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Thesis Summary.

Alkyl aluminium alkoxides have been used as initiators for the ring opening
polymerisation of g-caprolactone and 8-valerolactone. The effect of the reaction
solvent on the kinetics of the polymerisation of e-caprolactone has been studied. The
rate of polymerisation was found to be faster in solvents of lower polarity and donor
nature such as toluene. In general solvents of higher polarity resulted in a decreased
rate of polymerisation. However solvents such as THF or DMF with a lone pair of
electrons capable of forming a complex with the aluminium centre slowed the
polymerisation further. The size of the monomer also proved to be an important
factor in the kinetics of the reaction. The six membered ring, §-valerolactone has less
ring strain than the seven membered ring e-caprolactone and thus the polymerisation
of &-valerolactone is slower than the corresponding polymerisation of e-
caprolactone. Both the alkoxide and alkyl group structures have an effect on the
polymerisation. In general bulkier alkoxide groups provide greater steric hindrance
around the active site at the beginning of the reaction. This causes an induction or a
build up period that is related to the both the steric hindrance and also the electronic
effects provided by the alkoxide group. The alkyl group structure has an effect
throughout the polymerisation because it remains adjacent to the active centre. The
number of alkoxide groups on the aluminium centre is also important, using a
dialkoxide as an initiator yields polymers with molecular weights approximately half
that of the corresponding reactions using a mono alkoxide. Transesterification
reactions have also been found to occur after most of the monomer has been
consumed. These transesterification reactions are exaggerated as temperature
increases. A method of producing tri-block co-polymers has also been developed. A
di-hydroxy functional pre-polymer, PHBV, was reacted with an aluminium alkyl to
form a di-alkoxide macroinitiator which was subsequently used as an initiator for the
polymerisation of g-caprolactone to form an ABA type tri-block co-polymer. The
molecular weight and other properties were predictable from the initial
monomer/initiator ratios.

KEYWORDS: alkyl aluminium alkoxide, polymer, e-caprolactone, co-

polymer, solvent effect.
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List of abbreviations.

Abbreviation
[A*]
AcAc
AIBN
ATRP
BIOPOL
[CL]o
DCM
AG,

AH,

AS,
DMEDA
DMF
DP,
DTBP
GPC
HPLC

MDO
[M1o
(M1,

Mw
M\\/Mn
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Full name

concentration of active species

acetyl acetone

azobisisobutyronitrile

atom transfer radical polymerisation
trade name for PHBV

initial monomer concnetration
dichloromethane

Gibbs free energy of polymerisation
Enthalpy of polymerisation

Entropy of polymerisation
Dimethylethylethylenediame
N,N’-dimethylformamide

degree of polymerisation

di-fert-butyl peroxide

gel permeation chromatography

high performance liquid chromatography
Mark-Houwink parameter

intrinsic  viscosity of a polymer in a
solvent at a given temperature

rate constant of back biting

rate constant of propagation
2-methylene-1,3-dioxepane

monomer concentration at time = 0
monomer concentration at time =t
number average molecular weight
weight average molecular weight
molecular weight distribution,

polydispersity




N;

NMR
H()R/ Al

PCL
PHB
PHBV
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weight of molecules with molecular
weight M,

nuclear magnetic resonance

number of active alkoxide sites per
aluminium atom

poly(e-e-caprolactone )
poly(hydroxybutyrate)
poly(hydroxybutyrate-co-
hydroxyvalerate)

poly(hydroxyvalerate)

ring opening polymerisation

temperature

glass transition temperature
tetrahydrofuran

retention volume

weight of molecules with molecular
weight M,

Mark-Houwink parameter




Aims and objectives.

The aim of the project is to synthesise biodegradable co-polymers of
poly(hydroxybutyrate—co—valerate) and poly(e-caprolactone). Poly(hydroxybutyrate-
co-valerate) and poly(e-caprolactone) are in general immiscible in blends with greater
than 10-15% poly(e-caprolactone). Therefore a compatibliser is needed to prevent
phase separation. A co-polymer of poly(hydroxybutyrate-co-valerate) and poly(e-
caprolactone) would be suitable for this task. The molecular weight of the co-
polymer needs to be controlled and predictable for the compatibliser to be effective.

In order to achieve this aim the mechanism of the polymerisation needs to be fully
understood. It is proposed that a series of polymerisations of homo-polymerisations
of g-caprolactone should elucidate the mechanism of the polymerisation and any
factors which effect the properties of the polymers produced. Reaction temperature,
medium, monomer and initiator type and structure will all be varied in an attempt to
gamn an understanding of the reaction mechanism. Once the mechanism and any
influencing factors have been identified then a method of producing controlled co-

polymers should be clear.




Chapter 1.

Introduction.

1.1 Biodegradable polymers.

In recent years considerable interest has been shown towards the use and
development of biodegradable plastics for a variety of applications. As the use of
polymers in packaging and other commodities has increased, so attempts to solve the
problems associated with their disposal has increased the demand for biodegradable
plastics.(]'S) Indeed, plastic waste totals around 6% by weight of Western European
municipal waste but around 20-25% of waste by volume.*” The largest component
by far of municipal waste is paper, but because plastic materials have lower densities
than paper they therefore they occupy a greater volume and have a far higher impact
on the environment. If this large volume of waste could be lowered by the use of
biodegradable plastics, then harm to the environment could be minimised. The
current interest in biodegradable polymers has also been initiated by constantly
changing legislation and through an increasing environmental consciousness on the

part of the public.
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1.1.1. Applications of biodegradable polymersm

1.1.1.1. Medical applications.

A great deal of attention has also been paid towards developing degradable
polymers for use in medical applications. Polymers which are to be used in a
biomedical context must be tailored to meet a number of specific and important
requirements. If tissue irritation is to be minimised then the polymer should be soft
and pliable. This means that the polymer must have little or no crystallinity and a
glass transition temperature below body temperature. The material used must be
totally compatible with the body, including of course the degradation products which

must also be non toxic.®

The main applications for such polymers include:

1.1.1.2. Surgical sutures’”

Severe tissue damage such as a deep laceration or a bone fracture may be
incapable of unassisted healing. Sutures may hold the tissue together until the
healing is completed naturally. Degradable sutures are designed to degrade once

healing is complete, eliminating the need the for surgical removal at a later date.

1.1.1.3. Tissue adhesion prevention

Temporary barriers can be used to prevent tissue adhesion after surgery.

1.1.1.4. Bone fixation devices'”

Since bone is much weaker than the metal devices which are commonly used
to hold fractured bones in place, the premature removal of such implants can

considerably weaken the bone resulting in a re-fracture. Thus biodegradable implants




can meet the requirements of a support during the process of bone healing and will
disappear completely after a few months when the injury has healed. This eliminates
the need for further surgery to remove a metal implant possibly causing further tissue

damage and trauma.

1.1.1.5. Drug delivery systems(“)

Controlled release drug delivery devices are designed to limit or slow
the rate of drug release relative to the rate offered by fast release systems such as
tablets or capsules containing the same drug. Originally, some studies into the
sustained release of drugs from implanted devices centred on the use of materials
based on silicone rubber. However because of the lack of degradability of these
polymers, they have to be surgically removed if potential future health problems are
to be eliminated'®  The use of biodegradable implants ensures that the
concentration of the drug remains constant in the body, and thus remaining above

therapeutic levels

Synthetic polymers have been studied for use as biodegradable, controlled
drug release devices. With only a few exceptions, the most suitable method for

achieving this delayed drug release is via the use of biodegradable polymers that

slowly degrade, erode, or dissolve."”

Aliphatic poly(esters) are widely used as
synthetic polymeric biomaterials in the medical field with poly(hydroxyacids) in
particular having many important applications as biodegradable polymers. Their
primary function in the biomedical context is controlling the release of the drug n a
predictable manner by the progressive erosion of the polymer backbone. The

chemical and physical properties of these polymers can be carefully altered by
selecting the repeat units. (%) Therefore the rate of degradation and other properties
of the polymer may be suited to purpose by the use of co-polymers as these may

often offer properties intermediate to those of the corresponding homo-polymers.




1.1.1.6. Agricultural applications

Degradable materials are also of interest in agriculture as mulches and plant
containers. Mulches allow growers to use synthetic films in order to aid plant
growth. The mulches then degrade, avoiding the cost of removing the protective
layer. The aim of these is often to conserve moisture and control the temperature,
helping to reduce weed and insect infestation and thus increasing the rate of growth.

Common polymers used in such applications include poly(vinyl alcohol) and

poly(vinyl chloride) blended with starch.

1.1.1.7. Packaging applications.

The properties required of a material for use in food packaging depend upon
the environment in which the product will be used. Food which is to be kept frozen
requires different materials from those which need to be placed in the oven.
Materials based on poly(hydroxybutyrate) (PHB) for example are susceptible to

bacteriological attack and may be unsuitable for some food packaging applications.

1.1.2. Examples of biodegradable polymers.

There are a number of broad classes available for summarising the types of
polymers which may be described as biodegradable. Degradable polymers may be
produced by either synthetic or natural methods. Natural biodegradable polymers are
commonly synthesised by enzyme catalysed chain growth polymerisations within
plant cells. A few examples of both natural and biodegradable polymers are shown in

the table below:




Type Comments Example
Polyester Most widely used, formed Polyester
by a number of different Polylactones
methods. Polyhydroxyalkanoates
Polyamides Structurally modified only Hydroxylated nylon
Polyurethanes Structurally modified only | Hydrophilic ether urethanes
Polypeptides Natural Polyaminoacids
Polysaccharides Natural origin Dextran
Proteins Natural origin Collagen, gelatin
19

Table 1.1. Common biodegradable polymers.

1.1.3. Natural biodegradable polymers.”

1.1.3.1. Poly(peptides) and proteins.

Such materials are commonly used in the form in which they are found in
nature. Gelatin an animal protein is a water soluble, biodegradable polymer which is

extensively used in pharmaceutical and biomedical applications‘(ls)

1.1.3.2. Poly(saccharides).

The most common of these materials are cellulose and starch. Both are

composed of D-glucopyranoside units linked together by acetal bonds. (see below)

CH,OH CH,OH
0 OH © OH
OH —0 OH
Starch Cellulose
Figure 1.1. Monomeric structure of starch and cellulose
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1.1.3.3. Starch

Starch is a polymer which occurs widely in plants such as potatoes, rice and
corn. It is a polymer of glucose in which the monosaccharide units are linked via the
1,4-a-glycoside bonds. Starch can be separated into two fractions, amylose (20%)
and amylopectin (80%).(16) Amylopectin has a more complex structure involving via
1,6’-a-glycoside branches, it has a cross linked structure which is attacked by

glucosidases.

1.1.3.4. Cellulose

Cellulose consists of one repeat unit, namely D-glucose linked via 1,4’-(3-
glycoside bonds in a very large polymer chain (see figure 1.1) as in the disaccharide
compound, cellobiose. It is highly crystalline and is used in nature as a structural
material to impart rigidity to plants. Cellulose is also insoluble in all common

solvents. Cellulose is often processed and used as a derivative such as cellulose

S : 16
acetate, which is commercially known as acetate rayon_( )




1.1.4. Synthetic biodegradable polymers

1.1.4.1. Poly(a-hydroxy acids), poly(lactic acid) and poly(glycolic acid).

poly(lactic acid) poly(glycolic acid)

Figure 1.2. Structures of poly(lactic acid) and poly(glycolic acid)

The most commonly used synthetic, biodegradable polymers are poly(lactic

acid) and poly(glycolic acid). (7" These two polymers and their co-polymers are used
in a variety of medical applications. PLA and PGA degrade slowly by hydrolysis and
the degradation products are non toxic, /-lactic acid and glycolic acid are found
endogenously and d-lactic acid is eliminated from the body. PGA for example, is
completely absorbed within two to three months of implantation. The lactic acid
generated by the hydrolysis of poly(lactic acid) is incorporated into the tricarboxylic

acid cycle and is then excreted as carbon dioxide and water."'”

These properties
make poly(lactic acid) and poly(glycolic acid) biocompatible and hence they exhibit
little or no local toxicity on administration into the body. For use in pharmaceutical
applications however, poly(lactic acid) is often unsuitable because the rate of
degradation is too slow. Co-polyesters of poly(lactic acid) and poly(glycolic acid)
are therefore the most widely used resorbable materials for drug delivery systems.(lg)
The degradation rate of poly(glycolic acid) is faster because the ester groups of the
glycolic acid units are more sensitive to hydrolysis and the degradation of PGA is
therefore faster than the degradation of PLA. This results in a polymer which has
properties that are more useful for controlled drug release devices. However if too

much glycolic acid, i.e. more than 50%, is added, then the resulting co-polymer has




blocks of glycolic acid which render the co-polyester insoluble in common

solvents.*?

The mechanical characteristics and the degradation rate of PLA depend on
the configuration of the lactic acid used. Since lactic acid has a chiral carbon atom,
(L), (D) and (DL) configurations are available. The polymeric (L) and (D)

stereoisomers are crystalline whilst the racemic form is largely amorphous.

1.1.4.2. Poly(c-caprolactone).

0
OM
~

poly(caprolactone)

Figure 1.3. Structure of poly(e-caprolactone).

As an alternative to PLA and PGA homo and co-polymers, poly(e-
caprolactone) (PCL) degrades slower and is more useful for devices with a desired
life time of one to two years.' " Poly(e-caprolactone) is useful for applications such
as the controlled release of contraceptive drugs where a minimum useable life of
between six and twelve months is desirable although uses of over twelve months are
more common. Copolymers of PCL with PLA reduce the useable life of a poly(e-
caprolactone) controlled release device, making it more suitable when a lifespan of

. . 21
less than one year 18 desirable®”

Poly(e-caprolactone) can be produced with varying molecular weights by a
range of catalysts. It can also be co-polymerised with a vast range of other
monomers such as lactide and glycolide to produce biodegradable polymers with the

desired degradation time and properties.




Amongst poly(esters), which are the most common family of biodegradable
polymers, poly(e-caprolactone) occupies a unique position since it 1s at the same time
biodegradable and miscible with a large variety of polymersm) Synthetic polymers
such as poly(e-caprolactone) can be immiscible in a blend with naturally occurring
polymers such as poly(B-hydroxybutyrate). The poor interfacial adhesion in the
blends of such polymers results in inferior mechanical properties. Block co-polymers
are often used in non-reactive blending, the constituents are blended in the presence

of preformed block or graft co-polymers which act as compatibilisers.(23)

Poly(e-caprolactone) itself is a semi crystalline polymer with a melting point
of approximately 60°C and it has a glass transition temperature of -60°C. High
molecular weight poly(e-caprolactone) may be classed as a tough, crystalline polymer
with a moderate melting point. The crystallinity of poly(e-caprolactone) varies with
its molecular weight and for molecular weights of 100000 and greater the
crystallinity is around 40%. When the molecular weight is lowered to 5000, the
percentage of crystallinity increases to around 80%. Since the degree of crystallinity
is vital in considering the rate of degradation, it can be seen that the molecular weight

of a polymer will affect degradation.

