegler mechanism it will bo 

much more difficult to attain the correct spatial position 

o£ the reacting species in the stereoregulating catalytic 

centre. Reaction at the Ziegler centre where the tactic 

material is produced will therefore be reduced. Thus the 

alternative non-stereoreeulating and thermal mechanisms nre 

1ikely to be o£ greater importance in the polystyrene 

system than the polypropylene one as confirmed by the 

experimental observations which indicate that an even larger 

percentage o£ atactic material is produced in the polystyrene 

case. 

The observations made concerning the magnesium reduced 

catalyst in comparison with conventional catalyst conrirm tho 

data which has already been obtained regarding the system. 

Provious work on Ziegler systems·has shown styrene to be 

a less active monomer compared to propylene and very much less 

active compared to ethylene which is also true in this caao. 

Earlier work h~s shown ~hat the different properties of the 

magnesium reduced system arc due to the very disordered 

structure o£ the material which is similar to that o£ a glass. 

Confirmation that such diRorder was present in TiC13 prepared 

using the alkyl magnesium halide method has been made by Roper~8) 

using X-ray diffraction ob~ervations. He also proposes that 

the disorder found in these catalysts prepared from Grignard 

reaeents as used in the present work is due to a "Co-crystal-
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lisation" o£ magnesium halide and titanium III chloride in a 

similar manner to that which has been proposed £or the alumin-

ium halides in conventional systems. The disorder · arises 

due to both the increased diameter o£ the magnesium atom 

disrupting the titanium III chloride lattice which accommodates 

the smaller size aluminium atoms and the di££erence in 

oha;-ge (1-lg 2 + versus T:i3+). 

In general, in Ziegler systems it has been £ound that 

material of greater isotaoticity is prepared £rom the ordered 

~., '{ crystalline lattice £orms rather than the ~ or 

soluble catalyst £orms. Thus the greater disorder o£ the 

, glass like structure £ound with the magnesium system would be 

expected to produce a more atactic material thnn tho conven-

tiona! crystalline system, as has been £ound in the present 
.; 

work. The reduced catalytic activity compared with conven-

tional catalysts was not expected from the behaviour of the 

magnesium reduced catalyst with ethylene. However, this might 

be explained i£ the disordered ~tructure proposed £or the 

catalyst is considered to be o£ a somewhat porous nature. In 

the ethylene case th~ enha~ced activity might arise £rom 

di££usion o£ the small monomer units to potential sitos 

in the interior of the catalyst structure via the porous nature 

o£ the material caused by the magnesium disrupted structuro. 

Propagation of polymer chains at such a site might cause 

physical breakdown of the particle struc·turo and have a 

cumul~tive ef£cct. However, i£ in tho styrene case tho 

monomer units are generally too bulky to di££use into any 

porous regions of the catalyst, no enhancement o£ activity 

would occur. 
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The investigation or kinetics or the po1ymerisntion 

reveals that in general the system exhibits the character-

istics expected from a Ziegler system. Tho notable exception 

in this case is the square root dependancy round for tbo Ti 

relationship of the concentration to the reaction rato. This 

indicates a more complex mechanism iD operative than generally 

round in Ziegler systems, which normally exhibit a linear 

dependence. Firstly, if the magnesium reduced system is 

considered to be mid-way 'between the soluble catalyst systems 

and the crystalline heterog~neous systems,thon a complex 

system may be expected as second order kinetics have been 

round for soluble gystems instead of the first order kinetics 

found in the crystalline heterogeneous systems. Secondly, 
- . 

an explanation of this observation tthich may be propoaod is 

that a termination mechanism involving tho titanium species 

is operative in this particular· system. 

The kinetic investigation revealed that the system 

exhibits an interesting behaviour towards the aluminium trial­

]o/1 component in t ·hat at an Al : Ti ratio greater than -.- 1. 5 

{cone. Al Alkyl ~ 0.02H) there is a marked depression of tho 

rate and from ratios ::::::=- 2 • .5 ~there is also a :fall in the 

polymer molecular weight. This depressed rate is ascribed 
..... ' 

to either the result of trans:f'er/termination reactions 
. ·• 
involving the metal alkyls or to competitive alkyl/monomer 

. ' 

absorption being rate limiting. Overall, the reaction rate 
. . 
exhibits the decay type pattern of kinetic~J. A sharp maximum 
, .. 
in the rate is generated initially in the first :f'ow minutes 

or the polyrnerination. This rate rapidly decay~ ovor tho firot 
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two hours of' the reaction until it levels of'£ to an 

approximately steady state condition which ?ecays minimally 

during the remainder of the reaction when observed £or up 

-to 96 hours. 

The relationship between the rate and tho titanium 

concentration is approximately Rate = k "j(Ti)l which it is 

unusual to f'ind in Ziegler systems. The effect of' monomer 

upon reaction rate appears . to be as normal in Ziegler systems 

and approximates to a first order dependancy. An Arrhenius 

plot of the temperature curves yields an overall activation 

energy E of 60 ! 30 KJ. However, this plot appears to consist 

of two distinct portions indicating a ch~ge in mechaniom 

0 taking place at about 50 c. 

The observations of' the molecular weight relationship 

towards the reaction parameters, time, and reagent concent-

rations are conventional £or a Ziegler system. liotofever, a. 

limiting value of molecular weight is not reached as readily 

as is found in other Ziegler systems. The molecular woi~ht 

results also suggest that at high titanium catalyst concont-

:' 

~ation, the titanium component may be involved in a chain trans­

fer process indicated by the £all in M at the higher (Ti) values. : n . 

The value f'ound for the % active centres present is 

small o.o8% almost 10-:3 times smaller than the equivalent 

value using ethylene_ monomer. Consequently, a lareer valuo of 

average chain lifetime is found 53 mins. 

Copolymerisation of 4-methylpent-1-ene monomer with 

styr.,ne in this system proved unsuccessful. Jiowever, low 

reaction rates have previously been reported by Anderson otn1(103) 
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f'or a similar mixed, monomer 'system with n.:heptane. As 

isooctane has beon used in this work, it is likely that a 

similar solvent effect may be operative and any future 
-. 
development of' such a mixed monomer copolymerisation would be 

well advised to use an aromatic solvent such as toluene, 

with which Anderson found markedly incroaaod rates.(103) 
. ,. . 

. Future development of the catalyst should involve the 

use of mixed monomer copolymerisation system such as the 

styrene/4-methylpcnt-1-ene system as results on copolymer­

. isation reactivity ratio will be a valuable insight into 

the properties of' the catalyst system. Tho present work has 
·~ 

not tried to investigate any of' the properties of the copoly-

morisation on a quantitative basis but merely a qualitative one. 

A f'urther field of development at present unexplored is 

whether the material produced by this catalyst consists 

basically of a large atactic fraction and a small isotactic 

fraction each of' high purity or whether the material 

consists of' individual chains containing sequences of differ-

ing lengths of tactic arrangements conferring the diff'erent 

properties on the various chains. It might be possible to 

obtain such inf'ormation from the reaction product by a more 

detail~d magnetic resonance spectroscopy study coupled with more 

sophisticated solvent f'ractionation techniques. The resulto 

obtained would be valuable in that they may be able to throw 
( . 
light on the question of' whether the active Ziegler centro is 

(• .,. 

~f' on~ type (or two types) with consistent proportioo o~ 
.. 

whether centre are cenerated with a range of characters which 

theref'ore produce chains of' varying decrees of' order. 

---ooo---



CHAPTER 4 

ACETYLENE-ETHYLENE COPOLYNERISATIONS 

The . magnesium reduced catalyst system was used £or an 

~nvestigation into ~ts activity -towards acetylene. In 

particular a study . was made of' its use together w~ th -, 

ethylene . as a mixed monomer system in tho hope of preparing 

poly-e_thylene-co-acetylene . (~.e. polyethylene mater~al with 

a controlled amount of linear unsaturation) • . 

Experimental · Procedure . . 

