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2 | SYNOPSTIS
g The reactivity of a novel magnesium alkyl reduced
Ziegler catalyst system, has been studied 1n'the
preparation of various homopolymers and copolymers.,
Many of the earlier experiments were based upon the use
of ethylene monomer as the major component of the
polymerisation system, In the later sections, the
work mainly concerns the formation of styrene polymers
althouéh acetylene and h-methylpent-l-ene have also
been used as the monomers.

A method for graft copolymerisation using the
magnesium reduced Ziegler catalyst was studied based
upon a technique developed by Greber and Egle., This
techniqﬁe involved thé'generatioﬁ of a polymeric
dialkyl aluminium precurser which the earliér authors
had reportod to be capable of initiating polymerisation
in“a titanium tetrachloride based Ziegler systemn.
However, under the conditions employed in this work
such polymeric substrates could not be developed with
the ability to act as cocatalyst for a magnesium reduced
titanium trichloride system.

Negligible yieldé of polymer were obtained from
the catalyst when a modification of the Greber and Egle
technique was used, although previous experiments had
shown that the magnéaium reduced catalyst system had a
high level of activity for ethylenec when used with a
trialkyl aluminium cocatalyst. The evidence of soveral
exporiments suggested that this technique will not
provide an efficient route for the synthesis of graft

copolymers of ethylene,



An alternative study was undertaken into the activity
of the magnesium reduced catalyst in its reaction with
other unsaturated monomers., . The_thrée alternative
monomers used were styrene, acetylene and L-methylpent-
l-ene, In the case of acetylene a polymeric material
was generated using this catalyst system, The material -
appeared to be polyacetylene but proved difficult to
handle and characterize. Several samples were prepared
using mixtures of ethylene and acetylene but these
copolymerised materials were similarly intractable,

Low activity and very poor yields were obeserved when the
syatem was used to polymerise 4-methylpent-l-cne and
4Jemethylpent-le-ene/styrene mixtures,

The magnesiuim reduced titanium trichloride catalyst
was effective when applied to styrene polymerisation
although the activity which the catalyst éxhibitod was
low and proved inferior to that of a conventional alum=-
inium triethyl reduced system., In addition, it was
found that a major fraction of the polystyrene preoduced
was readily soluble when extracted with methyl ethyl
ketone and so further investigations into the tacticity
of the material were undertaken, based largely on
spectroscopic studies and an investigation of the crystal-
lisation properties,

The polymer molecular weight and the reaction rate
wvere studied as a function of catalyst, monomer, and
cocatalyst concentration, temperature and time., The
number average molecular weight, Mn' was estimated from
gel permeation chromatography measurements, These rosults

were used to obtain values for tho concentration of active



polymerisation sites, propagation rate constant and the
1lifetime of the growing polymer chain. A determination

of the overall apparent activation energy of the reaction
was made giving a value of 64 h 30 kJ, This study
suggested that the differences between the magnesium
reduced catalyst system and conventional Ziegler catalysts
can be attributed to the increased disorder in the

catalyst particles caused by this novel preparative

technique.



CONTENTS o

PAGE NUMBER

CHAPTER ONE: ADDITION POLYMERS

SECTION ONE = INTRODUCTION 1l
l.1. Polymers and Copolymers 1l
1l.2. Copolymer .Nomenclature i |
1.3, Tacticity of Polymers 4
SECTION TWO = HISTORICAL BACKGROUND 5
SECTION THREE - ALPHA-OLEFIN ADDITION
POLYMERISATIONS 7
SECTION FOUR
L,1, Ziegler Cétalyat Systems 12
4,2, The Mechanism of Ziegler Catalysts ¢ XY
4,3. Magnesium Reduced Catalysts 23
CHAPTEB TWO; GRAFTED BLOCK COPOLYMER EXPERIMENTS
SECTION ONE - INTRODUCTION 25
1.1, Theoretical Considerations | 25
Organometallic Synthesis 27
1.2, Experimental Considerations _ 30

SECTION TWO = EXPERIMENTAL PROCEDURE
PREPARATION OF MACROMOLECULAR
METAL ALKYLS FOR USE AS COCATALYSTS 31

2.1, Halogenation Experiments 33
2,2, Metallation Experiments
i) Organolithium and Organomagnesium

Compounds 35
ii) Organoaluminium Compounds 40

2.3. Experiments to prepare an Unsaturated
Polystyrene Substrate . Lk
2.4, Polymerisation Experiments _ L7
SECTION THREE - RESULTS AND DISCUSSION Lo

SECTION FOUR = SUMMARY AND FUTURE DEVELOPMENTS 63

CHAPTER THREE: STYRENE POLYMERISATION EXPERIMENTS

SECTION ONE - INTRODUCTION 72
1,13, Theoretical Considerations 72
l.2. Experimental Considerations 76
SECTION TWO = EXPERIMENTAL PROCEDURE 77
2.1, Materials and Purification Tecliiniques 77
2.2, Apparatus and Procedure for Styrene
Polymerigations 80
2,3, Molecular Weight Determination 83

2fh. Crystallisation Experiments o 84



PAGE NUMBER

2.5. Spectroscopy 85
2,6. Calculation of Kinetic Results 86
2.7. Results and Discussion . _ 87

SECTION THREE - THE KINETICS OF THE POLYMERISATION 88

3.1. The General Behaviour of the Reaction Rate 88"
3.2. The Effect of Aluminium Alkyls upon the Rate

of Reaction - - 90
3.3. The Effect of Titanium III Chloride

Concentration upon the Rate of Reaction 93
3.4, The Effect of Styrene Monomer Concentration

upon the Rate of Reaction 96
3.5. The Effect of Temperature upon the Rate of

Reaction . © 297
SECTION FOUR « THE®MOLECULAR WEIGHT BEHAVIOUR OF- .

THE POLYMERISATION 98

4,1, Molecular Weight Determinations 98

- Calculation of Mv 88
4,2, Molecular Weight Determinations by

Gel Permeation Chromatography 99

4.3. The Effect of Polymerisation Time upon the
Number Average Molecular Weight, M and

Weight Average Molecular Weight, M™. $9
L.k, The Effect of Aluminium Alkyls upon the ;
Molecular Weight of the Polymer 100

k.5, The Effect of Titanium III Chloride
Concentration upon the Molecular Weight of

the Polymer 101
4,6, The Effect of Styrene Monomer Cancentration
© upon the Molecular Weight of the Polymer 101
4,7, The Effect of Temperature upon the Molecular
Weight of the Polymer 102
4,8, Determination of the Active Site
Concentration 103
4,9. The Lifetime of the Growing Polymer Chain 106

4,10, Crystallisation Kinetics Experiments on
the Magnesium Reduced Catalyst Prepared

Polystyrene - 107

SECTION FIVE = THE PREPARATION OF STYRENE/ .
4 -METHYL-PENT=1-ENE COPOLYMERS 108
SUMMARY ' 111
CHAPTER FOUR: ACETYLENE/ETHYLENE COPOLYMERISATIONS 118
Experimental Procedure | 118
Results and Discussion : 119

Summary 123




CHAPTER 1

SECTION 1 - INTRODUCTION : - -

It is only in comparatively recent times that man
has investigated the chemical nature of polymers, although
they have always been important natural materials, e.g.
cellulose, proteins, nucleic acids and enzymes. It
is now possible to manufacture many new polymeric materials
by the development of suitable chemical reactions and the
commercial exploitation of such processes has led to
gsynthetic plastics becoming a familiar part of our
contemporary life-style.

l,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 be 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 homopolymeric,
consisting of relatively linear chains of identical
monomer units - e.g. poly(vinyl chloride), polyethylene,
polypropylene - as represented below:=

—Hl-Hl-Ml—Ml-Hl-}II-MI-}II-}Il-lll—}ll-
In contrast, natural polymers are generally copolymers
with complicated heterogeneous combinations which, in many
cases, involve several different monomer units. Synthetic

copolymers normally possess a simpler structure consisting



of only a few types of monomer units,. e.g. 2'0? 3 types,
combined together either in a random fashion or in simple
arrangements. The three main sorts of synthetic
copolymer are outlined below:-

A) A random copolymer

=My =My o= M, =My =My = My= M =M =M M -M -

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

1 = My - My =M, 1 - M 1 - M -

Further factors, such as the degree of branching

- M - M, - M

ity ~ My ~ Y 2
within the molecule and the composition differences between
the main chain and side chains, which govern the nature of
a copolymer, produce two additional sub-divisions:-
1, Linear block Copolymer:
A linear polymer molecule with two or more uninter-
rupted sequences of homopolymeric specics, e.g. =
i S Tt Tl Bk Bl Bk Rl Rt "Rk R Rk
2, Grafted block copolymer: -
A branched polymer molecule with a backbone of one
polymeric species attached to which are one or more
side chains of another polymeric species, e¢.g. =
-.Ml-Hl-Ml-Ml-Hl-Ml-Ml-Hl-Ml-Hl-Hl—

| 1
- My M

2 ]
| ‘ . |
?2 M,
M,

Further sub-division of the main types occurs if branching
within the homopolymeric segments (possibly due to
transfer or combination reactions, e.g. cross-linking)

‘stakes place, and also in cases where the segments forming

the 'blocks' are copolymeric rather than homopolymeric.



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. . P

1,2, = COPOLYMER NOMENCLATURE - =

The nomenclature (1,2) used for the classification
of the copolymers outlined above, is exemplified in the
following list:=

Homopolymers

polyethylene
polystyrene -

poly (vinyl acetate)

‘Copolymers - - ' ' o s
Random: poly (butadiene=-co-styrene)
Note: the first monomer of the

pair is the predominant

proportion of the

copolymer composition,
.Alternating: poly (styrene-alt-maleic anhydride)
Block: - poly (styrene-b-methyl methacrylate)
Graft: . poly (ethylene-g-acrylomitrile)

' Note: the first monomer of the
pair forms the backbone:

chain of the copolymer,



Complex examples: ' ’ >
poly (styrene-g-butadiene-co-
styrene)
poly (methyl methacrylate-b-
styrene-co-butadiene)
poly (butadiene-co-styrene-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
of atyréne to butadiene,

The prefixes (br) and (c.l) can be used to indicate
branching and cross-linking respectively, and tacticity
can be accommodated using the prefixes (iso) - for
isotacticity, (syndio) - for_ayndiofacticity and (a) = for
atacticity. If the prefix is placed before the "poly"
it can be used to 1ndipate that the feature is present in
all segments, e.g.:(c.l)ﬁpoly (styrene-g-butadiene),
poly (iso) styrene-b-(syndio styrene).

l.3. = TACTICITY OF POLYMERS

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 different side
groups. The simplest case is vinyl polymers of the form

-JCHz-Cnﬂ)- where alternate carbon atoms are chiral, i.e.
aaymmetr?c centres, as they are attached to four different

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

possible configurations exist (3), known as R, the right



handed, and S, the left handed, mirror images of each
other, Polymers which contain a random arrangement of
these two configurations are known as atactic polymers,
whilst those with regular arrangements are tactic polymers.
If there is a continuous repetition of the same type of
configuration (e.g. R) the arrangement is known as
isotactic, whilst alternation of 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 of this century thét the develop=-
ment of most of the contemporary synthetic polymers has
taken place. Several polymers which were merely
laboratory curiosities before 1950 found important
applications during the 1939-1945 war and the demands of
the war effort intensified 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 forties,

The earliest record of the material we know as
polystyrene occurs around fhe 1840's, when it was
observed by Simon (4) and also Blyth and Hoffman(5).
By 1866 Berthelot (6) had discovered the technique of
.aolution polymerisation and that the reaction was affected

by certain catalytic agents, However, much of the carly



Figure 1
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- carbon atom.
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Illustrations of the arrangement of substltuents in the
various forms of tacticity.
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~dddldilld~ Atactic
The various stereoisomers can be illustrated in the manner
shown above with the configuratinns arbitrarily 'designated
right handed(d-) and left handed(1-)(with no implication as
to the direction of any optical rotation).

Representations of polymer tacticity.
Diagrams illustrating polvmer tacticity.




study of styrene polymerisation was contributed by
the efforts 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
thé 1920's, It was not until the 1930's that commercial
interest was attracte& by the discovery, by Fawcett and
Gibson (11), which involved a high pressure reaction.
Further research led to a patent on the process by Imperial
Chemical Industries 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 first of these syntheses for.the low pressure
polymerisation of ethylene was discovered by K Ziegler (13)
in 1954. This became the starting point from which many
other olefin polymerisation processes, using a catalyst
precipitated by the reaction of transition metal =alts
and metal alkyls, were developed. It was followed in 1955
by the discovery of an alternative method by the
Phillips Petroleum Company (14) which employs a preformed

transition métal oxide catalyst supported on silica,.



These processes had an important difference from 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 significant result is the ability of such
catalysts to regulate the stéréoéhemiatry'of highér'
x-olefin polymers. After the Ziegler discovery, intensive
investigations were carried out by Natta on a wide range

of monomers including propylene, styrene, 4-methylpentene
and but-l-ene (15). The use of this type of catalyst for
steric control of propagation sequences enabled the
synethesis of highly isotactic polymers (16), in particular
the preparation of 1aofadlic polypropylene both in the
laboratory and on a commercial scale., This polymer, in
contrast to its atactic counterpart, proved to be a useful.

and saleable material,

SECTION 3 = O- OLEFTIN ADDITION POLYNERISATIONS.

A vinyl monomer is a substance whose general formula

.15 indicated belowzfl

Rl : R3
\\$C = C ’//’
. N\

where the groups Rl - Rh are cither hydrogen or a substituent.,
In gereral, very few tetra~substituted monomers readily
produce high polymers; however, fluorine atoms are

excoeptional, due to their small size, and materials such



as polytetrafluoroethylene and polychlorotri-
fluoroethylene are useful polymers., Quite a few
compounds in which R1 = Rz = H with two substit-
uents are readily polymerisable and a few of the
type Rl = RJ = H are also easily polymerised. The
" bulk of the compounds of this type which will form
polymers are the monosubstituted ethylenes (Rl = .
R, = R3 = H).‘

The addition polymerisation of a typical «-

unsaturated monomer may be represented simply in

the following equation:-
.n (CH .._c\H) . {LHE }

The mechanism for the reaction is far more complex
than this over-simplified 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
sfepsx-

(1) Initiation

‘ -
X + CH2==CHR — .(—CHa—g



(2) Propagation

R | _‘ R- R
X — Cl,— CH * + cnz_-_-:crm--—b-x-_cnz--cn_-_éna—_éu*

R

o CH———CH

CH* +r(CH2==.—=CHR)

2 2

R R
. x-{-cnz——-cmn—- CH, — CH*

2

(3) Termination

. x-{“CH2+-—5HQHCH§gH*""" inactive polymer chain.
These three steps differ in detail depending upon
the class of initiation involved in-the reaction, .- The
initiator may be one of at least four types, and
determines the character of the active centre,
Thess types are: 1) the free radical centre (17)
2) the cationic centre (18)
'3) the anionic centre (19)
‘l4) the co=ordination catalyst
active centre (20).°
In general terms, the role of the initiator is to start the
growth of a particular chain by becoming part of it. |
Growth is then continued at an active site in which
the initiator no longer plays a part, A catalytic
centre is usually responsible for starting the growth
of ‘many chains and may well participate iﬁ the addition
of each monomer unit:; i.,e. the catdlyat is literally
tlie active site or an integral part of it,
Most mon;;ers are oﬁly readily polymerised by one

or two of the catalyst/initiator types and normally
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this will not beo with equal effoctiveness in-terms of the
scale of reaction and the molecular weight of the polymer.
From a consideration of the steric and electronic

structure of the monomer it is often possible to

estimate its suscoptibility to each type of initiation,
Generally, polymerisation is less likely for sterically ¥
hindered vinyl or diene compounds and enhanced by the
electronic effects of substituents which provide resonance
stablilisation of the active centre, whether it is an ion or
a radical. Table I shows the effect of the various
initiators upon various vinyl monomers., Certain monomers

may be bolymerised by more than one technique if either the
radical and one or both of the lonic type active centres

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

- In addition to a consideration of the initiation

step, it must be remembered that for polymerisation to occur,
the subsequent propagation step must occur much more

readily than any termination process. There are character-
istic termination reactions for the four types 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
transfer of the active centre to some other molecule from the
growing chain to give a 'dead' molecule (see Figure 2).
When the transfer of an active centre takes place, the

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




Susceptability

TABLE T

of various monomers towardc initiator

Monomer

Ethylene

Propylene
Styrene

Vinyl chloride

Acrylonitrile
Methacrylate
Alkylvinylether
Vinyl-hceééfe

Jscbutene

a-mnethylstyrene

technioues.

Polymer

|
CH3

© ~CH o=CH=

-CHz-CHGI— :

CH
éOOCHs
OR

CH 04~

""\J.s-2 l
CCOCH3
CH3 Ch3
<OH =02

2y
CH

Virylidene chloride -CH2-0812-

llethyluethacrylate * -Cﬂz;g:
: 5 COCCHy

Cyclobutehe

CH
-CH—CH=-

) T
'C}.z Chz

Initiator
Radical

Anionic
X -
‘X x
X -
= x
5% x
x -
- p
x -
% X

Cationic

Ziegler-
liatia




Fipure 2

Free Radical Ternination llechanisms

A) Combination of two radicals.
R o~ - . ' R R R
WvA~-CH~CH - A CHy—CH « —AA CH3 CH-CH—CH paran
B), Disproportionation of two radicals.:

WA CHCH® ¢+ svwasAsaaarCH—CH - =—>maCH3CH R
o ‘ ‘ o «+mCH==CHR

' C) Chain transfer.
R

wwWAM-CHyCH: + R'SH —>wwCH; CHR + R'S:
* R
"R'S* + CH,=CH;7R — R'S—CH;CH"

1

Continuing propagation.’

In addition to added transfer agents,in certain
instances monomer,solvent and dead poiymer chains

may act as chain transfer agents.
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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 continﬁe by reaction

of this new radical with further monomer.

The principal anionic termination reaction is the
abstraction of a relatively acidic hydrogen. Thia results
in the creation of a new anlon but the overall process is
a chain transfer only if this reinitiates further monomer
(See Figure 3). In the abasence of impurities or built-in
transfer and/or termination processes, the 'living' chain
end of an anionic polymerisation has a remarkably long
life~time, allowing for further addition of more or
a1fterent monemers with continuine propasations

The carbonium ion of a cationic mechanism may be
" terminated in one of three ways, via an elimination or
by reaction with an anion, of alternatively it may undergo
a transfer step similar to that found in radical mechanisms,
These reactions are illustrated in' Figure L.

For Ziegler (co-ordination) systems, the termination
processes are less wali defined but individual chain growth
may be terminated by one.of several postulated transfer
reactions of which Figure 54) and 5B) are typical examples.,
The termination of‘the active centre, 1.e. true kinetic
termination, generally arises'from a reaction with.an
acidic compound (sece Figure 5C)). ‘

As Table I illustrates, the rahga of monomers
polymerised by these four types of mechanism is so wide

that it is difficult to adequately summarise the individual



Fiepure 3%

Anionic Termination Mechanisms.

The presepnce of impurities in an anionic system such as
alcohol molecules causes a termination reaction as. shown
below for the polymerisation of formaldehyde, although
subsequently reinitiation may occur. -

Termination

wAnAArmanCH, 0° ¢ ROH  —5  ARAMAAAANCH,OH + R 0°

Reinitiation

RO® + CHO — RO-CH,0°

Under very vigorous reaction conditions the above
termination reaction may occur as an internal hydride
elimination forming a vinyl end group in a similar
reaction to that shown for cationic polymerisation.



Figure 4

>ationic Termination Mechanisms.

A) Elimination

_CH, CH,
WMWCH;*—-C@ A° —  WAAIAMANCH-C——CH, +HA
CH;,

B) Reaction with an anion

. H .
waaamn CH5C® + CF C00°—>  wwmmarvCH7—CH—0~C-CF;

&

C) Chain transfer

(Normally to monomer but may also be to other transfer
agents. E.g. dead polymer chains.)

CH,
wawanCHFC®  + CH=C(CH;), ' CH;,
H, — AMMAAMAMCH—C==CH,

+ (CH;), €® A®



Figure 5

Ziepler system Termination Mechanisms.

-

. A) Internal hydride transfer.
.R--

Cat—CHz;C~arrraannCHz CHR—CH5—CH;

H o 1
Cat—H CH;=CRwa~rrrrsrrs s CH;—CHR—CH3 CH,

B) Transfer t6 monomer.

(Similar transfer may occur with metal alkyl,or .
alkyl group or with added agents such as hydrogen)

Cat—CHs— CHR waaarssarssarasa CHs— CHR— CH5—CH;

1 | + CH, =CHR
Cat—CH;~CH—R + CHF=CRwaarrassan CH, -CHR—CH, CH;

C) Termination by acidic species,

- Cat—CH3~CHRwarrrsanina CH;~CHR—CH3;—CH; +  HX

l

Cat—X + CHy—CHRwanmamanasasnaenen CHz—CHR—CHz—CH
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techniques by which these various active centres are
generated and the fypical conditions of the ﬁoiymerisatiens.
However; details of theee aépecfe of the various systeme .
may be found in the literature as follows:=-

Free Radical Poiymefisation; Bamfofa éﬁ at (17);‘Catieﬂic
Polymerisation, Plesch (18); Anionic Polymerisation,

Szwarc (19); Ziegler systems, Reich.and Schindler (20j:

-y

SECTION 4.1. = ZTIEGLER CATALYST SYSTEMS

Ethylene and most higher oc~=o0lefins, which require
high temperaturee and pressures for free radical
pelymeriaation, react readily at room temperature and
pressure using Ziegler catalysts, These catalysts are
typically obtained by miting together a metal alkyl or
aryl of Groups I - IV of the Periodic Table with a compound
(generelly the halide) of a traneition metal of Groups
IV - VIII., Thus, there are numerous possible permutations
of catalyst and many have been cifedlin the litereture,
although in generai the most ueefel cembinatiens‘have been
ebtaieed from titaniue or vanadium chlorides and aluminium
trialkyls or dialkylchlorides, These catalysts normally
produce polymer ef a high molecular weight and with a linear,
stereoregular structure which confers enhanced crystalline
properties over fhe material preducedlby a radical mechanism,
Much of the early deveiopment of Ziegler catalxste was by
research workers ie,European ceuntriee where several
industrial plants now exist for the productien of materials
such as high density linear pelyethyleee, leetactic poly=~

propylene, poly~i-methylpent~l-~ene, polybut=l-ene and poly~

S
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butadienes,, The original discovery of this type of.

catalyst is credited to K Ziegler and'hia research school

at the Max Planck Institute, Milhein, However, in earlier

work, M Fischer (21) refers to ethylene polymerisation by

a catalyst mixture of a similar nature (aluminium, aluminium

chloride, and titanium tetrachloride) and several British

and US.patents which stem from the investigations in 1949

of Roedel (22), Pease et al of the Du Pont Company also

cite combinations of 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 waa.carried out concurrently .by- K Ziegler

and G Natta, the lgtter concentrating on the polymerisation

of higher oc~olefins (24), especially with respect to the

preparation of stereoregular polymers (25). The extensive

research carried out by these workers was recognised.in

1963 with the award of the Nobellprizo in Chemistry Jjointly .

to. K Ziegler and G Natta, Their»aécounta of the development

of the work can be found in their Nobel addresses (26, 27).
A Zicgler catalyst is usually formed by bringing

together in an inert. atmosphere, a transition metal

compound in whicﬁ the trans;tion 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 trietlyl, aluminium diethyl |

chloride), The former is generally though to be a 'true!

catalytic compound., The technique of 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 cataiyst poisons,

In conventional Ziegler polymerisations, a slurry of
titanium (111) chloride is preformed by reduction using an
aluminium trialkyl or aluminium dialkyl halide fsually
R=ethyl) in a dry, oxygen-free inert hydrocarbon solvent
(e.g. heptane, iso-octane) under a nitrogen atmosphere,

The 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
achieve optimum results, VWhen carried out below 7000

such reduction produces the P-—crystal modification of
titanium (111) chloride (28, 29) which, although a very
active oc=-o0lefin polymerisation catalyst,\has the poorest
stereoregulating properties of the four known modifications.
This ibnform 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.