Poly(e-caprolactone) is soluble in a wide range of solvents at room
temperature. Amongst others it is soluble in THF, chloroform, DCM, benzene,

toluene and carbon tetrachloride




1.1.4.3. Poly(hydroxyalkanoates)-poly(B-hydroxybutyrate) (PHB), poly(B-
hydroxyvalerate) (PHV) and PHBYV co-polymers.

oy

O

poly(hydroxyalkanoates)

Figure 1.4. Structure of polyhydroxyalkanoates

CHs CoHs
o) o)
poly(hydroxybutyrate) poly(hydroxyvalerate)

Figure 1.5. Structure of poly(B-hydroxybutyrate) and poly(B-hydroxyvalerate).

Poly(B-hydroxyalkanoates) are another widely used types of biodegradable
polymer and this group of materials includes poly(B-hydroxybutyrate) and its co-
polymers with [-hydroxyvalerate. ~ The alkyl side groups are methyl for (-
hydroxybutyrate units and ethyl for B-hydroxyvalerate units. Poly(esters) with
longer alkyl substituents, up to heptyl and above, can be produced using a range of
bacteria.” PHBV co-polymers, produced commercially by Monsanto as BIOPOL,
are especially useful in packaging applications. PHB is a crystalline thermoplastic
with a melting point in the range 160-180°C depending on the molecular weight of
the sample.*” The glass transition temperature of PHB and PHBV co-polymers have
been reported to be in the range -5 to +20°C, appearing to be independent of
copolymer composition but more dependent on the thermal history of the sample.(zs)

PHB has a Tg in the region of +5°C and a melting point of 180°C. These properties
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combine with a high degree of crystallinity to make PHB very brittle. In order to
overcome this co-polymers are formed, commonly with PHV which can produce

more useable materials.

Poly(B-hydroxybutyrate) a naturally occurring polyester produced by
bacteria, is known to be a biodegradable polymer. The homopolymer PHB is
produced in nature by a wide range of microorganisms to store carbon and energy.
Bacterially produced PHB and PHBV are considered to be genuinely biodegradable
(26)

materials because their corresponding rates of chemical hydrolysis are very slow.

Indeed the rate is so slow that it was previously thought that they were inert to

chemical hydrolysis.m) However, adding microorganisms to such polymers leads to

their rapid degradation into water and carbon dioxide.®®

Microbially produced
polymers have an advantage over synthetic polymers in that if the extraction from the
organism is efficient, then there are none of the potentially toxic catalyst residues
remaining that may be present if synthetic polymers are used. However such
polymers and especially PHB homopolymer tend to exhibit a brittleness that develops
during storage at room temperature and thus limits the range of possible uses.®”
This phenomenon is probably due to morphological changes. It has been reported
that PHB, which has been stored at room temperature for a few weeks, is less soluble
in chloroform than its freshly synthesised counterpart. It would seem therefore that
the crystallinity of PHB increases in order to enhance its stability. The polymer can
be returned to its amorphous state by heating in boiling chloroform. Reported uses
of PHB in pharmaceutical applications are apparently limited but that is not to say

that PHB or its copolymers are not useful in the preparation of sustained release

devices.

‘BIOPOL’ copolyesters are produced by a two stage fermentation process.
‘BIOPOL is compostable, renewable and recyclable and therefore offers additional
options alongside established techniques for waste management. In order to

overcome some of the problems associated with bacterial PHB, e.g. high melting

(30)

point, both PHB and PHBV can be synthesised synthetically. The physical
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properties and biodegradation rate of ‘BIOPOL’ depend upon factors including the
amount of hydroxy valerate in the polymer, molecular weight, degree of crystallinity,
surface area and the environment in which it is placed.m) Applications for PHB and
PHBYV for packaging have been limited however because of their high cost relative to
commodity plastics such as poly(ethylene). A viable option to overcome such high
costs is to produce blends of PHBV with other polymers such as cellulose acetate

butyrate (CAB) which can lower the price significantly.®?

Although the properties of PHB can be varied by the inclusion of hydroxy
valerate, the extent to which the properties may be modified is limited and the use of
blending techniques is valuable. Polymer blends, such as PHB and PCL are
commonly incompatible.  Useful physical properties such as modulus, tensile
strength, impact strength and permeability may be adversely affected by
incompatibility in a polymer blend. A common method of altering the physical
properties of a polymer blend is to use a plasticiser such as dialkyl phtalates or

aliphatic esters, although these materials may present toxicity problems in a

biomedical context.®” Poly(e-caprolactone) has been used as a polymeric plasticiser

to alter the physical properties of polymers.

1.1.4.4. Other synthetic biodegradable polyesters.

Modified polyurethanes, polyamides and polyanhydrides may be used as

biodegradable polymers.

0 PII O O
/U\ R R N )J\ /“\
07 N7 o R N0
[l{ m O m m
polyurethane polyamide polyanhydride

Figure 1.6. Poly(urethane), poly(amide), poly
(anhydride). Synthetic biodegradable polymers.
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Poly(amides) contain the same amide linkage as proteins yet their rates of
degradation are so slow that they are often reported to be non-degradable.(7) The

introduction of pendant substituents decreases crystallinity and improves the rate of

degradation.

Polyanhydrides have two sites available to degradation via hydrolysis.

1.1.5. Definition of biodegradation.

There is a lack of a common consensus on a definition of biodegradation.
Many have attempted to define it and a summary of what biodegradation is may be as
follows. Biodegradation is the natural process by which organic chemicals such as
polymers are converted to smaller, simpler compounds by the action of enzymes
and/or chemical decomposition.  The process can be chemical in nature, by
oxidation or hydrolysis, or a biological degradation catalysed by enzymes. The
chemical process is homogeneous in nature, laking place throughout the amorphous
regions of the structure. The attack by enzymes iakes place initially on the polymer

surface only.

However, the true biodegradability of many of these polymers can be brought
into question. Poly(lactic acid) and poly(glycolic) acid are known to degrade into
their respective acids, which, if used in implantable devices are excreted from the
body via the Kreb’s cycle as water and carbon dioxide. It can be said that a truly
biodegradable plastic will undergo disassembly to CO, and biomass in a composting

infrastructure leaving no persistent or toxic residue.

Other terms such as ‘bioerosion’ can confuse the issue over what
biodegradation actually is. Bioerosion requires an actual loss from the polymer
which can be affected by a range of properties that cannot always be specified due to

their complex nature. Phrases such as bioadsorbable and bioresorbable refer to the

material and its degradation within the body. "



A number of standards authorities have attempted to produce definitions for

biodegradable plastics, which are listed below.”

ISO 472: 1998. A plastic designed to undergo a significant change in its
chemical structure under specific environmental conditions resulting in a loss of some
properties that may vary as measured by standard test methods appropriate to the
plastics and application in a period of time that determines its classification. The
change in chemical structure results from the action of naturally occurring micro-

organisms.

ASTM sub committee D20.96 proposal. Degradable plastics are plastic
materials that undergo bond scission in the backbone of a polymer through chemical,
biological and/or physical forces in the environment at a rate which leads to
fragmentation or disintegration of the plastics.

Japanese Biodegradable Plastic Society,(35)

Biodegradable plastics are
polymeric materials which are changed into lower molecular weight compounds
where at least one step in the degradation process is through metabolism in the

presence of naturally occurring organisms.

DIN 103.2 working group on biodegradable polymers. Biodegradation of a

plastic material is a process leading to naturally occurring end products.
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1.1.6. Effect of polymer structure on biodegradation.

The structure of a polymer affects its biodegradability and not all polymers
therefore are biodegradable. Since natural macromolecules such as starch, cellulose
and proteins are generally degraded in biological systems by hydrolysis followed by
oxidation, it is not surprising that most of the reported synthetic biodegradable
polymers also have a hydrolysable link. One of the most striking features of a
comprehensive list of biodegradable polymers is the over-whelming number of esters
and ester derivatives that have been exploited as biodegradable materials because of
the presence of a hydrolytically labile ester bond. Heterochain polymers, and in
particular those containing oxygen and/or nitrogen atoms in the main chain such as
amide, enamine, ester, urea, and urethane are all susceptible to hydrolysis‘(%)

However, since most of these polymers are hydrophobic, hydrolysis, even where it is

possible, proceeds slowly.®”

Factors which affect the degradation rate, include
hydrolysable links along the polymer backbone, electronic and steric effects,

morphology, molecular weight and physical properties such as Tg.

Since most of the enzyme catalysed reactions occur in an aqueous media, the
balance between the hydrophobic and hydrophilic nature of the polymer affects its
biodegradability. A polymer that contains both hydrophobic and hydrophobic
segments appears to biodegrade faster than polymers that contain hydrophobic

segments only.

In order for a synthetic polymer to be susceptible to enzymatic degradation,
the polymer chain must be flexible enough to fit into the active site of the enzyme.
Thus more rigid polymers are often considered to be inert to biodegradation.

1.1.6.1. Morphology.

Polyesters in particular have two distinct biodegradation phases. The first is

diffusion of water into the amorphous regions of the polymer matrix and then this is




followed by random hydrolytic chain scission. The second stage begins when the
majority of the amorphous regions have been eroded and hydrolysis is then
associated with the crystalline regions of the polymer. The degree of crystallinity of
the polymer therefore increases as degradation proceeds. It would appear that
amorphous polymers are therefore more suited to applications as biodegradable
polymers than those which have a higher degree of crystallinity. Indeed the rate of
biodegradation of ‘BIOPOL’ has been found to increase with decreasing degree of

crystallinity and this effect has also been observed in other polyesters.(38)

Proteins, unlike synthetic polymers do not have regular repeating units along
the polymer backbone and this irregularity leads to a decreased tendency to
crystallise.  This fact assists biodegradation by making the hydrolysable sites
accessible to enzymes, a property which many synthetic polymers do not posses. It
also may be reasonable to say therefore that polymers with long and irregular repeat

units are less likely to crystallise and hence may be biodegradable.
1.1.6.2. Glass transition temperature.

Since biodegradation depends largely upon diffusion of water into the
polymer matrix, the glass transition temperature (Tg) of the polymer is important. A
polymer above its Tg is likely to be flexible and hence water will be able to diffuse
into the polymer easier. Hydrolysis of the labile bonds will therefore take place more

quickly than in a polymer below its Tg.

The Tg of poly(e-caprolactone) samples can be altered by co-polymerisation.

The Tg of co-polymers can be estimated using the Fox equation:

(1/Tg) = (Wi/Tgi)r + (Wo/Tg2)> 1.1.

Where W; and W5, refer to the mass fractions of monomers 1 and 2.
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Only those polymers with a Tg below body temperature are in a rubbery state
and exhibit a high permeability. This becomes evident as a comparison of the

permeability of PLA with co-polymers of increasing poly(g-caprolactone) content.

1.1.6.3. Effect of polymer structure and molecular weight.

It is apparent that synthetic polymers are generally biodegradable to different
extents depending on chain coupling (ester >ether> amide > urethane) and molecular

weight (lower > higher).

There have been many studies on the effect of molecular weight on the
biodegradation of plastic materials.” Many of the differences observed are so small
as to be negligible. Plastics however do remain relatively immune to microbial attack
as long as the molecular weight remains high. Despite this it has been found that the
crystallinity of poly(e-caprolactone) varies with its molecular weight and for
molecular weights of 100000 and greater the crystallinity 1s around 40%. When the
molecular weight is lowered to 5000, the percentage of crystallinity increases to
around 80%. Since the degree of crystallinity is vital in considering the rate of
degradation, it can be seen that the molecular weight of a polymer will affect its

degradation.

The hydrophobic/hydrophilic nature of the polymer will also affect the rate of
degradation of a polymer sample. It has been stated that the degradation of
hydrophilic polymers is faster than that of hydrophobic ones. However as a rider it is
important to note that if a polymer is water soluble, then that should not be taken to
mean that it 1s biodegradable(”) Considering the case of PLA and PGA, the ester
groups of PGA are more sensitive to degradation than those of PLA. The rate of
hydrolysis of PGA is faster than that for PLA therefore. The same can be said when
comparing poly(a-hydroxy acids) and poly(e-caprolactone). Poly(g-caprolactone)
with its longer alkyl chain is more hydrophobic than PLA and PGA and the rate of

degradation is known to be much slower.
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1.2. Polymerisation reactions.

1.2.1. Introduction.

The formation of polymers can be classified into two different mechanisms,
condensation (step growth) and chain growth (addition) reactions, a distinction
depending both upon the mechanism of the reaction, and the polymerisation product.

This distinction was first made by Carothers and co-workers in the late 1920°s.“”

Step growth polymers, which include poly(esters) and poly(amides) are
formed from polyfunctional molecules which have been reacted together with the
elimination of a small molecule such as water but which can also be ammonia,
hydrogen chloride or carbon dioxide. Step growth polymerisation however does not
necessarily always involve the loss of a small molecule. Poly(urethanes) for example
may be formed by the reaction of a diisocyanate with a diol, a reaction which does
not involve the elimination of any molecule. This reaction is made possible because
of the highly electrophilic nature of the carbon atom in the isocyanate.*” A typical
example of a step growth reaction would be the polyesterification reaction involving

a diol and a diacid.

HO—R—OH + HOOC—R'—COOH s=——=== HO—R—0CO—R'—COOH + HyO

Figure 1.7. Poly condensation of diacid and diol

Should the water be removed as it is produced, then no equilibrium is
established and the reaction proceeds until long polymer chains are formed. The
formation of polymers of high molecular weight is therefore difficult using step
growth reactions. Such reactions are often carried out at high temperatures in order
to facilitate both fast reaction times and to aid the removal of the small molecule
produced (H;O in this example). To achieve the high molecular weights which are

synonymous with high conversions then the equilibrium in fig 1.7. must be displaced
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towards the right (the polymer). This is commonly achieved by a decrease in the
pressure of the reaction system which may however result in the loss of a small

amount of reactants.

When Flory analysed the kinetics of step growth reactions, he assumed that
the functional groups present in the momomeric and polymeric species are both
equally reactive. Thus monomer is equally likely to react with both monomer and
polymer. Carothers set forth a relationship between the degree of polymerisation and
the extent of the reaction which is known as the Carothers equation. The number of
repeat units of the polymer is equal to the number of bifunctional monomers present
at the start of the reaction. The number average degree of polymerisation (DF,) 1s
defined therefore as the average number of repeat units per polymer chain and is
given as total number of monomer molecules present divided by the number present

at time 7,

DP” = [M](/[M]() -~ ]\/,/N(; 1.2.

where », = Number molecules at time, t.
If we combine this with an equation for the extent of the reaction p,
[M] = [M]o-[M]op = [M]o(1-p) 1.3.
or
N( o N(}( ] "p)
then we can see that

DP,= No/Ne(1-p) 1.4.

=1/(1-p)
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Equation 1.4. 1/(1-p) is the Carothers equation and is valid for the step
growth reaction of two difunctional molecules. Using this equation it can be seen
that the degree of polymerisation is dependent on the extent of the reaction. If p =
0.9, (i.e. 90% conversion), then DF, = 10 and when p = 0.99, (i.e. 99% conversion),
then DP, = 100. Thus as the reaction proceeds, the rate of increase of DF, with time
decreases. From this it can be deduced that for high molecular weights to be formed
then unpractically long reaction times are required. In order to produce a polymer of
a desired molecular weight, the reaction must be stopped at a certain time and hence
a certain value of p. In order to do this accurately, the amounts of each reactant in
the mixture must be carefully controlled. An accurately controlled stoicheometric
imbalance of reactants can also be used in order to produce a polymer of the desired

molecular weight.