The technique adopted for these experiments lofas as '· that 

used in - the earlier -ethylene work. The acetylene monomer . 

was supplied f'rom a compressed gas cylinder and after 

purif'ication was fed separately into the re~ctor. The 

puri:fication consisted of' passing the acetylene through a 

Drechsel bottle containing ·concentrated sulphuric .acid 

followed by a splash trap whence it passed through a ·column 

of' molecular sieve type 4A 1/16" pellets. After purif'ication 

the gas was admitted into the reactor through an additional 

nylon tubine inlet and dip tube. The dip .tube wns arranged 

~o that its depth of' immersion could ·be altered in order that 

the acetylene could be either bubbled into the reaction 

.mixture or introduced into the cap gas above tho ~iquid • 

sur:face. The polymerisations were carried out using a titanium 

III chloride concentration of' H and an aluminium triethyl 

0 concentration of H, f'or 3 hours at 50 c. The initial 

experiment :followed the normaJ procedure adopted :for ethylene 

polymerisations (See Chapter 2) excepting that nf'tcr tho 

reaction had proceeded :for about ·10 mins the ethylene \-tas 

replaced -by acetylene being bubbled into the reaction mixture. 
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However, the reaction rate quickly dropped to an absorption 

~ -1 rate o~ 1 d~ Acetylene hr • This technique produced 

a very .small yield o~ a jet black material, characteristic 

o~ a polyacetylene. A ~urther ~our experiments were then 

conducted to introduce less acetylene into the system with 

the intention o~ producing materials containing more saturated 

units.. The remaining experiments used the tedhnique o~ 

bleeding the ac~tylene ~onomer into the cap gas just above the 

sur£aco o~ the liquid whilst continuing to bubble ethylene into 

the reaction mixture. · The reaction product in each case was 

worked up in tho way previously described ~or the othylene 

experiments. 

The dried polymers were examined and their characteris-

ation attempted. The samples proved to be insoluble in a 

range o~ common organic solvents including hexane, tolune, 

acetone, dekalin and carbon tetrachloride. The insoluble 

nature o£ the polycer also made those materials unsuited to 

many ~orcs o~ spectroscopic analysis and also ~or viscometry 

measurements. However, an elemental analysis o£ the initial 

polyroor saruple can be ~ound in Table 6 • The materinl 

produced in tho mixed monomer experiments was a purple-black 

granular powder. These polymers were also insoluble at 

ambient temperature and i£ heated in order to assist dissolu-

tion, ~ormed gelatinous rubbers swollen by tho solvent. 

Results and Discussion 

The study o~ this polyme~isation was rather limited 

since the initial rew experiments showed tho material produced 

to be intractable and unsuited to ~urther invostieation by 

conventional methods. However, the experiments undortnkon 



TABIZ 6 

ElEm~nt~l Analyais R~sults frorn tl•e materials nrepRred 

in the Ethylene/Acetylene 
~..cpt"~riments. 

Expt. no. ~c 

""' ~H 

1 81.6 6.5 
2 85.8 14.7 
3 72.2 *'12.7 
.4 85.5 14.7 
5 .. \ 86.1 10.8 

Theoretical ~ 

(CH2)n 85.7 14.3 

(CH)n 92.3 7.7 

A further analysic of material from experiment 1 after 
se•;eral weeks gave the following results ,using an 
alternative procedure. 

~c ~H 

28.7 5.5 
29.0 5.9 

Ass~ing the ash to be Ti02 
The ratio of the Carbon and 

d. c I" 

~tel 

1.2 
1.9 

then -~ Ti 
Ilydroeen 

1t Ash 

31.8 
30.4 

19.1 , 
in thene 

16.1 

16.9 

18.3 • 
results is 
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showed that the magnesium reduced catalyst ~system was 

capable o~ polymerising acetylene monomer and mixtures of 

it with ethylene although the rate o~ polymerisation was 

rather low. Several authors have previously prepared 

polyacetylene materials which are generally a jet black 

fibrous solid of' a highly crystalline nature. Hany of' the 

reports cite the use of various Ziegler catalyst systems. 

Natta employed several systems ~or acetylene polymerisation~O~ 

based on titanium alkoxides and aluminiumarlithium alkyls 

. in an n-heptane solvent at 4!)°C - 7.5°C, typical examples 

being, (i) Al(Et)J - Ti(OC)H?)4, (ii) Al(C6H13 ) 3 -

T1 (oc4H
9

) 4 , (iii) Li(C5H11 ) - Ti(OC3H7 ) 4 • · llis best 

results were obtained f'·or systems (i) and {iii) at Al/Ti = 

1.4 to 2.5 when material of' high crystallinity with a trans 

configuration was obtained. Alkoxides of various . transition 

metaL\ e. g. Ti ( oc4u9 )~, VO( c5H7o2 ) 2 , Cr(C5II7o2 ) J, 

Co(c5n7o2 ) 3 have been used in Ziegler systems with 

aluminium triethyl by Nicolescu and Angelescu f'or polymerising 

acetylen~105). These authors carried out atmospheric 

0 pressure experiments at 0 C in redistilled toluene -yielding 

a bright black solid which could be extracted with warm 

acetone over 8 hours. Kambara and Jiatano(1~6)bave also 

carried out preparations using the catalysts described by 

Natta. Watson etal007) used Ziegler catalysts prepared 

from titanium tetrachloride and aluminium trisobutyl or 

n-butyl lithium or zinc diethyl to produce polymers of 

acetylene, propyne, and butyne-1. Inf'ra-red spectra of 

·, .( 
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those polymers were obtained showins absorption bands 

at 3.4, 6;1 and 9.9 t . The band at 6.1 1 is attributed 

to out o~ plane de~ormation o~ trans ethylcnic hy.dr.ogens 

along a highly conjugated polymer chain. Further infra-

red studies, di~ferential scanning calorimetry and 
. 

thermogravimetric analysis determinations have been made 

by IClei.st and Byrd but the . samples obtained in thi"s work were 

not produced with Ziegler catalysts instead catalyst systems 

-based on dimethylglyoximate· and on sodium borohydddc are 

·'used .(108) 

The sodium borohydride method was developed by Luttinger(10~ 

and producee · a · polymer containing predominantly sequences of 

conjugated double bonds in the trans con~i~~ration. · Noguchi 

and ' Kambara rteveloped the dimethylglyoximate bnsed catalyot~10) 

which ' produces a predominantly cis-polymer. NickeL compounds 

have been reported by the Russian authors Chukha.dzhyan eta1(111) 

to be activecatalysts yielding benzene polymers and oligomers 

~rom acetylene. 

The product of the initial experiment using acetylene 
. . 

with the magnesium reduced catalyst was a jet black insoluble 

solid ~ormed in fibrous flakes which closely resembled the · 

poly acetylene ~aterial reported by the earlier authors. An 

elemental analysis was carried out on this polymer, the 

results of which are given in Table 6 , and show that the product 

is ~everely contaminated by inorganic ' salts. The ash content 

is due to the decomposition products of the catalyst which 

become trapped in the polymer. The inorganic mate~ial proved 

impossible to remove by vigorous washing or the polymer '-thich 

suggests it could be retained due to the formation of a stable 
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complex. The polymer was insoluble in any o~ the common 

oreanic solvents and thus the molecuiar weight could not 

be estimated. Due to the insolubility o~ the material, it 

was impossible to produce cast films ~rom which to obtain 

an in~ra-red spectrum. The spectrum produced by a KDr pressed 

pellet, could not be success~ully resolved and insufficient 

material was available ~or further_ study. 

_The experiments using mixed ethylene/acetylene feeds 

produced blue/purple coloured _materials. When the acetylene 

was bubbled into the ethylene system, the rate of absorption 

~f the ethylene decayed rapidly to zero. The magnesium 

reduced catalyst appears to absorb acetylene preferentially. 

However, the rate of polymerisation of the acetylene is much 

lower as shown by the s~gnificantly lower rate of absorption 

of acetylene compared to ethylene. In the later experiments, 

in which smaller quantities of acetylene were introduced, the 

ethylene polymerisation was only moderately suppressed and it 

was found that some recovery of ethylene polymerisation rate 

was achieved when the rate of acetylene feed was reduced or 

tercinated. This observation suggests that although the 

masnosium reduced catalyst system is very much more reactive 

with ethylene than acetylene in terms of polyrnerisation rate, 

whon there is competitive ~eed of the two monomers, acetylene 

is .absorbed and hence polymerised in preference to ethylene. 