Enhanced 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 - modification., A further
alternative crystalline modification is oc~titanium (111)

chioridc, which is also capable of this higher degree of



Structural model of the ot-modification of TiCl3;

The X-ray spectrum can be interpreted on the basis
of a layer lattice, which can originate from the
hexagonal close-packing of +the chlorine atoms, in
which the titanium atoms are arranged in layers,
placed at every second layer of the chlorine atoms.
The elementary unit cell of this modifigation has

. constants.of : a=b=6.12A,c=17.50A,Y=120°.

(12=20710)

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



Structural model of the P-modification of TiC1,.

The X-ray spectrum can be interpreted on the basis
of -a hexagonal close-packing of the chlorine atoms
yin which the TiCl, 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 themselves
is completely different.The spectrum yields a,
hexagoial unit cell,having constants : a=6.27A ;
C=5.82 °

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



Distribution of the titanium atoms(small balls);and
of the chlorine atoms in consecutive structural
layers of the unit cell of Y-Ti013.

From the X-ray powder spectrum,the hexagonal unit

cell hag the following constants: asb=6.144; c=17.40A
;s Y=120",and contains six monomeric units TiCl3.

: 1'.b ¢ 5 . j 1 <
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- i |
A
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Unit cell of Y-TiCl,.The layers,as shown above,repeat
along the c-axis,thus determining a cubic close packing

of the chlorine atoms,
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stereoregulation, This latter variety results from the
reduction of titanium (IV) chloride with hydrogen or
aluminium at high temperatures (32, 33). Finally, a
third form with similar properties is the S- form, which
can be obtained by prolonged grinding of either 0oC- or .
Y= forms (34). All these three forms, oc=, Y - and 1
titanium (III) chloride are purple in colour, whereas the
ﬁ- form has a brown.colour, These.forms of titanium (III)
chloride, which are formed by reduction of titanium (IV)
chloride with an aluminium alkyl reducing agent, are
normally found to be a solid solution of aluminium
chloride (35). This is supportediby observations (34)
that samples of varying aluminium content. have essentially
undetectable differences in X-ray spectral intensities
and that no indications of a superstructure can be found.

. The o=, *{=- and @~ forms of.titanium (III) chloride
all have a :.similar crystal structure. In the oc¢~. . form
it is a cadmium iodide type structure consisting of
hexagonally close packed chloride ion§ with titanium atoms
.distributed in the inferstitial spaces between alternate
layers of chloride ions (see Figure 6). Similar.layer
structures can be found. in the other two modifications,x-
titanium (III) chloride differs from the x- form only in
that the chloride ions are in a cubic close packed array.
The S~ form has a less ordered layer siructure, with a
degree of alternation between the cubic and hexagonal
packing., This may be observed in the X-ray powder spectrum

" which indicates an essentially disordered structure (34) .
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although some characteristics of the = and ‘Y- layer
structures may be found. The similarity of the crystal
structure of the m—,‘Y - and & - forms is reflected in
the results obtained when each 1s used as a component of
a Ziegler catalyst, Although each of them exhibits greater
stereospecificity than the ﬁ- form, it appears to be
achieved at the'expensa of the rate of polymerisation.

All the four types of structure found in titanium (III)
chloride contain octahedrélly co~ordinated titanium ions
and similar layer lattice structures containing octahedrally
co-ordinated metal atoms are found in titanium (II) chloride
(36), and also vandaium and chromium trichlorides, all of
which are active Ziegler catalysts, In contrast, inactive
compounds such as titanium (IV) ;hloride and titanium (IV)
alkoxides contain tetrahedrally co-ordinated titanium
ions, Thus, for stereospecificlpolymerisation, the presence
" of this octahedral configuration in a Ziegler catalyst may
be regarded as being of as great importance as an} specific
valency state. |

In a polymeriaatiun reaction, the titanium catalyst.
is used in conJunction with a cocatalyét, normally either
aluminium trialkyl or dialkyl-chloride. The reaction is
generally carried out in diluent medium (a hydro-carbon,
e.g. heptane, 1so-octane) and the praduct forms as a solution
or a particulate slurry. Figure 7, a typical application of
a Ziegler catalyst ,system, i1llustrates schematically the
steps involved in the.industrial polymerisation of ethylene

by a slurry process, This particular reaction is generally



Figure 7
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carried out-at 0,1 = 1.0 MNm-z (1-10 atmospheres) using

a catalyst suspended in a monomexr solvent chosen to be a
poor solvent for the polymer, which thus forms as a solid
on the catalyst particles, producing a slurry of the
material., The reaction temperature, usually less than 100°C,
( ~ 50-80°C), ensures that polymer solubility remains, low
and in industrial 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 MECHANISM OF ZIEGLER CATALYSTS

Many aspects of the mechanism of Ziegler catalysts
have been described as a result of recent investigations,
However, the mechanism of these immensely complicated -
systems, is still not conclusively and fully explained.
Two major groups of theories cxist, those employing a
bimetallic and those ecmploying a monometallic mechanism, ’
In fha bimetallic mechanisms, the presence of two metals
in the catalyst combination is considered to be essential,
In the monometallic mechaniaﬁs,'howaver. only Eno metal
atom (the ‘transition metal) is necessary for polymerisation.
In thg case of bimetallic mechanisms, the propagation step
embloys two metal atoms which may be the same or different

elements, whereas & monometallic mechanism involves growth

about only one metal centre.
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One of the early mechanisms proposed by Natta (37)
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,
aswkater evidence has not apparently supported it (38).
Aé;increasing amount of the recent evidence and opinion
has favoured the monometallic theofies. Tﬁis type of
mechanism *as proposed as eafly as 1956 by Nenitzescu
(39) and found support from the later experimental
evidence_of Carol and Carrick (40). A more elaborate
medel including a dsacr;ption of the olefin co~ordination
using molecular orbital treatment was developed by
Cossce (41) in 1962) and this still forms the bébkbone
of many current proposals,

The active site in the monometallic mechanisms is
the transition metal atom (e.g.'fi) and a second metal
atom (e.g. Al) is not dire;tly involved. In such cases,
an active gatalysf speciles (e.g. Ti-Et) is formed
by the alkylation of the reduced metal compound (e.g.
titanium (111) chloride) by the second catalyst component
(e.g. aluminium triethyl). This type of mechanism is
. supported by the experimental evidence of several
important polymerisation parameters (e.g. copolfﬁefisation.'
reactivity (40), propagation rate constants (42) in
presence and absence of metal alkyls) which can be related
only to the properties of the transition metal and not to

those of the other metal present,



Fieure 8

The Natta Bimetallic Mechaniswm.
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The active centre proposed in the Cossece (41, 43)
model essentially consists of an octaﬁedrally co=ordinated
transition element, with empty or nearly empty tzg
orbitals, which has in its co-ordination sphere one
alkyl group positioned cis to one vacant position
through a pge - d9¢ (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 titanium (III) chloride
surface with an alkyl aluminium. Such vacancies were
proposed by Arlman to exist on the crystal edges to ensure
its electro-neutrality. The result of this reaction is
the replacement of one of the chlorine atoms on a Ti centre
by an alkyl group and fhe retention of a ligand vacancy
(see Figure 9). This generates the active centre, providing
a Ti-C o-bond and the facility for monomer co-ordination
to the Ti. Propagation is due to the adéorption of a
monomer unit, which forms a Ti bond to the Ti centre and is
subsequently inserted into the Ti-C bond via a four membered
ring transition state (Bee Flgure 9). The overall thermo-
dynamic drive for a vinyl polymerisation arises from the
relief of strain in going from the unsaturated sp2 hybrid C-

3

atom configuration, to the saturated sp~ form, but this process
is an activated one and the activation barrier has to be
reduced by a catalyst. Cossce postulates that, as a

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



Firure 9

The Cossee Monometallic lMechanism.
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A) Mechanism for the propagation step as proposed by Cossee.

B) One layer of the crystal structure of oc--’j.‘iCl3 showing
the Ti-alkyl bond and the chlorine vacancy forming the

'active' centre in the surface.

4é | . x3
C) The configuration supposed to be the active centre in
a Zieglér catalyst. ( M= Transition metal ion; R= Alkyl
group( growing polymer chain), X

5 an Anions.)

~ Diagrams illustrating the Cossee Mechanism (T).



Firure 9
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Diagrams illustrating the Cossee Mechanism (II).
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group migratesj using a combina%ion of p and d orbitals

all along its reaction path, which allows it to remain

relatively strong bonded to the active centre and

gives the reaction a low activation energy (see 4-membered

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

terms of a molecular orbital diagram (see Figure 9).

In the uncomplexed condition, the energy NE ﬁusf be

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

electron from the bonding orbital into the metal 3 d orbitals)

and as catalysts may be stored for long periods without

decomposition, /\E is large cnough to maintain the

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

olefin is co-ordinated tb the complex, a new energy levél

d(yz) is formed by mixing metal d orbitals and ethylene

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

lower than that of the original metal 3 d orbitals and the

energy ZSEﬂ required to excite an electron is less than

-[ﬁE, therefore more rcadily obtained. This lowering of the

energy gap makes the Ti-C bond more Quscéptibla to homolysis,
It should be noted that in the mechanism proposed by

Cossee the growing chain and the wvacant position change

place during propagation, which would give rise to a

syndiotactic polymer. In order to account for isotactic

polymerisation, Cossec proposed that the alkyl group returned

to its original position before a further monomer unit

was complexed. It was considered that such an alkyl shift

would be aideq by the presence of the d(yz) orbital, similarly

to its migration in the propagatioh step.
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Subsequent developments of the Cossee mechanism have
questioned the occurrence of the complexation Qtep and the
final migration back step of the vacant position. Boor has
put forward a concept (44) originating with Tennett, that
the mechanism is a cis-four-centre addition without prior
co-ordination. They suggest co-ordination would increase activ-
ation energy as the ground state is more stabilised than the
transifion state, so that a complex formation would lower
' the rate of insertion. The Boor model postulafes 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 cbnversion of the unsaturated C=C bond into a
saturated one whilst retaining the metal-carbon " -bond.

In place of the Cossee complexation step, this mechanism
only rcquires 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 Tl centre remains éhe same, which
eliminates the requirement for the final vacant position
migration step of the Cossee mechanism in order to achleve
isotacticity. This model also has the advantage of
accommodating a number of catalysts with dh and d5 clectronic
systems which have been found to polymerise ethylene and

3

propylene, and which violate the do and ¢~ requirements of the

original Cossee model,



Figure 10
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The Boor expression of the Cossee mechanism for Ziegler
catalysis.

Obligue view of two Tia 0124 units separated by Alz 016.
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' centre moiety.
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Recent proposals by Buls aﬁd Higgins (45) modify
the Cossee mechanism by considering that the process is
not a surface bhenomeﬁon but that the whole Ti content of
the activated catalyst is actively involved. Using their
experimental data from the TiCiB/AlEtzcl system, they
conclude the basic structure in the unactivated catalyst
is a T18 0124 molecule containing A12 016 present in
solid solution. They postulate that the eight Ti atoms
are arranged in alplanar'p-xyiene like skeleton (see
Figure 10), giving an ove;all structure with regularly
spaced cavities into which monomer and alkyl may diffuse.
The cocatalyst addition causes alkylation of the exposed
titanium atoms producinglactive centres each with two
vacant ligand positions but otherwisﬁ similar to those
proposed by Cossee. The configuration of these wvacancies
within the alkylated T180124 unit is such that they are
mirror 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 the context of the studied system, it is
difficult to accept generally as it appears contrary to much
photographic evidence supporting crystal edge and defect
polymer growth,.

Theoretical investigations have attempted to describe
in greater detail the tentative orbital sequences proposed
for the active titanium site. The essentially qualitative
scheme constructed by Cossee has been recently discussed

quantitatively in -terms of the electronic structures and
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energy levels of the intermediate complexes by Armstrong,
Perkins and Steward (46). They do not find it necessary to
postulate that a vacancy exists on 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 L4.3. - MAGNESIUM REDUCED CATALYSTS

The Ziegler catalyst used in the present work is a
preformed titanium (111) chloride . prepared bylalkyl
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 ethflene polymerisations was 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, et al (51) have also investigated a similar
Ziegler catalyst for the polymerisation of ethylene and
propylene. In their case the titanium (111) chloride was
prepared by the reduction of titanium IV chloride with a
magnesiumlalkyl chloride carried out by ball milling in the
presence or absence of a support,

A ilice component system, titanium IV chloride, an

~aluminium alkyl and diphenylmagnesium has been studied by
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Radenkov et al (52). In this system, the highest yields
were obtained when the diphenyl magnesium was added as the
final catalyst component, At atmospheric pressure, the
polymerisation of ethylene proceeded at a constant rate
of ~~~ 250 g CyH,/g TiCl)/min for a long period, when
carried out at 6 Kg/c::m2 pressure very high rates were

produced but these died rapidly after a few minutes, then

'tended towards zero rate.



CIIAPTER 2

GRAFTED BLOCK COPOLYMER EXPERIMENTS

SECTION 1 - INTRODUCTION

Previous work using a magnesium reduced catalyst- for
the polymerisation ofhethylene.(QB,h9) demonstrated that
it was extremely active, capable of producing in excess of
fifty kilogrammes of pdlymer per-grammé of TiClj;let was
therefore proposed to use this catal?éilto pfepare graft co=-
polymer materials by the synthesis of suitable polymeric
cocatalysts for use in the subsequent Ziegler catalysed
olefin polymerisation. There is currently evidence (43,
53,54) to show that an alkyl group present in the organo-
metallic compound used as a cocatalyst in a Ziegler system
is normally incorporated as the first unit of the growing
polymer chain., If this alkyl gr&up 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. = TIIEORETICAL CONSTIDLRATIONS'

A general schémo for the ‘preparation of an actife
Ziegler catalyst usiné titanium trichloride and its use for
an olefin polyﬁerisation 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 poésible at twvo points:

A) At the catalyst activation stage; by.aubstitution of a
preformed macromolecular chain. P into the metal alkyl
cocatalyst M., to produce a specics MDRN_lP. Theoretically

BN
this would yield polymers with R and with P end groups



Figure 11

MB RH -+ Ti CI3 :
1 (Where Mg Ry can be Al (Csz);,,

AlEt,Cl,ZnEt,,Li Bu)
“Active Ziegler Catalyst”
+R'CH—CH,

~ Propagates growling polymer chain.
RR'CH— CH,—Cat
.+R'le=CH2

produces
" RR'CH—CH,—R"CH-—CH,—Cat
+R"C|H CH
repeateyd many t¥mes.
Olefinic Polymer.

RR CH—CH;{RCAH—-CHZ};

A general scheme for the preparaticn of active Ziegler

catalysts using titaniux trichloride
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(e.g. homopolymer of the form:

as in the Figure 11 scheme and also copolymer of the form:

At the chain propagation stage by the substitution of
alternative «-olefins. This may be accomplished by

either of two techniques: . ‘ a

1) Firstly ;hetn-olefin may be‘more than one type of
monomer, this can be achieved by using mixed monomer
feeds producing random copolymers or by sequential
feeding of alternate monomers which is said to produce

a more 'blocky! type of arrangement within the

copolymer. (e.g. As for Figure 11 but where

giving copolymers of the types:
a) -R//CH-CHZ-R/CH-CH2-R//CH-CH2-R//CH-CHz-R//CH-CHZ-R/

/
Cli-CH,~R’ CH-CH,,-

Random copolymers.
b) -R/CH-CH,,-R/ CH—CH2 R R/CH-CIIz—R//CH—Cﬂz-R‘//

CH-C;{Z-R/ / CHOH,, wwinsia r// CH-CH,,=
Block copolymer,
Both these particular schemes have alréady been well
studied for wvarious catalyst systéms. The former

technique has found a limited commercial application

as a method for the modification of the physical
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properties of a polyolefin. For instancé, in low
pressure techniques especially the Phillips process,
ethylene with properties.closer to tﬁé high pressure
products than the straightforward low pressure polymer,
ii) Secondiy, the élefin could be a polymeric species in

which case a graft or block copolymer may be formed.

/

(&g. As in Figure 11, except R° = P where P = polymer

4

chain)., This produces copolymers of the form:

RPCH;cnz-R//cn-cnz;n//CH-cnz-(R//CH-CHE-)n. The

' present work has concentrated on investigating methods

A) and B)ii) as synthetic routes to copolymers.,

Organometallic Synthesis
:hs outlined earlier an active Ziegler catalyst can be
prepared using a.metal alkyl of the general formula MBRN.
Typical examples of such'alkyls'are aluminium triethyl,
aluminium diethyl chloride, zinc diéthyl, and lithium butyl.
Varioﬁs-techhiquesnere studied with the intention of producing
ﬁodified macromolecular metal alkyls of the general formula
MBRN_lP, where P is a polymer chain. Preparative investigation;
into the synthesis of such compounds were centred around two
pointss {
i) The Group III alkyls (especially aluminium compounds
-as these generate very aétive Ziegler catalysts).

ii) The Group I alkyls (especialiy lithium, as here there
is less likelihood of homopolymer formatiﬁh when the
sole alkyl group has been substituted for by a polymer
group.h

The Group I organometallic compounds containing lithium
ﬁay be prepared by two types-of rcqction either directly or

by.cxchange reactions (55,56,57). The latter involve the
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conversion of a readily prepared lithium derivative into

the desired lithium derivative. Such exchange reactions

are generally of three types: _ ;
A). Metal - metal exchange
L=

Ph,Li + PhBSn - CHa-CH = CH

{
PhySn + Li.CH,.CH = CH

2

2
B). Metal - halogen exchange
e.8. |

BuLi I ﬁ-Br.CGHh.NMez

BuBr + p-Li.C6Hh.NMe2
C). Metal - hydrogen exchange

€. :

PhLi + PhC=CH

CGHG i PhC= CL1
Although these methods provide better routes (i.e. higher
yields) to‘many oréanolithium compoﬁnda than the diréct ‘
methods, in this work such syntheses were inapprobriate iﬁ
many instances. A requifément of yhe exchange method is
generally for an excess of the lithium reagent to be used
and in the métal-metal exchange a furiher metal alkyl (eg.
PhuSn). is ‘generated. Neither of these situations is
desirable as efficient separation of the alkyls is difficult
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_of preparation involving a direct route also has
limitations, The reactioﬁ between lithium and another

organometallic compound (if an alternative polymeric organo-
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metallic were available) similarly creates undesirable
side products which may be difficult to exclude. Thus there
remain these routes in which Lithium metal reacts directly
with an alkyl halide or alkane substrate and it 1s with these
%hat investigations were initially carried out.

Greater practical difficulty is assoclated with the
obtaining of Group III organometallic compounds, containing
aluminium on a laboratory scale. These highly reactive
materials may be directly synthesised only by the following
methods (58): '

i) From another organometallic compound, e.g. R,Hg.
ii) From an.alkyl halide, e.g. RX,
iii) From an_olefinic compound, e.g. RCH = CH2.

Method 1) can-only be realised if a suitable alternative
polymeric metal-compound”(e.g. polymeric mercury compound)
is available and providing that its reaction side product
(e.c. mercu:y) does not interfere at the polymerisation stage.
Method iii), the direct synthesis of alkyls from an olefin and
aluminium which is the current industrial method of ayntﬁesis:-
A1 + 3H, + 6 (RCH = cnz) ;
241 , (cnécnn)s
also proves unsuitable as the necessary special equipment for
a high pressuré, high temperature reaction generating highly
reactive products of this type was not available. However,
an indirect variation of the reaction as has been previously
employed by Greber and Egle (59) was used. In this instance
the preparation of a polymeric aluminium was carried cut
using an unsaturated polybutadicene substrate and diethyl

eluminium hydride:
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Et2 Al H I RCII = CH, .

EtzlAl CH20H2R C o ms w & “
where R 1s the polybutadiene substrate.

Method ii) was also investigated to find out whether it

could be suitable for the synthesis of polymeric metal

alkyls from saturated substrates. In this case a halogenated
polystyrene was reacted with aluminium metal and also with
an aluminium - magnesium alloy in order to produce alkyl

aluminium compounds,

1.2, = EXPERIMENTAL CONSIDERATIONS

"L The initial step in the synthesis consésted‘of the
preparation of an organometallic polymeric initiator which
ﬁas then used for a Ziegler catalysed ethylene polymerisation
to produce a copolymer, FExperiments of a similar nature
‘were reported by Greber and Egle in 1963 (59) who proposed
that a macromolecular Ziegler catélyst was formed by the
addition of a dialkyl aluminjum hydrides to an unsaturated
macromdlecule (a styrene - butadiene copolymer containing
pendant vinyl groups) and treatment.of the product with
titanium (IV) chloride. The subséquent,use of this catalyst
for ethylene polymerisation apparently yielded a copolymeric
material. The present experiments study the use of a
saturated substrate, polystyrene, and an unsaturated .
substrate, polybutadiene (with a high pendant vinyl content
(thO%), on to ﬁhich it was attempted to graft a polyethylene
chg;n.

The majority of the experiments were concentrated on
the preparation of‘maéromolecular aluminium alkyls of a
similar type to those of_Grebar and Egle, as the aluminium

compounds appear to be the most effective alkylating agents
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for the Ziegler systems (60,61), Hoﬁever,‘cartain
experiments involving lithium and magnesium alkyls were
also undertaken,

The two main synthetic routes used with the two
substrates are illustrated by Figurei2, Thg reaction
products of these metallation experiments were tested
for activity as initiators in an ethyiéne polymerisation.

In order to makq comparative estimations of the activity

of these catalyst syﬁtems control experiments were first
carried out using a conventional aluminium triethyl
cocatalysed homopolymerisation. These resﬁlts were compared
with those previously obtained for this system as a check ’
on the reproducibility. ' The reaction products from the
copolymerisation experiments were subjected to a fraction-
ation procedure in order to aeparaté and characterise

the copolymer content,

SECTION 2 -~ EXPERTMENTAL PROCEDURE

PREPARATION OF MACROMOLECULAR METAL ALKYLS FOR USE AS

CO=CATALYSTS

2.1, - HALOGENATION EXPERIMENTS

Initial experiments investigating the preparation of
macromolecular metal alkyls were carried out using a
pelystyrene starting material., As outlined earlier, this
material was usually halogenated first and subsequéntly
subjected to a metallation rcaction., In earlier instances
a direct motallation was employed., The polystyrene material

used throughout these experiments was Shell Carinex polystyrene
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H,R. grade: IV; 0,7 =.0.8 (M.wt.~100,000 - 120,000), which
was used without further purification,

1, Preparation of Poly(p-iodo)styrene

Poly (p-iodo) styrene was prepared by the method of Braun
(62). Polystyrene (5.2 gms, 0.05 mole*) was dissolved in
nitrobenzene (150 cms) and a mixture of I, (5.1 gms, 0,04 mole)
and H 103 (1.9 gms, 0.01 mole) were added,. together with
ceyy, (5 cmj) which wae used to wash the sublimed iodine back
into the reaction mixture. Finally,.the mixture was
completed by the addition of 1 : 1 H,S0) (10 cms) and then
refluxed under vigorous agitation, and maintained at 9000.
for 36 hours. .After being allowed to cool, the entire
reaction mixture was run dropwise into 2.dm3 of~CH30H
saturated with 802., During this addition, the mixture was
vigorously stirred. . The poly (p-iodo) styrene.was
recovered by filtration and washed well with CH OH, The
precipitate was dried in a vacuum oven at 5000 gnd then
subjected to e;emental apalysis, I.R and N.M.R. spectroscopy.