Chain growth polymerisations proceed via the successive addition of a
monomer to a growing polymer chain end. The growth at this active centre leads to
the formation of a macromolecule in which propagation continues until termination,
which may be either via transfer reaction or a terminating agent. Chain growth
polymerisation proceeds with at least three distinct reactions, initiation where the
active centre is formed, propagation, which is a series of identical events, namely the
repeated addition of a monomer unit to the active centre, and termination or transfer
where the growing chain is destroyed. Unlike in the case of condensation
polymerisation where the polymer is a residue of the monomer, a polymer formed by

step growth polymerisation has the same composition as the monomer used.

Chain growth polymerisation itself can be divided into different classes
according to the nature of the growing end. It may be an ionic species, either anionic
or cationic, a free radical, or a co-ordination system such as Ziegler-Natta or

metathesis systems where the monomer is bonded to the initiator or catalyst species.




1.2.2. Ring opening polymerisation.

Ring opening polymerisation can be said to bridge the gap between step
growth and chain growth polymerisation mechanisms. Poly(esters), poly(ethers) and
poly(carbonates) may be synthesised by both polymerisation techniques, e.g. poly
condensation reactions of alcohols and acids, and by chain growth reactions such as
the ring opening polymerisation of lactones, cyclic ethers and cyclic carbonates
respectively. A general expression for the ring opening polymerisation is shown as
the following general equation in which a cyclic molecule is opened to produce a

linear polymer:

mof Sx ~EC,,—~X

A%

m

Figure 1.8. General equation for ring opening polymerisation

The functional group, X, may be one of a number of hetero atoms, such as
oxygen, nitrogen, sulfur, phosphorous, silicon, a combination of two or more hetero
atoms, or a functional group e.g. a vinylic bond, an ester or amide group etc. The
polymers which result from the ring opening of these monomers, with the exception
of cycloalkenes, possess the respective functional groups along the polymer

backbone.

In order for the ring opening to proceed, the thermodynamics of the ring

- 42
opening must be favourable *”

and therefore not all cyclic molecules are suitable for
ring opening reactions. The tendency towards polymerisation of a cyclic monomer
depends partly upon the existence of, and the extent of any ring strain, the reactivity
of any functional groups within the ring, the polymerisation conditions and the
initiator used. The primary driving force for the ring opening of small rings however,

is the relief of the ring strain present. The nature of any substituents which may be

present on the ring can also affect the polymerisation of cyclic monomers.




1.2.2.1 Ring strain in cyclic molecules.

It is well known that sp’ hybridised carbon has a tetrahedral structure and
that it possesses an angle between unstrained bonds of 109.5°. The concept of angle
strain comes from the compression or expansion of a bond from the ideal tetrahedral
angle. In cycloalkanes, the ring can pucker in order to adopt a more stable form
which allows the bond angles to be as close to tetrahedral or 109.5° as possible. A
greater degree of stability is attained therefore when ring strain is lower. Considering
specific cycloalkanes, the three and four membered rings of cyclopropane and
cyclobutane are highly strained whereas the six membered ring of cyclohexane, in its

chair as opposed to boat form, is totally unstrained.

The main constituents of ring strain are bond angle strain, bond stretching or
compression, repulsion between eclipsed hydrogen atoms (conformational strain,
bond torsion), and non bonding interactions between substituents attached to
different parts of the ring."”  Substituents on cyclic monomers in general have a
detrimental effect on the ring opening polymerisation. The polymerisation of
unsubstituted caprolactam has been widely reported, whereas the substituted lactams,
3-methylcaprolactam and N-methylcaprolactam cannot be polymerised " The
reduced reactivity of N-substituted lactams is presumably due to steric hindrance at

the reaction site.

A plot of ring size versus ring strain in cycloalkanes is shown below in figure
1 9. This shows the decrease in ring strain as we move from the quite highly strained
three and four membered rings of cyclopropane and butane to the totally unstrained
ring of cyclohexane. Larger rings are still strained although when compared to
cyclopropane and butane, deviations from the normal tetrahedral bond of angle of

109.5° are less and therefore ring strain is lower.
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Figure 1.9. Cycloalkane strain versus ring size @

For cyclic molecules of ring size five to seven, the thermodynamic parameters

upon which ring opening polymerisation depends are determined by the chemical

structure of monomer.

1.2.2.2. Ring strain in lactones.

The thermodynamic polymerisability of cyclic monomers can be estimated by
the change in free energy of polymerisation during ring opening. The size and nature
of the ring are important factors in determining the free energy of ring opening. As
was discussed in the previous section, cyclic molecules possess bond angles which
differ from those in a linear molecule. The extent of the deviation from this angle 1s
an indication of the ring strain present in the monomer. Table 1.2. shows the

deviation from the n-ester bond angle values which are found in common lactones.
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Bond angle (°)

Ring Size C-0-(C=0) | O-(C=)-C_ | C-C-C
v-butyrolactone 5 109.0 1103 102.1
v-valerolactone 5 109.0 110.4 102.1
3- valerolactone 6 121.0 114.9 113.9
g-caprolactone 7 1255 117.6 114.4
Equilibrium value 109.5 110.0 110.5

Table 1.2. Comparison of bond angles of lactones. o)

In can be seen that as the size of the lactone ring increases from five to seven,
that the deviation of the bond angle from the equilibrium value, i.e. that of a linear
ester also increases. Comparison of this data with the values shown in the graph
below, fig 1.10., show that ring strain correlates with bond angle distortion. We

therefore say that the ring strain in lactones increases as ring size increase from 5 to

7.

120

Cyclo alkane
1001

B [actone
methyl substituted ladone

i e-caprolactone

Ring strain (kJ mol-1}
3

8

Ring size

Figure 1.10. Ring strain in cyclo alkanes and lactones

The polymerisability of cyclic monomers can also be estimated by the change
of free energy of polymerisation during ring opening. @9 A prerequisite for a ring
opening reaction to proceed Is that it has to be a thermodynamically favourable

reaction. The free energy of the polymerisation is given by equation 1.5

w
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AG,<0 and AG, = AH,, - TAS,. 1.5.

Providing that the polymer has the same repeat unit as the monomer, then the
free energy of polymerisation is independent of the polymerisation mechanism. The
free energy of ring opening is however affected by the size, nature, and substituents
on the ring. Values for the free energy of ring opening of lactone monomers, (AG,)

are shown in the table below for lactones of ring size S, 6, and 7.

Ring Size AG, (kJ mol™")
v-butyrolactone 5 +12.6
d- valerolactone 6 -80
g-caprolactone 7 -12.8

Table 1.3. Values of free energy of ring opening for lactones of increasing ring size.

(46)

[t can be seen from this data that the ring opening polymerisation of the five
membered ring y-butyrolactone can be considered to be thermodynamically
unfavourable whilst the ring opening polymerisation of &-valerolactone and e-
caprolactone would appear to be favourable, a statement supported by the published

literature.

In order to summarise this data on ring opening of different sized lactones,

table 1.4. shows the polymerisability of lactones from $-propiolactone upwards

I
(V4]



Ring size J

4 5 6 7 8 9+
+ - + + + +
Table 1.4. Polymerisability of lactones

(+ polymerises, - does not polymerise)

Thus only the five membered rings of y-butyrolactone and y-valerolactone are

unpolymerisable.

A negative value of AG, however is not necessarily an indication that a cyclic
molecule will partake in ring opening polymerisation. Indeed the AG, value for all
cycloalkanes with the exception of cyclohexane is negative,“s’ yet there is no ring
opening polymerisation of any of these molecules. This is due however to a lack of
any catalysts which are suitable for the ring opening of such molecules rather than an

actual thermodynamic reason.

1.2.3. Ring opening polymerisation of g-caprolactone and other

lactones.

The polymerisation of a lactone was first reported in 1903 when Beisswenger
and Fichter reported that -valerolactone polymerised after a short length of time.“”
The formation of poly(e-caprolactone) via the ring opening polymerisaton of a
lactone was first reported by Carothers in the 1930°s.**) Carothers was also the first

to notice that the five membered rings of y-butyrolactone and y-valerolactone would

not polymerise.

The ring opening polymerisation of lactones does provide a convenient route
to poly(esters) which 1s unimpeded by the long reaction times and high temperatures

which are characteristic of condensation polymerisations. The polymerisation of &-



caprolactone can be effected by five different mechanisms and these can be roughly

divided into the following classes, anionic, cationic, co-ordination, free radical and

enzymatic, which will be discussed within the next few pages. Each of these
methods affords different degrees of control of polymer characteristics, namely

molecular weight, molecular weight distribution, and end groups nature.
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1.2.4. Anienic polymerisation

A variety of basic initiators have been used to initiate anionic polymerisation
including covalent or ionic metal amides such as NaNH,, LiN(C>Hs),, hydroxides,
cyanides, phosphines, amines or organometallic compounds such as alky! lithium
compounds. Szwarc and co-workers™ have also investigated the polymerisation of
styrene using sodium napthalenide, a radical anion. The reaction involves the
transfer of an electron from the sodium to napthalene. This radical anion then
transfers an electron to a vinylic monomer such as styrene to form a styryl radical

anion.

1.2.4.1. Anionic polymerisation of e-caprolactone

The anionic polymerisation of g-caprolactone has been widely reported. A
vast number of initiator systems, over 50 in fact, have been reported to be suitable
for the ring opening polymerisation of lactones. Initiation is most common with
alkali metal alkyls and alcoholates such as #-, s-, ¢-butyl lithium, lithium or potassium

tert-butoxide or lithium diisopropylamide.

0] ();)
R“m R 63 0

> —  » R—C—(CH);—0

Figure 1.11 Mechanism of anionic polymerisation of lactones.

Organolithum compounds are a common method of initiating the

G0 and n-, s- °” and - butyl

polymerisation of g-caprolactone ®” Lithium /-butoxide
lithium along with lithium diisopropylamine are all known to be suitable for the ring

opening polymerisation of &-caprolactone. The rate of reaction using lithium alkyl




initiators is fast with quantitative conversion being achieved in less than 6 minutes. It
was found by Morton and Wu®” that the molecular weight distribution broadens as
the reaction proceeds, indicating the presence of the transesterification reactions
discussed in section 1242  When transesterification does occur often the
polymerisation proceeds with the formation of a linear polymer which is then
followed by back biting reactions which break down the polymer into cyclic

: 31-32
oligomers. ©'7%

1.2.4.2. Inter and intra molecular transesterification reactions.

In the anionic ring opening polymerisation of lactones, chain transfer to the
ester linkages on the polymer chain may take place and this is known as a ‘back
biting’ reaction.  This phenomenon was first reported by Yamashita and co-
workers®? and results in the formation of cyclic oligomers and an accompanying

broadening of the molecular weight distribution of the polymer.

A mechanism for these intra and inter molecular transesterification reactions

is as follows:

L
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Propagation:

O
1 0 k 9 0

Intra molecular transesterification (back biting) formation of

macrocycles:

O O ﬁ) (H)

el I : k I . rh
%C—(CHz)s~()}C—*(CHZ);0 — > —C— (=0 + L—(CHQ)S(ﬂ—]]

L \L’// 1

This can be reversed by the reaction of a growing species and a

macrocyclic polymer:

0 0 0 0
i | i N
—C—(CHys=0 + cw—(cnz)j(ﬁ—] > —C— (CHYs O} C—(CHy)s—O

Inter molecular transesterification takes place according to the following
mechanism

i i 0
—C—(CH,)s—O _+ ‘EC““(CH'J)S "O}C —(CHy)s —O—

0 0
I I -
—_— s «EC—(CHZ)S—O;); | —C—(CHy;~O

Figure 1.12. Transesterification reactions in the polymerisation of (g-capro)lactone
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with anionic initiator species. ©”

The use of pseudoanionic co-ordination systems such as aluminium alkoxides
allows the polymerisation to proceed without significant formation of macrocycles.
The back biting reaction and propagation are essentially two different reactions,
having rate constants k, and k, respectively. It can be expected therefore that the

formation of macrocyclic molecules should be dependent in some way on the ratio of
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kyo/ky. 1t can be assumed therefore that if &, is much greater than 4, then propagation
will predominate over back biting and a linear polymer will result. Slomkowski and
co-workers found that the formation of macrocycles can be kinetically suppressed by
the use of initiators which produce active species with a reduced reactivity. ®*>”
Indeed the polymerisation of g-caprolactone using aluminium alkoxide initiators is
known to be slower than the polymerisation initiated with other anionic initiators.
With an increase in the use of biodegradable poly(esters) derived from lactones in

biomedical applications, the requirement for well defined linear polymers is becoming

ever more important.

1.2.5. Free radical polymerisation

Polymerisation of unsaturated monomers may be brought about by the use of
anionic, cationic or radical species. A free radical is an atomic or molecular species
whose normal bonding has been modified so that an unpaired electron remains

associated with the new structure.

Radical polymerisation consists of three steps, initiation, propagation and
termination. Initiation comprises the formation of the radical, often by the homolytic
dissociation of a species such as the thermal decomposition of benzoyl peroxide, or
the photolytic degradation of AIBN (azobisisobutyronitrile). Whilst decomposition
of the initiator species may be quantitative, it may be so that not all radicals will
initiate chain propagation. Primary recombination may occur when two radicals

combine to form an inactive species.
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Figure 1.13. Decomposition of benzoyl peroxide to form radical species

The second stage of initiation is the addition of this radical to the first
monomer molecule in order to produce the chain initiating species M. Propagation

then proceeds via the successive addition of monomer M until termination.

Propagation could continue until all monomer has been consumed but free
radicals are particularly reactive species and this is likely to lead to termination. Two
radicals may react with each other via combination, leading to the formation of a

polymer of increased molecular weight.

2

Figure 1.14. Termination via combination

Disproportionation which involves the abstraction of a hydrogen from one

end to give two dead polymers can also occur.
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N~y :
CHy + CHx_~_ — > "Ncp, + > CH;

Figure 1.15. Termination via disproportionation

Termination may occur via either or both mechanisms, depending on the
reaction conditions. The readiness at which these termination reactions can take
place means that polymers produced via a free radical mechanism often have a broad
molecular weight distribution. Controlled radical polymerisation methods can be
used to limit termination and transfer reactions although they are outside the limits of

this study.

1.2.5.1. Free radical polymerisation to form poly(e-caprolactone).

Whilst the use of anionic, cationic, co-ordination, and enzymatic methods of
initiating the ring opening polymerisation of g-caprolactone are commonly reported,
investigations into free radical techniques are rare. Indeed the actual polymerisation
of e-caprolactone using free radical techniques appears to be unreported. More
commonly, the free radical polymerisation of an isomer of g-caprolactone, 2-
methylene-1,3-dioxepane (MDO) (figure 1.16.) is utilised on order to produce
poly(g-caprolactone). MDO in the presence of radical initiators such as AIBN or
DTBP, can undergo ring opening polymerisation to form poly(g-caprolactone) via a
free radical mechanism. This method can also be used to form co-polymers with
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other vinylic monomers such as styrene, ethylene or methacrylates.
because of the exocylic vinyl bond present in MDO, this method of polymerisation
does not necessarily produce a polymer which is 100% poly(g-caprolactone). Cyclic
ketene acetals such as MDO can also polymerise without ring opening to form a

substituted polymer with pendant acetal groups.
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Figure 1.16. Reaction between MDO and AIBN

Bailey et al®® reported the polymerisation of cyclic ketene acetals at 125% in
-BuOH using AIBN (azobisisobutyronitrile) or DTBP (ditert-butyl peroxide)
initiator. 1t was found by the use of 'H and ’C NMR analysis that in the formation
of poly(e-caprolactone) the ring opening of MDO was quantitative using this
technique. MDO was also copolymerised with various vinylic monomers and again
propagation proceeded entirely via ring opening and only poly(g-caprolactone)-co-
poly(vinyl monomer) was formed, there was no propagation of MDO without ring
opening. Jin and Gonsalves®” co-polymerised MDO with various vinyl phosphorous
compounds to introduce phosphonic acid and dimethylphosphonate groups into a

polymeric-inorganic hybrid material.