The materials prepared from the mixed monomers appeared 

to be polyolefins containing some unsaturation. They were insol­

uble in common organic solvents at ambient temperaturca. llhen a 

sample was heated in a high boiline point aromatic hydrocarbon 

solvent (dekalin), in order to dissolve it, a solvent swollen 

cross-linked rubber gel was ~ormed instead of the solution 
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normally prepared in the case o~ a homopolyethylene. 

Although these materials were cross-linked, it proved 

impossible to determine whether they were homogeneous poly­

ethylene containing unsaturation (polyethylene-co-acetylene) " 

or a heterogeneous mixture o~ polyethylene and polyacetylene. 

Elemental analysis o~ these ~amples is als~ given in Table 

and ai in the case of the earlier material, little spectro-

scopic data was ·obtained on these samples. 

Summary 

The cagnesium reduced catalyst system was active in 

polyccrioin~ acetylene to an insoluble black material, 
. . 

presumably polyacetylene. The catalyst was also capable 

o~ generating unsaturated polymeric materials ~rom mixed 

ethylene/acetylene monomer ~eeds. Practical di~£iculties were 

encountered in controlling the amount of acetylene introduced 

into the polymerisation system. Acetylene polymerised on 

the catalyst very ·much more slowly than ethylene but was 

pre~erentially absorbed. Thus, th~ introductlon o~ acetylene 

o~£ectively inhibits an ethylene polymerisation, making control 

over the relative proportions o~ the two monomers in the 

polymer very di~£icult. Secondly, there are practical dif~i-

cultio3 in the characterisation o~ these polymers although 

samples appear to contain some unsaturation. llowever, these 

were insoluble materials at ambient temperature end sensitive 

to croso-linking at elevated temperatures and so it proved 

impoa9ible to produceasolution for further investigations and 

characterisation. 
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These exper~ments have shown that i£ practical methods 

can be devised to overcome tho temperature/solubility 

problem in tho analysis o£ these materials, the magnesium 

reduced catalyst is capable o£ producing unsaturated polymers 

and is worthy o£ £urther investigation. There is plenty o£ 

opportunity £or the development o£ more sophisticated 

techniques £or £eeding the monomer mixtures into the system. 

Dy using a more precisely controlled method o£ metering the 

acetylene into the polymer, it should be possible to produce 

.a range o£ materials o£ varying degrees o£ unsaturation. 

Samples of such materials could be studied to investigate 

whether any changes in the physical characteristics_ of the 

material take place as the degree o£ unsaturation increases. 

Such materials would also prove valuable precursors £or £urther 

experiments as the inclusion o£ the relatively 

vinyl linkages makes them into suitable starting materials 

£or other reactions. For example, the material would be.a 

suitable alternative to the styrene-butadiene copolymers 

with an unsaturated content cited in the experiments outlined 

in Chapter 2. Thus, scope for considerable £uture develop­

ment remains once the practical problems associated with this 

work can be resolved. 



APPENDIX I 

Listing of Computer Programs 



The following pages contain listings of the FORTRAN statements used 

in the computer programs written for c~lculation of the kinetic data. 

The programs vere normally retained on-line in a filestore although 

they could be run directly from punched cards. 

Filestore DDGPFILE contains the program for calculation of· the 

data from the ethylene polymerisations. 

Jrilestore JC1 consists of job control statements for running the 

styrene data program. 

Pilestore DBPF2 is the calculation program for the styrene pol~er­

isations. Once the Fortran compilation had been carried out 

satisfactorily this program was retained in machine code form for 

running subsequent programs. 

Filestore DDGPP4 is the graphical output program for the plotting of 

results obtained from DBPF2. 

Pilestore DBSUP42 is a typical input data fileatore for the styrene 

polyccrisation data. 

Filestore DDE1 stores the indicator vhich signifies all the data for 

the program has been loaded during a particular job. 

The programs vere generally run by feeding the data . directly into a 

computer filestore using an on-line teletype terminal. The program 

vas ini tiatcd using a cocmand from the teletype, eg RJ '-' SHP42, JC1 

(PAIW142). 

The prograc and the data could also be directly run froa a punched 

card deck. 

1 .I 
I 
I 

I 
I 
I 



OUTPUT FRO~ THESISL!ST OF ~eGPFILE 

--~--~------~--------------~------~~--~~ 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

~1AS T ER i·lA IN 
POLYMERISATION DATA PROGRAM 
TIME=DATACN,1) 
REA~ M=~ATACN,2) 

FLOW IN=DATACN,3) 
FLOW OUT=DATACN;4> 
INPUT PRESS.=DATACN,5) 
TEMP.=t>ATACN,6) 
RESULTCN,1>=METF.R DIFF. 
RESULTCN,2)=AV.INPUT FLOW RATE 
RESULTCN,3>=VOlUME GAS IN. 
RESULTCN,4)=VOLUME GAS ABSORBED 
RESULTCN,5>=TOTAL GAS ABSORBED 
RESULTCN,6>=RATE GAS ABSORBED . 
RESULTCN,7)=~ETER OUTPUT · RATE 
DIMEHSION DATAC100,6),RESULTC100,12l,TITLE<3,1S>,XC100>,Y<100> 
READC5,60lHEIGHT 

60 FORMI\TCF10.0) 
NEXPT=O 

7 WRITEC6,104) 
104 FORMATC1H1,29H POLYMERlSATION DATA PROGRAM.//) 

REA~C5,103>CCT1TLE(l,J),J=1,1S>,I=1,3) 
103 FOfH1ATC10 A8 > 

WRITEC6,102>C<TITLE<I,J>,J=1,15),I=1,3) 
.102 FORMAT(1 H0,1:SA8) . 

READC5,101)YIELD 
101 FORr.AT(F10.0) 

N=O 

!: 
t I 

I . 
I • 

I . 
I ! 