Yield ¢ 10,3 gms of poly (p-iodo) styrene (90%)
Elemental Analysis: C: 45.8% H: 3.3% TI: 52.5% (95%
Iodination)

Similaé results weré obtained when the experiment was repeated

on a larger scalé 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 (0.0036 molus).,

- Elemental Analysis: C: 89.1% H: 7.4% I: 3.1% (6%
Iodination)

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

expressed as moles of the monomer unlt present,
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2. Preparation of Poly(p-bromo)styrene

Poly (p-bromo) styrene was prepared by the method of
Bachmann, Hellman et al (63). . Br, (26 cm? (80 gms),
0.5 moles) was added dropwise over four hours to a solution
of polystyrene (52 gms, 0,5 moles) dissolved in ccl1,, (250 cms)
in which was suspended Fe powder (2 gms, 0.036 mole) catalyst.
The mixture was contained in a three necked flask fitted with
a reflux condenser, mechanical stirrer and dropping funnel,
The reaction was run at room temperature and the apparatus
shielded from the light, After the bromine had been completely
added the mixture was left standing for three days before the
product was precipitatpd by dropwise addition to a vigorously
in CH

stirred solution of SO OH, After filtration and washing

2 3
with CHBOH the precipitate was dried.in a vacuum oven at 5000.
Yielad t 90.6 gms of poly (p-bromo) styrene (99%)
ﬁlemental Analysis: C: 52,8% H: 4,0% Br: 41,.2%
(94% Bromination)

3, Preparation of Poly(oc-~bromo)styrene

Polystyrene (10.4 gms, 0.1 mole) was dissolved in CCl,
(300 cmj) and maintained at 60 - 70°C whilst Br, (2.6 cm (8 gms),
0.1 moles) dissolved in CC1l, (50 cmg) was added dropwise, The
reaction was carried out iﬂ a magnetically stirred three necked
flask fitted with reflux condenser, dropping funnel and
thermometer pocket, The apparatus was illuminated by a 60 cm,
20 watt fluorescent strip light for the duration of the
reaction, Agitation and heating of the mixture were continued
for two hours after the addition of tﬁe bromine was complete,
When cool, the mixture was precipitated and worked up as in

preparation 2,
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Yield t 9.8 gms (54%) ]
Elemental Analysis: C: 77.3% H: 6.0% Br: 16,7%
(384 Bromination) -
The expériment was ¥epeated on a 0,5 moles scale using 51.6 gms
of polystyrene (0,49 moles) and Br, (13 cﬁg(hobgﬁs) 0.05 moles),
with the following results:=- o
Yield : 89;4'gms (65%)
Elemental Analysis: C: 30.,0% H: 6.3% Br: 13.7%
(31% Bromination)
A partially brominated samplé was propafed on the 0,1 mole

scale, using only 0,06 cm3 (0.19 gms) of Brz‘(0.0023 moles).

Yield Y 4§ 10.2 ems
Elemental Analysis: C: 91,7% H: 7.8% Br: 0,5%
(1% Bromination)

L, Preparation of Poly(p-bromoethyl)styrene (Friedel-Craft (64))

Polystyrene (20,8 gms, 0.2 moles) was dissolved in.nitro=-
-benzene (600 cmj) in a three necked 1 dm? flask fitted with a
reflux'condenaer,'mechanical stirrer and thermometer pockot,
BrCH,CH,0H (8.5 cm (15 gms), 0.12 mole) and conc. H,S0,

(100 cmg) were added, and the mixture was heated at 70°C for

L} hours, After cooling, the entire reaction mixture was poured
into lce water. The product was recovered by filtration and
dried (vacuum oven at 5000). The crude product proved
impossible to dissolve in tolucne foflfﬁrther‘hurification, and
so it was concluded that crosslinking of the polymeric

material had taken place.,
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2,2, = METALLATION EXPERIMENTS

1) = ORGANOLITHIUM AND ORGANOMAGNESIUM COMPOUNDS

5. Preparation of Lithiatod Polystvrene 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 cm’ of fresh distilled

(off LiAlH), ) tetrahydrofuran (T.H.F.) and added 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 o0il 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 the brominated polymor
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 oﬁt 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(trimethylsilyl)stvrenas

A 20 cm° (0.008 moles) aliquot of the reacticn mixture
3
from the above experiment was icacted with_(CH3)38101 (1.0 cm ,
0.85 gms, 0.011 moles) in a dry flask under a nitrogen

atmosphere, After standing for several hours to ensure



36

complete reaction, the polystyrene wﬁs recovered by
precipitation into methanol, filtration and drying under
vacuum at Sooc.l The product was subjected to elemental
analysis and N.M.R. spectroscopy.

Yield of polymer : 1.7 gms (116%)

Elemental Analysis: C: 50,6% M: 3.8%

7. Preparation of Poly(p-iodo)stvrene

A 20 cm3 (0.008 moles) aliquot of the reaction mixture
as in the experiment above was reacted with I, (1.5 gms, 0,012
moles) in a dry flask under a nitrogen atmosphere. After
standing for several hours to ensure complete reaction, the

polystyrene was recovered by precipitation in CH,OH,

3
filtration, and drying under vacuum at 5000. The product was
subjected to elemental analysis:-

Yield of Polymer : 1.7 gms (89%)

Elemental Analysis: C: 50.5% H: 3,7% I: 0% Br: Lh, 0%

8. Preparation of a Poly(lithio)styrene Iﬁitiated Copolymer

Preparation 6 was repeated on a doubled scale reacting
poly(p-bromo) styrene (11.5 gms, 0.063 moles) dissolved in
T,H,F. (200 em’) with lithium shot suspended in T,ILF.
(150 Omj). A 150 cm> portion of the solution from this
reaction was subsequently used as co-catalyst in a high

3

pressure ethylene polymerisation using 1500 cm” of toluene
solvent, a TlCl3 catalyst (1 mM concentration) and

temperature of 80°%c. Negligible polymerisation of ethylene
occurred., Sce later results of experiments E/2, E/8 and SE/1,

9, Preparation of a Polystvryl Grignard Reagent

The conventional method (65) for the preparation of a
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Grignard reagent was employed in this experiment. Magnesium
powder (1.70 gms, 0.070 moles) was vigorously stirred under
a nitrogen atmosphere at 13000 for two hours in a
magnetically stirred three necked flask fitted with a
nitrogen inlet, reflux condenser, with a white o0il bubbler
and a dropping funnel. The apparatus was oven dried
over night at 1300 and flushed with dry nitrogen before
use, After slight cooling, a solution of poly(p-bromo)'
styrene, (10 gms, 0.055 moles) in freshly distilled T.H.F.
(100 cms) was added dropwise to the Mg. The mixture was
allowed to reflux &uring the addition and this was continued
for a further two hours after all the bromide had been
added, At this point, further T.H.F, (150 cmj)'was added
to the reaction mixture, which was then refluxed for a
further two hours before it was allowed to cool under a
nitrogen atmosphere. The strength of the Grignard solution
was estimated by reacting a 10 cm’ aliquot with 1M HC1
(20 cmg) then back titrating the excess HCl with 1M NaOH -
using phenolphthlein indicator. A hydrolysed sample of the
reaction mixture was recovered and subjected to elemental
analysis, 19.95cm3: of 1M NaOH were required, thercfore
Strength of Grignard Solution: 5 x 107> M

Elemental Analysis: C: 50.4% H: 3.9% Br: 46.1%

10, Preparation of Lithiated Polystyrene from Poly(p-iodo)

Styrene and Lithium Metal

This experiment was carried out with the same technique-as
used for preparation 6 except that poly (p-iodo) styrecno
(73 gms, 0,03 moles) dissolved in tetrahydrofuran T.H.F,

(200 cm3) was added to lithium (14 gms, 0.20 moles) suspended
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in T.H,F, (100 cmB); Elemental analysis was carried out
on a hydrolysed aliquot of the reaction mixture after
it had been worked up.

Elemental Analysis: C: 46,.5% I: 3.5% I: 51.5:

11, Preparation of Lithiated Polystvrene from Poly( &< =bromo)

Styrene and Lithium Metal

This experiment was also carried out using the technique
described in preparation 6, Poly( e¢c -bromo)styrene (5.8 gms,
0.032 moles) was dissolved in T.H.F. (100 cm?) and added
to lithium (0.07 gms, 0,10 moles) together with sodium
(0.05 gms) suspended in T.H.F. (50 cms). Elemental analysis
was carried out on a hydrolysed aliquot of the reaction
mixture after it had been filtered and dried in the usual
way.

Elemental Analysis: C: 79.1% H: 6.3% Br: 14,7%

12, Preparation of Polyatyr&l Grignard Reagent using an

"Activated Magnesium"™ Technique

An alternative Grignard preparation was carriéd out
using an activated form of magnesium, This was produced by
the method of Rieke and Bales (66) which prepares very
reactive magnesium in situ using a MgCl,~K-T.H.F.-KI
mixfure. Freshly cut potassium (2,48 gms, 0,064 moles),
anhydrous MgCl, (3.37 gms, 0.035 moles), oven-dried KI
(2.64 gms, 0,016 moles) and 80 em® T.H.F. (freshly distilled
off LiAth) were placed in a dry 250 cm3 £hrae necked flask,
which had been fluaped out with a nitrogen atmosphere, The
flask was magnetically stirred and fitted with a dropping

funnel, nitrogen inlet, condenser and white o0il bubbler,
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The mixture was vigorously stirred and heaté& to reflux

for 2 to 3 hours, produciﬁg a viscous black mixture.

Before poly(&x;-bromo)atyrene (2.9 gms, 0,016 moles)
dissolved in T.H.F. (70 cm3) was added, the mixture was
cooled to room temperature over 30'minutes. Upon
completion of the addition of the bromide, the mixture was
returned to reflux for a further 90 minutes then allowed to
cool to room temperature under the nitrogen atmosphere.
Aliqﬁots of the mi#ture were titrated as in preparation

iO. 19.95cm3: of 1H NaOH were requiréd, therefore

Strength of Grignard solution:-~ 0.005 M.

13, Preparation éf Lithiated Polystyrene using N-Butyl Lithium
As an alternative to.the direct metallatioﬁ methods, the

exchange reaction technique was also used to prepare lithiated

polystyrene, Methods using exchange reactions normally

with n=butyl lithium have been devised by seferal workers,
namely Braun (62,67), Leavitt and Maternas (68) and Huglin
(69). The method used here is basically that used by Braun,
The n-~butyl lithium used for this preparation was a commercial
product, a 21% solution in n-hexano supplied by Courturch

Chemicals Limited. Before use, its activity was determined
by the techniquehof Eppley and Dixon (70) in which the n-butyl
lithium is titrated against a standard solution of benzoic
ecid in monoglyme. This e?timation is carried out under
scrupulously dry‘inert conditions, using a triphenylmethane
indicator. |

14,0 em” of a 2.2 M solution of lithium butyl (0.031 moles)
in n-hexane were diluted with dry benzene (65 cms) in a dry

250 cm3 three necked flask, The flask was equipped with
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magnetic stirrer bar, and also a nitfogen inlet and while

0il bubbler which provided a nitrogen atmoshphere.
Poly(p-iodo)styrene (0.81 gms, 0.0035 moles) dissolved in
benzene (65 cm3) was added dropwise from a tap funnel over

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

at room temperature., Upon the completion of the addition,
the mixture was stirred for a further 10 minutes, Dry
n-hexane (100 cma) was added to the mixture to induce
precipitation of the polystyrene. After leaving the

mixture to settle for a few hours, the bulk of the super-
natant liqugr was decanted off and the precipitate was washed
twice with 100 cm3 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 (35 cmj)

and used in lieu of a magnesium alkyl as the reducing agent
for the preparation of a titanium chloride slurry byathe usual
techniquo. (See polymerisation number SE/1).

i1) - ORGANOALUMINIUM COMPOUNDS

Two methods were used for the preparation of the
aluminium organometallic compounds., The first method
utilises the addition reaction used by Greber and Egle (59)
in their experiments.

RCH-—“-——-_“—-—CH2 + Al Et2 2 s RCH‘2 - CH, = Al °t2

2
where R = polymer chain,

The unsaturated polymer substrate employed was a high

vinyl polybutadiene rubber, and as a commercial source of

diethylaluminiumhydride in the United Kingdom could not-

be located, it proved necessary to prepare this material for

use in the above reaction.,
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14, Purification of Polybutadiene Rubber

The polybutadiene material was obtained from the
International Synthetic Rubber Company Limited, Southampton,
and is manufactured under the trade name "Intolene 50", The
particular grade used had a high vinyl content with about
60% of the butadiene in the 1,2 configuration, As supplied,
the material contained a significant proportion (e~ 30%)
of extender oil which was removed by dissolving the
material in'an 80 : 20 mixture of n-hexane/cycl ohexane
solvents and reprecipitating the rubber in a large excess of
n-butanol. The rubber precipitate was filtered off,
immediately washed with methanol and dried in a vacuum oven
at 5000. This purification procedure was then repeated to
obtain the starting material for the subsequent experiments,

15, Preparation of Diethylaluminium Hyvdride

The method of Ziegler 33,55-(71) employing sodium hydride
and diethylaluminjiumchloride was used for this preparation,
Before use, the activity of the sodium hydride was determined
by reaction with ethanol, followed by titration of the sodium
othoxide produced against 1M lIC1l using bromocresol purple |
indicator. 17.7 gms of the (=<u50%) sodium hydride dispersion
in o1l (0.40 moles) was added to a dry 250 em” three necked flask
flushed out with N,. The flask was magnetically stirred and
fitted with a nitrogen inlet; septum cap, and é condenser
which could be connected either to the vaéuum system or a
white c¢il bubbler, After the addition of the sodium hydride

the apparatus was evacuated and warmed gently for two hours,

It was then allowed to cool and filled with nitrogen.
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Benzene (45 cms) and diethyl ether (52 cmg)‘(both having
been dried using calcium chloride then sodium wire) were
added to the sodium hydride, Diethyl aluminium chloride
(55 cm’

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

, 0.4 moles) was added continuously, dropwise, to

through the serum cap whilst the temperature was maigtained
at 47°C. Upon completing the addition, the mixture was left
standing overnight. The solvqnt was then stripped off under
vacuum and the product recovered by distillation at 65 =
7500 at a vacuum of 0,7 mm llg, ** _ _

Yield: 30 em’ (25 gms) of diethylaluminium hydride

16. Preparation of an Aluminium Polybutadiene Compound

Using Diethyl Aluminium Hydride 2

The method of Greber and Egle was used for the prepar-

ation of aluminium metallated samples of polybutadiene which were

introduced into an ethylene polymerisation system., Prepara-
tion of these compounds was either carried out inlthe'
polymerisation reactor prior to the ethylene polymerisation
or in the apparatus as used for the organoliothium prepara=
tions, in which case a measured aliquot of the polymer

solution was transferred to the reoactor, Dry iso-octane or

toluene was used as the solvent for these experiments of which

the following is a typical example.

NOTE: #* Reference 55, Chapter III, Page 340, also Annalen

589, 91 (1954). (b.p. 65 = 70°Cat 0.7 mm Hg).

(0.7 nm Hg=93Nm~

2

p
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The purified polybutadiene (5.25.gma, 0.097 moles) ﬁ
was dissolved in iso-octane¥* in the reactor an& stirred at i
85°C., Diethyl aluminiumhydride (6.0 cm® (4,9 gms), 0.05 moles)
was added to the mixture! which was then left stirring for i
three hours before starting the ethylene polymerisation. %
To ensure maximum reaction, it was preferred to leave the
mixture overnight at a minimum of 50°C before use, Details
of these.polymerisations, experiment numbers‘BE/l,_BE/z,
BE/3 and BE/4, are given later in the text.

17. Preparation of a Polystyrene Aluminium Compound from !

Amalpgamated Aluminium

The preparation of Bt Al,T, by this type of reaction,
was first reported by Hallwachs and Schafarik (72) in 1859,
but the method used in this preparation is similar to that
used by Grosse and Mavity (73). In this experiment the
aluminium was activated by amalgamation using the technique
of Wislicenus and Xaufmann (74). Aluminium turnings were
firstly‘etched by the addition of dllute sodium hydroxide
and shaking the mixture until ﬁydrogen was evolved., The
sodium hydroxide solution was then decanted off and the

turnings washed with water. They were then treated with

0.5% mercuric chloride solution for 1 = 2 minutes, After
decanting this solution off, 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 d#y ethanol, then dfy ether, before their immediate use,

NOTE: * In other cases toluene was also used as an alternative,
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About 5 gms of th0~aluminiumlturninga prepéred as above
were placed in the three necked flask apparatus as
described previously for metal alkyl preparation.

Poly( oc ~brome)styrene (9.2 gms, 0,05 moles) dissolved in
toluene (100 ;ms) was added to the turnings ;nd after tha.
addition of a crystal of iodine the mixture was brougﬁt

to reflui. After refluxing o;grnigﬁt, the ;ixture was
allowed to cool and an aliquot of the supernatant solution

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

18, Preparation of Polyvstyvrene Aluminium Compound Using

a Magnesium Aluminium Alloy

The_preparation was_carried out using the technique of
Grosse and Mavity (73). The apparatus used was as for
preparation 171 h.j2_gms of magnaiium turnings (an alloy
of SO%IMg and 70% Al) together with poly( sc -bromo)styrene
(9.2 gms, 0.05 moles) was placed in the flask and dissolved

in 100 cm3

of toluene, The procedure then followed that of
preparation 17. See polymerisation number SE/3.

2,%. = EXPERIMENTS TO PREPARE AN UNSATURATED POLYSTYRENE

SUBSTRATE
The following thfee step procedure was adopted in

order to synthesise a vinyl substituted polystyrene,

19, Preparation of Poly(p-chloromethyl)styvrens using a

Frieder Crafts Reaction

The method of Kockelbergh and Smets (75) was used for the
preparation of poly(p-chloromethyljatyrene. This required

the use of chloromethyl methyl ether which was prepared by
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the Gilman and Blatt procedure (76). A mixture of
L4138 & (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 gas supplied from a cylinder, The ether
was sélted out of the aqueous phase with CaClz'and separated
off., The product was dried over CaCl, before further use,
15 gms of polystyrene (0.14 moles) were dissolved in 300 om”
of carbon disulphide and the mixture cooled in an ice bath
to 0°C. After 30 cm’ (32.1 gms) of chloromethyl methyl ether
(0.40 moles) had been added, 7.5 gms of anhydrous aluminium
chloride were, over a period of two hours, gradually added
to the vigorously stirred mixture. 120 cmj'of dioxane
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, _

Yield: 19.2 g (87.3%) -

Elemental Analysis: C: 79.5% M: é.9% ‘Cl: 13.6%

(59% Chloromethylation)

20, Preparation of the Triphenyl Phosphonium Salt of

Poly(p-chloromethyl )Stvrene

11,0 gmes (0.072 moles) of poly(p-chloromethyl)styrene
were placed in a flask together with 23.6 gms of triphenyl phos=-
phine (0,09 moles) in dimethylZormamide (700 cmj) and the
mixture stirred under reflux for three hours, When cool

* the precipitéte was filtered off, washed with benzene and
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dried in vacuo at 50°C
Yield ' 1 25.4 g (93%)
Elemental Analysis: C: 76.6% H: 6.9% P: 4,3% c1: 6.0%
(53% Phosphorylation)

21, Preparation of Poly(p=vinyl)styrene

12,9 gms of the phosphonium salt (0.034% moles) from
preparation 20 were suspended in a mixture of 160 cm’ of

3

toluene and 200 cm” of anhydrous ethanol, 100'cm3 of a

saturated solution of formaldehyde in ethanol were added

to the mixture, followed by 150 om>

of a 0.3 M solution

of 1ithium ethoxide (0.043 moles) (prepared by the addition
of 2,0 gms of lithium wire to 1 dm° of anhydrous ethanol),
The mixture was stirred well, then allowed to stand, 'The
precipitation of ‘the product was assisted by the addition of

250 cm3

of water and the refrigeration of the mixture over-
night. The precipitate was recovered’'by filtration, washed
with ethanol and-dried in wvacuo at 50°C. A purified sample
was prepared by reprecipitation., .It was found' that a consid-"
erable amount of the material was insoluble in toluene,
which suggests that cross linking of the polystyrene had
occurred,. )

Yield : 5.2 gms of reaction product (1.6%)

"0.1 gms of toluene soluble material (2%)

‘Elemental Analysis - .

of the toluene soluble

material "3 C: 64,3% H: 7.7% -

fheoraticdl fiéures

for poly(p=-vinyl)

styrone t C: 92.3% 1I: 7.7%
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2.4, = POLYMERISATION EXPERIMENTS

Ethylene polymerisation 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 "Wade" brass fittings. Nylon tubing was
used to a very limited extent, only for essential flexible
connections, especially in the couplings connected to the
glassware, as in the solvent supply system, The gas supply
system incorporated an additional drying column containing
molecular sievs type 3A and the solvent supply system
incorporated one containing molecular sieve type 5A.
All sieve pellets used for these experiments were 1/16 in.
diameter, The drying agent for the solvent distillation was
sodium-potassium alloy in preference to lithium aluminiumhydridé,
since its activity could be relied upon providing liquid
metal was visible.

22, Ethylene Homopolvmerisations

A series of 11 experiments were conducted initially to test
out the activity of the rebuilt apparatus for preparing
ethylene polymers, Results were obtained usinﬁ 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 activity results could
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be used to ascertain "activator" efficiency, Metal alkyls
used for this work included lithium butyl, aluﬁinium
diethylchloride and aluminium diethyl hydride.

23. Ethvlene Polyvbutadiene Copolymerisations

A series of four experiments were carried out using
co=catalyst preparations in which polybutadiene rubber was reacted'}

in order to form an alkylating material., Samples from certain

of these experiments were: fractionated for evidence of il

copolymerisation, Details of the results of these tests

are given later in the text.

24, Ethylene Polystyrene Copolymerisations

A series of three experiments using polystyrene based

P e e T

catalyst materials was also carried out, These employed

the materials cited in the earlier preparations (numbers
13, 16; 17). Characterisation of one of the copolymer samples
was attempted and. the results are.givenllater.

25. Characterisation of the Copolymer Materials

The -first stage of characterisation of the copolymeric i I

materials was fractionation of the crude polymer. using solvent

extraction techniques., The following method was employed:

A weighed sample of. the crude material was placed in a 500 cm3
flask and refluxpd for 20 hours with a solvent, then the
mixture was filtered whilst still hot., The filtrate was
evaporated to.dryness, usually on a rotary evaporator¥* and

both that and the residue dried in vacuo.at SOOC. After

.

NOTE: #* High boiling point éolvenfé were vacuum distilled to

low bulk and then the polymer pracipifated i1 methanol i

and the precipitate recovered by filtration,
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reweighing, the residue was treatéd with a different
solvent in the same way.

The butadiene - containing materials were treated with
benzene, trichloroethylene, cyclohexané, iso=~amyl acetate,
tetralin and decalin in that order. The styrene - 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. If
sufficient material was available, an intrinsic viscosity

determination was made, using the method given in reference

Lo, page 39.

—

SECTION 3 - RESULTS AND DISCUSSION

The initial experiments were concentrated on the 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 of the ethylene polymerisation apparatus

was also undertaken incorporating all modifications thought
necessary from the previous work, The first preparations were
the‘halogenation experiments summarised by the scheme

overleaf , In general, these reactions were successful in
providing precursors for thevlatgr organometallic syntheses,

Preparations 1 to 3 were readily effécted with a useful

yield'uf the various poly(halo)-styrene compounds., The

p-iodo- material was prepared by an established route which gave a

90% recovery and an estimated 95% halogenation according to

i B

¥
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HALOGENATION EXPERIMENTS .

Polystyrene

(1)Iodination (4)Frigdel-Craft s,
Todine in nitro- '
benzene/CCl, with
iodic acid 2804.