Whilst MDO appears to be a commercially unavailable product, presumably
because of high cost, the use of this technique would afford an economical route to
otherwise inaccessible co-polymers with such as styrene, methyl methacrylate and
vinyl acetate. Other methods of producing these co-polymers such as the use of
bromo terminated poly(e-caprolactone) and ATRP techniques may be more suitable
for producing the well defined polymers which conventional radical mechanisms

would appear to be unable to do.
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1.2.6. Cationic polymerisation.

Various initiators can be used to bring about the polymerisation of monomers
with electron releasing substituents. These may include protonic or Brensted acids
such as HCI, H,SO,, HCIO,. The initiation of olefins is brought about by the
protonation of the double bond. Care must be taken in selecting an initiator where
the anion is not highly electrophillic as this can terminate the protonated bond by the

formation of a covalent bond.

Initiation/propagation

CH,=CH + HCl ——> CH3——5H(C1‘)

Termination via covalent bond formation

Cl

|
-—»5H(Cl) —> (CH,—CH

0 ©

Figure 1.17. Initiation, propagation and termination of cationic polymeriasation

using protonic/ Brensted acid initiators.

This method of drawing the anion close to the cationic propagating species

shows that the ionic species do not exist as free ions but as ion pairs. The nature of
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the ion pair is dependent upon the polarity of the solvent used in the polymerisation,

a phenomenon discussed fully in section 1.2.10.

A much more important method of initiating the cationic polymerisation of
vinylic monomers is the use of Lewis acids. These include metal halides such as,
BF;, AICl;, TiCly, SnCly, organometallic derivatives including RAICl,, R,AICI or
R:Al and oxy halides, POCl;, CrO,Cl, or VOCl;. On their own however, Lewis
acids are not particularly active and they require the use of a co-catalyst to act as a
proton donor. Common co-catalysts can be divided into to two sub classes, proton
donors e.g. water or alcohols, and cation donors such as 7-butyl chloride or
triphenylmethyl flouride. An example would be the polymerisation of isobutylene by
dry boron flouride which is dormant under anhydrous conditions. When trace

amounts of water are added however the reaction is rapid.

+ -
BF3 + Hy0 === H [BF30H]

H[BF3OH] + (CHs),C=CH, —— (CH3);C*[BF;OHJ"

Figure 1.18. Reaction of catalyst complex with 1sobutylene

The nature of the co-catalyst complex can dramatically affect the rate of the
polymerisation reaction.  The activity of the initiator-co-catalyst complex 1s
dependent on its ability to donate a proton or cation to the monomer, which in turn

depends upon the initiator, co-catalyst and monomer.

Termination reactions in cationic polymerisations are thought to take place by

a unimolecular rearrangement of the ion pair;
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\
\/\(:4r \/\CH:CH2 4 H—}—

Figure 1.19. Termination via unimolecular rearrangement of the ion pair

or alternatively via bimolecular transfer reaction with a monomer;,

R, f‘{ H
\/\C+ . CHZ———”C‘ . \/\CH:CR2+ C[_L’__(L/Jr

R, H }‘{

Figure 1.20. Termination via bimolecular transfer reaction with a monomer

1.2.6.1. Cationic ring opening polymerisation of g-caprolactone.

The cationic ring opening polymerisation of g-caprolactone, and other
Jactones, has been studied comparatively little, especially when compared to anionic
and co-ordination systems.  The first reported cationic polymerisation of &-
caprolactone was with the allyl carbocation derived from AgPFg and allyl chloride.®®
The reaction however was very slow with only 75% conversion being achieved in 3
days. A number of broad types of cationic initiators have been used to polymerise €-

(59-60)

caprolactone including, acetylium perchlorate methyl

triflouromethanesulfonate’®”, metal halides'®”, halonium salts.®® A novel approach
to the cationic polymerisation of -caprolactone was reported in 1991 by Djelali and
co-workers.®¥  g-Caprolactone was polymerised to a high molecular weight using
metallic (V, Ti, Cr, Al, Hg) cations which had been generated electrochemically in

. . i . 65 . .
situ using sacrificial anodes. Tsubokawa et al® also polymerised various lactones

using acylium perchlorate which had been grafted onto carbon fibre particles.

67




Two different mechanisms for the polymerisation of e-caprolactone using
cationic species have been formulated.  Since a lactone molecule has two
nucleophilic centres, which are the endo and exocyclic oxygen atoms then the exact
mechanism of cationic polymerisation depends upon which of these centres is
attacked. Attack at the exocyclic (carbonyl) oxygen leads to the formation of an
oxonium ion active species. eqn 1 in figure 1.21. and alkyl oxygen bond scission. An
attack at the lactone’s endocyclic oxygen atom produces an acylium cation from the

scission of the acyl oxygen bond (eqn 2. below).

Cationic attack at exocyclic oxygen:

O
0]

Cationic attack at endocyclic oxygen:

0] 0 "
RO(CH,);—C Eé
+ ) (lﬁ/l{
RT 4 _— —_— e

R

(eqn 1)

(eqn 2)

this is followed by alkyl-oxygen bond scission forming an oxonium cation

)

(eqn 3)

Figure 1.21. Mechanism of cationic polymerisation ofs-caprolactone(“)
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During the polymerisation reaction, when initiated using cationic species,
lactones undergo transesterification reactions including the back biting reactions that

also occur during anionic polymerisations

1.2.7. Co-ordination polymerisation.

1.2.7.1. Co-ordination or insertion polymerisation of lactones.

Co-ordination polymerisation is one of the most versatile methods of
preparing poly(lactones) and co-polymers of lactones and lactides. This technique
affords control of molecular weights, high conversions and control of the nature of
the polymer end groups. As discussed in section 1.2.4.1., lactones, when
polymerised by ionic mechanisms, have a tendency to undergo side reactions which
lead to the formation of macrocycles. The use of pseudoanionic co-ordination
systems such as aluminium alkoxides allows polymerisation to proceed without the
formation of macrocycles. In such systems the rate of transesterification when
compared to the rate of propagation is slow, leading to linear polyesters with a
narrow molecular weight distribution. Hence the kinetics of the reaction may be
used to control the extent of the side reactions which lead to the formation of

macrocycles.

Another extremely useful facet of a polymerisation reaction involving the
insertion of the monomer unit into an active initiator bond is the incorporation of
catalyst residue into the polymer to form a functionally terminated polymer. Further
to this, the co-ordination-insertion mechanism allows the polymerisation of

substituted lactones without racemisation of the polymer.((’(”

In general all covalent metal alkoxides with free p or d orbitals react as co-
ordination or complexation initiators and not as ionic initiators. Many different

transition metal compounds have been used in the co-ordination polymerisation of -



caprolactone and indeed other lactones. These include aluminium alkoxides (see

{66-68) (69-71) (6 67)

section 1.3), tin alkoxides, % titanium alkoxides,

tin octoate, tin halides

(67)

. . . .o 7 . . 68. 73
zirconium alkoxides,” alkyl aluminium compounds,'™ zinc alkoxides,® ™ alkyl

74-79) (82-84)

zinc compounds,’ samarium complexes,*”*" yttrium alkoxides.

Zinc metal has also been used by Vert and co-workers™ in the co-
polymerisation of L-lactide and s-caprolactone although they do report little to
elucidate the actual mechanism of the polymerisation. Other papers report the
polymerisation of lactones with zinc compounds. Both Doi and Tanahashi® and

87) 1

Lenz and co-workers"” have reported the polymerisation of B-butyrolactone with a

(88-91)

ZnEty/H,0 and  AlEt:/H,O systems respectively. Zinc compounds are
particularly useful as initiators for the polymerisation of g-caprolactone for
biomedical uses. Zinc is a trace metal found in the body and hence catalyst residues

may cause less toxicity problems than other metal species such as tin or aluminium.

Trialkyl aluminium compounds and primary amines have been used in

9 . ~
2 The mechanism of

conjunction to initiate the polymerisation of e-caprolactone
this polymerisation, involving the co-ordination of an alkyl aluminium/amine complex
with the lactone results in the formation of an amine terminated poly(g-caprolactone)
chain. It has been proved that the amine has merely co-ordinated with and not
reacted with the alkyl aluminium to form an aluminium amine initiator. Teyssie and

his co-workers concluded that this system did in fact display living characteristics

rather like the similar aluminium alkoxide initiated reactions.

Tin compounds are widely used as initiators for the ring opening
polymerisation of lactones. Whilst tin octoate (Sn(OOct)) in particular is widely
used for the polymerisation of g-caprolactone, the mechanism of the polymerisation
is under some debate. According to Penczek and co-workers® in THF, the
polymerisation proceeds via an active tin(Il) alkoxide bond formed from Sn(Oct),.
When n-butanol and Sn(Oct), are reacted at 80°c in THF as a solvent, 2-

ethylhexanoic acid and/or butyl 2-ethylhexanoate are formed. This led to the

70




conclusion that an exchange product, (Octan-O-Sn-OBu) is formed which acts as an

initiator, e.g.:

Sn(Oct)y + BUOH === OctSn—OBu + OctH+ OctSnOH

O
O
O I
OctSn—OBu + ——» OctSn—0—(CH,);—C—OBu

Propagation then takes place via the insertion of the monomer (e-
caprolactone here) into an active tin alkoxide bond.

Figure 1.22. Tin octoate polymerisation mechanism

However, results from the same group also suggest that intentionally
introducing octanoic acid into the reaction shows that a reversible activation-

deactivation step takes place during the polymerisation:

O o)
Il I
0ctSn—O0—(CH,)s —C—O0Bu + OctH === OctSnOct + HO— (CH,)s —C—0OBu

active growing species dormant molecule

Figure 1.23. active-dormant species in tin octoate polymerisation of e-caprolactone

Penczek et al reported that for the polymerisation of g-caprolactone using tin
octoate, that no transfer reactions are present, except transesterification reactions,
which broadens the molecular weight distribution by increasing the weight average
molecular weight M., rather than decreasing M, — This is probably due to the
existence of bimolecular transesterification. They do however report that this

method of polymerising e-caprolactone is a living system, indicated by a linear
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dependence of -In{1-M,[P,)/((114.14)[CL)y)} with time, where [F,] is the

concentration of growing species and [CL], is the initial monomer concentration.

Other studies into the polymerisation of lactones using tin alkoxides have
found that the most likely mechanism for the polymerisation is also of a co-ordination
insertion type. In their studies into the polymerisation of £-D,L-butyrolactone with
butyl tin methoxides, Kricheldorf and co-workers® have found that side reactions
may take place other than the formation of cyclic oligomers due to back biting
transesterification reactions. They propose that an elimination process such as the
one displayed in figure 1.24. may be present in reactions which proceed via an

insertion mechanism.

cl‘,H3 ?H:

Figure 1.24. Side reactions in tin alkoxide initiated polymerisation of g-caprolactone

They proved that the polymerisation proceeds via cleavage of the acyl oxygen bond

of the lactone as opposed to the alkyl oxygen bond.

More exotic systems involving the use of rare earth metal complexes have
also been reported. Evans and Katsumata®™' used divalent samarium compounds as
initiators for the polymerisation of g-caprolactone. — Samarium iodide, alkyls,
metallocene, and amides, all complexed with THF have been used as initiators. All
the systems produced polymers in quantitative conversion although the molecular
weight distributions (polydispersity) were broad and in the region of 1.3 - 3.2. The
authors report that the species retain their ability for further propagation once all the
monomer has been consumed, an indication that the system may be living. They do

not however offer any kinetic details in support of this.
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Yttrium alkoxides have also been used for the polymerisation of g-
caprolactone alkoxides. The yttrium alkoxide, tris(2,6-di-fert-butylphenoxy)yttrium
is reported as being inactive as an initiator for the polymerisation of g-caprolactone

)

due to it’s sterically hindered nature.®” The less sterically hindered yttrium

(82)

trilsopropoxide’™ is a more suitable initiator formed by the reaction of tris(2,6-di-

fert-butylphenoxy)yttrium and 7sopropyl alcohol.

Strongly basic lanthanide compounds have to be avoided however because

. . . . . . P 84
side reactions are encountered identical to those using purely anionic initiators.*"

1.2.8. Enymatic polymerisation of lactones.

The utilisation of enzymatic methods of initiating the ring opening
polymerisation of lactones is a recently reported phenomenon. Kohn and co-
workers” reported the synthesis of poly(e-caprolactone) using the enzyme porcine
pancreatic lipase (PPL). The reaction was very slow however with conversions
approaching 100% only after around 26 days. The molecular weight distribution of
the polymer produced in this reaction is unreported however. Uyama and
Kobayashi'” polymerised e-caprolactone using lipase enzymes 7 flourescens,
Candida cylindracea and PPL. They reported that P flourescens gave a polymer of
molecular weight M, = 7700 with a conversion of 92% after 10 days. MacDonald
and his co-workers®” also polymerised e-caprolactone using PPL catalyst and
butanol mitiator. They achieved 100% conversion after 4 days at 65° with a

17 reported the

polydispersity of between 1.4 and 1.9 in heptane. Nobes et a
polymerisation of lactones other than g-caprolactone (f-propiolactone, [3-
butyrolactone and y-butyrolactone) to form poly(hydroxyalkanoates) of varying
molecular weights.  Their work however vyielded little more than oligomers of
molecular weights of no more than 1000 for all reactions except e-e-caprolactone ,

and one with -propiolactone, which was subsequently repeated and yielded a low

molecular weight polymer.  Other papers have reported the ring opening

(99-102) 101)

polymerisation of lactones catalysed by enzymes. All except Bisht""” and




Henderson''"> however have failed to produce anything that could be considered
more than an oligomer, although Bisht’s work on the polymerisation of -
pentadecalactone did produce high molecular weight polymers with a molecular
weight of around 35000, albeit with a polydispersity of 2.4. One major drawback of
these reactions is the very long length of time they require. A reaction time of nearly
60 days has been reported in some cases before quantitative conversion 1s

. ()
achieved.®

Henderson and co-workers'"? have reported that the polymerisation of &-
caprolactone using PPL as the catalyst and »-butylamine initiator can be considered
to be a living system. Plotting M, against conversion and a derivation of
log([M]o/[M],) against time, they obtained linear plots indicating a lack of transfer
reactions and proving that monomer consumption follows first order kinetics.
However, it can also be said that for low values of M,, the presence or lack of chain

transfer cannot be observed from M, versus conversion plots.
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1.2.9. Living polymerisation.

A living system can be described as a polymerisation in which propagation
proceeds in the absence of termination or transfer reactions until all monomer has
been consumed. It has also been proposed that the growing chains remain active
indefinitely once all monomer has been consumed. This hypothesis has been
reviewed slightly in recent years to be defined as that the chains remain active for a
period sufficiently long enough for further monomer addition or reaction to be
completed. However, whatever the definition used, in a polymerisation which is
considered to be living, the rate constant of termination and transfer are equal to
Zero.