I 

i 1: 
I 

., 

· .I 

100 N=N+1 I 

READC5,Q9)Ct.ATACN,J),J=1,6) ·· ( 
99 FOR~1 ATC6 F10.0> lr 

~~~~~TACN,1).NE.-10C.O>GO TO 100 1.. ~· 

WRlTEC6,98)N ;j :· 
98 FORMATC1H0,5X,I3,24H DATA READINGS RECORDED.) ~ r 

WRITEC6,97) . ! ·: 
97 FORI~ATC1H0,5X,23HTABLE OF DATA READlfJGS.//8X,t.HTIME,3X,51-1METE~,5X, ! ::· 

13HGAS,6X,3HGAS,,X,SHINPUT,3X,5HTEMP./7X,6H(MJNS),1X,7HREADING,3X,5 ~ I 
2 H I N PUT, 4 X, 6 H 0 U T PUT, 2 X , 6 H P R E S S • , 3 X , 1 H 0 /1 t. X , 8 H ( ll T I H R ) , 1 X , 8 H ( L IT I H R ) :; . : . . ., 
3 , 1 X , F. 4 ( L IT I H R > , 1 X , 6 H C r1 • H G • , 2 X , 4 H ( C ) I) ~ ·; 

WRITE C6,96)(CDATft0t,J),J::.1,6),i'l=1,N) .! , 
96 FORMAT(7X,F6.2,1X,F 8 .3,1X,F8.4,1X,F 8.4,1X,F6.2,1X,F6.2) 

GSUrHN=O .0 
DO 10 M=1,(N-1) . 
TIMINT=CDATA((M+1),1)-DATACM,1))/60.0 
RESULTC(M+1>,2>=COATACCM+1),3)+0ATACM,3))/2.0 
RES lJ L T ( ( M+ 1) ,3) =TIM IN T*R E S UL T ( ( N +1) ,2) 
RESULT((~+1>,1>=DATACCN+1),2)-DATACM,2) 
RES U 1.1 ( ( M + 1) , 4 ) = R E S U L T ( ( fl4 + 1> , 3) -R ~ S lll T C C M + 1 ) , 1 ) 
RESULT(CM+1),5)=R~SULTCM,5)+RESULT((M+1),4) 

. ,. 

. • ' 

• •l 
I ~ 

: • i .. 
l •\' 



RESULT((M+1),6)=RESULTCCM+1),4)/TIMINT 
RESULT((M+1),7)=RESULTCCM+1),1)/TIMINT 
GSUMIN=GSUMIN+RESULTC(M+1),3) 

1 o corn rr.:ue 
\.IRITEC6,104) 
WRITEC6,102)CCTITLECI,J),J=1,15),1=1,3) 
WRITEC6,95) 

95 FORMATC1H0,5X,22HTA8LE OF DATA RESULTS.) 
\JRITE(6,50) 

··- ---·--- -

!: 
: I 
i 

.. , 

50 FORMATC1H0,7X,4HTIME,3X,5HMETER,5X,3HGAS,6X,3HGAS,4X,SHINPUT,3X,5H 
1TEMP.,2X,SHMETER,3X,8HAV.INPUT,2X,5HJNPUT,5X,3HGAS,4X,7HTOT.GAS,2X 
2,8HRATE GAS,2X,SH~ETER> II 

WRITEC6,51) . I 

51 FORMA1(1H ,6X,6HC~INS>,1X,7HREADING,3X,5HINPUT,4X,6HOUTPUT,2X,6HPRj 
1ESS.,3X,1H0,5X,5HDIFF.,5X,4HRATE,4X,6HVOLUME,2X,SHA8SORBED,1X,SHABI 
2SORBED,1X,8HABSORPTN,3X,4HRATE) I I 

. WRITEC6,52) 
52 FORMATC1H ,13X,8HCLIT/HR),1X,8HCLIT/HR>,1X,8HCLIT/HR),1X,6HCM.HG.,! 

12X,4HC C),3X,6HCLITS),2X,RHCLJT/H R),2X,6HCLITS),3X,6H(LITS),3X,6H( ' I 

2LITS),2X,8HCLIT/HR),1X,8H(LIT/HR)//) I 

WRITE<6,94)((DA~A<",J),J=1,6),CRESULT(M,K),K=1,7),~=1 1 N) 
9 4 r oRr~ A r c 7 x, F 6 • 2 , 1 x , F 8. 3 , 1 x , F 8-4 , 1 x , F 8-4, 1 x , F 6 • ? , 1 x, F 6 • 2 I 1 x, F 8 • 3 I 1 x, i t· 

1F8.4,1X,F8.4,1X,F8.411X;F8 .4,1X,F8.4,1XIF8.4) 1 
READ(5,101)EXTRA 
IFCYIELD.LE.O.OJGO TO 8 
GASA8S=CYIELD/28.05>•22.4 
GSUMOT=DATACN,2)-DATAC1,2> 
APG~SA=GSU~IN-GSUr.OT 
ERRO~=APGASA/GASAeS 

I ' 
I • 

. i 

CALCGI=GASABS+GSUMOT 
CFACT=CAltGI/GSUMlN :. 
WRITEC6,1QI.) I > 
WRITEC6,102>CCTITLECI,J),J=1,15>,I=1,3) j 
WRITE(6,93)Y!ELD,G4SARS,GSUMOT,~PGASA,ERROR,GSUMIN,CALCGI,CFACT . I 

93 FORMAT<1H0,5X,6HYIEU>=,F'6.2/6X,8HGAS ABS=,F8.3/6X,12HTOT.GAS OUT=, ' 'i 
1F8.3/6X,12HAPP.GAS ABS=,F8.3/6X,6H% ABS=~F9.6/6X,12HAPP.~~S !N.:,f i 
2e.3/6X,13HCALC.GAS 1N.=,F8.3/6X,6HCFACT=,F9.6> : . 

• I 

GSITWO=O.O . : 
o o 11 ,.,= 1, o~-1 > ; ·: 
T H1l NT= CD AT A C 01 +1 ) , 1> -DATA ( M, 1) ) /6 0. 0 . ·. 
RESULTC<M+1>,3>=RESULT(CM+1),3)*CFACT 
RESULTCCM+1>,4>=RESULTCCM+1),3)-RESULTCCM+1>,1> 
RESULTCCM+1),5)=RESULTCM,5)+RESULT<CM+1),4) 
RESULTCCM+1),6)=RESULT(( ~+1),4)/TIMINT 
GSITWO~GSITWO+RESULTCCM+1),3) 

11 CONTINUE 
~1 R IT E ( 6 , 1 0 4 ) 
WR1TEC6,102>CCTITLECI,J>,J=1,15>,I=1,3) 
WRITEC6,92) 

92 FOPMATC1~0,5X,32HTA ELE OF CORR(~TF.D DATA RESULTS.> 

... 
: .. . i .. 
! ., 

~ I 

.... .:. 



~------------~--~~~------------------------------------- ~ 

WRITEC6,50) 
WRITEC6,51> 
~JRITEC6,52) 

WRITEC6,94)CCDATACM,J>,J=1,6),CRESULTCM,K),K=1,7>,M=1,N) 
WRITEC6,104) 
WRITEC6,102)CCTITLECI,J),J=1,15>,I=1,3) 
WRITEC6,91)GSITWO 

91 FORMATC1H0,5X,12HTOT.GAS ABS=,F6.2) 
8 NEXPT=NEXPT+1 

K=O 
40 K=K+1 

J=K+1 
X<K>=DATACCK+1>,1> 
YCK)=RESULTCCK+1>,6> 
lf(J.LT.N)GO T0 .40 
llRITEC6,104> 
WRITEC6,102>CCTITLE(I,J>,J=1,15),I=1,3) 
WRITEC6,41)K 

41 FORMATC1H0,5X,I3,25H GRAPH READINGS RECORDED.> 
fLOt•1 AX=O .0 
I> 0 3 0 f·l= 1 , K 
If(YCM>.GT.FLOMAX)FLOMAX=Y(M) 

30 CONTINUE 
WRITF.C6,L2)FLOMAX 

42 FORNATC1~0,5X,14HMAX.ABS.RATE =,F8.3) 
lfCFLOMAX.LE.S.O)GO TO 28 
IF<FLOMAX.LE.10.0>GO TO 31 
Ir(FLOMAX.LE.20.0>GO TO 32 
IFCFLOMAX.LE.30.0)GO TO 33 
IFCFLOM~X.LE.40.0>GO TO 34 
lFCFLOMAX.LE.SO.O>GO TO 35 
IFCFLOMAX.Lf.60.0)GO TO 36 
IFCFLOMAX.LE.70.0>GO TO 37 
IFCFLOMAX.LE.gO.OlGO TO 38 
lf(FLOMAX.LF.90.0>GO TO 39 

28 CALL QEGIONC0.,200.,0.,5.) 
GO TO 29 

31 CALL REGIONC0.,200.,0.,10.> 
GO TO 29 

32 CALL REGIONC0.,200.,0.,20.) 
GO TO ·29 

33 CALL REGIONC0.,200.,0.,30.) 
GO TO 20 

34 CALL REGION(0.,200.,0.,40.) 
GO TO 29 

35 C~LL REf,IONC0.,200.,0.,50.> 