Poly(piiodo) i Poly(p~bromno
styrene ethyl)styrene

(2)Bromine in CCl (3)Bromine in CCl

+ Fe in the darks + 1light irradiation.
Poly(p=-bromo) .Poly(@-bromo)
styrene : styrene

Direct lithiation experiments were carried out on

all. the above polyhalostyrenes. Poly(oe ~and p-bromo)

styrenes were used for Grignard preparations and the
" poly(p~iodo)styrene was used in an “alkyl exchange

reaction®type lithiation,
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the elemental analysis, N.,M,R. and I.R. spectra were
obtained for the poly(p~iodo)styrene, The I,R. spectrum
confirmed the para substitution showing strengthening of

the peak at 840 cm-l.in relation to those found at 700

and 750 em™ ., The 1600 em™ T absorption of a polystyrene

film is greatly reduced in the nujol mull of the poly(p-iodo)
htyrené and the absorptions at 1490 and 1450 cm-l are found
at the lower values of 1470 and 1400 cm™T 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 récovery (99%) and good conversion
(o4’ brbminatio‘n). The I.R. apacirum is similar to that
found for the p-iodo derivative., A peak at 820 em™ ! confirms
para=~substitution, and slightly larger movement of the 1490
and 1450 om~* bands is found this time to 1450 and 1370 om~ 1
respectively, A similar N.M,R. spectrum to that found in
the p-iodo expériment also confirms para-substitution has
taken place.

The method used in preparation 3 for the oc-bromination
of polystyroene was a novel technique which gave acceptable
results, A yiéeld of 65% was achieved and elemental analysis
on two preparations gave brominations of 38% and 31%. The
I.R. spectrum does not contain any disubstitution bands but

1l

only a peak at 695 em ~ with side peak at 730 em™! from tho

monosubstituted phenyl ring of the styrene, The mid
spectrum peaks are found at iﬁ50 and 1370 cm'l. The N.M.R,
spectrum found for the product was consistent with

¢~ bromination., In the preparations attempting partial
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halogenation a usefully iodinated material was produced
containing 6% iodination but the o« -brominated material
with only 1% bromination was considered of less practical
valuc,

In order to obtain a polyhalostyrene derivative which
has no sterically bulky groups immediately adjacent to the
halogen atom, unlike those mgntioned above, e.g. aryl group
or polymer chain, a preparatiﬁn of bromoethyl polystyrene
was undertaken. However, the attempt to substitute a
large alkyl function into the para-poaition_ot the 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 catalysed Friedel~Crafts method with the
2-bromo=ethanol proved unsuitable, probably owing to

further carbonium ion formation involving the halogen atom.

: : @
Br-CH <CH %ﬂ @ (52’504) BJ:'-CH2-C}{) - 2H20

H H
+ H H
--( ~CH—CH,, )n-—
— (-bH—CH,-) — l
+—-CH@—CH )~
s -cn-t-CH(c) 2) -(-cn-cng-)n—-
' \
H H H H
H H o — H H
_ . (}1250 4) ; ol
cr, |2 +150 o
CHy |, 1.0 + HBr (lme

&) 2 . ' GBr



METALLATION EXPERIMENTS

Orpanolithium and Organomagnesium Compounds

As outlined earlier in the text, the halogenated
polystyrenes were used in experiments for the preparation

of metal alkyls as shown in the diagram below:-

Poly(p-bromo)styrene

(10)Convéntional o (6)birect

Grignard expt. lithiation

Magnesium Alkyl ' Lithium Alkyl

~ Halide .
(7)Reaction (9)Polymerisation (10)Reaction
+ with TMSCl with iodine
Poiy(tfimethyl -Copolymer Poly(p—icdo)
silyl)styrene £ . styrene

Poiy@x—b mo)styrene

(13) 'Activated Mg' ' (12)Direct
. Grignard expt. e 1ithi?tion i .
Magnesium Alkyl - Lithium Alkyl
Halide

Poly(p-iqdo)styrene

(’11-1:)Exch / \

dange . | . (11)Direct .
lithiation lithiation

Lithium Alkyl Lithium Alkyl

R
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The scheme shows a summary of the lithium and
magnesium metallation experiments which were generally found to
give very poor results. None of the direct methods, -
preparations 5, 10 and 11, were successful,

The direct lithiation of poly(p-bromo)styrene,
preparation 5, was qualitatively monitored by preparations
6, 7 and 8. The effect of preparation 6, the replacement
of Li functions by Si(CH)3 wvas monitored spectrascopically.

The I.R. spectrum does not show a characteristic peak for
CHy=S1 which should be present ~ 1250 om '. The N.M.R.
spectrum does not show the peaks (the characteristic

chemical shift) which would be anticipated from the (cHg) 454
group., These results imply that negligible lithiation of

the material has been échieved and is confirmed by the elemental
analysis of preparation 7. The determination of the percentages
of broﬁine and iodine present in a product sample gave

these resultss- C: 50.5% H: 3.7% I: 0.0% Br: 44,0%, which
shows that the lithiation of the material was insufficient to

be detected by this method. The polymerisgtion aptempt using
material from preparation 5 as cocatalyst was also unsuccessful,
a minimal quantity of polymer boing prepared.

Tﬁe Grignard syntheses, preparations 9 and 12, failed
to work using the polymeric alkyl ﬁalida substrates. The
titration results for aliquots from each of the preparations
were at the error limit for the burette readings and it was

conciuded that no detectable reaction had taken place.
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Additional lithiation expefimants‘usiﬁ& inodo and

oc -bromo substituted polymers, preparations 10 and 11,
were also faiiures. fhese showed that activation of the
substrate using an alternative halogen and alkyl rather
than aryl type substitution had no effect. Overall, the
results confirm that direct synthesis of lithio-substituted
styrene polymer using poly(p-bromo)styrene and lithium
metal does not take place. The metallic lithium does not
appear to be a sufficiently powerful reagent to react
with a polymer substrate. An exchange reaction ﬁeeﬁa,

therefore, indicated.

Exchange recaction:

- &+ . K-/ 5+
—-?-wLi - —C=—=X

o R
—C— =
| Y .

In the exchange reaction the polarisation of the
'Li-C bond leading to attack by the alkyl group is
sufficiont to drive the reaction whereas in the

case of metallic Li this is absent.

‘Thus, the only lithiation technique which produced a
high yield was the butyl lithium exchange reaction,
preparation 13, but this mothod enounterod practical diffi-

culiies regarding the use of its product for polymorisation
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experiments. Although this reaction proved a much more
oeffective synthetic route, the technique employed

requires an excess of lithium reagent and therefore in

this instancq its application was limited because of the
impracticality of recovering the lithiopolystyrene product
from the excess reagent. HHowever, partial recovery proved
possible by precipitation of some of the polymeric material
and separation of fhis_from_the bulk of the reaction
mixture. 5

A quantitative estimation of the activity of the}w
butyl lithium solution was made by the Eppley and Dixon
method (70), using the following reactionsi-

A) Titration reaction: |

BuLi + 0611500011—»06115c06m + Bult
B) End, Point reaction: _
BuLi_ + (céns)gcn-('%ns) 4C L1
(red colour) + BuHt
In the absence of DMSO a white ppt. rather
than a ;ed colour change is observed,
The titration reaction (see Equation A) is carried out in a
dimethylsulpho*ide/honoglyme/hydrocarbon solvent using
triphenylmethanc as indicator (see Equation B),

The n-=butyl lithium exchange reaction proceeded
smoothly as found by aarlier.authora (62, 68) using, this
method., The washing procedure devised far preparation 13
appears effective and the lithiated polymer rocovered was
used to reduce titanium tetrachloride, producing the slurry

employed in polymerisation oxperiment SE/1 (see later).
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At this stage the 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 1#,.provbd to be a difficult practical problem,
The material 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 gentle heating. Any
excessive heating was found readily to crosslink the
material, producing a solvent swoilen gel., The aluminium
organometallic compounds were p;epared by two‘rbutes, firstly
the addition reaction as used by Greber and Egle:

R.CH = CH, + AlEt,H - R.CH,CH,AlE%,

where R = polymer chain. .

Secondly, preparations involving the use of the parent
metal diroctly. The resultant product is an alkyl metal
halide.

I) 3RX + 2A1 = R,Al X + RAL X,

An alternative direct method. using aluminium magnesium alloy
gives a product essentially free from the undesirable
dihalide side=product.

II) (2A1 + Mg) '+ R.X = 2R,A1X + MgX,.



The most convenient way of ascertaining the reactivity ;f
the macro-molecular organocaluminium compounds which were
prepared was by their direct use as cocatalysts for ethylene
polymerisation. Aliquots of the reaction product from
experiments as described in preparation 16 were used for the
cocatalyst in polymerisation experiments BE/1, BE/2, and BE/3.
Polymerisation BE/4 used a catalyst consisting of a T1013 slurry
made using an aliquot of a similar reaction product as the reducing
agent and a cocafhlyst of aluminium triethyl: The reaction
product from preparation 17 was used as cocatalyst for polymer-
isation SE/2 and an aliquoﬁ from preparation 18 was used similarly
.in polymerisation 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 o£dbr to do this it was
necessary to synthesise a vinyl substituted polystyrene polymer.
The synthetic route given in diagr-um p.71 was adopted. This
fachnique failed in so far as the bulk of the mate;ial produced
was cross-linked by the end of thelreaction sequence, However,
this does serve to illustrate a basic prerequisite of the
techniques which 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 of sida'reactions can be removed at each stage of the
synthegis by purification techniques, In polymer organic
chemistry, undesirable side products are incorporated into the
sama pblymer chain as the required functions and the two are,

therefore, inseoparable. This will often lead to cross-
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linking at other stages of the synthesis, and only a
relatively small degree of crosslinking is required for the
formation of insoluble gels, Alternatively,_auaolubility
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,fqr the
formation of viqyl containing polystyrenes, and offers. the

possibility of substituting longer alkyl, side chains,

1. M}I_CHZ/W\/\./W ) ' .2. V\AM.CH-CHW
~ -
iodination y
(prep.1)
BulLi
|
' ¢ ' metallation
|
(prep. 13)
h._vwﬁvaH-CHENTeaction with 3, “WAAACH=CHpAMAAAAN
>

allyl bromide

CH,=CH=CH,Br
CH
| # Li
L
CH2 + Libr

Béth of tﬂe.early-étagca may be.cérried out withlhigh
yields and little interference ffdm side reactions, The
novel step in the reaction is fha last stage whore the
lithiated polymer reacts witﬁ an alpha bromo-omega unsatur=
ated alkane (e.g. alkyl bromide, l7~octadecanoic bromide,
Cll,=CH(CH, ), .Cl,Cil,Br) and oliminates lithium bromide
formiﬁg a vinyl substituted polystyrene material, Intdrfa}ean‘

with this reaction may occur if the substituted ethylene
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reagent preferentially polymerises in the presence of the
lithiated polymer, Polymerisation h;; been shown to take
place with non-halogen containing olefinic monomers (77),
e,g. methyl methacrylate, acrylonitrile, styrecne and i s
isoprene. 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)styrene, and

a similar elimination of lithium halide carried out.

Initial ethylene homopolymerisations were carried out in
order to test the system and ascertain the activity of the
titanium chloride catalyst, (see experiments E/1 - E/7).

The early experiments E/1 - E/5 (see table 1) showed that the
activity of the system was not as high as was to be expected
from previous work (35, 36). In order to improve the
activity, extra precautions were taken, After the first
polymerisations E/1 - E/3, the gas supplies were double
checked for gas leaks and all ground glass Jjoints in the
solvent system regreased. A new T:I.Gl3 catalyst slurry was
prepared and fresh aluminium alkyl'used for 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 recylced material from
the earlier worﬁ which had used freshly supplied commercial
material, Secondly, the dodecyl bromide used in the catalyst
preparation was technical grade material and not that
supplied by BDH Limited. In crder to overcome any problems

arising from these causes, the solvent was initially washed with

three portions (10% by volume) of concentrated sulphuric acid.
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This was followed by washing with acid potassium permanganate
and then water., The solvent was dried with anﬁydfohs calcium
chloride then sodium wire before its distillation as normal.
The dodecyl bromide was washed with portions of concentrated
hydrochloric acid, water, sodium bicarbonate and finally'water,
before standing it over anhydrous calcium chloride, Before
use the bromide was vacuum distilled., These precautions
resulted in the preparation of a catalyst with an approximately
50% increased activity. The increase in activity of this
catalyst to approximately 75% of that used previously (48, 49)
was considered to make it acceptable for the comparative work,
Four further homopolymerisations were carried out to
estimate the efficiency of various metal alkyls as cocatalyst
initiators, The results are shown in Table zsfor aluminium
diethyl chloride, aluminium diethyl hydride and lithium
butyl. The two alternative aluminium alkyls gave markedly
reduced yields in comparison with aluminium triethyl, and the

lithium butyl gave negligible yielq. As ‘a result of the poor

reactivity ' of the lithium alkyl in experiments E/2 and E/8, it was

decidéd to concentrate on the preparation of macromolecular alum-

iniums rather than lithiums,

Four copolymerisation experiments were carried out with
the polybutadiene backbone and three with the polystyrene
backbone. Details of these experiments are also given in
Table 2?3 In experiments BE/1 and BE/3, a polybutadienc organo=
metallic was used as the cocatalyst compound, and in BE/4 as

the reducing agent for the T:I.Cl3 slurry, Experiments SE/2 and

SE/3 used polystyrene organometallics as cocatalysts., SE/1

® See p.69 for Table 2.



employed a T:I.Cl3 catalyst ﬁceperedibx.rcductio;‘usiné a
polystyryl G tickum omponnd. The wonomer shsorpiion vake
versus time was calculated fromloxperimental observations
using a progcamme written for an ICL 1906A Computer, and a
graphical output produced using the graph plotting (GHOST)
routines which are available in the system (GEORGE h)
-implemented in Birmingham. 1 ‘
‘ The results of the fractionacion‘experiments, preparaticn
.25, are given in TableIII.+ The IR spectra for samples of

tﬂe fractions are shown in part II .: the spectroscopic
oection, Appendix . The fractionationyof the ethyieno-
polybutadiene materials was very disappointing. The reaction
product proved practically insoluble in low.boiling point
solvents. When subjected to higher boiling point solvents

the poly-butadicne rubber component was obviously becoming
increasingly crosslinked, forming an inaoluble gelled

material., Ilowever, smali qucntiéies of material were

recovered and analysis of this material attempted. Here again,
'resulfs‘wcfe somewvhat disappointiné. In cases where only

a ver} small fraction had been recove}ed the casting of a
viable film for IR analyais often proved to be impossible,

In films where an adequate spectrum could be traced, there

was insufficient difference in absorption peaks to show
‘conclusively that a copolymer had been formed, Interference

in the spectfa by absorption from silicone grease contamination
was found in the 625-1300 wave=-number region. Absorptiona

were generally presect in the 3000 and 1600-1800 wnve ~number

regions., Fractionation of the ethylene-polystyrene materials

+ See p.T70 for Table IIT.
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was an easier process experimentally; however, even in tﬁie
case some of the material present at the later stages appeared
to be forming a gel residue and some degradation of material
was also taking place, IR spectra of these samples were
similar to those found for the polybutadiene materials.

The fraction soluble in tetralin from experiment BE/2I-
was ext;acted with toluene to remove the silicone grease
impurity. An estimate of the molecular weight of tﬁis fraction
was then made by A single-point viscosity determination.
Assuming the relationship as cited for polyethylene in |
reference 35 holds for this material, the intrinsic viscosity
was 4,45 d1/g and the estimated number average molecular

weight was 1.7 x 105.

SECTION 4 - SUMMARY AND FUTURE DEVELOPMENTS

The results obtained in this section of the work, heve
shown that the probability of using macromolecular organometallics
in order to genefate an active Ziegler catalyst system for
the production of graft copolymers is low. The reactions
which can be employed for the preparation of such organometallics
without degrading the substrate are mainly inefficient. The
. polymeric compounds produced have shown a low activity when
used as co-catalysts with the magneaium.redeced catalyst and
a poor efficiency as reduciling agents, c.f. magnesium alkyl
halides for TiCl# reduction,

The early preparations showed that polystyrene polyﬁers

can be revadily substituted with halogen atoms in the main chain
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or the phenyl ring. Subsequent expefiments-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 o¢oc-halo, SL~unsaturated alkane, The product of such

a reaction could be either a styrene-(alkyl halide substituted)
ethylene copolymer initiated by the 1ithium function, if ﬂ
polymerisation occurs, or a’ utyrena aubatituted with a

terminal vinyl side chain if a simple lithium - bromine

exchange reaction occurs,

The latter compound could be used for further investigations,
Firstly, it can be subjected to the Greber and Egle style
reaction with aluminium diethyl hydride. Any product of the
reaction might befsﬁitable as a cocatalyst and/or a reducing
agent for the titanium c;talyat. Aiternativeiy, it could be
used as a monomer for copolymerisation with qthylone in an
attempt to form a random Ziegler copolymer using the conventional
techniques. C

However, the reaults'found in the current work do not
substantiate the obvious inference which can be made from the
Greber and Egle copolyme;isation experiment, This is that a
" macromolecular organometallic compound reduces TiClh,
alkylates the catalyst surface and propagates a growing polymer
chain after the role generally propéﬁed for aluminium triethyl
in a Ziegler catalysis, An alternative proposal might be that
in the system used by Greber and Egle, the combination of
polymeric alkyl and ethylene in the reaction mixture may have

generated aluminium triethyl either by a displacement reaction
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(78) or an abstraction/additionlprocass. ¥

i) Displacement Reaction:

EL\\\\\AJ,/’/'P

S

Et

Al
Et/ e

+

P-Pn'i:sme.r'ic A‘k‘n&‘ .

For the case of the displacement reaction it may be
postulated that the formation of a dimeric bridged aluminium
alkyl intermediate can occur, which may by displacement
generate aluminiué triethyl and a dipolymeric aluminium ethyl
apécies. Dimeric bridged species of a similar type have been
postulated by Hoffman (79) although there is no direct
evidence for the stable existence of dimers with unlike
alkyl bridges. However, such species might only have a very

transitory existence, and would therefore prove difficult:

to isolate.
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ii) Abstraction/Addition Reactions:

Aluminium alkyls are susceptible to hydrogen abstraction
(80) which in the case of the polymeric alkyl species, may
regenerate the vinyl polymer and the aluminium diethyl hydfi&e.
The latter, in the presence of ethylene, would be converted
to aluminium triethyl by an addition reaction,

a)Bilydrogen Abstration " RT

Bt _? | ?
/’///Al | ? ;? :
Et ' "H H

Bt

TR
| Et’////

b) Addition Reaction
Et ¥ N3 -

>1—-—H + CH="—*——CH2 ——— Al(Et)j'

b

H
Al—;;H +: :>c::ﬁ:,
H

N

Bt~

A
An exchange process using this abstration/addition mechanism

accounts for the equ%librium established in aluminium tri-
isobuty; (15). '_ :

e.g. (1-Bu)3A1-———p-(1-Bu)2hln + CH, = c(cnj)2
If aluminium triethyl is generated by either of'these processes,
it will reduce TiCl3 and form an active Z;egler catalyst system
which can generate copolymers by reacting-with polymeric

vinyl groups, e.g. incorporation of regenarated CH2 = CIIP
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species, or any unreacted vinyl groups where these are present

in the graft substrate material., The in situ feduction of

TiClh by Greber and Egle ‘in theilr system may have promoted

such reactions as postulated above, whilst the use of a preformed
'I‘:I.Cl3 in ‘our experiments may 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 alkyl and monitoring whether any
radioactivity is incorporated into the metal alkyl, - i
Overall, the preparation of graft copolymers by this
type of éynthetic route does not seem very practical. The |
Zieéler'catalyst system is very sensitive to a wide range of
poisons, especially oxygen and water. The synthetic preparations
necessary to produce the precursors required for this work
increase the opportunities for introducing such poisons, In

particular in this work, undesirable functions (oxygen contain-

ing, etc) may be incorporated into the substrate polymer during
the synthetic steps. These will bq impossible to remove
entirely and will reduce its effectiveness as a cocatalyst or
reducing agent, An alternative methoa of preparation of this
type of graft copolymer may be envisaged, however, employing
the type of reaqtion which is normally associated with catalyst
poisoning. This will limit the copolymer to a two block system
only. 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 termination reactionlfor Ziegler polymerisations is

normally a h&drogen abstration, e.g:-
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Cat)-CH,CH,P + ,eOH
_277°2% . :

(cat)-OMe + CH,CH,P

3
Thus the activated polymer species must be more reactive
than an abstractable hydrogen atom, Such a technique would
nevertheless remove the extra complication of preventing

contamination of the Ziegler system by the grafting substrate

as encountered in the present work,,

=m0 Om——
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TABIE 2

Specific
: Durstion Letivity q
Activator Catalyst of (kg/g TiCl;| Activity
conctn. conctn, | Reaction | Tgmp.} Yield {1 hour/ ¢.f.1973
Experiment No. Activator (mM) Catalyst (mM) (mins) c (gns) | atonms) Results
E/1 AlEt3 0.5 MgR-TiCly 0.01 180 - 50 | 43.7 9.4 45%
E/2 BuLi 2.2 MzR-TiC13 0.01 60 50 0.07 - -
E/3 MG, : 1.1 MR-TiCl5 0.01 .60 50 | 27.5 - -
E/4 AlE3 3.7 MgR-TiCl3 0.02 180 50 | 70.3 7.9 46%
E/5 A1EYS 1.8 MgR-TiC13 0.02 186 50 | 75.0 8.1 Z
£/6 A1Et3 0.7 MgR-TiCl3 0.02 130 50 |117.5 1247 76%
E/7 AlEYS 0.7 MgR~TiCl3 0.02 180 50 |107.8 11.6 70%
E/8 BulLi A M2R-TiC13 0.02 195 50 80 0.3 ~ -
E/9 EtpAl HeALBG, 1.9 MgR-TiC13 0.02 60+15 50 | 12.4 -~ -
E/10 Et,41C1 1.6 MzR-TiCl3 0.02 127 5080 | 38.1 - -
5/11 Et,AlH 2.3 MgR-TiC13 0.02 180 80 8.9 1.0 63
BZ/1 (A1=Polybut.) 56 + MgR-TiC13 0.05 180 80 8.3++ - -
BE/2 (A1-Polybut.) 28 + MgR-TiCl3 0.05 180 80 49++ - -
BE/3 (A1l-Polybut.) 28 + MgR-TiC13 0.05 180 80 - - -
BE// Azt, 0.7 (A1-Polybub )R= 2.0 + 180 50 — - <
TiCl
sz/1 AEt, 1.5  |(Bu-Li-Polysty.)| 0.2+ | 180 50 1 186 -
; R-TiCl, - -
sz/a (A1-Polystyr) 25 + MgR-1i01, 0.1 180 go | - - _
SE/3 (Mg/A1-Polysty)| 35 + MgR-TiCl3 i 4 180 80 - - -
+ Based on estimated yleld of ethylenic material.
++ Asstmes 100% conversion to alkyl.

The Magnesium alkyl reducing reagent used throughout
these  experiments was dodecyl megnesium bronmide,

AQ
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TABLEITT

FRACTIONATION OF REACTION MATERTAL

Run Number ; BE/1 BE/2 SE/1

Dry Veight of material

soluble in hot solvent

Crude material 13.6 ¢ 9.9 g 1.8 ¢
Iso~octane - 0.8 g 0.4 g
Benzene 0.6 g 0.6 ¢ -
Trichloroethylene 0.3 g 0.3 g -
Cyclohexane 0.1 g 0.1 g -
Iso-amyl acetate, 0.8 g 1.0 g -
Toluene : - o 0.2 g
Xylene - P 0.1 g
Tetralin. 0.4 g 0.3 g 0.1 g
Decalin ) 1.6 g 1.2 g 0.4 g
Insoluble Residue 8.9 g 53 g 0.2 ¢ .