.o . . . 3
Living polymerisation was first described by Szwarc."""”

He reported the
reaction of styrene with sodium naphthalenide and the accompanying colour change
from green to red. On the subsequent addition of more styrene, the red colour
remained and the solvent boiled. It was concluded therefore that the red solution
was active and that the styrene was polymerising exothermically. After destroying
the active species with the addition of methanol, it was found that all of the styrene
had been converted into poly(styrene). The reaction was discovered to have been
free of any termination or chain transfer reactions and the resulting polymer chains
had retained capacity for growth """ Thus the term /iving polymers became applied
to those polymers which retained their ability to grow whenever monomer 1S
supplied. ~This lack of a formal termination step is a very useful tool in the

preparation of block copolymers when sequential addition of monomer can be made

to a reaction once the initial polymerisation has been concluded.

A living system will only remain so if the reaction is not terminated, either
deliberately or accidentally, by the inclusion of trace impurities in the reaction
medium. Moisture on or in the reaction vessel leads to the termination of living
anionic polymerisation reaction by forming a hydroxy anion which is insufficiently

nucleophilic to reinitiate polymerisation.  Oxygen and carbon dioxide from the




atmosphere are also capable of terminating anionic polymerisation reactions by
adding to the propagating species and forming peroxy and carboxyl anions. Strictly
controlled reaction conditions in which all traces of these terminating agents are
excluded are neccesary.

1.2.9.1. Kineties of living polymerisations."""

A living polymerisation involves no formal termination step, and so the

reaction scheme shown below will hold true,

XY 5> X' +Y
X' +Y +M-> YM; + X Initiation
YMy+ X +M—> YM, + X' Propagation

Scheme 1.1. Reaction scheme of living polymerisation
It can be assumed that the initiator is completely dissociated in the solvent
before the monomer is added. Under these conditions when monomer is brought

into contact with the initiator, all the chains will be initiated at the same time, leading

to a polymer with a narrow molecular weight distribution.

If the mitial initiator concentration is [I], [YM;] = [I] if all the initiator is

converted to propagating centres and then the rate of propagation is,

-d[M] = &, [YM][M] 1.6.
dt

since the monomer concentration is expected to decay in a first order manner
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In[M]y = k,[1]¢ 1.7.
[M]

Thus a linear graph of In{[M]y/[M]} vs time which indicates the
concentration of propagating centres is constant if the reaction is living and the

reaction 1s first order in monomer.

1.2.10. Effect of solvent on polymerisation.

The nature of the solvent can have a profound effect on the polymerisation.
A solvent must be able to dissolve the monomer, initiator and the polymer being
formed and not react with any of these species or the propagating centre. Using
alkali metal alkyl initiators in the solvents of low dielectric constant (g) which are
commonly used in polymerisations, such as toluene, the alkali metal cation i1s
associated with the anion. Carbanion pairs form a significant proportion of active
centres in polar solvents such as dioxane, although dissociation into free ions does
occur. Whilst the extent of this dissociation is limited in THF, it cannot be ignored
because the reactivity of free anions is much greater than that of the corresponding
ion pairs. lon pairs can exist in solution in different forms, from the covalent species

through separated ion pairs to free ions.

So depending on solvent, temperature and gegen ion, the active species can

be present in several forms as summarised in the scheme below.
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e —— N B ] . —_— N —
Y SNRem SNSRI SR M
Covalent Species Contact lon Pawr Solvent Separated Free lons
lon Parrs
Species favoured Species favoured 1
m less polar solvents more polar solvents

Scheme 1.2. Ion pair forms present in solvents on differing solvent polarity.

Any of these species may be active in the polymerisation of monomers but it
is unlikely that all will be present in a given solvent. In low polarity solvents the
species on the left of the scheme above are favoured, whilst those on the right are the
species that are present in solvents of higher polarity. Such highly polar solvents are
desirable for ionic polymerisations but are often not used because they either destroy
the initiator, (e.g. water, alcohol) or form stable complexes with it (e.g. ketones)."'"”
The covalent species found in solvents of lower polarity are often unreactive and can
usually be ignored. In solvents that have an electron donating group, such as
dioxane (¢ = 7.3), the solvent is able to complex with the cation, especially in
cationic polymerisations and in co-ordination systems with aluminium metal centres.
If more than one propagating species is present in the reaction, and if conversion
between ion pairs, solvent separated and free ions is rapid, then the propagating
species will exist in each of the forms at different times in the reaction. The rate of
propagation is therefore an average of the rate for each active species. However,
should one form be much more reactive than the rest, and assuming rapid exchange
between each, then the molecular weight and distribution will be associated with the
taster propagating species. If the propagating species do not interconvert, i.e. there
are two or more distinct propagating centres, then the molecular weight distribution
will be bt or even multi modal, with each peak representing a separate growing

species.
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In general, the rate constant of propagation will be higher for free ions than
that of the same reaction involving an ion pair. Thus for purely ionic reactions, the
rate of propagation is faster in solvents of a higher polarity those in less polar media.
However for systems involving the polymerisation of lactones with alkyl aluminium
alkoxides the opposite is true. It has been found that for polymerisations in toluene,
THF and acetonitrile (respective dielectric constants = 2.4, 7.6, and 37.5) that the
rate of polymerisation decreased as the dielectric constant of the solvent
increased "% This observation is indicative of a co-ordination system such as this.
If the polymerisation involved ionic species, then the propagation rate would
decrease as the dielectric constant of the reaction media increased. However, the
rate of polymerisation in THF using this system is effected by the co-ordination of

the solvent molecules with the catalyst.




1.3. Aluminium alkoxide initiators.

1.3.1. Introduction.

It was reported by Teyssie and co-workers over twenty years ago that the
living polymerisation of -caprolactone and other lactones could be promoted by
bimetallic (Al,Co) or (Zn,Al) p-oxo alkoxides """  Since then aluminium
trialkoxides and alkyl aluminium alkoxides (figure 1.25) have been used for the ring
opening polymerisation of lactones lactides and cyclic anhydrides.((’g’ 92, 106, 110-124, 135
BN The use of such initiators, and the living mechanism associated with them allows
the avoidance of formation of cyclic oligomers and leads to linear chains of a

predictable molecular weight and a narrow molecular weight distribution. The use of

other metal alkoxide initiators has been reported in the literature, including

e 125 : 82) ,+ (66, 68) L2 68) - . (68 . : 68
lithium,' )y’[trlum,“’ )i, ¥ titanium,®® zinc,“® and zirconium, "
OR R’ OR
/ / /
RO—AI RO—AI RO—AI
\ \ \
OR R' R‘
Alummium trialkoxide dialkyl aluminium alkoxide alkyl aluminium dialkoxide

Figure 1.25. Structure of aluminium alkoxides

1.3.2. Bimetallic p-oxoalkoxides.

A reproducible preparation of well defined compounds containing several
metal atoms linked together by p-oxo bridges was first reported by Osgan and
Teyssie in 19672 The nature of the catalyst, having the formula depicted in figure
126. below, can be altered by changing the nature of the metals My (A",
Ti"™..)and M,"(Zn, Co, Fe, Mo,..) and of the alkoxide groups, (isopropoxy, n- or
sec-butoxy,...). These initiators have been synthesised by the thermal condensation
between aluminium isopropoxide and (Zn) acetate in a 2:1 molar ratio at around

200°C in decalin for 8 hours."”
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(RO),.1-M-0-M,"-0-M,"-(OR),,.,

Figure 1.26 Structure of bimetallic pi-oxoalkoxide.

The polymerisation of lactones promoted by such initiators is unimpeded by
transfer or termination under aprotic conditions and the concentration of propagating
species remains constant throughout. These observations, characteristic of living
polymerisations, have been observed for all polymerisable lactones in the presence of
both #-butoxy and iso-propoxy Zn,Al p-oxoalkoxides. The mechanism of chain
propagation has also been determined. The lactone molecule is found to insert into
the AI-OR bond of the catalyst, this involves an acyl oxygen cleavage of the lactone
ring. The insertion occurs in a manner which maintains the binding of the chain to
the catalyst through an alkoxide rather than carboxylate link. This corresponds to a
co-ordinated anionic insertion mechanism. It appears that the number of growing
chains per catalyst molecule varies with the catalyst composition and the mean
degree of association. The polymer resulting from this polymerisation possesses a
terminal hydroxyl group from the hydrolysis of the catalyst and the other end group
is fixed by the nature of the initial alkoxide initiator. Hence a method for the

production of telechelic polyesters is available using bimetallic p-oxoalkoxides.

The high solubility of bimetallic p-oxoalkoxides in organic solvents can be
attributed to a co-ordinative association in solution, resulting in an aggregated
structure. This phenomenon is due to the presence of a lone pair of electrons on the
alkoxide oxygen which will occupy the vacant co-ordination position on the metal
atoms. The mean degree of aggregation is lower in more polar solvents such as
dichloromethane when compared to n-heptane and lower when linear (n-butoxy)

alkoxide groups are replaced by bulkier (iso-propoxy) groups.
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It has been reported '*” that the co-ordinative association of the bimetallic pi-
oxoalkoxides in solution effects the kinetics of the polymerisation. The e-
polymerisation of caprolactone is first order in monomer using toluene as a solvent.
However as the concentration of monomer is increased, the rate constant appears to
decrease. This can be attributed to an increase in the dielectric constant (g)
increasing with the monomer concentration. Changing the nature of the metals,
alkoxide groups, solvent and temperature does not alter the order in monomer. The
order in catalyst does however depend upon the structure of the alkoxide used and

thus the degree of association.

1.3.3. Aluminium Trialkoxides.

Aluminium alkoxides such as aluminium trizsopropoxide have been used for

7

around 40 years as initiators for ring opening ;:)olymerisation‘(12 Aluminium

triisopropoxide, in particular, is well known as an effective initiator for the living ring

(72) (122,123)

opening polymerisation (ROP) of e-caprolactone, ™ lactides. and cychc

- 128
anhydrides.'"?

1.3.3.1. Mechanism of polymerisation initiated with aluminium trialkoxides.

Earlier it was mentioned that bimetallic up-oxoalkoxides initiate the
polymerisation of lactones via the scission of the acyl oxygen bond of the lactone.
Kinetic and structural data support the notion that the polymerisation proceeds via
the same ‘co-ordination-insertion’ type mechanism with monomer insertion into the

active Al-O bond.

The first step of the reaction with lactones is the complexation or co-
ordination of monomers at the most nucleophilic site of the lactone, the carbonyl
oxygen. The next step is the insertion of the lactone into the metal alkoxide bond via

a cleavage of the acyl oxygen bond of the lactone. The name ‘co-ordination-
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insertion” mechanism affords a clear distinction between such a reaction and one
involving free tons or ion pairs. Reaction begins with co-ordination of monomer and

Initiator,

Which is followed by insertion of the lactone into the active Al-O bond via

the acyl oxygen cleavage in the monomer

0]
I /
RO—C- (C H2)5 _O—Al\"——

Propagation then continues by the same mechanism

Figure 1.27. Co-ordination-insertion mechanism of polymerisation of a lactone

Shelton et al'”® proposed a different mechanism for the polymerisation of lactones

using aluminum alkoxides. They assumed m-complexation of the monomer with the




aluminium centres as shown in figure 1.28 followed by localization and formation of

a sigma bond between aluminium and oxygen.

| N

| CH, —Al—

AN O O % 0

—Al— —_—3 N

O—Al + \<> ar ():<>‘CH3
0

Figure 1.28. n-complexation of the monomer with the aluminium centres

Propagation then occurs by attack of the oxonium ion by the acyl oxygen of

the lactone and reformation of the oxonium ion.

Figurel.29. Propagation and reformation of oxonium ion.

A cyclic intermediate 1s formed and this retained throughout the reaction as

the polymer chain grows.
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1.3.4. Aggregation of alkoxide species.

Aluminium based initiators are known to have a high tendency to aggregate.
The growing species are also known to aggregate in the same manner despite the size
of the alkoxy moiety (the growing polymer) increasing. Penzcek'*” calculated the
degree of aggregation m and used this to determine the corresponding equilibrium

constants K, and rate constant k.

Assuming that only the non aggregated species (P,) partake in propagation and that

the aggregated species ((P,)n) are inactive then,

Ky 1.8.

(Pn*)m —— mPn*

kp

Pt M P o Py

reversibility of the propagation step is ignored because (1] < 107 mol/l

and then assuming

(o =[Pa] + m[(Py)] 1.9.
but if [1]o is high then [(P,)m] >> [Pa ] and thus,
[(Po)w] = [1]o/m 1.10.
then using equation 1.8.

[Pa] = K [P )] ™ 1.11.

and combining equations 1.10 and 1.11




Pn* — (l/n'l)ljmKaI}Lm[I]olim 1'12.

and then the kinetic solution to scheme 1.8. 1s

-d[MJ/dt = k,[M](1/m)"™K,"™[1],"™ 1.13.

where [M] is the instantaneous monomer concentration,

then,

In([M]o/[M]) = (1/m)"™k,K,"™[1]"™ t 1.14.
and thus

In{(1/t) In((M]o/[M])} = In[(1/m)1/mk,K.1/m] + (1/m)In[1], 1.15.

and so a plot of -In{(1/t) In([M]o/[M])} against -In[1], will have a gradient of 1/m, the
reciprocal of the mean degree of association. Since {(1/t) In([M]y/[M])} 1s equal to
the gradient of a first order plot of In([M]y/[M],) against time, which is equal to 4,
then a plot of ~In(k,) against ~In[I], will have a slope equal to m, the mean degree of

association/

1.3.4.1. Aluminium frialkoxides

Alkyl aluminium alkoxides and aluminium alkoxides are known to co-

: . : 100, 113, 118
ordinate or aggregate in solution"** )

A study by Teyssie and co-workers focused upon the co-ordinative structure
of aluminium triisopropoxide in toluene both before and after the addition of a co-

(129)

ordinating monomer. They found that according to Al NMR, an equilibrium

exists between the trimer and tetramer species of Al(iPrO); in toluene. Addition of
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the non polymerisable lactone y-butyrolactone resulted in this equilibrium being
altered leading to a monomeric alkoxide species. It was postulated that these
‘monomeric’ species are in fact trisolvated six co-ordinate Al(iPrO);(monomer)s

complexes.

CL

CL . : _,IOiPY

reactive and e 1P1071'}l~ -CL
unreactive aggregates iPro CL

Figure 1.30. trisolvated six co-ordinate Al(iPrO);(monomer); complexes

In a further paper concerning the kinetics of lactone polymerisation using

(9 gtudied the structure and co-ordinative

aluminium trizsopropoxide, Teyssie
association of the propagating species. They found that the number of active sites on

the catalyst in dependent upon the monomer used (table 1.5).

Initiator Monomer Solvent nor/ Al
Al(1PrO); lactide toluene 3.0
Al(PrO); g-caprolactone toluene 1.0
AlGPTO)s g-caprolactone THF 1.0

Et,AIOCH,CH; g-caprolactone toluene 1.0

Table 1.5. Number of active sites per initiator molecule.