GO TO 29 

36 CALL REGION(0.,200.,0.,60.) 
GO TO 29 

37 CALL . REGJONC0.,200.,0.,70.> 
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c 

GO TO 29 
38 CALL REGIONC0.,200.,0.,P.O.> 

GO TO 29 
39 CALL REGJONC0.,200.,0.,90.> 
29 CALL LIMITSC2.5,22.5,5.,20.> 

THESE CALLS DEFINE THE RANGE OF UNITS AND SPACE LIMITATION OF 
THE GRAPH 
CALL BORDEP. 
CALL AXESSIC10.0,2.0> 
CALL CRSETCO) 
CALL CRSIZECHEIGHT> 
CALL PLOTCLC5.0,39.0,31HRATE OF ABSORPTION VERSUS TIME.,31) 
CALL GRPHPT(X,Y,1,K,62) 
CALL FRAME 
lf{EXTRA.~E.-100.0)GO TO 7 
WRITEC6,104> 
WRITE<6,90)NEXPT 

90 FORMAT(1H0,5X,I3,16HEXPTS PROCESSED.) 
CALL GREND 
STOP 
END .. ... . . .._ .. _ ........ - .. . . ............. . 

FINISH 
----~ --- ... ___ -· -----·-- --- ------ - ·- -· .......... _ ... . -----.... ·-------..... ··-· 
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-------·--------- ····· ----·-- ... _ .. - • 4 - - ...... ____ .,. _ _ _ ·- -

OUTPUT FP.O~ T~ESISLIST 0~ JC1 
----------------------------------------

PPOG LOAD BI~OD~F1,TIME1~INS,*CR5 D8~HP%A,*C~3 DBE1,•CP1 oqs~P%AR1(WRir~ : 
1A FROG LO~O 3INDRPF2,TIMF1fiNS,*Cr5 D8SHP%A,*CR3 DBE 1,*CP1 DRSHP:A R 1C~ ~ 1 

2A PROG LOAD 81NDBPF3,TIME1niNS,*CR5 DBSHP%A,*C~3 DOE1,*CP1 DBSHPXAR1CW~ ·; 
3A S DBSHPXAR1 · 
S DBSHI'%/dl2 
S D8SHP~AB2 
S DBSHP~AC2 
ENDJOB 

, . 

!·. 
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OUTPUT f RO:\ THESISLIST OF DBPF2 

PRO G R~ M CDILFLTS2> 

I NPUT3=CR 3 
INPUTt.=CI'4 
INPUT'J=CJ<5 
OUTPUT6 =LP0 
OUT PUT7=C P1 
OUTPUT ~ =CP2 
END 

\ 
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M A S T E ftt·! A I N 
C DILATOHETRY D~TA PROGRAM 
C Tl~E=DATA(N,1) 
C CATHETO~ET~R RCADINGS=DATA(N,2) 
C ~ESULTCN,1>=PER CENT CONTRACTIOh 
C PESULT(h,2l=PER CENT CONVE~SION 

C RESULTCN,3>=Lor..1QC100-P.C.CONV.> 
C RESULT(N,4)=AVEP.AGE TIME 
C RESULT(N,S)=TIHf lNCPEMENT 
C RESULTCN,6>=COhTR~CTlON INCREMENT 
C RESULTCN,7)=RATE CF CONT~ACTION 
C RESULT(~,~)=~ATE CF PCLYMERISATION 
C YIELD=WT.OF P.5.Ih GMS. 
C VMONMQ~INlTIAL VOLUME 0~ STY~ENE. 

C ALKYl=VOLUME OF ALUMINIUM ALY.YL ADDED. 
C CATLST=f''LS. or TI. TRICHLORIDE CATALYST ADDED. 
C TOTVOL=TCTAL VnLUME Of RE~CTANTS. 

DIMENSION DATAC100,6l,RESULTC100,12>,TITLE(3,15),X(j00>,YC100) 
NEXPT=O 

7 · WRITF.C6,1(J4) 
104 FORMATC1H1,29H POLYMERISATION DATA PROGRAM.//) 

~EADC5,103>CCTITLECI,J>,J=1,15),!=1,3) 
1 0 3 r 0 R t~ A T C 1 (, A R ) 

WRITEC6,102)(CTITLECI,J),J=1,1S>,I=1,3) 
102 FORrAT(1~0,15AR) . 

REAPC5,101)VIELD 
101 FORMATCF10.0> 

READC5,101)VMONMR 
RE/IDC5,101)ALKYL 
READC5,1C1>CATLST 
READC5,1~1)TOTVOL 

N=O 
100 r~=tJ+ 1 

READC5,99)CoATACN,Jl,J=1,6) 
Q9 FORMATC6F10.0) • 

IFCDATACN,1>.NE.-100.0)G0 TO 100 
N==N-1 
WRITEC6,9~)N 

• 0 

1: 
! 

t 
t 

. I 
I 
I• 

98 FORKATC1~0,5X,I3,24H DATA READINGS RECORDED.) 
WRITEC6,97) 

9 7 F 0 IHI AT ( 1 H 0 , 5 )C , ?. 3 Jq ~ 8 L E 0 F tJ I. T A R E A ~ ItJ G S .I 19 X , 4 H T I Yt E , 4 X , 5 !H1;: T f R I~ Y • 
0

: 

16H(Ml~S),2X,7H~~ADING/1~X,6HCCHS.)/) 
WRITEC6,96)((D~TAC~,J),J=1,2),M=1,N) 

96 FOR~ATC7X,F8.3,1X,F8.4) 

Dt<lAX==O.O 
D 0 1 0 f1 :: 1 , N 
1F(~ATACM,2).LT.DMAX)GO TO 1 
D!-1AX=DATA(~,2> 
NDATA::fol 

1 CONTlt>!UE 

., 

.· ,_ 

.. 
·' , . 



1 0 C 0 NT I r, U E 
TCTPCT=DVAX-DATACN,2) 
WRITE(6,79)0~AX,DATA(N,2),TCTPCT 

79 FOR~Al(1~C,5X,14H~AX. REA~ING =,F8.4//6X,14HMIN. REAOIN~ .=,F8.4//I 
! 

1X,19HTOTAL CONT~ACT!ON =,F 8 .4) 
W~ITEC6,5Q)YIELD,VMONMR,ALKYL,CATLST,TOTVOL 

5 0 F 0 R "! /. T ( 1 II C , 5 X , 5 BY I E l D , 1 (}X , F 6 • 3 , 1 7 H (; n S • I) F P 0 L Y N E n • 117 X , Hl !H\ E A C T A i . 
1TS./5X,7·1~0NOMER,hX,F6.3,17H CCS. OF STYREN~./5Y,5H~LKYL,10X,F6.~; 
213H CCS. OF TAA./5X,R~CATALYST,7X,F6.2,31H MLS. OF HG.RED.TI.TRIC~J 
3LORIDE./5X,12HTOTAL VOLUME,3X,F6.3,5H CCS.//) 
W~\ON rlR= V t·! ONPR *0. 906 
TCO~V=10G.G*YIELD/WMONMR 
FACT=TCONV/TCTRCT 
WRITE(6,78)WMONMR 

78 ·FOIUlAT(1 t-t0,5X,9Hf>10NOMER =,Fr..L,SH Gl,.S.) 
WRITEC6,51>TCONV 

51 FORMATf1H0,5X,26HTOTAL PER CENT CONVERSION ,F6.2) 
\o:RITE(6,74)FACT 

74 FOR~ATC1HO,SX,18HCONVE~SION FACTOR=,F10.6) 
DO 9 ro:=1, N 
RESULTC~,1)=DMAX-DATACM,2) 
IFCM.LT.NOATA)RfSULTCM,1)=0.0 
RESULTCH,2>=FACT*RESULTCM,1> 
RESULTCH,3)=AL~G10C100.0-RESULTCM,2)) 

9 CONT lPWF 
WRITEC6,104) . 
~RITEC6,102>CCTITLEC!,J),J:1,15),I=1,3) 
WFITEC6,95) 

. 
I • 

.. 
f • 

i. 
I 

95 FORMATC1~0,5X,22HTA8LE OF DATA RES0LTS.) 
lo/r;'lTEC6, 77) 

77 FORMATC1~0,8X,4HTJME,4X,5HMETER,3X,8HCONTRCTN,1X,8HCONVERSN,3X,3HL i 
10G) 

WRITEC6,76) t 