The tetralin. fraction from experiment BE/2 was extracted with
toluene to remove any silicone grease present., A viscometry
determination was carried out on the sample after the tolucne

extraction and additional IR films were cast an analysed,

Viscometry results found for this sample:

1( = 4,45
Me~~l.7 x 10°
n
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CHAPTER 3

STYRENE POLYMERISATION EXPERIMENTS

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 transferred to the
investigation of the activity of this catalyst in the
‘polymerisation of alternative oc -olefins, Current
experiments by K Gardner at Birmingham, have already shown
that the use of this catalyst fér propylene polymerisation
produces a mixture of atactic and isotactic polypropylenes
(50). It was therefore 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 these experiments will be found in Chapter 4,

l.1. = THEORETICAL CONSIDERATIONS

Several authors have previously reported results for

the polymerisation of styrene using a variety of Ziegler

catalysts. One of the first examples .of styrene polymer-
isation by organotitanium compounds_ié the work of Herman
and Nelson (23) using a Grignard reduced titanate mixture,
Howevér. this work was carricd out before the existence of
Ziegler catalysié was widely recognised and the author's
contemporary conclusions attributed the catalytic activity
‘of the titanium to a radical mechanism caused by the
generation of phenyl radicals {hrough the decomposition of
Ti=C bdnds. The use of either titanium IV chloride or

-titanium III chloride/aluminium triethyl ayanéma for styrene
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polymerisation(8l) is reported in the early studies (24) of Natta,
He also appreciated the stereoregulating proper¥iea of
these catalysts and a fairly comprehensive characterisation
of the isotactic polystyrene which he produced is given
in subsequent papers(8283). There are several reports of
investigations by other authors into the catalytic activity
of titanium IV chloride based systems towards styrene
monomer. Authors reporting studies of such systems
include Overberger et al, (84), Xern et al (85), and
Murahashi et al (86). The further study of t:l.tan!l.um IIX
chloride based systems has been reported by Burnett and
Tait (87), who investigated the kinetics of the stereo-
specific polymerisation of styrene using an ‘m:-TiCls-
alkylaluminium (or alkylaluminium halide) catalyst system,
The titanium IIX chloride/aluminium trithyl and .
vanadium III chloride/aluminium triethyl systems have also
been employed by Otto and Parravano for the study of the
Ziegler polymerisation of styrane(BBL

Prior to the present kinetic experiments, an initial
experiment had been carried out to as;ertain whether
the magnesium reduced catalyst was active for stiyirene
pol&merisation. The aﬁparatua described in Chapter 2 for
the ethylene experiments was used, and the results obtained
are reported in Table III. When the material produced by
this experiment was examined, a portion was found to be
toluene insoluble when subjected 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 thg‘reaction rates was chosen, Observation

of the rates by this means is possible due to the 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 Gi p and that of the

monomer e m respectively:-

% Conversion = Fép '(% contrictior)l £ DOnSEaNL
U Cp 7 Cm

= C ., % contraction, where C is constant
for the given system at a given

| _ _ temperaturg.

A deriyat;on of this.relationship may be obtained by
consideration of the measurements involved in the volume
change taking place in the dilatoﬁeter and the capillary,.
Now, as . Change in volume in dilatometer capillary

W TEEMR wesonseosopasmsmsenvessssronnmanens (L)
Where r = radius of capillary
dh = height change during time, dt.

If x, is the mass of polymer produced during time, dt, then

1 1=
also = bChangg in volume, = Eﬁ - —gﬁ + é%; semasnns 2)

Where Euland ©p = the density of the monomer
and polymer respectively.
By combtining (1) and (2) -

x(©p ~ om)

b ey

y E= .00
Vv em

As - Conversion, d(r)
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Where V = the initial volume of styrene

monomer in the system,

by substitution in (3) -

dh = V. * Sm » 100(39"3'111) a(p) ’

d(P) B.

SU,rz « Cm-* € P

JT.

r? ,e_ . dn

vV . 100 . (Qp,"em)

k. €, . dh

= C

FImEs

dh

VWhere k =

Emrz
100,V

Similarly an expression for the rate of polymerisation

may be derived as followsi=

Rate of polymerisation = Rp, moles min,"

X

M.W.

. dt

1

by substitution of x from (3) above -

= Density of monomer, gm.cm

then Rp =

or =

n1n
o

dh
dt

o N

h

t

Tr?

&m_® p

M.V,

(¢ = €g)

Cm€p

€ ™ Cin

.€m , 10

h.-

. F L] ‘r L]

Rate of contraction, cm min,"

re moles 11

1

Cross soctional area of capillary, cm~

Molecular weight of monomer

Density of polymer, gm.cm

Kp

3
3

) moles min,™®

tre:
soc

1
1
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= the percentage contraction for 100%

conversion of monomer to polymer

V = Total volume of reagents, cm3
Hence, as ?Prz ¢ Cn e,p can be considered a
M.W.(ep "enJ constant for the given system

at a given temperature, then =
Rp u:%% M 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 the polymer produced,

1.2, = EXPERIMENTAL CONSIDERATIONS

In order to observe the catalyst system over a wide
range of conditions, the sale of these experiments was reduced
compared to the ethylene work. A nominal size of 50 - 100 cm2
capaclty was chosen for the dilatometers which meant that.tha
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
polymexisation 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,



SECTION 2 - EXPERIMENTAL PROCEDURE

2,1. -~ MATERTALS AND PURIFICATION TECHNIQUES

- Styrene | - -

Styrene monomer was obtained from B D H Chemicals
Limited, stabilized with 0,001% - 0.002% tert-butyl
catechol, This inhibitor was removed by washing ‘twice -
with 10% sodium hydroxide ‘solution, followed by washing:.
with water until the washings were neutral to red litmus
paper (normally three timés). After drying over anhydrous
calcium chloride, the inhibitor free styrene was allowed
to stand over freshly powdered calcium hydride for two
days with occasional shaking. The monomer was then
fractionately distilled under a nitrogen atmosphere at a
reduced pressure (15 mm Hg). The'fraction boiling at
3800 was collected over freshly powdered calcium hydride
in a storage vessel which was Bgaled at the reduced pressure
and transferred on to the high vacuum system,"

Lemethylpent=l-ene

hemethylpent-l-ene was also used as a monomer for a few
copolymerisation experiments., This was a gift from
ICI Plastics Limited, and treated in the same way as the
styrene except that molecular sieve type 5A, 1/16" pellets
were used as a drying agent ;n place of calcium hydride,
The fraction collected was b.p. 53.5 =~ 5h55°c at ambient
pressure under nitrogen.

Iso-octane -

Iso-octane (99% pure grade) was supplicd by Phillips

Poetroleum Limited. The freeshly supplied material was dried

(15 mm Hg.=20C0Nm™2.)
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by refluxing overnight over molten sodium~potassium

alloy. The solvent was dist dlled 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,diam) 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., Betore
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 HZSOH

3 solvent)., This was followed by washing

(500 cm° per 4 dm
once with a 10% (H,S0,) 5% kMnO, solution. After decanting
off the permanganate, the sélvoni was washed three times
with water to remove any pink coloration or grey powder
before being dried firstly with cdlcium chloride éhen with
sodium wire, |

The dist dllation apparatus used for these experiments

was the same as that used te distil iso~octane in Chapter 2,

Titanium IIT Chloride

The titanium chloride was prepared as a slurry in
iso-octane by alkyl magnealuﬁ halide reduction of titanium
IV chloride, This preparation used the technique described
in the previous work (49,49A) with ethylene except that the
final dilution with 240 cm3 of osi-octane was not made so

that the slurry was in TiCI3 0.025 M concentration, The



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.

Drving Agents

Calcium hydride.was obtained from Hopkin and V¥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 Chpmicals
Limited and used as supplied.

Molecular Sieve pellets, manufactured by - the Linde Adr
Products division of Union Carbide Corporation, were obtained
through B D H Chemicals Limited, and used as supplied.
Regeneration was carried out when necessary as recommended,
using a stream of dry nitrogen at 300?0.

Sodium potassium'alloy was made up by heating a 40 : 50
mole % mixture of freshly cut lumps of the two metals under
liquid paraffin until a molten alloy was formed, After
allowing the mixture to cool, the bulk of the 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 the iso-octane (with great care!). The alloy was

"maintained by occasionally adding freshly cut lumps of the two
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e

metals separately to the distillation‘'flask and then
bringing the solvent up to reflux.

Nitrogen

Dry nitrogen gas was supplied from the system
described for the ethylene experiments in Chapter 2,

2.2, = APPARATUS AND PROCEDURE FOR STYRENE POLYMERISATIONS

The styrene polymerisations were carried out in
vacuum sealed dilatometers of the pattern shown in Figure 15.

3

These consist of a bulb of capacity about 50 cm” sealed on
‘to a tube with uniform bore of radius about 0.48 cm., A
teflon coated magnetic stirrer bar was placed in the bulb
to keep the entire contents of the dilatometer stirred.

The dilatometers were filled two at a time uéing the
apparatus shown in Figure 16, Quantities of styrene and
iso~octane were purified as 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, flushing once with dried
nitrogen after 30 minﬁtes. In addition, whilst under wvacuum,
these parts of the apparatus which could be appropriately
"flamed out" (i.e. all glassware except around teflon seals)

were heatcd with.a gentle Bunsen flame. Approximately 100 cm

of each of the reagents styrene and iso-octane were freshly

distilled under vacuum from flasks R and S into flasks P and Q

respectively. The systems were evacuated throﬁgh taps A and

B, and the reagents condensed by immersing the recceiving flasks

in liquid air, After distillation the styrene and ico-octano



Figure 15
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were allowed to warm up to room temperature, Meanwhile,

the titanium trichloride catalyst slurry was transferred into
the dilatometers under nitrogen by syringe, using the serum
caps M and N, the pressure in the lower part of the apparatus
having been adjusted to atmospheric using dry nitrogen
admitted through tap E., After addition of the catalyst
slurry the apparatus was re-evacuated until the bulk of the
iso-octane solvent had been removed from the slurry,.

Styrene and iso-~octane were then drawn into the
evacuated burettes C and D, whilst dry nitrogen was being
admitted through taps A and B, A measured volume of 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, -?he other dilatometer was
meanwhile sealed off by tap K. Aluminium alkyl was next
added by syringe under nitrogen through the serum cap,

The pressure in the dilatometer was adjusted to atmospheric
with dry nitrogen for this step., Finally, iso-octane was
added from the burette to make up the dilatometer to the
desired volume marked on the stem, The contents of the
dilatometer were frozen immediately thef were mixed, using a

liquid air bath and sealed under vacuum by tap J. The funnel

F was then tranaferred across to the other dilatometer and the

filling sequence repeated after opening tap K. Once filled,
each dilatometer was degassed by a freezing/thawing cycle and
then secaled off under evacuation at point T whilst the

contents were frozen.



Pigure 16
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The sealed dilatometer was rapid}y brought to room
temperature and then immersed in a thermostat ﬂath normally
sst st 50°¢ & 0,02, After the dilatomster had been
rigidly clamped on top of a magnetic stirrer unit (sea

. Figure 17), the rate of contraction of the contents was

' : measured by observations of the height of the meniscus

using a cathetometer (readings to Z 0.001 cm). During the
early pa}t of the reaction these readings were taken at
5 minute intervals, gradually increasing to 30 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 podfed into 2 dm

~

stirred methanol acidified with concentrated hydrochloric

of vigorously

acid (20 cm?). The dilatometer was washed out several
times with toluene and finally with methanol to ensure
quantitative removal of the polymer. After standing
overnight the precipitated polymer was filtered off, using
a sintered glass crucible, The cruciéla was dried in vacuo
at 50°C to constant weight, The dry polymer sarples were
subjected to viscometry or gel permeation chromatograph; to
determine the molecular weight(s). Infra-red and magnetic
resonance spectroscopy observations, extraction and
crystallisation experiments were carricd out in an attempt
to obtain data on the structure of the polymer. These are

discussed later in the text.

A series of 4 polymerisations were carried out, using
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the monomer L-methylpent-l-ene (4-MP-1). These experiments
consisted of one homopolymerisation and three copolymerisations
with styrene using different initial monomer feed ratios.

The method used for these experiments was identical to the
styrene procedure with the exception that freshly distilled
4~-MP-1 monomer, which had been collected under a nitrogen
atmosphere over molecular sieve type 5A, was added by syringe
in the same way as the aluminium alkyl,

2.3, = MOLECULAR WEIGHT DETERMINATION

The initial characterisation of a polymer sample was
an estimation of its molecular weight, eitherby a deter-
mination of the intrinsic viscosity or by gel permeation
chromatography. |

.The viscémetry method was similar to that used in the
previous work, reference 49A, p.39. In this case, for 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 ) in
glace of the single point method used for polyethylene.
fha"wiscometer used was of the pattern shown in Figure 18.

This was charged with a 15 cm3

aliquot of 0.5% polymer
solution which was prepared by dissolving the powdered
polymer in o-dichlorobenzene at 140°C and stirring for 1 hour
before allowing it to cool to room temperature, The viscometry
observations were carried out at 25 (20.05)°C and dilutions

3

made using 2 x 5 cm” and 3 x 10 cm3 aliquots of solvent,

The intrinsic viscosity was deotermined by extrapolation of

the functiona t - to and Log0 t/ty, to zero concentration.

toc e

ST —
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This viscosity average molecular weight M, was calculated

using the relationship, due to Xrigbaum (89.):

i The gel pormeation chromatography was performed by
Mr S W Hawley at RAPRA, Shrewsbury. The determinations were
made using a set of four columns with pore sizes 700 - 2000 Ao,
1,5-5x10h K, 7 x 105 - 5 x 106 K, 5 .= 106 - 107 X. The sample
was dissolved intetrahydrofuran plus 0.,1% 2.6, di-tert-butyl-
p-cresol as inhibitor and eluted at.a flow rate of 1 ml/min
at ambient temperature. The apparatus was calibrated. with
polystyrene standards using the Mark-Houwink relationship

hﬂ: KM*™ where K = 1.2 x 10‘“, < = 0.7. The results were
not corrected for peak broadening effgcts but were corrected

for variation of refractive index with molecular weight at

"low molecular weights,

2.4, - CRYSTALLTSATION EXPERTIMENTS

In order to characterise more explicity the structure
of the polystyrene samples an investigation of the crystallinity
of several samples was undertaken, Hot stage microscope -
observations of the crystallisation of samples were attempted
using the method adopted by Hay (90.).
A reference material similar .to that used by Hay was used for
confroi cxperiments, This was the xylene soluble fraction of
an isotactic material prepared at 30°C by the method
described by Burneft,ana Tait using anm;‘TiCiszlEts Zieéler
‘catalyst system in toluene., Samples of the standard material
and of several of thé polymeré prepared in the present work

were placed between a microscope slide and coverslip and

melted to form a thin film ~~0.05 - 1.0 mm thick. The

(0]
(1 A= 10‘101"10)
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development of any crystallizi;g entities in the polymer
melt could then be followed using th? 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 épectra 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. Thqse spectra were obtained
for thin films- of the material between sodium chloride
plates., The films were either cast directi& on to the plates
using a toluene or o-dichloro-benzene solution of the polymer,
or were pressed by meltiné.the material at 140°C between

microscope coverslips.

Proton n.m.r. spectra were measured using a solution
of the polymer in tétrachloroethang at 100°C or in
o-dichlorobenzene at 130°C on a Varian or P,E. RI12B
spectrometer using a frequency of 60 MHz or 100 MHz

respectively.

130 Nuclear magnetic resonahce 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
Univercity of Sussex, Brighton, using a JEOL Spectrometer.

The spectra were run at 25°C in CDCl3 solution with a 1.0 sec,

pulse repetition rate using a frequency 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 for these measﬁrements was similar to
that used by Bovey 96 using a chloroform/o-dichlorobenzene
solution of the polymer sample, The spectra were referenced
internally using the chloroform which was assumed to be
77.2 ppm from T.M.S. « Cross reference to the results

obtained by Bovey was made by considering 1303, to be

at 118.2 ppm from chloroform .

246, = CALCULATION OF KINETIC RESULTS

The kinetic results and the graphical interpretation
of the rate data were prepared using programs written for
an ICL 1906A computer, in the same way as for the earlier
ethylene experiments, using the extended FORTRAN compiler
and graph plotting was achieved by use of the CUGHOST
routines available on the system (GEORGE 4) implemeonted at

Birmingham;

The program listed in the Appgndix, consists of two
parts. The first program takes the experimental dilatometer
readings which are stored on file in.the computer files-
tore and from successive pairs of time and meniscus height
observations ca;culates values for the cumulative contraction,
the percentage conversion and the function; Log 120 (100% = %
cdnversion). This ﬁrogram then calculates from the data
the rate of contraction, the rate of polymerisation and
time and dontractioﬁ increment¢s, Finally the program prints
the'input and the calculated data in tabular form and also

stores the information on file,
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The second program plots graphs for the functions
reaction rate, conversion and Log,, (1004 ~%conversion)
versus time from the stored results of the first program.,
This program uses routines from the CUGHOST library written
at U.X.A.E.A, Culham laboratory and transferred to the 1906A
by Oxford University.

The rate constant values for individual experiments were
estimated using the proportional values found in the L°510
(100% - %conversion) versus tiﬁes 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 wvalue
of the rate constant k' (determined from the slope of the
best straight line), The least squares computation was also
carried out using a program written for the ICL 1906A computer,

2.7. Results and Discussion

The preliminary large 'scale styreno polymerisation
catalysed by a magnesium alkyl reduced catalyst ylelded
25.5 gm of polymer (3;7% conversion) after three hours at
5000. A catalyst concentration of 0,018 M titanium III
chloride and 0, 16M aluminium triethyl (Styrene = 7.27 M)
were used in this experiment. On solvent extraction, this
producf proved to contain a high proportion (80.1%) of material
soluble in methyl ethyl ketone (complete solvent extraction
results appear in Table 3). .

The infra-red spectras of films cast from this material,
when compared with results from an_atactic standard prepared
by ffee radical reéction. showed that this fraction consisted
mainly of atactic material, The bulk of the remaining

material was found to form a fraction soluble in toluene whilst
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the small remaining fraction was soluble in.porthodichlorobenzene.
Proton magnetic resonance spectroascopy indicated that the
toluene soluble fraction was largely isotactic, 130 nuclear
magnetic resonance spectroscopy confirmed the isotactic nature
of samples from the toluene soluble and orthodichloro=

benzene soluble fractions, These spectra were 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,

The presence of isotactic sequences indicates that a
stereoregulating mechanism is operative in these polymerisations.
.A Ziegler type mechanism is probably responsible for the
generation of this minor fraction of isotactic material in

this system, The remaining atactic material can be generated

by various mechanisms including the thermal polymerisation

reaction,

SECTION 3 -~ THE KINETICS OF THE POLYMERISATION

3.1. -~ The General Behaviour of the Reaction Rate

The time dependency of the reaction rate and of the
conversion to polymer are depicted in Figure 19 and Figure
20 for two typical experiments. The conditions used weore
5006, 0.014 M titanium IIX chloride, 0,0077 M aluminium
tri-n-octyl and 6,2 M styrene concentrations., In general, the
pattern of behaviour exhibited by this system is in line with
the decay type kinetics illustrated in Figure 21 which have

been previously observed in several Ziegler systems, ospecially

those using aluminium alkyl co-catalyste 48,49,61,
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T the.magnesium reduced titanium IITI chloride system,
it was found that within a few minutes a high apparent rate
was generated, lowever, this was almost momentary and very
quickly a rapid decay in the rate set in., This high
initial rate of decay itself falls away sharply with time
for t <~200 mins as shown in Figure 19, For times > ~200 mins
the rate becomes almost constant; however, 1t 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 ﬁave previously
been made in similar Ziegler systems whefe liquid monomers were
employed, Burnett and Tait report a similar type of curve
occurring with a styrene / A].Etzcl'/ «~TiCl, system (87)
and with a h—methylpent-l-eha/AlEt2C1fV013 system (92) and to
a more limited extent in the &4 methylpent-l-eneJ/Al(iso-butyl)sf

VCl, system (92).

This initial ﬁeriod of the reaction in which the marked
inéreases and decreaséa in rate are found, is known as the
'settling periéd' and is typically chafacteristic of many
Ziegler systems, No relationships have been established for
correlating either the reaction rate or the time duration of
this period to any of the coﬁponent reagents of the system,
However, a steady rate condition can normally be attained more
rapidly at higher temperatures and physical treatments of the
solid TiCl, catalyst component (e.g, ball milling) have also

been found to affect the parameters of this period, Thus the
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settling period is generally considered to arise from two

main sources, firstly the system building up tg'a balanced
condition, i.e. the induction time necessary to produce

a steady state of active centres and secondly from the

physical breaking up and aggregation effects, i,e. physical
changes in catalyst particle size and the formation of polymer
on the catalyst surfaces. In general, it is found that steady
rate conditions can apparently only be achieved when the mixture
contains a uniform dispersion of catalyst particles coated

with polymer,

The reaction rate was determined for individual experi-
ments from the nearly linear porfion of the conversion time
curve as indicated by the broken line in figura 20. When the
experimental data for the conversion to polymer is ﬁfesentod
on a logarithmic plot as in Figure 23, a linear dependence is
found in the region 7200 min <« 750 min and a proportion-
ality between the rate and monomer concentration is indicated.
The reaction rate klused in certain of the following graphs,
is the constant found during this linear portion of the
reaction curve,

3,2, = 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 parametef of the poly-
merisation system to be investigated, Several experiments were
carried out using two aluminium alkyls, aluminium triethyl
(T.E.A; 1.2 x 107°M = 1,6 M)and aluminium tri-n-octyl

hM - 7.0 x 10-1M). These results were

(T.N.0.A; 3.1 x 10~
obtained for a titanium III chloride concentration of 0,014 M

and styrene concentration of 6,2 M at 50°C over 24 hours.,
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The initial experiments used alﬁminium‘triethyl as
cocatalyst and it was found that at 50°C fér ratios of
K1/T1 > 15 a’marked‘depression in the overall average rate
(expressed as fotal Conversion to Polymer after 24 Hours)
was observed as shown in Figure 24, In order to establish
that the depression of the reactlion rate was not the result
of further reduction of the titanium IIT 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 work of Howard gﬁgl.(hB)
applying this catalyst system to ethylene polymerisation, showed
the use of longer chain alkyls was preferred to T.E.&. in that
case as a more stable sﬁstam was established gi?ing iess 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 for the
T.E.A., as shown in Figure 25 and Figure 26, However, the
graph obtained for the T.N.O.A. experimehts shows a more
consistent behaviour in the plateau region which appears to
be more level than for the 7T,E,A, case, Thus, subsequent
experiments involving variations in the other reactants used
a 0,0077 M T.N.O0.A, concentration as the standard co-catalyst
component,

The similarity between the results obtained using the two
alkyls, T.E.A. and T.N.O0.A. (compare Figures 24 and 25) suggested
that an alternative mechanism to that originally considered i.e.

over reduction of the titanium, was operative as the reduction
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capability of two alkyls would be exﬁected 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 for 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
difficult'to attach any significance to the observation that
depressed rates occur for Al1/Ti 1 since the alkyl is
considered to perform 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 the
role of active sites.

As outlined in Chapter 1, at a 1 : 1 ratio, there
should be a more than adequate sufficiency of alkyl to
alkylate those titanium atoms which will form the active
species. Hence at Al/Ti ratios of 1 : 1 and greater there
is a sufficient excess alkyl present in the system for side
reactions to occur., There are two mechanisms which may
operate, firstly it may be a reaction of the transfer or
termination type involving the alkyl species outlined in
Chapter 1, Secondly, if both the alkyl and monomer can be
adsorbed on to the catalyst surface, a competitive adsorption
oquilibrium will be set up partitioning the surface available

between the monomer and lkyl species present, This will

i o e i

P vy o
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result in depressed rates if the reaction proceeds through
a mechanism involving absorbed monomer as has been cited
previously by various authors (92, 93).

The logarithmic plot of the T.N.0.A., results (Figure 26D)
reveals there is no dependence between Log Rate constant
and Log (Alkyl) for alk§1 concentrations less than 0,05 M,
The results obféined 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 M with an empirical proportionality
of rate constant oc 1/(A1)-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 ITI Chloride Concentration

Upon the Rate of Reaction

The second paramster éo be-investigatad was the effect
of a variation in the concentration of the titanium III
chloride catalyst component upon 'the reaction rafe. Figuroe
27A shows the resuits obtained for these experiments. The
~eurve resulting from this linear scale plot, may be
represented as.a streight line when the data is replotted
logarithmically as in Figure 27B., This latter plot showed
a linear dependency over the concentration range 3.6 x

-1 -
307 M to 2,9 & 10"

M and the gradient for this line was
indicating an approximate proportionality between the rate
of reaction and jf%ii‘. When the experimental data was
used to produce a plot of the average ratec of monomor consumpe

tion per hour versus (Titenium) (Figure 28A), a similar

curve was obtained. The logarithmic plot of these results
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(Figure 28B) also showed the linear &epandancy with an
approximate proportionality betwéen reaction rate and

‘(Ti) , the least square straight line gradiént
= 0.47 ¥ 0.03 .