The polymerisations of both lactide and g-caprolactone were found to be
living in toluene at 0°C and 70°C. From a plot of Dpn against monomer/initiator
ratio it appeared that each alkoxide group participated in the polymerisation of
lactide, nor/Al = 3.0. In contrast nor/Al = 1.0 when g-caprolactone was being
polymerised. Thus one and three chains are respectively being grown per aluminium
atom. In the case of e-caprolactone, it may be that there is one poly(e-caprolactone)
chain per aluminium atom or that only a fraction of the Al(iPrO); initiates but then
each molecule propagates three poly(g-caprolactone) chains per aluminium atom.
Teyssie differentiated between these proposals using viscosity measurements on the

chains before and after deactivation.
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They found that when lactide is polymerised by Al(iPrO)s, the degree of
association of the living chains (DA = 3) agreed with the mean number of active
alkoxide groups per chain (nor/Al = 3). However in the case of the polymerisation
of e-caprolactone, the degree of association was higher with an aged Al(iPrO);
solution (DA = 11.3) than nor/Al which is equal to 1.0. The aged solution contained
a 45/55 ratio of three and four aggregated species, As/Asy. The degree of association
when freshly prepared Al(iPrO); was used decreased to 2.75, where the Al(iPrO);
solution comprised 90% of the A; species. The authors concluded that there was an
equilibrium between A; and A4 species and that it is an important equilibrium.
Penzcek also concluded that there may be inter molecular co-coordinative

. . . 138
interactions taking place."™”

The average degree of association m was calculated to be the same (m=1) for
both lactide and e-caprolactone in toluene indicating that the living aluminium
trialkoxide centres do not associate in toluene. The value of DA = 3 obtained for
lactide polymerisation is obtained because of the three armed shaped growing chains.
Provided that the unreactive A, aggregates are taken into account, then the same
conclusion holds for g-caprolactone polymerisation.  Al(iPrO); tetramer is much
more stable than the trimer, hence the assumption that the active species in the

polymerisation of e-caprolactone is a trimer.
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Figure 1.31. Initiator in presence and absence of monomer.

The nature of the solvent does not appear to have an effect on the average
number of active alkoxide groups per aluminium; it was found that the number of
active alkoxide sites per aluminium was, nor/Al = 1 in both THF and toluene."*”
Teyssie et al’® observed that the rate of polymerisation of e-caprolactone was
slower in THF than in toluene. Since THF is a well known solvating agent, the ether

oxygen is able to compete with the carbonyl groups of lactones and lactides for co-

ordination on the aluminium.

Penzcek"*” found that both the molecular weights and molecular weight
distribution of poly(L,L-lactide) were affected by the aggregation form of the
aluminium trifsopropoxide. Experimentally determined M, values were found to be
close to calculated values when aluminium triisopropoxide trimer Az was used as an
initiator. This indicates an absence of side reactions, quantitative initiation, and since
M, increased linearly with time, that the polymerisation was living. However when
polymerisation was brought about with the tetramer A, M, values exceeded
theoretical values, presumably because of slow initiation. ~Molecular weight
distribution was found to be slightly higher for polymer prepared with the aluminium
triisopropoxide tetramer As. The MWD was found to increase with conversion,

supposedly because of side reactions such as inter molecular transesterification.
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1.3.4.2 Alky! aluminium alkoxides.

Dialkyl aluminium alkoxides are also known to be associated as dimers or
trimers in the solid state or in solution. The alkyl substituent does have an effect on
the mean degree of association. When the alkyl group is small such as ethyl, then
trimers are formed. Dimers are formed when the alkyl group is bulkier such as

isobutyl.

Each alkoxide group is known to participate in the polymerisation of &-
caprolactone and lactide. In contrast to this the alkyl groups are considered to be

. . Co. 41-142
inactive under normally anhydrous conditions."**¥

1.3.5. Transesterification or ‘back biting’ reactions.

Studies of anionic and cationic polymerisations of e-caprolactone and &-
valerolactone indicate that ionic chain ends promote transesterification reactions.
Intramolecular transesterifications cause degradation and formation of cyclic
oligomers whilst infermolecular transesterification modifies the sequence of co-
polymers which prevents the formation of block copolymers. Both of these
mechanisms can cause a broadening of the molecular weight distribution of the

polymer sample.

Kricheldorf and co-workers® compared the effect different metal alkoxides
had on the extent of tranesterification. Commercially available poly(e-caprolactone)
was dissolved in an inert solvent and combined with, aluminium, zinc, titanium,
zirconium and tin alkoxides at 100°C and 150°C. The extent of degradation was
measured and the results summarised. It was found that aluminium trizsopropoxide
did not induce back biting reactions even after 4 days at 150°C. The order of
reactivity of the alkoxides towards back biting was Al(O-i-Pr); < Zn(O-n-Pr) < Ti(O-
n-Bu)s < Bu;SnOMe < Bu,Sn(OMe),.
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Modification of the active centre of initiators leads to a change in the
mechanism of propagation and they decrease the reactivity of the formation of
macrocycles."*” This can be summarised by the ratio k,/k, where k, and k, represent
the rates of propagation with monomer and back biting leading to formation of
macrocycles respectively. It was found that the use of diethyl aluminium methoxide
in the polymerisation of g-caprolactone led to the formation of linear molecules by
kinetic enhancement of the linear polymer.®” An initiator where k, >> k, would lead

to the formation of linear molecules over cyclics.

Penzcek '® did however state that side reactions leading to the formation of
macrocycles and intermolecular tranesterification are unimportant until the reaction
has reached greater than 99% conversion. This is presumably because the monomer
is a much more reactive species than the polymer. Once the reaction has approached
quantitative conversion, then reaction with the polymer becomes more likely than

with the remaining monomer.

Teyssie "** in his paper on the polymerisation of lactides, noted that above
molecular weights of 90,000, the molecular weight distribution of the polymers
broadened with time and that percentage conversion also decreased as molecular
weight increased. This was claimed as an indication of the presence of side reactions
which were more important than at low conversions. Furthermore they reported that
intramolecular transesterification reactions can cause a decrease in the weight
average molecular weight, thus broadening the molecular weight distribution.
Intermolecular tranesterification would also increase the polydispersity. Interestingly
they also reported that the production of high molecular weight polymers, through

low initiator concentrations was much more sensitive to impurities in the reaction.

Little would appear to have been reported as regards the effect of

temperature on the tranesterification reactions present in the polymerisation of &-

| (122)

caprolactone. However Teyssie et a reported the effect of temperature on the
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tranesterification reactions in lactide polymerisations. They found that the overall
rate of polymerisation increases and that the polydispersity broadens with
temperature. For a polymerisation carried out at 75°C, the molecular weight
remained constant at long reaction times and close to the theoretical maximum value,
M, — The polydispersity and weight average molecular weight of the polymer
however broadened, which was attributed to the presence of intermolecular

transesterification.

The apparent absence of side reactions at conversions less than 99% does
suggest that propagation does not involve ionic structures. This leads further to the
suggestion that the propagation proceeds via a pseudo anionic co-ordination

72125150 found that using alkyl aluminium
g y

insertion type mechanism. Teyssie et al
alkoxide and aluminium alkoxide initiators that the polymerisation of g-caprolactone

was under kinetic control.

1.3.6 Effect of the nature of the alkyl group in alkyl aluminium

alkoxides on the polymerisation of lactones.

The nature of the alkyl group in alkyl aluminium alkoxides was found by

9 o have an effect on the formation of macrocycles after

Penczek and co-workers'
complete (99.9%) conversion. They reported that when comparing isobutyl and
ethyl alkyl groups, that formation of linear polymers is more enhanced with bulkier

alkyl substituents.

The structure of the alkyl group can affect the mean degree of association of
the initiator species in solution. Teyssie et al’"™ found that the partial order in
initiator concentration depends on the alkyl substituent. When the alkyl group was
ethyl, the partial order in initiator was 1/3, whilst the partial order in initiator was 1/2
when the alkyl group was the bulkier isobutyl group. These correspond to the

formation of trimers and dimers respectively.



1.3.7. Effect of the structure of the alkoxide group in alkyl

aluminium alkoxides on the polymerisation of lactones.

The structure of the alkoxide group is believed to have no significant effect
on the polymerisation of lactones using alkyl aluminium alkoxides. Penzcek and
Duda™* reported that the rate constant of propagation (k,) for g-caprolactone in

THF was independent of the initiator within experimental error as shown in table 1.6.

Initiator k,/L mol” s™
(C,H5),AIOCH,CHCH, 3.9x 107
(C,H;5),AI0C,Hs 3.9x 107
(i-C4Ho), AIOCH; 3.9x 107
(C2H;s), AIOCH,CHCH, NN’ 4.5x 107

Table 1.6. Rate constants of propagation
" alkoxide complexed with DMEDA

It would seem therefore that the nature of the alkoxide group in fact has no
effect on the observed rate constant of polymerisation. The addition of an amine,
N, N-dimethyl-N -ethylethylene diamine(DMEDA) presumably prevents the alkoxides
aggregating thus increasing slightly the rate of propagation.

011129 4150 investigated the effect of the alkoxide

Teyssie and co-workers
group on the rate of polymerisation. The polymerisation of e-caprolactone using

various aluminium alkoxides showed little or no variation in the polymerisation rate.



1.3.8.  Effect of the solvent on polymerisations initiated by

aluminium alkoxides.

Biela and Duda " studied the effect of the solvent on the polymerisation of
g-caprolactone using dialkyl aluminium alkoxides. Using solvents of different
dielectric constants and solvating power, benzene, THF and acetonitrile, it was found
that the most polar solvent, acetonitrile breaks down the aggregates into not
aggregated, i.e. reactive species. In both THF and benzene the equilibrium between
aggregated (not reactive/dormant) and unaggregated species still persists but at low

concentrations the amount of aggregated species may be negligibly small.

Since both lactones and the active alkoxide centre are polar, an increase in
the solvent dielectric constant (g) should lead to an increase in the apparent rate of

(199 noted the opposite to be true for alkyl aluminium

propagation. However Duda,
alkoxides, that is the rate constant of propagation is lower in acetonitrile than in THF
and benzene. This was attributed to the specific solvation of the growing alkoxide by
the dipolar solvents. Consistent with the ‘co-ordination-insertion’ mechanism
postulated for the polymerisation of lactones using alkyl aluminium alkoxides,
substitution of toluene for more polar solvents such as THF, results in a reduction in

the observed rate of polymerisation """

In pure toluene the 2TAl NMR of diethyl aluminium bromoethoxide shows
only one absorption corresponding to a tetrahedrally co-ordinated aluminium atom."”
This is consistent with the trimer reported for ethyl substituents on aluminium
alkoxides. Dimers may also be present but *’Al NMR cannot differentiate between
the two species. When a lactone is added, a new peak is observed corresponding to
an octahedral aluminium which is attributed to the solvation of the aluminium by two
lactone molecules or the dissociation of the trimer into single alkoxide species. Since
the alkoxide is known to remain in the aggregated state during the polymerisation the

former hypothesis 1s likely to be true.
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Figure 1.32. Solvation of alkyl aluminium alkoxide by e-caprolactone in toluene.

A similar experiment carried out in THF indictes two new additional *'Al
NMR peaks which can be attributed to alkyl aluminium alkoxide trimers solvated by
one THF per aluminium, or two THF molecules per alkyl aluminium alkoxide trimer.
Again when a lactone is added, another peak is observed attributable to solvation of
the initiator by the lactone. These peaks indicate competition between the solvent

and monomer for the solvation of the aluminium atoms.

R [ELAI-OR], 3 (or 6) THE
b
L OweAl,
I.‘,l\ / \ I'HI
//\L,’ :0 —~R = lactone
MO o—al,
/N
R kL [FLAT-OR]; . 3 (or 6) monomer

Figure 1.33.. Solvation of alkyl aluminium alkoxide by THF and lactone.

Intermacromolecular aggregation interactions are apparently not disturbed by
the presence of a lactone or other monomer. The active alkyl aluminium
monoalkoxide species in THF in the presence or absence of monomers participate in
a dynamic aggregation equilibrium. When a lactone is added to the alkyl aluminium
monoalkoxide solution in THE, a cyclic trimer solvated by the monomer is formed.
The lactone insertion does need a fast reversible dissociation of the monomer
solvated aggregates in order to insert into the active alkoxide bond since the

aggregates are an inactive species. Propagating alkoxide sites are stabilised by




intermolecular co-ordinative associations, the cyclic trimers illustrated in figure 1.31

above and by association with THF.

1.3.9.  Telechelic polyesters from aluminium alkoxide initiated

polymerisations.

In section 1.3.2. it was mentioned that bimetallic p-oxoalkoxides and
aluminium isopropoxide initiate the polymerisation of lactones in such a way that the
acyl oxygen bond of the lactone is cleaved. It is characteristic of this mechanism that
the atkoxide group of the initiator forms the ‘dead’ end of the polymer. Thus using
carefully selected alkoxide groups for the initiator, it is possible to form a wide range

of telechelic polyesters.

Teyssie* reported that the end functionalisation of poly(e-caprolactone)
using alkoxide initiators could be extended to other polymerisable lactones such as 6-
valerolactone and PB-propiolactone, and lactides. They also reported that o-
hydroxy,o-X functional poly(e-caprolactone) can be coupled in quantitative
conversions with an aromatic diisocyanate or an aromatic diacid chloride. An o~
X-functional poly(g-caprolactone) of double the previous molecular weight was thus

obtained.

One of the most widely formed telechelic poly(lactones) synthesised using

.. . . . . . 116, 120
aluminium alkoxides is the vinylic terminated polymer. (e, 120y

A wide variety of
functional aluminium alkoxides have been used for the synthesis of telechelic

polymers and some of these have been summarised in table 1.7.
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Alkoxide group Functional Polymer Reference

(CH;CH,),AIOCH; PCL-OMe 113,116
(CH;CH>,),AIOCH,CH=CH, PCL-O-CH,CH=CH 113,116
(CH:CH»),AIO(CH,),Br PCL-O-(CH,),Br 113
(CH)10Br PCL-O-(CH3)0Br 111
CH;CH,AIOCH,CH,CH=CH, | PCL-O- CH,CH,CH=CH, 114

\k/% TEMPO terminated PCL 132
)\] . ~ .
- /YO suitable for ATRP with

@ styrene and other vinylic

MONOMers
TEMPO terminated PCL 115
ELAIO N—O suitable for ATRP with
styrene and other vinylic
monomers
ON —/l;q‘ City, - 0‘,,:';,, o0 133
O,N (CT1,), —Allt, SRR
Si—O—AIEt, 14
PHB-O-AIEt, PHB-b-PCL 134
. @ | 114
”3(.,:(4‘” Cl 'Iz -0 "’/\Hilg
Methacryloyl  terminated 114,120

O O—AIEt
2
‘ O—/— poly(g-caprolactone)

Table 1.7. Functional polymers synthesised using aluminium alkoxides

The synthesis of functional polymers using aluminium alkoxides follows the

same mechanism as that of normal polymers.
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132
Jerome

' and Osagawa''' have both synthesised by different routes
poly(e-caprolactone) with a 2,2.6,6-tetramethylpiperidine-1-oxyl (TEMPO) end
group. This allows the formation of poly(e-caprolactone) co-polymers with vinylic
monomers such as styrene. In both cases this TEMPO supported PCL was used as a

polymeric counter radical for the radical polymerisation of styrene with quantitative

efficiency.