7 6 F 0 IHl AT ( 1 H 0 , 7 X , 6 H o~ l fJ S ) , 2 X , 7 H R E A D ! N G , 3 X , 6 H ( Ol S • ) , 4 X , L H ( ~ • ) , 3 Y. , 8 1• C 1 r i 

10-~C)) . . ': 
\JRITEC6,75) 

75 FO~~AT(1~0,1SX,6H(C~S.)/) 
WR!TEC6,94)((0ATACM,J),J=1,2),(PfSULT(M,K),K=1,3l,M=1,N> 

94 FORMATC7X,FP.3,1X,~ 8 .',1X,F8.4,1X,F8.',1X,F8.4) 
RFACT=10.0•WMONMR*FACT/TOTVOL*104.16 
UPITEC6, 73l iHACT 

73 FOR~ATC1HO,SX////6X,23~RATE CONVERSION FACTOR=,F15.6) 
D 0 11 fo1= 1 , ( f\'-2) 
RESULT(Cr+1),L):(DATP((M+2),1)+D-TACM,1))/2.0 
~ESULTf(~+1>,S>=DATACCM+2),1)-t~TJ(M,1) 
RESULT ( ( f· . + 1> , 6) =RESULT ( ( M + 2) , 1 ) -R: S Ul T Ct~, 1 ) 
RESULJ((M+1),7)=~ESULT((~+1),6)/RESULT((M+1),5) 
~ESULT<C~+1),8)=RESULT((M+1),7)*RFACT 

11 CONTINUE 
WR1Tc(6,1C4> 
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WRITE<~,102)((TITLECI,J>,J=1,15),I=1,3) 
U~ITEC6,95) . 
WR1Tf(6,71) 

71 FO~MAT(1H0,6X,8~AVEPAGED,3X,4HTIM£,3~,~HCO~TRCTN,3X,4HRATE,6X,4HPJ 
1TE) 

WRITECfl,7Q). : 
70 FORrAT(1H0,8X,4HTIME,3X,8HINCRE~NT,1X,8HINCRE~HT,1X,8HCONTRCTN,2Y, . 

1 8 H? 0 l Y r1 S T N ) 
WRITE(6,69) 

69 FORMATC1H0,7X,6HCMINS),3X, 6HCMINS),3X,6~(CMS.),2X,RHCCM/HIN>,1X,1~ i 
1 H 01 0 L/ L I f·l N l > . • 
WRITEC6,72><<RESULTCM,K>,K=&,8),M=1,~> 

72 FORMATC7X,F~.3,1~,FR.3,1X,F~.4,1X,Ff.4,1X,r10.4l 
WRITE(7,103>CCTITLECI,J),J=1,15),!=1,3) 
WRlTEC7,6P)((DAT~CM,J),J=1,2),(RESULTCM,K),K=1,3),M=1,N) 

68 FOPN~TCF10.3,F10.4,F10.4,F10.4,F10.4) 
FLAG=0.0-1VO.O . 
\.!RITEC7,66)FLAG 

66 FORMATCF10.1/) 
WRITEC8,1C3>CCTITLF.C!,J},J=1,15),!=1,3) 
WR1TE<8,67)((RESULTCM,K),K=4,8),~=1,N) 

67 FOR~ATCF10.3,F10.3,F10.4,F1C.It,F10.4> 
\.UH'TE(8,66) fLAG 
NEXPT = NE)CPT+1 

RE~ D C3, 101) EXTRA 
IFCfXTR~.NE.-100.0lGO TO 7 
WRITE<6,104> 
WRJTE(6,90)NEXPT 

90 F0R"AT(1~0,SX,l3,16HEXPTS P~OCESSED.) 
STOP 
END 

FINISH 
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~----~~~-~--~~------~----~--~~-~~--~---~ 

PROGP.,,I' ( P U ' TTER) 
J~PIJTletCU?. 
t NPUTJc£:1:.3 
T PJ~'UT '•a C I! 4 
tNPUT:Jrsc o s 
OlJTpliTt~=lP ( 

TqACE2 
J: N () 

r~ASTt:~l.f, ttl 
C POLYr!f~JSATJOtl f;ESULTS PLOTTII~G PRQCtRAM 
C Tll ' t;:Ll.:.T~(II,1) 
C C A T :I E T Ll : F: T t: R · H E ~ f\ J f l fi S :a D ,; T A ( l" Z ) 
C RESULT(fi ,1):PER Ct NT . cr.H, TRACTl!~ f~ 
C Rf::;ULT(t.,2)=Pt;~ CHIT COt.Vf.R:itOU 
c RFSUtTcr:,3>=LO(j.1 •JC 100-r.c,cot; v.> . 
C QESULT(I;,4)=AVEr.Alit Tlttr: 
C RE5lJLT(Il,S);;Tif1£ lNcREf~(t-lT 
C Rf.SUtT(I~,tl )::r,otnR A CTtON tNCt\EfJ·EHT 
c . R r s u 1. T < 1 i 1 1 ) = ~:t t\ T £ n F r. o ~ T R A c T t CJ t~ 
C PES U l T (f~ ,t)) =RAT f. l' F P 0 L Y t~ E I{ I ~ /. T 1 0 N 

n J I : E tJ S I 0 t l [',\ T A ( 1 0 \Jt t,) t ~ C S U l T C 1 0 0' 1 2) , Tt T l f ( 3, 1 S) , X ( 1 0 0) , V ( 1 0 (I) , r H ~ 
1 ~ s E 1 c 1,. > , PI· n As E ~ c 1 o > 1 P li 1\ As e 3 c 1 o > , PH~ As e 4 c 1 o > , P iH\ As f s c 1 o > , PHi\ As E t · < , 
2 0 ) , p U R ,\ S E 7 ( 1 11 ) 1 P U a A 5 E 8 ( 1 0 ) 1 P II 1\ AS E 9 ( 1 0 ) 

E X T L: P.ll,; L C t1 P V 
R E A 1> t ;. , ~> ? ) I: t I ti H T 
\.! R IT f ( q, 7 (I) It~ I 'i :IT 

?.0 ~OJ\IlAT(1~0,5 X t7HHf.IGIIT:,F6,2) 
NEXPT;s() 

7 I.J~ITF(I·, Hl4) 
104 ~0RtiAT(1H1t.!OH POLVIIEP.lSATJu"l DATA PROGiiAM,//) 

~FAD<4t1n])((TJTLE(I,J),J:1,3)tJ=1,15) 
103 r0RIIAT(10AH) 

1.! R I T E (f) I 1 0 z) ( ( T t T L E ( I I J ) , I :a, • 3) 'J ~ 1 • 1 5) 
1 0 2 ~ 0 1\ I i AT ( 1 ~ t) 1 1 ~ 1\ Q) 

N=t• 
100 Nr:l .+1 

REA0(4t~~)(DATA(U,J),J=112),(RESUll(N,K),~=1·3> 
68 r:ORI,.\T(!,;r1('.0) · 

t f ~ o A T /, 0 ! t 1 > • H E • ~ 1 0 0 • 0 ) \! 0 T 'l 1 0 0 
NCf!-1 
IJR I Tf ( o·, 0 ~)) ll 

9 8 ~ 0 IHI AT ( 1 H () 1 S X 1 I::;, ~ 411 D ,\ T A 'lEAD I fiGS Q E C 0 l'l DE I). ) 
wRIT r ( fu ':1 ~) . 

9 5 r 0 I; II f. T ( 1 ._, (J , 5 X , 2 2 4 TALl L E G r: D /, T A "F. S U L T S • ) 
tJRITFCu,77) 

17 r 0 I~ II A 1' ( 1 II 0 , J X , 411 T 111 E , 4 X , 5 H 1-1 E T £: R , J X , d H C 0 to. T PC T ~~ , 1 X , (P• C 0 1\ V E P S ~ , 3 X 1 :; H L 
10G) 
l.'~lTF ,(l ,?rJ ) 

. . 

I 
1: 

.j . 

I 

' 

7 6 r o H II AT ( 111 () , 7 X 1 6u C n J tl S) , (:X , 7 It R lAo I f• r. • ~X , "~ c C 11 s • > , 4 X , 4 H C X • \ , 3 X , :~.., ( 1 11 • 
' • 

1 o• ~.; c » 
"' R l T r: ( <• , ? 5 ) 

7S FflHIIAT(1H0,1!'XIr,II (CtiS.)/) 
t.t R I T r ( (•, 0 4) ( C l> 1\ T A C f1, J ) , J = 1 , ~) , ( i\ r. S IJ l T C t>1 , I( ) , t: : 1 , 3) , ''~:: 1 r N) 

Q 4 r (\ 1\ 11 A T < 7 >-' , r J • 3 , 1 Y , r • ; • 4 , 1 x , r r •• t. , 1 x , F " • 4 , , v , F (1 • 4 > 
~EAJC~,1n])((TITL i CI,J),J=1,l) 1 J:1,1S) 
U U 1 T F ( o 1 1 Ul. ) 