These observations are contrary to those normally
found in heterogeneous Ziegler catalyst systems, The
normal prbportionality found is to CTL)I 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
found in certain homogeneous systems. In the Ziegler systems
described by Henrici-0Olive and Henrici-Olive (94) in which
ethylene has been polymerised using a variety of homogeneous
catalyst complexes generated from bis (cyclopantodienyl)
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 ethylenc 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 bimolocular mutual deoactivation of

"the grawing chains occurs for these particular cases,
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The square root dependence of the reaction rate upon the
titanium IIT 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 operatiwve. The
magneaium reduced catalyst is thought to have a structure involving
considerably more diorder than conventional heterogeneous catalysts
and in this sense approaches more closely the homogeneous
catalysts which do not possess a surface structure. The greater
disorder found in the magnesium reduced system ﬁay allow a modi-
fication of the catalyst mechanism not usually found in the
heterogeneous systems, fo operate and cause this unusual knetic
behaviour.

Ballard has found an interesting.situation of a similar type
in his work concerning the use.cf tribromozirconium hydride,
derived from tribromozirconium alkyl, as a soluble transition
catalyst for eth&lene polymerisation in a toluene mediumﬁoﬂﬂe;
proposes that the rapid decline in rate in his case is due to a
dimerisation of the parent catalyst material Br,ZrH or of the
propagating centres giving species of significantly lower activity.
By modificafion of the zirconium system with 5102 to produce
heterogeneous catalysts analogous to their Ziegler counter parts,

a much higher activity and longer life time has been imparted to
these catalysts which suggests that these characteristics are
at least in part due to the fact that in a heterogeneous system
wvhere active centres are . bonded to a aﬁrface deactivation by

reaction with ceach other, is relatively improbable. As the
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magnesium reduced catalyst has been shown by X ray diffs-
action (48) to have a considerably great;r degree of disorder
than conventional c¢rystalline 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 atoms
being relatively mobile. The presence of aluminium alkyl

also has a stabilising effect upon transition metal centres
preventing deactivation by metal-metal interaction in the case
of homogeneous Ziegler catalysts(®),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 Rate

of Reaction

A series of experiments was carried out to investigate
the relationship between the reaction rate and monomer concentration
(1.2 = - gl | 8.7 M). The results obtained in these experiments
are depicted by the linear plot shown in Figure 29, This
indicates an approximate proportionality'betwoen the monomer
concentration and reaction rate, The logarithmic plot of the
results, Figure 30, confirms this approximation |
producing a straighf line whose gradient is 0.75 z 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 direct proportionality between

reaction rate and styrene concentration was also found by

Burnett and Tait for their 6cTiCly - 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, kl’ is plotted versus temperature, T, directly
on linear scales, Figure 32 shows an Arrherius plot of the
data, Log ;, (Rate constant) versus 1/T for the experiments
over a temperature range 3000 - 7000. A_laast square
analysis of the complete experimental data from this plot
yields a value of 64 L 30 kI (15 :n Kcals) for the overall®
activation energy, E, and the pre=exponential factor, A,
= 2,95 x 10h an (Log A = 4.5). However, the results
appear to consist of two ;gstinct 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:-

30%¢ - 50%C, Act. Energy, B = 100 % 30 kJ (25 £ 7 Keals)

& " ' (Log A= 11,3
50°c - 70°C, Act. Energy, E = 20 = 9 kJ (5 = 2 Kcals)
(Log A = =2,6)

The decline in the rate of increase in the rate constant
with respect to temperature above 50°C suggests that a
rsoduction of the catalyst system may be taking place at the
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 when used for ethylene poly-
merisation 49, 49A, and is typical of several Ziegler systems

(97, 98). '
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SECTION 4 - THE MOLECULAR WEIGHT BEHAVIOUR OF THE POLYMERISATION

The previous section outlined the main kinetic featurcs
investigated for the polymerisation of styrcene 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. The data
from these results and those from the kinetic investigation,
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 towards
ethylene(49, 49A),.

L,1, - Molecular Weirsht Determinations

Early determinations of the molecular weight were made by
estimation of the intrinsic viscosity. The limiting viscosity
number was evaluated by using the standard dilution techniques
with plots of t ~ to and log, t/to. No kinetic energy cor-
rections were mgag in the calculgtion of the viscosity data as‘
the efflux time of the solvent was long enough, (~ 100 ﬂec)
to make such corrections unnecessary * for the viscosity |
numbers involved in thig work. Likewise, it was considered
unnecessary to correct for the effect of shear rate upon the
limiting viscosity numbers as its determination involves

extrapolation to zero concentration.

8alculation of Mv

The estimate of the number average molecular weight was
obtained from the limiting wviscosity number results by using

this relationship.



This is a form of the general empiral relation- .
ship known as the Mark-Houwink equation,
() = xM*

where (yl) limifing viscosity number

k, oC are constants for a given polymer,

solvent and temperature.
M® = Viscosity average molecular weight.

which superseded the earlier Staudinger relationship

('-1'.) = kM

where k = constant of the polymer-solvent system,

The constants of the Mark=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

Chromatographv

The determinations of.molécular weight by gel permeation
chromatography were carried out by Mr S W Hawley at
RAPRA Shrewsbury, using apparatus which had been'calibrated
with polystyrene étandards. Molecular weight calibration
was made using the Mark-Houwink relationship (v ) = kM*%
where k = 1.2 % 10 h,<x = 0,71,

h.j. - The Effect of Polvmerisation Time Upon the Number

Averame Molecular Weipght, Mn and Weight Average

Molecular Weight, Mw

The number average molecular weight, Mn and weight
average molecular yeight. Mw were determined for polymer
samples prepared under similar experimental conditions after

———polymerisation times from three to ninety-six hours, and these
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results are shown in Figure 33A and Figure 33B respectively.

The plots indicate that the molecular weight increases
with time throughout this period although the initial
sharp increase slows down to a gradual increcase after

~~ 300 mins, Under the conditions studied the molecular
weight does not appear to reach a limiting value as has
been found with other similar Ziegler systems using
ethylene (49, 49A, 98).

L,4, - The Effect of Aluminium Alkyls upon the Molecular

Weight of the Polymer

The results obtained for experiments carried out at
various TNOA concentrations between 3.1 x 10-h M and
7 % 107° N ave shown in Figure 34, 1In this. system the number
average molecular weight after 24 hours was found to rise
for low concentrations of the alkyl up to approximately
1 x 1073 M, then a plateau region occurs between 1 x 1073 N
and 5 x 10'-2 M where values for Mn are approximately 1 x 10-5.
At a concentration of approximately 0,035 M (Al1/Ti = 2,5) there
is a significant fall in the molecﬁlar weight produced,
Values of M =<5 x 107 are found for the experiments at
~~0.05 M concentration (A1/Ti > 4.,0).

The decrease in molecular weight for high concentrations
of alkyl is attfibuted to the ‘effect of chain transfer with
alkyl and occurs in the region where the depressed reaction
rates were observed, If a chain transfer process involving
adsorbed alkyl occurs in the gystem behaviour of this type
might be expected as compétitivo adsorption between monomer
and alkyl would be involved togother with a lowering of

molecular weight caused by chain transfer.
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L,5, = The Effect of the Titanium ITT Chloride

Concentration Upon the Molecular Weights of the

Polymer
Figure 35 shows the variation in molecular weight

found in experiments using concentrations of titanium III

chloride from 3.6 x 10_5 M to 3.6 x ].0'-2 M. At the lower

concentrations the normal behaviour expected from a Ziegler

system 1s found -in that the molecular weight increases with

increase in the titanium concentration, However, in this

5ystem.it was found that at the higher concentrations

used the graph forms a plateau region with fairly constant

Mn values as the increase in molecular weight apparently

‘ tails off,

The unique behaviour observed earlier for the kinetic

behaviour with relatioh to the titanium concentration may
give some explanation of the latter observation, ff a
modification or deactivation reaction is occurring which
involves the growing chain and the titanium active catalyst
centres, it is likely that such a mechanism results in a
transfer/termination of the polymer ;hains. Higher
concentration of titanium species wouid make tha possibility
of this mechanism more likely and therefore as the rate of
termination/transfer processes increases, the overall molecular
weight will fall,

L,6, The Effect. of the Styrene Monomer Concentration Upon

the Monlecular Weirht of <the Polvmer

The variation of the molecular weight found in the

experiments carried out using styrene monomer concentrations

-2
from 1.2 x 107" M to 8,7 M is shown in Figure 36. A plot of
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the molecular weight after 24 hours Qersua the styrene

concentration shows that M  increases as (styrene) increases,
For the experiments carried out it seems that this relation-
ship is approximately a linear proportionality in this casec.

From this observation it can been inferred that the monomer

is not involved in chain transfer processes with growing polymers

which would cause a lower M, at high values of (btyrené). This
is in line with 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).

L,7., = The Effect of Temperature Upon the Molecular Weight

of the Polymer

The effect of temperature upon the molecular wbtight of
the polymer is shown in Figure 37. The molecular weight is
found to increase with increase in temperature throughout the
renge investigated 30°C - 70°C. This result is contrary to
that found in several Ziegler systems including this one when
used for ethylene polymerisation. The ethylene results showed
a decrease in molecular weight for temperatures ::*3000. A
decrease of this nature arises if the termination reﬁction
has a greater activation energy than the propagation reaction,
which, from the results obtained botween 3000 - 70°C, is

apparently not the case in this system.
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4,8, = Determination of the Active Site Concentration

An estimate of the number of catalytic sites actively
participating in the polymerisation was made using the
simple procedure adopted for previous work using this
system with ethylene (49, 49A). This technique employs
the following assumptions concerning the kinetics of the
polymerisation.

It is assumed that:-

i) There is a steady state concentration (C*) of
.active sites set up before the first measurement on the
system is made, i.e. the active sites are generafed during
the early stages of the reaction, during the settling period,
and a steady state concéntrakion is thereafter maintained,

i.e. d(C*) = 0 for all measured reaction times
dt (t = 180 mins)

11) Chain transfer and chain termination reactions
occur without the destruction of activity, i.e. there is
no nett catalyst deactivation during 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
a) C* =P, + M —E cx - p_

Where C¥* is an active site,
Pn is a growing polymer chain consisting of n monomer
units,
M is a monomer molecule.
Now if Rp = Rate of chain propagation
R, = kg, (c*) (v)

Where kp = rate constant of propagation
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‘b)c*-P —-I-- c* + P
Vhere the site C* still retains catalytic activity
Now if R, = Rate of chain transfer

t = kt (c*)

Where kt = Rate Constant for chain transfer

R

..R
kt = 'F:J' ...-ccoooocoooooocoacoooo (2)

If also Y,= Yield of polymer (g) at time,t.
(ﬁn)t = Humber average molecular weight of
| polymer at time, t.
and Nt # Total number of polymer molecular plus
total number of growing chains at time;_t,
(4n moles).

Then clearly,Y

"),

Therefore where Y, is plotted versus N., i.e.

Ye

(M),

When Y, -0, t =~ 0, N, - -(C¥)

t
(See assmption 1).).
Hence the intercept of such a plot = ~v (C*)
" In addition:-

At anytime since

R = == = Measured rate of monomer consumption,

daN dN dY

o=eR Ly

dY “tot = Y dt
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dﬁ‘
dt ,

e

=
= R
R,
Using (2) k= %)

oSN 5

Therefore kt= ay §
c-!-

Also from (1) R :
ko T©9) (1 |
Thus estimates can be made of values of (C¥), k, and k,

from results of Yield, ﬁn and R Figure 38 shows the Y

p’ t
versus Yt/(ﬁn)t plot for a styrene polymerisation using the
magnesium reduced Ziegler catalyst system at 5o°c. Within the
experimental limitations of this Ziegler type 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 for the higher values
of t(Yt). 'The straight linelfound earlier for ethylene and ‘
assumed to be operative for this case, enables lct to be found
from the gradient of dNt/dYt. The linear nature of the rela=- |
tionship supports the assumption that (C*) is constant
(1.e. d(c*)/dt = 0).

From the graph shown in Figure 38, a value of 5.0 - 0.7
x 10_6 was found for the gradient and 1.1 : 0.5 x 10-5 moles
for the intercept with the y axis, The slope is equal to |
the differontial %%. The intercept is equivalent to.the
concentration of active sites C* and equals 1,13 x 10”7
moles which suggests that only about 0.08¢ of the titanium

atoms present act as active catalytic centres, This valueo is f

almost 10"3 times smaller than the % of active sites deter- |

mined using this type of technique with this catalyst system y



.,
/(1)

;4

-
-

Plot of t/(ﬂ )t‘versus Yt for the styrene/magnesium reduced catalyst system at 50 oC. s
o :
x 105 :
2 Figure 38
0 B .
8 s
6 =
Intercept = ¢’ =11 i0.5 x'ﬂo-smoles.'
" (About 0.08% of the Ti. atoms.)
N i
-+ Slope = & =5.0 20.7 x 107°
2
1 1 1 !
. 5 10 15 20
. p i

t (egm.)



106

when used for ethylene polymerisation (49, 49A), However,
the % active sites obtained with ethylene is much larger than
found in most, K Ziegler catalysed systems, where in general

the % active sites for conventional catalysts determined by
various methods, appears to lie between 0,1% and 1.0%.

Assuming k_ = R as stated earlier
P c*) (M

Where R, = B 3 10°% ol dm_jsec-l(OVGrall average
polymerisation rate)
CC*:) = 1,1 x 10-5 moles

(M) = 6.2 moles

1 -1

+*e ky = 1.2 x 10 mol = Ldn dwac
k, = SN =
K¢ = ay Tc*

Wheregﬂ = 4,907 x 10-6

dYy
® -6
[ kt = 3. 8 x 10

4,9, The Lifetime of the Growing Polymer Chain
The average value for the lifetime of a growing polymer
chain was estimated using the expression:~
L = ‘Pn_(C¥)

®p

Where L = Average lifetime of growing polymer chain
P, = Number average degree of polymerisation
Rp = Rate of polymerisation
i -
As P = oy for any time t, M was taken to bo
the number average molecular weight at the end of the poly-

merisation experiment (i.e. when t = 24 hours),

The value for L was 1150 secs . (19.2 mins, 0.32 hrs)
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Where ?n = 880 , M (t =24 hrs) = 9.15 x 10*
~(©¥) = 1.1 x 1077 '
R, = 8.4 x 10™°
Thus the average lifetime of the growing polymer chain has a
value of 1150 secs ~~ 20 mins. This agrees favourably
with the values found in the previous work with ethylene
in which lifetimes ranged from 10 mins at 50°¢C up to 24 mins
at 0°c, However, the results found with this catalyst using
ethylene monomer were shorter than those generally reported
for the Ziegler catalyst systems, Greiveson (97) found a
value of 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
several hours using Ziegler systems with both ethylene and

propylene monomers,

4,10, - Crystallization Kinetics Experiments on the Marnesium

Reduced Catalvst Prepared Polystyrens

The crystallization kinetics of a standard sample of
isotactic polystyrene were observeﬁ using the techniques of
J N Hay (90). Determination of the nucleation rate and
spherulitic growth rate were made on this sample using a
thermostatted hot stage fitted for a Leitz Dialux~Pol
polarizing micrﬁscope. The size,distribution 'and number of
crystallizing entities was measured visually with a micrometer
eyepiece for thin film polymer samples placed on thin glass
microscope Eover slips., Similar exporiments were conducted
with various samples of the polystyrene. recovered from
experiments using the magnesium reduced Ziegler catalyst.

No visible crystallization of the polymer samples was detected
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for six samples produced under various reaction conditions,
Differential scanning calorimetry experiments were also
carried out on the samples and the standard material,
Crystallization was observed in the traces for the standard
material but not in traces using the material produced in

this work.

SECTION 5 - THE PREPARATION OF STYRENE-4-METHYL-PENT-L-ENE

COPOLYMERS

In addition to the styrene experiments, four experiments

were carried out to prepare polymers using L-methylpent-l-ene

(h-MP—l). These experiments consisted of a homopolymerisation

of 4~MP~1l monomer and three copolymerisations of 4~MP~1l with
styrene using monomer ratios of 7 : 3, 1 : 1 and 1 : &4
respectively., The results produced are shown in Table &4,
The homopolymerisation of 4-=MP-1 produced a very poor yield
of a waxy residue upon filtration, and further examination
of this negligible quantity of material proved impossible,

A sample of the product from each of the styrene/L-MPal
experiments was dissolved in dichloromethane and the -ultrﬁ-
violet spectrum of the'solution obtained at various concent=
rations. The spectrum obtained from a sample of styrenc
homopolymer prepared in the earlier experiments was treated
in a similar manner. From the results the prbportion of
styrene present in the product from these styrene/L-MP-1
experiments was estimated and is shown in Table 5.

Solubility tests were carried out on samples of the

polymer produced in the mixed monomer experiments to ascertain ‘

whether the material produced was polystyrene-Co-l4-Methylpent-

l-ene, The technique ewmployed was the solvent oxtraction
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TABLE L

Results from L-Methylpent-l-ene experiments,

Expt. Concentration Concentration Ratio Yield
of Styrene of 4-MP-1 4-MP-1/Styrene (gms)
Monomexr Monomer Mole fraction

' percentago

s/h2 6.23 M 0.00 - 4,2248

M/1 0.00 6.21 M = 0.0175

SM/1 L,97 M 1.24 M 20%/80% 2,0L54

SM/2 3.11 M 3.11 M 50%/50% 1,2653

sM/3 1.8 M 4,36 M 70%/30% 0,6726

—==000===

-
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TABLE 5

Ultra-voilet spectroscopy investigation of composition of

styrene/L4-methylpent=l-cne polymers.

Expt. Ratio of L-MP-1/styrene Percentage of Styrene’
(Mole f?actign percentage) 4incorporated in Polymer

s/42 0% _ 100% | 100%

SM/1 204  80% | B4, 6%

sM/2 50% 50% ; ok, 9%

sM/3 30% | 70% . 82, 4%

---ooo--- .
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method used previously by Anderson Burnett and Tait
A polystyrene sample made in these axperimenté was used
as a control sample for comparison. The material from the
copolymer experiments was found to be as insoluble as the
prolystyrene sample in cold.heﬁtana 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 of polymerisafion
for their (Styrene/4-Methylpent-l-ene)/ m-T1013/A1Et3 system(103)
was markedly affected by the solvent used. A pronounced
offect was observed when the reaction was carried out in
toluene rather than n-heptane. In the former case a five
fold increase in rate is found in comparison to the n-heptane
rate., - The solvent used in these experiments was iso-octane
a branched aliphatic solvent which resembles more closely
the n-heptqne. This may be in part responsible for the
poor activity found in these . experiments,
SUMMARY

The results presented in this Chapter of the work
have shown that the magnesium reduced catalyst system is
capable of catalysing the polymerisation of styrene through
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 gm/gm TiClB/hr whereas the figures obtained
with propylene and ethylene were 100 gm/gm TiCIB/hr and
10000 gm/gm TiClB/hr respectively. The activity towards
styrene of the magnesium reduced system is lower than has becn

achieved using a conventional aluminium reduced system employ-

ing o0-TiCl3. The matorial prepared by the magnesium roduced
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system typically has a number average molecular weight of
sl = 105 and a weight average molecular weight of 2,2 x 105.
Investigations into the tacticity of the material have shown
that it contains an isotactic fraction which may be
detected by proton magnetic resonance spectroscopy, and by
13 C magnetic resonance spectroscopy. This fraction is
considered to be produced entirely by the operation of a
stereoregulating Ziegler catalyst mechanism, However, the
major part of the material consists of 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 of a standard isotactic material,

The atactic polystyrene may be generated in two ways,
firstly due to thermal polymerisation and secondly, through
non-stereo regulated catalysis. Determination of the rate
of nucleation and of the crystallisation kinetics was carried
out on the sample of the standard isotactic material but no
such work could be carried out with our material as it failed
to crystalise, |

An attempt to quantitatively estimate the‘percontage
iaétacticity present from infra-red and magnetic resonance
spectroscopic data also proved impossible,

However, determinations of the percentage 156tactic1ty

occurring in unfractionated poly-propyleﬁe samples prepared

by this catalyst has indicated that not more than 33% i
isotacticity is present. The estimation was made using a

solvent extraction technique and also a comparison of infra=- 1
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red absorption frequencies method, Due to the presence

in the styrene monomer of the phenyl group, considerably
more bulky than the methyl group of the propylene monomer,
it might be expected that in a'Ziegler mechanism it will be
much more difficult to attain the correct spatial position
of 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=stereoregulating and thermal mechanisms are
likely to be of greater importance in the polystyrene

system than the polypropylene one as confirmed by the
experimental observations which indicate that an even larger
percentage of atactic material is produced in the éolyatyrene
case,

The observations made concerning the magnesium reduced
catalyst in comparison witﬁ conventional catalyst confirm the
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 case,
Earlier work has shown that the different properties of the
maéneaium reduced system are due to the very disorderecd
structure of the material which is similarlto that of a glass,
Confirmation that such disorder was present iﬁ T:LCJ.3 preparod
using the alkyl magnesium halide method ﬁaa been made by Roper(48)
usinglx-ray diffra?tion observations., He also proposes that
the disorder found in these catalysts prepared from Grignard

reagents as used in the present work is due to a "Co=-crystal-
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lisation" of magnesium halide and titanium IITI chloride in a.
similar manner to that which has been proposed for the alumin-
ium halides in conventional systems, The disorder arises
due to both the increased diameter of the magnesium atom
disrupting the titanium III chloride lattice which accommodates
the smaller size aluminium atoms and the difference in
charge (Mg 2+ versus T13+).
In general, in Ziegler systems it has been found that

material of greater iaotacticify is prepared from the ordered

pc‘,\( crystalline lattice forms rather than the ‘ﬁB or
soluble catalyst forms, Thus the greater disorder of the
glass like structure found with the magnesium system would be
expected to produce a more atactic material than the conven=
tional crystalline system, as haa'been found in the present
;ork. 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 if the disordered structure proposed for the ‘
catalyst is considered to be of a somewhat porous nature, In
the ethylene case thé enhanced activity might arise from
diffusion of the small monomer units to potential sites
in the interior of the catalyst structure via the porous naturo
of the material caused by the magnesium disrupted structureo,
Propagation of polymer chains at such a site might cause
physical breakdown of the particle structure and have a
cumulxtive effect, However, if in the styrone case the
manoﬁer units are Eenerally too bulky to diffuse into any

porous regions of the catalyst, no enhancement of activity_

would occur,
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The investigation of kinetics of the polymeriaation
reveals‘that in general the system exhibits the character=
istics expected from a Ziegler system. The notable exception
in this case is the square root dependancy found for the Ti
relationship.of the concentration to the reaction rate., This
indicates a ﬁére complex mechanisﬁ is operative than generally
found in Ziegler systems, which normﬁlly exhibit a linear
dependence. Firstly, if the magnesium reduced system is
bonsiderédlto be mid-way between the soluble catalyat-systems
and the crystalline ﬁeterogqneous systems, then a complex
system may be expected as second order kinetics have been
found for soluble systems instead of the first order kinetics
found in the crystalline heterogeﬁeoua systema.~?Sec;ndly,

;n explanation of this observation which may be proposed is
fhat a tormination mechanism involving the titanium spsacies

;s operative in this partiéuiaf system,

| The kinetic investigation revealed that the system
éxhibita an interesting behaviour towards the aluminium trial-
Iyl component in that at an Al : Ti ratio greater than ~— 1.5
(conc. Al Alkyl = 0.02M) there is a marked depression of the
rate and from ratios == 2,5.there is also a fall in the
poiymer molecular weight, This depressed rate is ascribed :
to either ¥he vesuli of transfer/termination reactions
involving the metal alkyls or to competitive Alkyl/monomer
absorption being rate limiting. Overall; the reaction rate
;xhipita the decay type pattern of kinetics. A sharp maximum .
ih the rate is genérated initially in the first few minutes

of the polymerisation., This rate rapidly decays ovor tho first
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two hours of the reaction uﬁtil it levels off to an
approximately steady state condition which gocays minimally
during the remainder of the reaction when observed for up
to 96 hours.