Jerome and co-workers used two different approaches to the synthesis, both
resulting in the same product, a poly(styrene)-b-poly(e-caprolactone) co-polymer. In
the first method, 4-hydroxy-TEMPO was reacted with aluminium triisopropoxide to
form an aluminium alkoxide initiator (figure 1.37). This was subsequently reacted
with g-caprolactone resulting in a TEMPO terminated poly(e-caprolactone) polymer.
Subsequently, ‘living” free radical polymerisation atom transfer radical
polymerisation (ATRP) was utilised in order to polymerise styrene to form the co-
polymer. The reverse route was also used, with styrene being polymerised first prior

to the aluminium alkoxide polymerisation of g-caprolactone.
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Figure 1.34. Formation of PS-PCL diblock co-polymers using aluminium alkoxides

and ‘living’ radical polymerisation.

In a second method, tribromoethanol, was reacted with triethyl alumiium to
form an alkoxide initiator which was used to form tribromo substituted poly(e-
caprolactone). This bromo functionality was subsequently utilised in the ATRP of

methylmethacrylate using a nickel catalyst, resulting in a PMMA-5-PCL co-polymer.

In a similar method, Yoshida and Osagawa "> used 4-hydroxy TEMPO and
reacted this with triethyl aluminium. They found that reacting 4-hydroxy TEMPO
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with triethyl aluminium in a 1:1 ratio produced an inactive initiator. This was due to
TEMPO being unable to exist with the strong basicity of the alkyl aluminium,
probably producing an inactive amine compound. Secondly they reacted triethyl
aluminium with a three molar equivalent of 4-hydroxy-TEMPO. This did result in an
initiator which was suitable for the ring opening polymerisation of €-caprolactone.
This resulted in a TEMPO terminated polymer which was reacted with styrene using

benzoyl peroxide to form a diblock co-polymer.

1.3.10. Synthesis of block co-polymers using alkoxide

macroinitiators.

A natural extension to the use of functional alkoxides to produce telechelic
polymers is to use a macroinitiator in order to form a block co-polymer, in effect a

Y reacted

poly(lactone) with another polymer as end group. Gross and co-workers"?
low molecular weight (M, =2200) PHB which had been degraded from a molecular
weight of 121000 by acid catalysed methanolysis. The PHB-O-AIEt, macroinitiator
was subsequently reacted with either g-caprolactone or lactide to yield a diblock co-

polymer of predictable molecular weights (figure 1.35).
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Figure 1.35. Scheme for the preparation of PHB-b-poly(esters) by the formation of
PHB-O-AIEt, macroinitiator species and subsequent ring opening polymerisation of

g-caprolactone or lactide monomers.

In his paper concerning the formation of hydroxy terminated polymers,
Teyssie” reported the use of short dialcohol units and alkyl aluminium to form a
difunctional initiator. This was then reported to have been used as initiator for the
ring opening polymerisation of g-caprolactone forming a triblock copolymer with a
central alkyl block. As a final paragraph to this paper, the possibility of using a,o-
dihydroxy prepolymers as the diol was briefly mentioned. This would lead to the
possibility of the formation of a triblock copolymer consisting of lateral

biodegradable PCL chains.
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1.3.11. ‘Immortal’ Polymerisation of e-caprolactone.

A rather interesting paper was published by Inoue and co-workers."'” They
reported the polymerisation of g-caprolactone wusing (5, 10, 15, 20
tetraphenylporhinato) aluminium alkoxide {(TPP)AIOR} (figure 1.36).  The
polymerisation of g-caprolactone proceeded even in the presence of protic species
such as alcohols which would be expected to terminate a polymerisation initiated

with a more conventional aluminium alkoxide.

Figure 1.36. (5, 10, 15, 20 tetraphenylporhinato) aluminium alkoxide.

e-Caprolactone was polymerised using {(TPP)AIOMe} and quantitative
conversion was obtained in around 13 days at 50°C without using solvent. Methanol
was present in the system in a ratio of {(TPP)AIOMe}/MeOH = 1/9 and
{(TPP)AIOMe}/e-CL = 200. A value of M, of 2100 and M./M, of 1.12 was
achieved. It is reported that the number of polymer molecules was equal to the sum
of the number of aluminium and methanol molecules. Thus the ‘immortal’

polymerisation of g-caprolactone in the presence of methanol is apparent.
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1.4. Plan for experimental work.

The use of alkyl aluminium alkoxides as initiators for the polymerisation of lactones
and lactides gives a route to polyesters that is largely free of side reactions such as

68. 92. 106, 110-124, 133-137 116) o~ . .
© ’ 13D penzeek" found that bulkier alkoxide

transesterification
groups such as isobutyl help promote the growth of linear polymers compared to less
bulky alternatives such as ethyl. The effect of altering the structure of the alkoxide
group has also been investigated and is reported to have no effect on the

: : i 24, 143
polymerisation e g

Most of the alkoxides investigated in this context
however have been small, linear alkoxides such as methoxy, ethoxy and #-propoxy.
A greater variety of alkoxide groups have been used to synthesise functional
terminated poly(e-caprolactone) although little appears to have been reported as to
the effect of these groups on the kinetics of the polymerisation. Benzene appears to
have been a successful solvent for the polymerisation of g-caprolactone using alkyl

.o . RN . . )
aluminium alkoxide initiators although THF and acetonitrile have also been used (106.

144)

In order to help elucidate the mechanism of the polymerisation of e-caprolactone , a
series of homo-polymerisations using an alkyl aluminium alkoxide initiator will be
carried out. It is proposed that by varying the alkoxide group structure, using linear,
branched and cyclic aliphatic alkoxides, in addition to aromatic alkoxides will help
achieve this. The reaction solvent will be varied using polar and non-polar solvents,
and solvents capable and incapable of co-ordinating with the initiator. The structure

of the alkyl group will also be varied.

Gross (134) used hydroxy terminated PHB to form an alkyl aluminium alkoxide
initiator that was used to initiate the polymerisation of lactide or g-caprolactone. A
dihydroxy terminated PHBV should therefore be able to be used to form an
aluminium alkoxide initiator that can be reacted with e-caprolactone to form an ABA

type triblock co-polymer. The best reaction conditions for this reaction should have
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been identified by the preceding work involving the homo-polymerisation of e-

caprolactone.
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Chapter 2.

Experimental Techniques.

2.1. Purification of materials.

2.1.1. Solvents.

2.1.1.1 THF

Tetrahydrofuran was purchased from Fisher Chemical Co. as HPLC grade.
For use as a solvent in polymerisations it was dried over calcium hydride and distilled

under vacuum at room temperature.

2.1.1.2. Toluene

Toluene was obtained from Fisher Chemical Co. as standard lab. grade. For
use as a solvent in polymerisations it was dried over calcium hydride and distilled

under vacuum at room temperature.

2.1.1.3. Dichloromethane

Dichloromethane was bought from Romil Chemicals Company, unstabilised

99.9% purity. It was dried over calcium hydride and distilled under argon into a

dried flask immediately before use.




2.1.1.4 2.4-Pentandione

2,4-Pentandione was obtained from Aldrich Chemical Co, stored in a

refrigerator and used as supplied.

2.1.1.5. Methanol.

Methanol was supplied by Fisher Chemical Co, and used as supplied for the

precipitation of polymers.
2.1.1.6. N,N-Dimethylformamide.
Supplied as HPLC grade by Fisher Chemical Company. The solvent was

dried over calcium hydride and then distilled under vacuum at room temperature

using a vacuum line.

2.1.2. Drying agents

2.1.2.1 Calcium Hydride

Purchased from Avacado Research Chemicals and used as supplied.

2.1.2.2. Phosphorus pentoxide

From Aldrich Chemical Co. Used as supplied.

2.1.2.3 Sodium metal

Washed with n-hexane to remove oil. Tarnished surfaces were removed and

the metal was pressed into wire.
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2.1.3. Monomers

2.1.3.1 e-caprolactone

Supplied by Lancaster Synthesis Ltd. as 99+%. Dried overnight over calcium
hydride and distilled under reduced pressure, (0.05-0.2mm Hg, approx. 60°C).
Stored in a desiccator under argon.
2.1.3.2 §-valerolactone

Supplied by Lancaster Synthesis Ltd. as 99% purity. Dried overnight over
calcium hydride and distilled under reduced pressure, (0.05-0.2mm Hg, approx. 45°
C). Stored in a desiccator under argon.
2.1.3.3. Poly(hydroxybutyrate—co—valerate) (PHBYV) diol. M,=1500

Supplied by Monsanto. Dried under vacuum at 40°C for 48 hours prior to

use.

2.1.4. Others

2.1.4.1 N,N-Dimethyl—N~ethylethylenediamine (DMEDA).

Supplied by Aldrich Chemical Co. Dried over calcium hydride and distilled

under vacuum.




2.1.5. Initiators

2.1.5.1 Triisobutyl aluminium.

Supplied by Aldrich Chemical Co. as 99+% purity in a 'sure-pac’ metal
cylinder and used as supplied. Transferred to the required vessel using Schlenk

techniques.

2.1.5.2 Alkyl aluminium alkoxide

Synthesised by the following method.

Alkyl aluminium alkoxides were prepared by reaction of an alcohol and

trialkylaluminium''*".

The selected alcohol was slowly injected through a rubber
septum into a flask containing a 0.31M solution of trisobutylaluminium in toluene.
The flask had been previously dried at 240°C, flamed and purged with argon. The
solution was stirred at room temperature for 3 hours. The reaction vessel was

maintained at atmospheric pressure throughout.

Synthesis of aluminium monoalkoxides relied upon the stoicheometric
reaction of triisobutyl aluminium with a molar equivalent of the appropriate alcohol.
Similarly, the preparation of aluminium dialkoxides required the reaction of a 2 molar
equivalent of alcohol with Al(iBu);. Once formed, alkyl aluminium alkoxide

initiators were used immediately.

2.1.3.3. Macro initiators

Synthesised by the following method.

Poly(hydroxybutyrate-co-valerate) (PHBV) diol macroinitiators were

prepared by addition of triisobutylaluminium to the previously dried PHBV diol"*"
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Trizsobutylaluminium was added to excess of N,N—Dimethyl-N—ethylethylenediamine
(DMEDA) in a 1:2 ratio (1.3x 1072 6x10° mol) in 2¢m’ of dichloromethane. In a
separate ampoule 1.0g (6x10™ mol) of dried PHBV diol was dissolved in 15cm’ of
dichloromethane. The PHBV solution was then transferred to the ampoule
containing the alkyl aluminium/DMEDA/dichloromethane solution using a dried

syringe and the mixture stirred for 3 hours at room temperature.

2.2.  Polymerisation Methods

2.2.1 Homo-polymerisations.

A previously dried reaction vessel equipped with a greaseless PTFE tap was
used for polymerisations. The required solvent was distilled directly into the reaction
flask either from the dichloromethane still or from a vacuum line for all other
solvents. The monomer and then the initiator were subsequently transferred into the
reaction vessel using a dried glass syringe under an argon blanket. The polymers
synthesised were isolated by precipitation in an approximately a 10 fold excess of
cold methanol. The solid polymer was removed by filtration and then dried under

vacuum at 50°C for 24 hours.

2.2.2. Co-polymerisations

Block  co-polymers were formed by using a macroinitiator. The
macroinitiator was first formed by the method described in section 2 ] 3.3, After the
macroinitiator had been formed by stirring triisobutyl aluminium, PHBV diol and
DMEDA together in DCM for 3 hours at room temperature, the required amount of
monomer was added by a dry glass syringe using the Schlenck technique. Co-
polymerisation took place and co-polymers were isolated by precipitation in cold
methanol and then removed via vacuum filtration with a cold sintered glass funnel.

This technique did not necessarily destroy the Al-O bonds in the initiator. In order to
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remove any remaining organo aluminium compounds the product was redissolved in
approximately 75c¢m’ of 2,4-pentanedione (AcAc).  The carbonyl groups of the
AcAc co-ordinated with the aluminium atoms which were then removed. The
AcAc/PHBV-b-PCL slurry was dissolved in chloroform and then reprecipitated in
the normal way. The solid polymer was then removed by filtration before being dried

under vacuum at 50°C for 24 hours.

N
M + 3 R—Al< — LAl
CH; CH, =0~

CHy /-3

- N —

Figure 2.1. Removal of organo aluminium compounds using acetylacetone to form

aluminium acetylacetonoate.

2.2.3. Sampling reactions.

Polymerisations of this type are extremely sensitive to traces of moisture and
it is very difficult to extract samples of the polymerising system by syringe without
destroying some of the catalyst sites in the remaining liquid. To overcome this
problem an apparatus was developed to enable sample extraction without
contaminating the remaining liquid. The apparatus used for this procedure is shown
in figure 2.2 it differed from normal systems by containing a side arm constructed
from a glass HPLC column. Samples could then be removed from the reaction
without introducing impurities through the Omnifit using a syringe. The vessel was

kept at atmospheric pressure throughout using an argon bubbler.
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Figure 2.2. Sampling reaction equipment including Omnifit valve.

The preparation of the polymer solution was identical to that described

previously.

2.3. Techniques for handling air sensitive materials.

Living polymerisations are by nature, extremely sensitive to impurities

including oxygen and moisture. Solvents and reactants, where necessary, should be
handled in air free conditions. These can be achieved by using high vacuum

techniques or alternatively under an inert atmosphere using Schlenk techniques.

All glassware used for polymerisations, solvents, monomers and initiators
was cleaned thoroughly with toluene and acetone to remove any organic or polymer
residues. It was then soaked in Decon 90 to and then rinsed with acetone and dried
at 240° in an oven for at least 24 hours. It was then flamed under vacuum and

flushed with argon before use.

111



3.3.1. Vacuum Line techniques.

A larger vacuum line was used for trap to trap distillation of solvents than for

small amounts of reactants in order to save time. The main body of the vac line (see
fig 2.3.) consisted of a glass manifold connected to taps and joints to which flasks

E tap and a mercury diffusion pump connected in series. When these were used

in combination pressures as low as 10-> mmHg could be achieved, as measured using
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Fig 2.3. Vacuum Line

2.3.2. Freeze-thaw degassing

In order to distil liquids efficiently under high vacuum they first need to be

thoroughly decassed. The freeze thaw technique of degassing was carried out by
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e vessel containing the solvent in liquid nitrogen, therefore freezing the

(

nce frozen, the vessel was then opened to the vacuum line and evacuated

-

he vessel was then sealed and the contents allowed to thaw, thus
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issolved gasses. This procedure was then repeated several times until
the pressure in the manifold showed no increase when the flask containing the frozen

In some cases, this technique may be unsuitable. Such would include when
the flask containing the liquid is too large to fit into a Dewar, as when using the
solvent line, or when toluene is being distilled. Toluene has a tendency to form a
glass when frozen, which may lead to the vessel cracking whilst the toluene thawed.
In these cases the vessel is opened directly to the pump resulting in the liquid
bubbling as dissolved gases are evolved. The tap was closed when the bubbling

subsides into a slow distillation into the traps. Whilst this technique is not ideal in

some cases it is the only option available.
2.3.3. Trap to trap distillation

Degassed liquids can be distilled from vessel to vessel using a technique
known as trap to trap distillation. A flask containing degassed solvent was attached
under vacuum to the manifold and a reaction vessel was attached to the vacuum line

and evacuated before emersion in liquid nitrogen contained in a Dewar. The main

tap on the manifold is closed, the tap of the liquid containing vessel is opened and the

required volume of solvent is allowed to distil into the receiver flask.