WIJ IT r < lu1 ''2) ( (TIT L'l: ( t, J) , I 0a 1 , 3) , J :a 1 , 1 S) , .. ,. 

.. 
;l 



1 0 1 tA:IIJ . + , 
p F ,\ 0 ( 5 , ( ;'!\ ) ( l\ F. s IJ l T (t~ I K ) , t: = 4 , \~ ) 
tf(P.fSI!LT(f 1 4),1Jt.·100.l;)GO TO 101 
t~ =l!-, 

... ~ I T r. ( r. I f)~) ) I i 
Q? ~ 0 nt I A T ( 1 IW , 5 X , I 3 , 2 3 H 0 A T A R E S U L T S ~ E C lJ R ~ F. n • ) 

I.!RITFC< ,CiS) 
I.!Rirr.c~~ 11 > 

7 1 ~ (l P. t i A T ( 1 t' 1' , 6 X , 8 H A v E R A G E o 1 3 X , 4 H T 1"1 E 1 \ x ' 8 r.; c n N T P C T i. r3 '/. 1 4 h R A T E , o x 1 4 11 P ~' 1 

1TE) 
tJ R I T F. ( (• I 1 0 ) 

1 o ~ or: t i AT c 1 ,, t: 1 J" , 4 u T 11• £: 1 3 x 1 R H I t, r. R E 11 NT ~ , x , a •: J ,, c R e,., :-.~ T 1 , .,: 1 A~ co~! T R c T -; , z x , 
1A .. POLVI ·STh) 

1.1 p I T E ( ,;, I (, ')) 

6 9 ~ o ~ n A T < 1 11 o , 7 x , 6 f4 < 11 I u s > , 3 x , 6 H < t-11 r ~ s > ~ 3 x ' 6 •t c c t·! s • > , 2 x , ':' ti c c M 1 ~· t N > , 1 x , 1 " 
1ijCI .OLILit· t: )) 
w P I r r c ,., 1 1 z > < c K e s u t. T c J 1 K > , K = '· , b > 1 J c 1 , ~.q 

7 7. r o Rtl AT < 7 x 1 r J. 3 , 1 x , F.~ • 3 , 1 x , F ~ • 4 , 1 Y. , f ~ • 4 , 1 x 1 F 1 o • 4 > 
l\ NEXflT:;!: n:rT+1 

r.ALL Ct'J"IV( 2 4tPti ii ASE1C1),1rliTL.E(1,1),1) 
cALl CI~JlV ( 16, pIt I< As E 1 ( 4) I, , T l T L E (, , s) , 1) 
n AT,'\ P iU: ~. S r. 1 C b ) I ' 
r>AT1\ PP. J\ASt:ZC1)f'i<ATE OF POLVI·~ ERtSAftON VERSUS TJf1 E. 

1 ' I 
~ATA PHRA5f3C1)/ 1 RATE, 

1 . ' I 
0 A T ,\ P :o~ R A S ( 4 C 1 ) I ' T I ll E , 

' I 1 
DATA 

1 
I' II R ~Sf. 5 ( ~ ) I ' C 0 II V t: R S t 0 N V (~!SITS. T 1 ~ E • 

OAT;, 
1 

PI!RA StcH 1) I' CCltlVSN. 
' I 

'I 

' I 

DA T ,\ P li R ·' S E 7 C 1 ) 1 1 L 0 G 1 0 ( 1 0 0 P , C ; ., P • C , C 0 NV • ) 'IE R S I_! S T H: F. , 
1 

r>AT,\ P!; J.;ASl:c1C1)/'t.OG 10 , 
nAT,\ PI, r. AS [ 9 ( 1 ) I ' ( 1 0 0-C ~ ~~ V , ) 

1 
k' c l l 

L•t 
40 r. a l'~+ 1 

LC:L+1 
.J =L +1 
X ( t~) :~t;~lll 1 ( ( r.+1) t 4> 
V Cr.> =~f:SIIL T ( C .:+1) di> 
1 r < v c K > • L r • o • •> > y c .: > = o • o 
t~(J.~T.1.ANn.X< ~ >.Le.o.o>K=~~1 
t r ( J • L! • r • >, u To 1. t l 

tH< I T F ( (. , 1 l' t~ ) 

' I 

' I 

' I 

• ., p J T F ( ·~ I , ll2) ( ( T I T L E ( J , J ) I I=, , 3) , J = 1 ' 1 5 ) 

;. 

' 

. .. 

I 
I• 

, . . 

..• . 



c 
c 

1..' P l T F C t , '· 1 H~ 
41 rORii.Al(,.H1 1 5X 1 l:S,t~SII GRM,H ~EADlNGS P£C 0 ROED,) 

F ~ 0 It ,\ ); = U • 0 
oO 3n L:::1 ,;: 
t f (Y ( L). r;t, f LOit ;,X > F L0r1A:\:V ( L) 

30 r.Of.Tttlll[ 
t.t R I T F. C r.. , 4 2 ) r tul t ;\X 

4?. rOP.IlAT(11't,SXt1411i ·AX.PSh.R,\TE ~~F ~ .3) 
lt fi(::U 

4 3 cALL v:., pAct co. 1 ,, n, o. 9 6 o, o. 1 2 o, o. 7 2 o > 
T H E SF. r ,·, I. L ~; fl [; f I f ! f. T II E R 4 t.lj L U f UN I T S A lJ 0 SPA C F. ll " I T A T l 0 N (i ~ 
T t( E r. P. ,-y U 
tf(flll! f,X,Lt:;.5,tj)i•O TO ~8 
tF(fllll ,.,X,tt:;.1•J.O)I'i0 TO 31 
1 F ( F l OJ',, X, L E. 2 0. 0) G 0 T 0 3 2 
tF(Fl01./,X,Lt.30.0Hi0 TO 33 
t F ( f l 0 I ; , ~ • L £: • 4 0 • 0 >. f1 0 T 0 3 4 
t F ( F l 0 1: ,~ ~ , L E , 50. ll) G 0 T 0 3 5 
J f (fLU! AX, LE.c,IJ, O)(it1 TO 3t> 
f F ( f L 0 ! I\ Y. • l ( • 7 0 • n > G I) T 0 3 7 
t~(fLCJ ! : r,X.I.~.oO.OHiO TO 38 
T r ( F Ltll: /,X • t. t • ~ 0. 0) G 0 T C) 3 Y 

2 A r. A L L t I,~ P ( (I , ; 1 5 0 0 , t () • , 5 , ) 
r.o TO ?.~ 

31 CALL rt ,~p(0,,1SOG,,O.r10.) 
r,n TO 2~ 

3 2 c A L L t1;.. p ( 0 ' I 1 s 0 u • , f) • , l 0 • ) 
r,O TO ~~· 

33 CALL MAP(U,I150Q,,Q.,30.) 
r. 0 TO 2'' 

3 I. r. ~ L L II ,', I" ((t , 1 1 ) \) iJ • 1 c) • 1 41) • ) 
r,O TO 2~~ 

35 cALL t~;.pc(J,,,soo.,o.,so.> 
r, o T n ~~: 

36 CALL ftt;PC0,,1500,,0.,61),) 
ttO TO ~9 

37 C:AlL ttAPCCI,,1~00.t0.,70.) 
r, o T n ?.~· 

38 C~Lt. II,;P(f•,,1SOue~O.,~Q.) 

r,O Tt') 29 
3 Q C A L L 11 ,- P ( ~1 , , 1 5 0 0 • , 0 • , ~~ Q • ) 
29 r.ALL Sf.At.t:; 

C A L l (j ~: ,'\ T I C 
CALl £\"nD[r. 
r.ALL CT~: ~fT(I,) 
r~LL PTPL0T(XtYI1tK,~0) 
J f ( l t tJ E: • F.: ll , 1 ) C ,\ l L C IJ R V E u ( X 1 '( , 1 , K) 
c A L L " !; p A (; t ( 0 • , 1 • 1(\ () , 0 • I 0 • :-\ ,, ) 
r. 4 L l lf/d1 ( (1. , 2Y. 7 I \}' , 7,1. ) 
CALL fHI~~lF, 

' 

1 . 

' 
i 
I· 
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'f 

! 
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r.o rn ~~r:> 
1 3 ?. C A l. L II ,', 1-. ( ll , 1 1 5 () \) , , () , , 2 0 • ) 

GO Tf'l 129 
133 r.ALL l l,\P(O, ,150votO.t30.) 

t;O TO 129 
1 3 4 C A L l fl.\ P ( 0 , , 1 ~ 0 u, , 0 ., 4 0, ) 

r. o To ., 2r' 
135 CALL 11/~p((),, 151Ju.,O,, 50,) 

r.o rn 12~ 
1 3 6 C fl L L II,\ I' ( (I , , 1 5llL) , , 0 , , I> 0 , ) 

c;O TO 1(~0 