The relationship between the rate and the #itanium
concentration is approximately Rate = k . ‘(Ti) which it is
unusual to find in Ziegler systems., The effect of monomer
upon reaction rate appears to be as normal in Zieg;er systems
and approximates to a first order dependancy. ~An Arrhenius
pPlot of the temperature curves yilelds an overall activation
~ energy E of 60 z 30 KJ. However, this plot appears to consist
of two distinct portions indicating a change in mechanism
#aking place at about 50°C{

The observations of the molecular weight relationship
towards the reaction parameters, time, énd reagent concente
rations are conventional for a Ziegler system, Illowever, a
limiting value of molecular weight is not reached as readily
as 1s found in other Ziegler systems, The molecular weight
results also suggest that at high titanium catalyst concent-

ration, the titanium cémponent may be involved in a chain trans-

fer process indicated by the fall in ﬁn at the higher (Ti) values,

The value found for the % active centres present is
emall 0,08% almost 10”2 times smaller than the equivalent
- value using ethylene monomer. Consequently, a larger valuc of

average chain lifetime is found 53 mins,

Copolymerisation of 4-methylpent-=le=ene monomer with

styrene in this system proved unsuccessful. Ilowever, low

reaction rates have previously been reported by Anderson etal(103)
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for a similar mixed, monomer hfstem.with n=heptane, As
isooctane has beeon used in this work, it is likely that a
similar solvent effect may be opbrative and any fhture
éevelopment of such a mixed monomer copolfmerisation would be
well advised to use an aromatic solvent such as toluene,
with which Anderson found markedly increasecd rntea.hﬂ?)
jfuture development of thé,catalyat should involve the
use of mixed monomer copolymerisation system such as the
styrene/4=methylpent-l-ene system as results on copolymer=-
-isation reactivity ratio will bé a valuable insight into
the propértiea of the catalysf system, The present work has
not tried to inVestigata anymof the properties of the copoly~
mordisation on & quantitative basis but merely a qualitative one,
A further 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 iﬁdividual chains containing sequences of differ-
ing lengths of tactic arrangements conferring the different
properties dn the various chains, It might be possible to
abtain such information from the reaction product by a more
detailed magnetic'resonance spectroscopy study coupledlwith more
éophisticated solvent fractionation techniques. The results
obtained would‘ﬁe valuable in that.they may be able to throw
iligﬁt on the question of whether the active Zicgler centre is
‘Sf one tyﬁe (or two types) with consistent propertiecs or
-‘s}hether centre are generated‘ with a range of characters which

‘therefore produce chains of varying degrees of order.

=mm000——-



CHAPTER 4

ACETYLENE-ETHYLENE COPOLYMERISATIONS

The magnesium reduced catalyst system was used for an
investigation into its activity towards acetylene. 1In
particular a study was made of its use together with
ethylene. as a mixed monomer system in the hope of preparing
poly~.ethylene-co~acetylene (i.e. polyethylene material with
a controlled amount of linear unsaturation).

Experimental Procedure

The technique adopted for these experiments was as that
used in the earlier ethylene work, The acetylene monomer.
was supplied from a compressed gas cylinder and after
purification was fed separately into the reactor, The -
purification 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 moleculér sieve type 4A 1/16" pellets., After purification
the g&s was admitted into the reactor through an additional
nylon tubing inlet and dip tube, éhe dip tube was arranged
so 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 the liquid
surface, The pblymerisations were carried out using a titanium
III chloride concentration of M and an aluminium triethyl
concentration of M, for 3 hours at 50°C. The initial
experiment followed the normal procedure adopted for ethylene
polymerisations (See Chapter 2) excepting that after the
reaction had proceeded for about 10 mins the ethylene was

replaced by acetylene being bubbled into the reaction mixture.
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However, the rcaction rate quickly d?opped to an absorption
rate of 1 dm Acetylene hr 1, This technique produced

a very small yield.of a jet black material, characteristic

of a polyacetylene. A further four experiments were then
condudted to introduce less acetylene into the system with

the intention of producing materials containing more saturated
units, The remaining experiments used the technique of
bleeding the acetylene monomer into the cap gas Jjust above the
surface of the liquid whilst continuing to bubble ethylene into
the reaction mixture., ' The reaction product in each case was
worked up in the way previously described for the othylene
experiments.

The dried polymers were examined and their characteris-
ation attempted. The samples proved to be insoluble in a
range of common organic solvents including hexane, tolune,
acetone, dekalin and carbon tetrachloride. The insoluble
nature of the polymer also made these materials unsuited to
many forms of spectroscopic analysis and also for viscometry
measurements, However, an elementgl analysis of the initial
polymer sample can be found in Table 6 « The material
praduced in the mixed monomer experiments was a purple-=black
granular powder, These polymers were also insoluble at
amblient tempera£ure and if heated in order to assist dissolu-
tion, formed gelatinous rubbers swollen by the solvent,

Results and Discussion

The study of this polymexisation was rather limited
since the initial few experiments showed the material produced
to be intractable and unsuited to further investigation by

conventional methods., However, the experiments undertaken



TABLZ 6

Elenmental Analysis Results from the materials vrevared

in the Zthvlene/Acetylene
Experinents.,

Expt. lo. . < C A
N 81.6 6.5

2 85.8 14.7

3 T72.2 ' *12.7

4 . 8545 I 14.7

5 .y o 86.1 10.8

Theoretical ¢

(CHy), 85.7 14.3
(CH)n 92.3 . Tel

A further anzalysic of material from experiment 1 after
several weeks gave the following results,using an
alternative procedurs.

4 ¢ % H % 'cl1 % Ash
28,7 . 5.5 1.2 31.8
29.0 5.9 1.9 3044

Assuming the ash to be Ti0, then 21 19.1 , 18.3 .
The ratio of the Carbon and Ilydrogen in these results is

428 5 H
83.9 16.1

83.1 16.9
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showed that the magnesium reduced cétalyst'eystem was
. capable of polymerising acetylene monomer and mixtures of

it with ethylene although the rate of polymerisation was
rather low, Several authors have previously prepared
polyacetylene materials which are generally a Jjet black
fibrous solid of a highly crystalline nature, Many of the
reports cite the use of various Ziegler catalyst systems.

Natta employed several systems for acetylene polymerisation004)
based on titanium alkoxides and aluminiumorlithium alkyls

.in an n-heptane solvent at 45°C - 75°C, typical examples
being, (1) A1(Et)3 - 'ri(och?)h. (11) A1(06H13)3 -
'ri(ochng)h, (1i1) Li(csnn) - Ti(OCBH.?)h. His best
results were obtained for systems (i) and (1ii) at Al/Ti

1.4 to 2.5 when material of high crystallinity with a trans
configuration was obtained. Alkoxides of various transition
metals e.g. 'ri(ochn9)h, vo(051;702)2, c:-(c511702)3,
Co(05H702)3 have been used in Ziegler systems with
aluminium triethyl by Nicolescu and Angelescu for polymerising
acetylenehos]. These authors carried out atmospheric
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 Hatano@OB)hava also
carried out preparations using the catalysts described by
Natta. Watson etal(107) 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-l, Infra-red spectra of

v L
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these palyﬁers were obtained showing absorption bands

at 3.4, 6.1 and '9.9}~ . The band at 6.1 e is attributed

‘to out of plane deformation of trans ethylenic hydrogens
-along a highly conjugated polymer chain, Further infra-

red studieﬁ, differential scanning calorimetry and
tharmogravimétric analysis determinations have been made

by Kleist and Byrd but the samples obtained in this work were
not produced with Ziegler catalysts instead catalyst systems
‘based on dimethylglyoximate and on sodium borohydcde are
‘used.(108)

' The sodium borohydride method was developed by L\ittinger(‘log)
and produces-a polymer containiné predominantly sequences of
conjugated double bonds in the trans configuration. Noguchi
and Kambara developed the dimethylglyoximate based catalyat@1o)
which produces a predominantly cis-polymer. Nickel. compounds
have been reported by the Russian authors Chukhadzhyan etal(ﬁﬂ
to be activecatalysts yielding benzene polymers and oligomers
from ﬁcetylene.

The product of the initial experiment using acetylene
with the magnesium reduced catalyst was a jet black insoluble
s0olid formed in fibrous flakes which closely rcsembled the
poly acetylene material reported by the earlier authors. An
elemental ahalysis was carried out on this polymer, the
results of which are given in Table 6 , and show that the product
is severely contaminated by inorganic salts. The ash content
is due to the decomposition products of the catalyst which
become trapped in the ﬁolfmer. The inorganic material proved
impossible fo remove by vigorous washing of the polymer which

suggests it could be retained durp to the formation of a stable
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complex, The polyﬁer was insoluble in any of the common
organic solvents and thus the molecular weight could not

be estimated. Due ;o the insolubility of the material, it

was impossible to produce cast films from which to obtain

an infra-red spectrum, The spectrum produced by a KBr pressed
pellet, could not be successfully resolved and insufficient
material was available for 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
of 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 significantly lower rate of absorption
of acetylene compared to ethylene, In the later experiments,
in which smaller quantities of acet&lene were introduced, the
ethylene polymerisation was only moderately suppressed and it
was found that some recovery of ethylene polymerisation rate
was achieved when the éate of acetylene feed was reduced or
terminated., This observation suggests that although the
magnesium reduced catalyst system is very much more reactive
with ethylene than acetylene in terms of polymerisation rate,
whon there is competitive feed of the two monomers, acetylene
is absorbed and hence polymerised in preference to ethylene,

The materials prepared from the mixed monomers appecared
to be polyolefins containing some unsaturation., They were insol=-
uble in common organic solvents at ambient temperatures, When a
sample was heated in a high boiling point aromatic hydrocarbon
solvent (dekalin), in order to dissolvs it, a solvent swollen

cross-linked rubber gel was formed instead of the solution
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normally prepared in the case of a homopolyethylene,
Alfhough these materials were cross~linked, it-proved
impossible to determine whether they were homogencous poly=-
ethylene containing unsaturation (polyethylene-co-acetylene)'
or a hoterogeneous mixture of polyethylené and polyacetylene.
Elemental analysis of these samples 1is also given in Table
and as in the case of the earlier material, little spectro-
scopic data was ‘obtained on these samples.
Summary

The magnesium reduced catalyst system was active in
polymerising acetylene to an insoluble black material,
preaumébly.polyacetylene. The cétalyst was also capable
of generating unsaturated polymeric materials from mixed
ethylcne/acetylene monomer feeds, Practical difficulties 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
praferentially absorbed., Thus, the introduction of acetylene
offectively inhibits an ethylene polymerisation, making control
over the relative proportions of the two monomers in the
polymer very difficult. Secondly, there are practical diffi-
cultics in the characterisation of these polymers although
samples appear to contain some unsaturation, However, these
were insoluble materials at ambient temperature and sensitive
to cross-linking at elevated temperatures and so it proved
impossible to produceasolution for further investigations and

characterisation.
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These experiments have shown that if practical methods
can be devised to overcome the temperature/solubility
problem in the analysis of these materials, the magnesium
reduced catalyst is capable of producing unsaturated polymers
and is worthy of further investigation. There is plenty of
opportunity for the development of more sophisticated
techniques for feeding the monomer mixtures into the system, 5
By using a more precisely controlled method of metering the |
acetylene into the polymer, it should be possible to produce
.a range of materials of varying degrees of 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 of unsaturation iﬁcreases.
Such materials would also prove valuable precursors for further
experiments as the inclusion of the relatively
vinyl linkages makes them into suitable starting materials
for other reactions, For example, the material would be.a
suitable alternative to the styrene=butadiene copolymérs
with an unsaturated content cited in the experiments outlined
in Chapter 2., Thus, scope for considerable future develop-
ment remains once the practical problems associated with this

work can be resolved,

. T J—_



APPENDIX T

Listing of Computer Propgrams



The following pages contain listings of the FORTRAN statements used
in the computer programs written for calculation of the kinetic data.
The programs were 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.

Filestore JC1 consists of job control statements for running the

styrcne data program.

Filestore DBPF2 is the calculation program for the styrene polymer-
isations. Once the Fortran compilation bad been carried out
satisfactorily this program was retained in machine code form for

running subsequent programs.

Filestore DBGPP4 is the graphical output program for the plotting of
results obtained from DBPF2.

Filestore DBSHP42 is a typical input data filestore for the styrene
polynerisation data,

Filestore DBE1 stores the indicator which signifies all the data for
the program has been loaded during a particular job.

The programs were generally run by feeding the data directly into a
computer filestore using an on-line teletype terminal. The program
was initiated using a cormand from the teletype, eg RJ « SHP42, JC1
(PARAM42).

The progran and the data could also be directly run from a punched
card deck.




OO0 O00000a00

QUTPUT FRO# THESISLIST OF DEGPFILE
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60

104
103
102
101
100
99

98
97

96

MASTERMAIN
POLYMERISATION DATA PROGRAM
TIME=DATA(N,1)

READ K=DATA(N,2) %f
FLOW IN=DATA(N,3) ;

FLOW OUT=DATACN,4) _ "

INPUT PRESS.=DATA(N,5)
TEMP.=DATA(N,6)
RESULT(N,1)=METER DIFF.
RESULT(N,2)=AV.INPUT FLOW RATE
RESULT(N,3)=VOLUME GAS IN.
RESULT(N,4)=VOLUNE GAS ABSORBED
RESULT(N,5)=TOTAL GAS ABSORBED
RESULT(N,6)=RATE GAS ABSORBED
RESULT(N,7)=METER OUTPUT RATE
DIMEMSION DATAC100,6) ,RESULT(100,12),TITLE(3,15),%(100),Y(100)
READ(5,60)HEIGHT

FORMAT(F10.0)

NEXPT=0

WRITE(6,104)

FORMAT(1H1,29H POLYMER1SATION DATA PROGRAM.//)

READ(5,103) (CTITLECI,J) ,J=1,15) ,1=1,3)

FORMAT(10A8)

WRITE(6,102) (CTITLECI,J),J=1,15),1=1,3)

FORMATC1HO,13A8) ol

READ (5,101)YIELD

FORMATCF10.0)

N=0

N=N+1

READ(S5,99) (LATACN,J),d=1,6)

FORMAT(6F10.0)

IF(DATACN,1) .NE.=10C.0)G0 TO 100

N=N-1 :

WRITE(6,98)N

FORMAT(140,5X,13,24H DATA READINGS RECORDED.)

WRITE(6,97) -
FORMATC1HO,5X,23HTAELE OF DATA READINGS.//8X,LHTIME,3X,5HMETER,S5X,

13HGAS,6X ,3HGAS,4X ,SHINPUT ,2X ,SHTEMP ./7X ,6H(MINS) ,1X ,7HREADING,3X, 5,
2HINPUT,4 X ,6HOUTPUT, 2X 6HPREss.,3x 1H0/ 14X, SHCLIT/HR), 1X,8H(LITIHR)
3,185 EHCLIT/HRY ,1X 6 HCHLHG o, 2X ,4H( €D /)

HRITE (6 96)((DAT#(H,J) J=1,6) ,M=1,N)
FORM&T(7X,F6.2,1X,F8.3,1X,F8.4,1X,F8.4,1X,F6.2,1X,F6.2)
GSUMIN=0.0 :

DO 10 M=1,((N-1)

TIMINT= (DATA((H+1) 1)~ DATA(N 1)760.0

RESULT((M+1) ,2)= (DATA((N+1),3)+DAT&(H,3)}IZ.D
RESULT((M+1),3)=TIHINT*RESULT((H+1),2)

RESULT((&+1) ,1)=DATACC(MN+1) ,2)~DATA(M,2)

RESULTCCN+1) ,4)=RESULTC((M+1) ,3)-RESULTC((M+1),1)
RESULTC(M+1) ,S5)=RESULT(M,5)+RESULT((M+1),4)




RESULTC(M+1) ,6)=RESULTC((M+1) ,4) /TININT
RESULT((NM+1) ,7)=RESULTC(M+1) ,1) /TIMINT
GSUMIN=GSUMIN+RESULTC((M+1),3)

10 CONTINUE . L

WRITE(6,104)
WRITE(6,102) C(TITLE(I ,J) ,J=1,15),1=1,3)
WRITE(6,55)

95 FORMAT(1HO,5X,22HTAELE OF DATA RESULTS )
WRITE(6,50)

50 FORMAT(1HU,?X,&HTIHE,3X,5HMETER,5!,3HGAS,6X,3HG£S,&X,SHINPUT,SX,SH
1TEMP.,2X,5HMETER,3X ,8HAV.INPUT ,2X ,5HINPUT ,5X ,3HGAS ,4X,7HTOT .GAS,2X
2,8HRATE GAS,2X,S5HMETER)

HRITE(6 51)

51 FORMATC(1H ,&6X,6H(MINS) 1X, 7HRC#DING 3X ,SHINPUT ,4X ,6HOUTPUT, 2X,6HPR
1€$S.,3X,1H0,5X,SHDIFF.,5X ,4HRATE 4X, 6HVOLUHE ZX 8HABSDRBED,1X SHAB
250RBED,1X,BHABSORPTN,3X,4HRATE)

WRITE(6,52) .

pa—

52 FORMATC(1H ,13X,8H(LIT/HR) ,1X,8H(LIT/HR) ,1X, BH(LIT/HR) ,1X,6HCM.HG. !

12X, 4HC €) ,3X,6H(LITS) ,2X,8H(LIT/HR) ,2X ,6H(LITS) ,3X, 6H(LITS) 3X,6HC |

2LITS),2X,8HCLIT/HR) ,1X ,8HC(LIT/HR) //)
WRITE(6,94) CCDATACN,J) ,J=1,6) ,(RESULT(M,K) ,K=1,7) ,M=1,N)
94 FORMATCTX,F6u2,1X,FB.3 1K, FRb, 1X, FBob, 1X,F6.2,1X,F6.2,1X,F8.3,1%,]
VP8l 1%, FBubo1X ,FBuab, X, F8alk,1X ,FB b, 1X,FB.4)
READ (5,101) EXTRA
IF(YIELD.LE.0.0)GO TO 8

GASABS=(YIELD/28.05)%22.4 ; ' B
GSUMOT=DATA(N,2)=DATA(1,2) '

APGASA=GSUMIN=-GSUNOT
ERROR=APGASA/GASARES
CALCGI=GASABS+GSUMOT
CFACT=CALCGI/GSUMIN

WRITE(6,104) I

WRITE(6,102) CCTITLE(I,LJ) ,J=1,15),1=1,3) .
MRITE(6,93)YIELD,GASABS,GSUMOT ,APGASA ERROR ,GSUMIN,CALCGI,CFACT
93 ronnart1no 5¥, 6HYI=LD—,F6 2/6X% ,8HGAS ABS— FS. 3/7¢X, 12HTOT.GAS ouT=,
1F8.3/6X,12HAPP.GAS ABS=,F8. 3/6x 6H% ABS—,F? 6/6%, 1LHAPP GAS IN.= r'
28.3/6X,13HCALC.GAS IN.=,F8.3/6X,6HCFACT=,FR.6)
6SITW0=0.0
pO 11 M=1,(N-1) :
TIMINT=CDATACC(M+1) ,1)=DATA(M,1))/60.0
RESULT((M+1) ,3)=RESULTC((M+1) ,3) *CFACT
RESULTC(M+1) ,4)=RESULTC((M+1) ,3) =RESULT((M+1),1)
RESULTC((M+1) ,5)=RESULT(M,S)+RESULT((1+1),4)
RESULTCCM+1) ,6)=RESULTC((M41) ,4) /TIMINT
GSITWO=ESITWO+RESULTC(M+1) ,3)
11 CONTINUE
WRITE(6,104)
WRITEC6,102) CCTITLE(L,J),J=1,15),1=1,3)
WRITE(6,92)
92 FORMATC(1HO,5X,32HTAELE OF CORRECTED DATA RESULTS.)
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40

41

30

. &2

WRITE(6,50)
WRITE(6,51)
WRITE(6,52)

WRITE(6,94) C(DATA(M,J) ,J=1,6) ,(RESULT(M,K),K=1,7),M=1,N)

WRITE(6,104)
WRITE(6,102)CCTITLE(I,J) J=1,15),1=1,3)
HRITE(6,91}GSITNO
FORMATC(1HO,5X,12HTOT.GAS ABS=,F6.2)
NEXPT=NEXPT+1

K=0

K=K+1

J=K+1

X(K)=DATAC(K+1) ,1)
Y(K)=RESULT((K+1),6)

1IFC(J.LT.N)GO TO 40

WRITE(6,104)
WRITEC(6,102)C(C(TITLECI ) ,0=1,15),1=1,3)
WRITE(6,41)K

FORMAT(1HD 5%, 13 25H GRAPH READINGS RECORDED.)
FLOMAX=0.0

DO 30 HM=1,K
IF(Y(M}.GT.FLOMAX)FLOHAX=Y(H)
CONTINUE

WRITECG,L42) FLOMAX
FORMAT(1HO,5X,14HMAX ABS.RATE =,F8.3)
IF(FLOMAX.LE5.0)G0 TO 28
IFCFLOMAX.LE.10.0)G0 TO 31
IFTCFLOMAX.LE.20.0)G0 TO 32
IF(FLOMAX.LE.30.0)G0 TO 33
IFCFLOMAX .LE.40.0)G0 TO 34
IF(FLOMAX.LE.50.0)G0 TO 35
IFCFLOMAX LE.60.0)GO TO 36
IF(FLOMAX.LE.70.0)G0 TQ 37
IFCFLOMAX.LE.RD.0)GO TO 38
IF(FLOMAX.LF.90.0)CO TO 39

CALL REGIONC0.,200.,0.,5.)

GO TO 29

CALL REGION((Q.,200.,0.,10.)

GO TO 29

CALL REGION(D.,200.,0.,20.)

GO TO 29

CALL REGIONC(O,,200.,0.,30.)

GO TO 29

CALL REGION(D.,200.,0.,40.)

GO TO 29

CALL REGIONC(D,,200.,,0.,50.)

GO TO 29

CALL REGIONCO0.,200.,0.,60.)

GO TO 29

CALL REGION(O,,200.,0.,70.)




o,

38

39
29

90

_END

GO TO 29

CALL REGION(0.,200.,0.,80.)

GO TO 29

CALL REGION(O.,200.,0.,90. )

CALL LIMITS(2.5,22.5,5.,20.)

THESE CALLS DEFINE THE RANGE OF UNITS AND SPACE LIMITATION OF
THE GRAFPH

CALL BORDER

CALL AXESSI(10.0,2.0)

CALL CRSET(0)

CALL CRSIZE(HEIGHT)

CALL PLOTCL(5.0,39.0,31HRATE OF ABSORPTION VERSUS TIME.,31)
CALL GRPHPT(X,Y,1,K, 62)

CALL FRAME

IF(EXTRA.MNE.-100.0)GO TO 7

WRITE(6,104)

WRITE(6,90)NEXPT

FORMAT(1PD 5X,13, 16HEXPTS PROCESSED.)

CALL GREND

sTOP

FINISH

e i ———— e ——— e 4 e

P P S,

" P

PP ST e

— e e e——



OUTPUT FRO™ THESISLIST OF JC1

PROG LOAD BINDEPF1,TIMEINING,*CRS DBSHPZA ,*#CK™ DBE1,%(P1 Mswzmuumr:il
1A FROG LOAD BINDRPF2,TINEIFINS,*CFS DBSHPYA ,*CRZ DOE1,*CP1 DRSHPZAR (Wi

2A PROG LOAD BINDBPF3,TIMEIMINS ,*CRS5 DBSHPXZA,+CR3 DOE1,*CP1 DBSHPZAR1(H&-£

3A S DBSHPZAR1

S DBSHPZAAZ2

S DBSHPZAB?2

S DBSHPZACZ !
ENDJOB ’ :

av, g - P



OUTPUT FRO!N THESISLIST OF DEPF2

————————————————— ———————————— ——————— i ———

PROGRAM(DILFLTS?2)
INPUTZ=CR3
INPUTL=CR4
INPUTS=CRS
OUTPUT6=LPO
OUTPUT7=CP1
OUTPUTE&=CP2

END

s e i & i



OO0 O0000O0O00000

104
103
102
101

100

Q9

98
7

96

1

MASTERMAIN

DILATOMETFY DATA PRCGRAM
TIME=DATA(N,1)

CATHETOMETSR RECADINGS=DATA(N,2)
RESULTC(N,1)=PER CENT CONTRACTION
PESULT(HN,2)=PER CENT CONVERSION
RESULT(N,)=L05.10C(1C0=-P.C.CONV,)
RESULT(N,4)=AVERAGE TIME
RESULT(N,5)=TIKE INCREMENT
RESULT(N,6)=CONTRACTION INCREMENT
RESULY(N,7)=RATE GF CONTRACTION
RESULT(N ,R)=RATE CF PCLYMERISATION
YIELD=WT.OF P.S.IN GHMS.
VMONFR=INITIAL VOLUME OF STYRENE.
ALKYL=VOLUME OF ALUMINIUM ALKYL ADDED.

CATLST=MrLS. OF TI. TRICHLORIDE CATALYST ADDED.

TOTVOL=TCTAL VOLUME OF REACTANTS. '

DIMENSION DATA(100,46) ,RESULT(100,12),TITLECZ,15),X(100),YC100)
NEXPT=0

"WRITE(6,104)

FORMAT(1H1,29H POLYMERISATION DATA PROGRAM.//)
READ(S,103)CC(TITLE(I, I ,J=1,15),1=1,3)

FORMATC1CAR)

WRITE(6,102)Y ((TITLE(I,J) J=1,15),1=1,3)

FORMATC(1HD,15A8) )

REARL(5,101)YIELD

FORHMAT(F1N.0)

READ(5,101) VMONMR

READ(S5,1C1)ALKYL

READ(5,101)CATLST

READ(5,TC1)TOTVIL

N=0

N=N+1 .

READ(5,99)(DATA(N,JS),J=1,6)

FORnAT(6F1O o)

IFCOATACH,1) . ME.-100.0)Y60 TO 100

N=N=-1

WRITE(H,9R%)M ' ¢
FORMKATC(T1FC,5%,13,24H DATA READINGS QECORDED )

WRITE(G, 97)

FORMAT(1HOQ,SY ,23HTARLE OF UATA REA"INGS /79X , 4HTIME ,LX, SHMZTER/EY,

16H(MINS), 2! 7HREADING/1AX ,6H(CIHS ) /)
HRITE(6,96)((DATA(M,J),J=1,2),”:1,N)
FORMATC(7X,F&.3,1X,F8.4)

DMAX=0.0

po 10 n=1,N

IF(DATA(N,2).LT.DMAX)GO TO 1
DMAX=DATA(%,2)

NDATA=MN

CONTINUE



10 CONTIAKUE
TCTRCT=DKFAX=DATA(N,?2) .
WRITE(6,7G)DMAX ,DATA(N,2) ,TCTRCT K
79 FORMAT(1HD,5X,14HMAX, READING =,F8.4//6X,14HMIN. READING =,F8.4717¢
1X,19HTOTAL CONTRACTION =,F8.4) '
WRITE(6,5C)YIELD,VHMONMR ,ALKYL ,CATLST,TOTVOL
S0 FORMAT(IHC,SX,SHYIELD,10X,F6.3,17H GNS. OF POLYMER.//7X,10HREACTAT’
1TS./S5X,7HFONOMER 86X ,F6 .2,17H CCS. OF STYREME ./S5Y,SHALKYL,10X,Fé6.7,
213H CCS. OF TAA./5X ,8HCATALYST,7X,F6.2,31H MLS. OF MG.RED.TI. TF'C"
3LORIDE./5X,12HTOTAL VOLUME 33X, F6.3,5H CCS.//) o H
WMONNR= vroan*O 906 _ '
TCONV=10C.0*YIELD/WHMONMR
FACT=TCONV/TCTRCT
WRITE(S,73)IWMONUMR
78-FORNAT(1HD 5%,9HMONOMER =,F8.4,5H GMS )
WRITE(6,51)TCONV
51 FORMAT(1HO,5X,26HTOTAL PER CENT CONVERSION ,F6.2)
WRITE(6G, ?A)FACT :
74 FORMAT(1HO,SX.1SHEOMVERSION FACTOR=,F10.6) ¢
Do @ M=1,N
RESULT(M,1)=DMAX=DATA(M,2)
IF(M.LT.NDATAIRESULT(M,1)=0.0
RESULT(i,2)=FACT*RESULT(M,1)
RESULT(H,3)=&LOG10(1DD.O-RESULT(M,2))
9 CONTINUF '
WRITE(6,104) 4
WRITE(G, 102)((TITLE(I J) Je1,15) ,3=1,3)
WRITE(&,9%)
95 FORVﬂT(1HG 5X,22HTABLE OF DATA RESUL'S )
WRITE(6,77) .
77 FORMATC(T1HG,8X,4HTINE,4X ,5HMETER ,3X,8HCONTRCTN,1X,8HCONVERSN 3%, 3HL ¢
10G)
WRITE(6,76)
76 FonhA1(1H0,?x GH(MINS) ,2X,7THREADING ,2X ,6H(CMS.) ,&4X, 4H (X, ),EX 8W((IT
10-%C))
WRITE(6,75)
75 FORMATCIHO,15X,8H(CMS,) /)
WRITECL,G4) ((DATA(M,J) ,2=1,2) ,(RESULT (N K) ,K=1,3),M=1,N) :
9L FORHAT(?X,FF.3,1X,¢8-&,1!,?8.4,1X,F8.&.1x,FB.L) !
REACT=10.0*WMONMRAFACT/TOTVOL*104.16
WRITE(E,73I)RFACT
73 FORMAT(1HOQ,SX///176X ,23HRATE CONVERSION FACTOR=,F15.6)
0 11 m=1,(N=2)
RESULTC(NF+1) ,L)=CPATAC(1N+2) ,1)+DATA(N ,1))/2.0
RESULTC(C(N+1) ,5)=DATAC(M+2) ,1)=DATA(M,1)
RESULTC(CL+1) ,6)=RESULTC(M+2) ,1)-RESULT(M,1)
RESULTC(¥+1),7)=RESULT((#+1),6) /JRESULT((M+1),5)
KRESULT((K+1) ,8)= RESULT((H*1),:)*RF#CT
11 CONTINUE :
WRITE(6,1C4) ;



WRITE(6,102) CCTITLE(I,J),d=1,15) ,1=1, 3)
WRITE(6,95) .
WRITE(H,71) : i
71 FOKMAT(1HO,6X,8HAVERAGED,3X ,4HTINE ,3X ,EHCONTRCTN, 23X, 4HRATE, 6%, LHR:
1TE)
WRITE(L,70) .

70 FORPAT(!HO,SX,&HTIME 3X,3HINCREMNT ,1X , @HINCREMKNT, 1X, 8HCONTRCTN,2Y,
18HPOLYNSTN) ;
WRITE(6,69)

69 FORMAT(1KO 7!,6H(MINS),3X 6H(MINS), 3X,6H(CNS.) 2%, BHICHM/HINY , 1X, 1"
THCHOL/L/Z MN)Y) .
WRITE(6,72) CCRESULT(M,K) ,K=4,8) ,H=1,H)

72 FORMAT(7X FR.3, 1Y FR.3, X, FR.&, 1X FPob 1%, F10.4)
WRITE(7, 103)((TITLE(I,J),J=1,15),I=1,3)
WRITE(7,68) ((DATA(M,J) ,J=1,2) ,(RESULT(M,K) , K=1,3),M=1,N)

68 ronrnrtr1o 3,F10.4, r10 1A r10.4 F10.4) )
FLAG=0.0-100.0 . '
WRITE(7,66)FLAG i

66 FORMAT(F10.1/) ‘
WRITE(8,1C3)CC(TITLE(T J),J=1,15),1=1,3) i

_ WRITE(R,67) (CRESULT (M,K) ,K=4 ,8) ,1t=1,N) :

67 FORMAT(F10.3,F10.3,F10.4,F10.4,F10.4)
WRITE(S,66)FLAG
NEXPT=NEXPT+1 .

READ(3,101)EXTRA
IF(EXTRA.NE.-100.0)GO T0O0 7
WRITE(6,104) t
WRITE(6,90)NEXPT _ ;

S0 FORI"AT('IHD 5x,I13,16HEXPTS PGOCESSED ) R
sTOP ) i
END

—— -

FINISH



OUTPUT pRNON THESISLIST OfF  DGaGPPA

----—----——o---—-—-—- --------ﬂ—--l—----—-

PRUGRAI'(PLCTTER)
INPUTZ2aCRZ
INPUTSECR3
THPUTAsLCSG
INPUTH=CLS
OUTPUTL=LPC
TRACEZ

END

MASTERIATH .
POLYMERISATION RESULTS PLOTTING PROGRAM _ :
TINEZDATA (L, 1) '

CATHETLLFTLR READINGS2DATA . 2)
RESULT(lio1)=PER CtNT CPLTRACTICHL _
RESULT (L o2)=PER CeNT COLVERSIUN :
RFSULT (N, 3)=L06,19(100=P C,CONY,) ‘
RESULT(lir4)=AVERAGE TINE i
RESULTC L 5)=TINE INCRENMENT ‘ |
RESULTCL,0)=00NTRACTION INCRERENT
RFSULT(N,7)=RATE CF CONTRACTION
RESULT(lList)=RATE UF POLYMERISAT]ION
NILEMSION DPATAC100eA) dRESULTC100212) o TITLE(3,15).X(10C) . V(100)/PHR
TASE1C1) s PPRASE2C10) »PHRASES(10) yPHRASEL(10) ,PHRASES(1Q) ,PRRASEC (Y
Zﬂ):PHnn§F7t1ﬂ):?H6Aa58{10).PHRASEO(10)
EXTEPUHAL CupY .
READ(2 V7))L IGHT : Sy
WRITECoe 200 e TGuT :

20 FORUATCIVPO,5X,7HHEIGHT=,F5, 2)
NEXPT=(

7 URITFCr,104)

104 FORIIATC4HY 2200 POLYNERISATIUN DATA PRUGHAM,//) |
RFAata.1“3)<(TITLE(1 J)p121,3)ed=1.15)

103 sORIIAT(1NAR)

WRITECH,102) C(TITLE(TI,J),1I=1,3), Je1, 15)

102 FORIIAT(1M0,15A8)

NE=(

100 Nl +f

ﬂEAD(&:ba)(DﬂTA("rJ) J= 1.2).tRESULT("rK!rV =1:3)
68 FORLAT(HFIC,0) -

TF(DATA(N, 1), HE.™100.0)G60 Tn 100

NE -1

URITFC(L,98) 1
98 FORMAT(4M0,5X,13,264H DATA READINGS RECOPDED,)

WRITF (L, 95) '
95 FORUATCIMO,5Xe22HTABLE GF DAYA RESULTS,)

WRITF(L,77) . J
77 FORMATCIHO ;X o4t TIME ;X ,SHHETER y3X 8HCOMTRCTN 1 Xs8HCONVERSN,TIX,3HL

106)

WVRITF 6,70)
76 FOFHAT(1HU;?X.6H(HINS):EX:?hRLADlhﬁalxr‘htCHS.)¢6XaLH(%.\a3xo3P<1”

1n=5C))

VRITF(Ge?5) _ :
75 FORUHAT(IHU 1SXe,M(CNS) /) 3

WRITF(G,26) CCDATA(N, J) pu=1,D ).(hrsutt(m.r),|-1,3>. ‘=4 N) e o
Q4 FORUAT(TY rFO. .30 1Y 0 Fi b IX oo b pIX o FR LYY, FB,.4)

nan(b,1“3>((rITLt(I,J3,1=1,3),4:1,15)

WRITF(o,104)

WHITF(G 102) CCTITLECT 4d) »101,3),J021.19)

MMEILY

OO00OO0OODO00OD




101 m=aj-+1
PFADCS ¢ 3)([\FSULT(N K)ebi=b )
TF(RFSIULTCA ,4)  1iE,=100.3)60 TO 101
pE -y
VRITECe %9000
09 FORIAT(IHO,SX,13,23H DATA RESULTS RECURPED,)
WRITFE(C,95)
WRITF(u,71)
71 FORLATC(IFO,,oXeBHAVERAGED ,IX,4HTIME, 3 Xy EHCHNTRCTn.SK.&hRATF:oK Lthea
17€)
WRITF(G.70)
70 FORLATCAVCe3Y e 4HTINE 33X, BHILCREINT 1 XeBHINCREMNT 11X, BKCONTRCT N X
1AKPOLYI-STH)
WRITE(,69) 3
69 FORMATCIHO  7XeO6CHINS) ¢3Xe6H(HINS) o 3XeM(CHS, )fc¥r°h(CH!“lN) 1Xe10
Twmll.oL/L/re))
URITECG,72) CCKESULT(J4K) 1K= LoeB) s dB1 M) .
772 FORUAT 7Y FO.301XeFd3, 3:1XuFo Lo YeFRWL 1X,F10,4)
B NEXPT=LEXPT+1
CALL COPY(24PHRASETCTI) p 1o TITLE(CY1 1), 1)
CALL cvpv(16 PURASE1 (L) 41 o TITLE(C1¢5)¢1)

DATA PHRASE1(0)/! ' v/
DATA PHRASL2(1)/'"KATE OF POLYMERISATION VERSUS TiInhg,

1 v/

DATA PHERASE3(1)/'RATE, .

- v/ i
DATA PHRASE4AC1)/'TINE, !

1 vy
DATA PHRASES(3)/'CONVERSION VERSUS TiHg.

1 v/

DATA PLHRASEG(1)/'COJVSN,

1 : v/

DATA PHRASEZ(1)/'L0G 10¢100 poCy = p,C.ConV.) VERSUS TInF. ;

1 v/ ;
DATA PHRASESC1)/'L0OG 10 b

1 1/ : 2
DAY, PLRASEC(1)/'(¢100=CeNY,) .

1 / ¢
K= ' .
L=t

LD veEk+
LEL+1
J=L+

X(K)=RESULT((K+1),4)

Y(R)=RESULT ((K*1),8)
IFCYC(K) LY. CaMYO)=0,0

TFCJ. 6T 1NN X(E) LE.O.0)K=¥=
1FCI. LY. !1)r0 TO 40 _
WRITF(,104)

WRITFCL,102)CCTITLECT , 8),121,3),0=1,15)



41

30
4“2

43

2R
3
32
33
3L
35
36
37
38

39
29

WPITF (e ,L1)H

FORLAT(1H0,5%,13,:50 GR,APH READINGS RECCRDED,)

FLUAR=U, U
p0 30 L=1+1

TFCYCL).GT, FLONAXIFLOMAR=Y (L)

cOt.TIHVL
WRITF (s h2)FLOIAY

FORNATCAV e 5K 21141 AKX PSHLRATE =4F8.3)

LTHE=Y

CALL PSPACL(N,TuN,0,9060,0,120,0,720)
THESE C,lly DEFINE THE RAth

THE GR;PH

TFCFLWM AX,LE.S5.0)u0 TO

TFCFLO AXLLEL172.0) G0
1FCFLONAXLLE.20.0)G0
IF(FLU!.;\XI LE.SO.“’G\J
TFCFLO! AX.LE.40,0)60
1F(FLONAXL,LE.50,M) GO
TFCFLU AXLLE.0D,0)GD
TF(FLU AY,.LE.70.0)G0)
TFCFLOLAX.LE.00. 02 GO
'IFCFL!HI-X.LC."U. O’GO

CALL MAPLO, 41500.100.454)

G0 TN 2t

TO
70
T0
T0
T0
T0
T0
T0
T0

<3

31
32
33
34
35
36
37
34
3y

C“LL ”r'nP(n. f150()' IO- I10|,‘

GO0 TN 2¢

cALL HAP(U, ,1500,¢0..20.)

G0 Tn 2%

CALL Mf'\p(lll 1‘500. '0- '30-’

GO TN 2v

rALL ”r.tp(r'l l15‘JUl l'nl "n-)

60 TO 20

CALL MAPCO,,1500,.40,.50,)

60 1O g

CALL MAPCCQ, ,1500,,0,,60,)

0 TO 29

CALL “A’““. [1500! fnt '?0-)

60 Tn 2L

CALL “f‘.‘ip(“!l1500. !0. ldqu)

60 Tn 29

CALL “f.p{U|l1500| 'U. 190.’

CALL SCALLS
CALL GRATIC
CALL BURDEFR
CALL CTRSEY(4)

CALL PYPLOT(XoYs10K,80)

UF UNIts AYD SPACE LI™IYATION UF

!F(LINE Fli,1)CALL CURVEG(XsYe1¢K)
CALL PS5 Pﬁfr(ﬂ.!1 183000 2 0.34)

CALL HAPCO, ;2% 79000214

CALL BNORDPLE



132
133
134
135
136
137
138

139
129

LA

52 FORLAT(1HU 5K 130250 GRAPK READINGS RECOURDED,)

60 1O 120

cnl.l. “:1;‘(0.;15”0.!0-!20.)

G0 TN 120

CALL AP0, ,1500.00.,30.)

60 TD 120

CALL MAPCO, ,1500.¢0.,40.)

a0 TN A20

CALL hep(0,,1500,,0,,50,)

GO 0 1290

CALL MAPCG, o 1500.40,¢460.)

GO TN 120

CALL MAP(0.+1500410.,70.)

60 7O 129

CALL ”AP(00015001 !0-!’60-1

60 TN 420 .

CALL NMAP(O0«¢1500.70.¢90.)

CALL SCALES

CALL GRATIC

CALL DURDEE

CALL CTRSET(4)

CALL PTPLOT (XeYr1/K,51)
IF(LINELFR,1)CALL CURVEO(X,:Y»1¢K)
CALL l’SPﬁCL(O-:‘Io138:0-:0-86)
CALL NHAPCO s 2Y¢ 70 Ue e 214)

CALL K'RDER

CALL CTRSET (1)

CALL CTRSIZ(HEIGHT)

CALL UKDLII (2)

CALL PLUTCS(6,0,13.6.PHRASES,80) -
CALL ULDLILC(Y) i
CALL PLOTCH(6, 18,1, PHRASET,30)
CALL UMpLIL(O)

CALL PLUTCS(1.5,15.5/PHRASEG.R0Q)
CALL pLUTCS(?aln!ZIOlpHHASEC’tldU)
CALL FLANE

CALL FPAMLE

LItE=L1IIF+1

TF(LINE EQ,1)G0 TO 143

K=y :

J=(

KEK+1

Jaj+1

XCK)=DATACK,1)-

YIK)sRESULT(X e 3)
TECY(R) LT, 0.0V (x)=0,0
PFCJ.LT.MYELO TO 4o

URITFCua104)
WRITFCu,102) CCTITLECT J),121,3),J21,15)
WRITF(r0S2)10 i

P Ty P .



XMIhm2,0
nh 51 L=1;K
TREYCL) LT XMINYXETN=Y (L)
51 COLTINVE .
WRITHF (o ,53)A11IN
53 FORLATC(IHOSXe10aHNIN, READING =,FH 3)

LINE=U

243 CALL PSPACE(N,100,0,960,0,120,0,720)
THESE GaLLS NDEFINe THE RANGEL OF UNITS AND SPACE LIVITATION UF
THE GRADPH
TF(XHLIE,GE1.7)60 TO 220
1F(X tlt.fL 1.5)60 T 231
IFCXML . 6Fe1.3)G0 T 232
lrcﬁnl..n[ 1.0)60 Ty 233
lF(xNLh,GE.u,?)uﬁ TO 234
TF(AMLI,GE,0,5)00 TOo 235
1F(xMILLGE,0.3)G0 TO 230
TFCAMIL,GE 0. 2060 TO 237
1F(XMLL.GE, 0,060 TO 23¢

228 CALL NAP(U,,1500,,1.742.)
60 1O p2o

2319 CALL MAPCO.¢15300.¢1.542.)
60 TN 220

?32 CALL frl’({}-l‘50(1.11.3t2.)
G0 70 220

. 233 CALL Hﬁp(ﬂ.:1500.r1.0i2.)
GO TO 229

234 CALL N P(U-c1J00.:0 7:2.)
60 Tn ppo

235 CALL 1iaP(0, 1500, ¢0,5¢2,)
G0 TN 220

236 CALL “np(U.;‘SﬂD.lO.;!Z.)
A0 TO 220

237 CALL MaAPC0O,,1500,,0,2,2,)
GO 10 220

238 CALL HAP(D,,1500,,0,1,2,)
GO0 TN 29

’3° C“LL I'.‘,i"(ﬂ.;1500.;0.;2.}

229 CRALL SCALES
CALL GRATIC
CALL BUYRDEE
CALL CTYRSET(4)
CALL PTPLOT(X Y, 1:X,45)
TFCLINE L ERGIICALL CURVEG(X Yo 108D
RALL P‘l\'l’hct(ﬂ.l1.138:0.:0.34)
CALL MAPCO,,29,7,9,,21,)
CALL BROKDER

CALL
cALL

CTRSET(Y)
CTRSIZ(HEIGHT)

R e Al

=Bl ety

T

St A e

B o e TR L T e

et



97

90
45

CALL
CALL
rALL
cALL
CALL
CALL
CALL
CALL
CALL
CALL

LILE=

UitpLIt ¢2)
PLUTCS((‘-O;1“-60"““’45&:?!80)
Hitphit{y)

PLUTCS(6.116,1,PHRASET,80) |

WipLIl-¢n)
PLOTCS(1.0,1545,PHRASEG80)
PLETCEC0.5+150¢PHRASEC 280)
PLOTCS(22eurd« 02 PHRASES80)
FRal'k

FRaAML

LINE+Y

TFC(LINELFR,1)GOD T 243
RFAD(3,“7)EXTRA
FOEUATCFY0,0)
TFCEXTRALNE.=100.00G0 TO 7
URITFC(G,104)
URITEC:,2U)HEXPT

FORDAT(IHO 5%, I3, 16HEXPTS PROCESSED,)

CALL GREND

sTUp
END

FINISH

o



OUTPUT FROM THESISLIST OF DRSHPLZ

RUN NUMBEFR:SHP/42 - DATE=14/5/75
DILATOMETER NO.36
TOTAL VOLUME:GDMLS. L3MLS .

POLYMERISATION TIME:24HRS.
34.5MLS. DDGC/11 CATALYST.

4.2248
43,0

0.21

34.5

60.0

0.0 12.765
5.0 13.240
10.0 13.237
15.0 13.232
20.0 13.226
25,0 13.217
30.0 13.207
35.0 13.197

46.0 13.128
45.0 13.181
50.0 13.173
55.0 13.166
60.0 13.159
65.0 13.152
70.0 12144
75.0 13.134
86.0 13.127
85.0 13.120
90.0 13.113

. 95.0 13.107
100.0 13.100
105.0 13.092
110.0 12.085
120.0 13.074
130.G 13.058
140.0  13.046
150.0 13.036
160.0 13.027
170.0 3.014
180.0 13.003
200.0 12.982
210.0 12.972
240.0 12.933
270.0 12.905
300.0 12.879

1080.0 12.336
1140.0 12.301%
12C0.0 12.268
1220.0 12.252
1260.0 12.237

TEMPE
STYRENME.
0.21MLS. TNO

e

....-.,.-....

ST F THE AENP S SR SO e



1290.C
1320.0
13506.0
1380.0
1440.0
-100.0

b i b

12.22%2
12.20¢
12.191
12.176
12.145

S—




-100.0




APPENDIX IT

Spectroscopy
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