1 3 7 CALL t1 ,, P (I), , 1 !) 0 U , , 0, , 'I Q , ) 

r.o ,-o 1 ;~r; 
1 3 8 C A L I. II .~ I' ( 0 , , 1 5 0 0 , , 0 • , d 0 , ) 

r.O TO 129 
1 '3 Q r. A L L II ,\r C 0 , , 1 ~ 0 0 • ' 0 • , 9 0 • ) 
' 2 9 C A L L S C ,\l. E 5 

CALL G ~.ATIC 
CALL ur ·: f: DE!;: 
CALL CTRSf.T(I•) 
CALL PTPLUT(XtYt1rK,51) 
I F ( L J I~ t: • F. U • 1 ) C A L L C U R V E (l ( X t \' , 1 t K ) 
CAI.L P5PAC(;(O.t1.18fl,o,,o.~t,) 
CALL 11;,PCQ,,2Y,'/,v,,21,) 
c A !. L IP I H !'I E I{ 
CALL CTI-!SlT(1) 
C A L L C 'f r. S I Z < li ~ I G ,. T ) 
CALL IJ ii [l lll (2) 
CALL Pt.OTCS(6,0,1<\,6,PHRASE5,~0) 
CAI.L lJI.i)Lit· (1) 
t; A L L P L I IT C:., ( 6 , , 1 r. , 1 , P tl R ,\SF.: 1 , ~ v) 
CALL lJ ~l DLlf . (O) 
CALL PLIJTCf>(1,5t15eStPHF:ASE-u,ROl 
CALL PLOTCSC?.2, tit 2, Or PHRASE I., dO) 
CALL H :f\11[ 
r. A L L Fl~ ,., f~ [ 

. · LlfiE=l!IIF+1 
lf(L11J t; ,f.q,1)GU Til 143 
I(• 0 
J=f 

4A I(CK+1 
JDJ+1 
X(K>=D.'ITidK,1)· 
V(K)=kLSilLTCKt3) 
J f ( Y ( r.) , L T , 0. \1) \' ( •. ) = 0. 0 
I F ( J • L T Jl ) t. 0 T 0 '• o 
URITr:(, ·. ,1Uit) 
WRITr(I •1 1(J<.) ((TiTLE(l ,J) ,t=-1 ,3) ,Ja1,15) 
WRITr<r· ,52)t~ 

5 l F 0 I\ l l AT (1 II l' , !i X ,I :S , l 5 II fiR A P loi R r; AD PHi S Q E C II~ n E 0 • ) 

... 
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X f~ 1 t I n 2 , (} 
DO !)1 L~1,~: 

r F ( Y ct. ) • L T • X I~ l t•) X I : If I::: V ( L ) 
51 r.OiiTJIJ II E 

IJ ~ 1 T F (" I s 3 ) X I, 1 N 
5 .s r o I\ 1;" T c 1 H u 1 5 x 1 1 ,.u,, Jt.c • REA o 1 u.; =, F rl, 3 > 

l J f~ E = lJ 
?43 CALL P5PACE(0,100,0.Q60,0,12010,720l 

C T H E :> F. C 1 \ ll S 0 C f 11 I e. T U E tC'\ ~~ G t; 0 F t1 N I T S A t-• () S P ,\ C E l I ' ' I T A T I M! U f 
C T H E: li H ,\ r ti 

I F ( X r I H: , r. E , 1 • 1 ) (j n T () 2 2 o 
I F ( X I I I I' • r. t • 1 • s ) l~ 0 T I) 2 3 1 
If(X''I :~ .r.r.1.3)Gf' Tl) 7.32 
t F ( X r' I : •• (i E , 1 , U ) (in Ttl £. 3 3 
I F (;~ t·'l.1 ~ , r. t , 0 , 1 ) tit) T 0 2 3 4 
1 F (;.:~li d • t; [ , 0, !) ) ti 0 T 0 2 3 S 
t F ( ;\ f.l I : : • G E , 0 • ..5 ) <i 0 To l3te 
I f C:< !H :, • r. E , u • ~) tj l' Ttl 7. 3 7 
t F (X I 1I :~ • r. E , 0 , 1 )t; 0 T 0 2 3 u 
tF(XP'l l . • r.E,O.ll)Gn TO 7.3• .. 

'-21\ r.ALL I1,.\ P(U,,150u.,1.712.) 
r,O TO 22Q 

' 3 1 r. A L L t1 ,\ P ( 0 , , 1 5 0 0 • , 1 • 5 ~ 2 , ) 
r.O TO 22Q 

'3 2 c A L L ~ : ,; p ( u • I 1 50 (I • , 1 • ~ , 2 • ) 
r,O TO ;!20 

'-33 r.ALL 11AP(l),,150o.r1.0•2.) 
GO TO (.~9 

' 3 4 r. A L L I, ,, fl ( ll • , , :; Q \) • I 0 • 7 I 7. • ) 
r.o rn 2~o 

~ 3 5 C A L. L I i , ~ p C t) , 1 1 ~ I) tj , , t) , 'l , 2 , ) 
r.o Tn 22c~ 

236 C4LL 111,P(U,,1500.r0.~,2.> 
r.O TO ~~o 

7.37 CALL ll,; p(0,,1501),,0.?.,Z,> 
r.O TO 220 

'- 3 8 r. A L L ' 1 .~ ,, ( 0 • I 1 ~ 0 I) • I 0 • 1 I 2 • ) 
<;0 TO ~~29 

~ 3 ~ r. A L L 'I,~ I' ( ( I • ' , 50 0 • , 0 • , 2 • ) 
?.29 r.ALL SC,,LES 

C A L. L <i i: 1\ T I C 
CALL l~ 1 - J\ f'Ef: 
CALL C'r f{ ~ET(Id 
CALL PTPLUT(X,V,1,1(,45) 
t F ( L Ill 1: • F ~~ , 1 ) C i\ L l C IJ R V E li ( X , V , 1 ' t: ) 
r.AlL P ~-\PAC[(0,,1,,331ll,,0,~4) 
c" L L f I,; p c 0 • , 7. C) • 7 , I) • , ?.1 • ) 
C A L L ll ' ' J<f' H~ 
r.ALL C:Tf{~f.T(1) 

CALL CT~: Sl'l.(Hf.IGUl) 
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CALL 1J i· P L11 ' (7.) 
CAL.L Pt.r,rc~: c~.0,1 o ,(HPHHASt.:i',HO) 
CALL 11 :! £>1.11 : (1) 
CALL rL~TCS(6.t1R.1,PHRAS~1,RO) . 
CALL li ;1 [J LJI- (()) 
CALL PLPTCSC1.Q,1:).3,i>HRA5f.d,HU) 
c A L L p L(i T c s ( 0 • 5 I 1 ' • 0 , pH K" s f. '·-' ,(~ I) ) 
CALL PLl 'TC S (2C!.u, / ,1J,Pifi\ASE4• 80 ) 
C A L L F P. ld • l 
C A L L f ~{I, ~4 l 
Llt>E=LIIIF.+, 
t F ( L H I f. • F q • 1 )(j 0 TIl 2 4 3 
RFADC3 1 ~ · 7) EX TRA 

97 ror.ltAT(r1 0 ,u> 
tf(EXT Hi\ .llL "100.u)G0 TO 7 
tJ R l T F ( ( , I 1 0 '~) 
I.IR 1 TE ((' , 90 ) liEXPT 

9 0 r: 0 H 11 ,\ T ( 1 U 0 , S X , I 3 , 1 6 II E X P T S r IHl C E S S E n • ) 
45 CALL Gi<t::ND 

SH'P 
.... ·--- •.. . F ~J D .. - . -· -· ··- ----·--·---· --·-· -·- ·---- ·----· ------------- -·------ . ... 
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~~ I 

·:· 
:.: 

I ' 
•' •i 
·J 
•• 
~ ~ 

I 
I 
'I 

·I ., 

,I 

'; 
•i .. 
;. 
I ; . . 
t ., 
I 

!· 

I• 
I' ., . ' 

; 



OUTPUT FROM THESISLIST OF DRSHPL2 

RUN NUHBE~:SHP/42 
PILATOMFTER N0.:6 

4.22L8 
43.0 
0.21 
34.5 
60.0 
·o.o 
5:o 
1 o. 0 
15.0 
20.0 
25.0· 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 · 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 
100.0 
105.0 
110.0 
120.0 
130.C 
140.0 
150.0 
160.0 
170.0 
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