In order to handle sensitive materials under an inert atmosphere, vessels

which required addition of further reagents were connected to an argon line. A slight

positive pressure of argon was maintained whilst the vessel was opened, usually by

the removal of a greaseless tap. Argon was then allowed to flow through the body

p——t
—
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of the tap such that the flow prevented contamination by back diffusion of moisture

and oxygen. The tap to the apparatus was removed and the materials could be added

or removed using 2 dry syringe with an argon stream flowing.

stored and handled under an dry, inert atmosphere. The dry box maintained an argon
atmosphere which was continuously recycled through absorbent columns to remove
oxygen and moisture. A BASF R311 catalyst was used to remove oxygen and a3 A
molecular sieve to absorb water. A double door port was used to place and remove
vessels from the dry box without contaminating the main atmosphere. The inner
door was sealed, the outer door opened and the apparatus placed in the port. The

port was evacuated and filled with argon three times before the inner door was

2.4. Analytical Techniques.

) 41,135
3 4.1 Gel Permeation (Size exclusion) Chromatography. )

Gel Permeation Chromatography (GPC) is normally used as an analytical
procedure for separating molecules according to their size and to obtain molecular

(@)

et £ 5 W/

ight averages (M, M, \ or information on the molecular weight distribution of

nolymers. The method depends on the use of mechanically stable, highly cross-liked

gels, which have a distribution of different pore sizes and can, by means of a steving

action, effect separation dictated by molecular volume of a polymer sample.

The non-ionic gel stationary phase is comprised of cross-linked polystyrene

particles which do not significantly swell in the carrier solvent. A range of pore sizes

f the size fractionation, which depends on two
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processes. These processes are, separation by size exclusion, which is the most
important and a dispersion process, controlled by molecular diffusion which may lead

to artificial broadening of the molecular weight distribution.

The separation process can be explained as a solute band being moved along

the column by the solvent. The solute molecules repeatedly diffuse in and out of the
nores of the packing during this passage. Larger solute molecules, which have the
largest effective volume in solut elute faster than smaller molecules because they

are less able to penetrate the pores of the column packing. Solutes of two quite
distinct sizes can be resolved into two peaks shown on the resulting chromatogram.
All peaks detected are of a finite width. Even for solutes of the same size, the elution

neak will be broader than expec cted because of the mixing effects in the injector,

The svstem used consists of a Knauer HPLC 64 pump and a filter before a

o

olymer Laboratories Sum pre column in order to remove any suspended particles.

o

o Polymer Laboratories columns, one mixed bed and one with an exclusion limit
£ 10°A were connected in series. This was later changed when the uniform pore
size column was replaced by another mixed bed column in order to improve
resolution. Unstabilised HPLC grade THF was pumped through the system at 1 em’
min” An Alltech recycler was fitted to prevent wastage of solvent. The elutent was
monitored by a Knauer differential refractometer and a Perkin-Elmer LC 85B
variable wavelength spectrometer which were connected in series. The refractometer
and UV detector were connected to a Polymer Laboratories DCU and a PC running
PL Caliber version 7.1 software to analyse the data. Only the differential

refractometer was used because the polymers synthesised showed no suitable Anax.
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Fig. 2.4. Schematic diagram of GPC apparatus
S = Solvent reservoir A = Injection port L = Valve and loop Y = Recycler
Injector
P = Pump B = Wasie GC = Guard or DCU = Delector
pre column control unit
G = Pressure gauge QP = Qutput RI = Refractometer PC = Compuler

X = Valve M = Mixed bed column UV/VIS = Spectrometer

Further to this, samples of copolymers were sent for analys

solvent at RAPRA Technology Ltd. The system

same as the system used at Aston.

2.4.1.1. Molecular weight determination.

ctually a molecular size dis

the GPC curve

The raw data GPC curve s a

a concentration sensitive detector is used and then
on. With calibration data, the raw data is

curve in weight concentrati
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molecular weight distribution curve and the respective molecular weight can be
o

A convenient method of measuring the ‘average’ chain length in a polymer
sample gives a value known as M,, the number average molecular weight. M, has
historically been measured by methods such as vapour phase osmometry, membrane
osmometry, boiling point elevation or by end group determination from titration.
One of the advantages of methods such as these lies in the fact that they are absolute.
That is they give actual molecular weights without calibration. Molecular weights
determined by GPC are only absolute if the necessary calibration was carried out
with standards of the same molecular type. If not, the molecular weights are often

given as relative to a poly(s tyrene) standard.

M., has been defined as the mass of the ample in grams, & W; or T N, Mi

divided by the total number of chains present N, which is T N;. Where W, and V; are

where /. is the GPC curve height at the ith volume increment and A the

eluted at the ith retention volume. This is assuming

molecular weight of the species €

S NiMi S Wi 2.1.

2.2

e —————————— AT



that /; is proportional to solute concentration and A is sampled in

equal volume

increments.

M., the weight average molecular weight is defined as follows

. 2 . .
Mw = Z }J}}VL — Z WiMi 2.3.

""" SNiMi Wi

> (hidi) 2.4,
M = =2
2 1

The value of M, is always bigger than M,, except for samples which are

monodisperse, when they are identical.

The ratio M. /M, is a measure of the width of the polymer molecular weight
distribution, being equal to 1 for a monodisperse system and very large for a cross

linked polymer.

A more general and meaningless value M is often used. This is often used to
denote the general term molecular weight rather than the more specific weight or

number average molecular weight.




2.4.1.2. Calibration of GPC

In order for the elution volume to be correlated to the molecular weight of

the polymer sample

LogM
-
U

2 I | | ; | i | | i
T T T 1 T ¥ T 1 T

10 11 12 13 14 N 16 17 18 19 20

Retention Time in Minutes

Figure 2.5. Calibration Curve for GPC using polystyrene standards.

In order to obtain values for M; in equations 2.1 to 2.4 it was necessary to
determine how the molecular weight of eluted polymer varied with elution volume.

This was achieved by calibrating the columns using polystyrene standards of known
molecular weight and molecular weight distribution (m/KA:) less than 1.1. The

logarithm of the molecular weight was plotted against elution volume and a 5" order

polynomial equation obtained. Figure 2.5. shows the calibration curve obtained.

Since the hydrodynamic volume of a given molecular weight varies with
polymer type, this calibration only provides absolute molecular weights for samples
of polystyrene. However it is possible to obtain molecular weights for polymers

other than the calibrant by using the universal calibration method.
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2.4.1.3. Universal Calibration.

A universal calibration curve is obtained by plotting log[n].M against the
retention volume V7, for a given carrier solvent and temperature. A universal
calibration curve can be constructed to relate Jr, which depends on the interstitial
void volume and M. assuming that the hydrodynamic volume of a macromolecule 1s
related to the product [n].M, where [n] is the intrinsic viscosity for the polymer in
the solvent used at a given temperature. The absolute molecular weight may then be
calculated using the following method. If the universal calibration curve is valid

then,

lOg [n]s A/]s = 10% [n]u Mu 2.5.

where u and s denote the unknown and standard respectively. Since chains of
equal molar mass will swell differently in the same solvent to the standard, then the
hydrodynamic volumes will not always be the same. A correction is therefore
applied based on knowledge of the Mark-Houwink relations, [n]; = K, M™s. The

molar mass 1s then

log M 1 | K. | T+v, lou M 2.6.
o = ool — |+ =~ los M.
0 M Ty v, % 1+ v, 08 M

i

Therefore a calibration curve constructed for polystyrene standards can be
used to determine M for other polymers if the Mark-Houwink Parameters are

known.
2.4.2. Nuclear magnetic resonance spectroscopy.
. . . 1 i3 : :
Fourier transform high resolution 'Hand “CN.M.R. were carried out using a

Bruker AC 300 spectrometer. Solutions of the samples were prepared in deuterated

chloroform with a small quantity of tetramethyl silane as reference. For C analysis
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the PEND ANT pulse technique was used, with methyl and methine carbons
appearing as positive peaks and methylene and quaternary carbons as negative peaks.

The spectra were analysed using WinNMR software supplied by Bruker.

121




Chapter 3.

The polymerisation of e-caprolactone using

alkyl aluminium alkoxide initiators.

In order to gain an understanding of the polymerisation of g-caprolactone
using dialkyl aluminium alkoxide initiators, it was necessary to establish the
magnitude of effects that the following variables have on the polymerisation and its
kinetics. Reaction medium, temperature, monomer and initiator structure have all
been varied in an attempt to gain an understanding of the reaction mechanism. These

variables have been dealt with in turn in the following three chapters.

3.1. The effect of the reaction medium on the polymerisation of &-

caprolactone using diisobutyl aluminium isopropoxide initiator.

3.1.1. Introduction.

Polymerisations of e-caprolactone have been carried out using a toluene
solution of diisobutyl aluminium isopropoxide as an initiator and solvents of different

polarity and donating power. The reaction conditions were,

e  Temperature 25°C
e [e-CL]=2.1ml"
e [I]=vared

e Inert atmosphere

e Toluene solvent



Aliquots of a recorded volume were withdrawn from the reaction at timed
intervals using the Omnifit apparatus described in chapter 2, section 2.2.3. The
samples were removed and placed into a weighed beaker containing approximately
10ml of THF. Methanol was added to the THF/polymer solution in order to
terminate the growing chains. The solvent was evaporated off in a fume cabinet and

then the polymer was dried to a constant weight under vacuum at 50°C.

3.1.2. The polymerisation of caprolactone using toluene as a solvent.

[1]o ml" Time (mins) % Conv M, M, MM,
4 4 5000 10400 2.1
8 6 6500 10200 1.6
3.6x107 15 17 11000 16000 1.4
(GKS06) 21 42 16800 21900 13
42 62 18700 24900 13
60 98 17400 26400 1.5
8 4.0 1900 3300 1.7
1.8 x 107 18 16.3 4700 7500 1.6
(GKS05) 28 48.8 8400 11500 1.3
34 87.6 15200 18900 1.3
20 1 - - -
35 2 - - -
1.0 x 107 60 3.6 2400 12700 2.4
(GKS27) 105 14.4 11900 18700 1.6
125 69.4 14800 24100 1.6
185 94.6 17500 25700 1.5
45 2.4 - - -
6.7 x 107 65 2.0 - - -
(GKS28) 100 11.6 10000 13500 1.30
150 - 14300 14300 2.0
275 74.0 - - -

Table 3.1. Molecular weight and conversion data for the polymerisation of

g-caprolactone using toluene as a solvent.

The expected value for the molecular weight using the first initiator
concentration ([I]o = 3.6 x 107 ml") would be 6730 at 100% conversion. Since M, =
17400 was obtained at 98% conversion it is likely that less than one chain is being

initiated per alkoxide moiety, the actual [I] is less than [I]op. The polydispersity of




the sample narrows to 1.3 at the peak molecular weight at 42 minutes and then
increases to 1.50 as molecular weight decreases. It is likely that some form of
degradation of the polymer chain is taking place once maximum conversion has been
achieved. Indeed the presence of transesterification reactions of lactides has been

reported after quantitative conversion has been reached. '**

At [[]o=1.8x 10% ml" the molecular weight expected for this reaction would
be 13300 at 100% conversion, but at 88% conversion the actual molecular weight is
15200. Again less than one chain is being initiated per alkoxide moiety, alternatively
the molecular weights are relative to a poly(styrene) standard and it may be that
these molecular weights are not actual. The polydispersity of these samples does
narrow appreciably as the reaction proceeds from 1.7 to a narrower value of 1.3 as

the reaction ends.

In the reaction carried out at [I]o = 1.0 x 10” ml”, the very small amount of
polymer produced at the start of the reaction in the first two samples prevented any
analysis by GPC being carried out. It 1s unlikely that such a low conversion is
entirely due to the presence of initiator residue because polymer has certainly been
produced. In this reaction, the initiator concentration was [I] = 1.0 x 10” ml", so
there would approximately 0.002 grams of initiator per 2ml aliquot removed from the
reaction. This equates to 0.4% so any value for the percentage conversion over
0.4% undoubtedly contains polymer. The theoretical molecular weight would be
around 26100 for this reaction, so it would appear that the molecular weight of the
samples produced is too low, possibly because of more than one alkoxide moiety per
aluminium centre being active. It is more likely that experimental error such as the

addition of an excess of initiator is the cause however.

The molecular weights of polymers produced using toluene as a solvent do
not appear to be the same as the values predicted from values of [M]o/[I]o. The
initiator efficiency is less than 100%, there is less than one chain being initiated per

alkoxide moiety. Any initiator aggregates may not be forming correctly, which may
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3.1.3. The polymerisation of e-caprolactone using THF as a solvent.

In order to ascertain the effect of polarity and donor nature of the solvent on the

propagation reactions, polymerisations were carried out in THF and the results

compared with those obtained in toluene.

[1]o ml"! Time (mins) % Conv M, M, M, JIM,
5 1.7 500 - -
9 3 1000 6000 59
14 22.9 2100 8100 38
3.6x 107 22 29.2 5100 12500 25
(GKS11) 28 333 6800 14300 2.1
37 54.2 11100 17900 1.6
50 - 12200 20100 1.7
60 - 13900 23000 1.7
15 - 4900 7900 1.6
35 16.6 9220 13800 15
1.8x 107 50 489 10900 15500 1.4
(GKS02) 65 64 .6 14800 18400 1.3
80 708 15700 20800 1.3
95 87.4 15800 21200 13
5 3 900 2900 33
10 16.7 930 2500 2.6
1.0 x 107 24 27.1 4300 10100 2.3
(GKS12) 40 375 6820 15300 22
60 56.3 11300 23600 2.1
115 982 27400 37700 1.4
35 2.1 900 - -
55 98 6500 7600 1.2
6.7 x 107 85 375 8400 13100 1.6
(GKS26) 135 86.7 12800 20200 16
165 61.4 15000 24500 16
215 773 16200 26900 16
275 999 11600 20200 1.8

Table 3.2. Molecular weight and conversion data for polymerisation of e-

caprolactone using THF as a solvent.

Considering the reaction carried out at [1]o = 3.6 x 10” ml” there seems to be

a similar degree of control over the polymerisations carried out in THF to that was
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using toluene as a solvent. At the same initiator concentration used in toluene, the
mitiator efficiency was around 37% and in THF it is about 32%. The polydispersities
are a little broader in THF compared to those obtained using toluene. A minimum
value for M/M, of 1.6 is reached in THF compared to 1.3 in toluene. It may be that
the co-ordination between the solvent and the aluminium centres discussed in section
3.1.8. 1s the reason for such a broadening. If the aluminium centre is complexed with
the solvent and an equilibrium between this and the monomer complex exists, then
this equilibrium will have an effect on the concentration of growing chain. Assuming
the solvent co-ordinated species cannot propagate then other centres, which are co-
ordinated with the monomer, will propagate and the molecular weight distribution

will broaden.

The same pattern is observed when a lower concentration of initiator is used,
[M]o=18x10?ml" The polydispersities of the polymers produced in THF (1.3) are
broader than those polymers synthesised in toluene (1.3). The initiator efficiency is
also similar to the corresponding reaction in toluene, about 73% compared to 77% in
toluene. In the polymerisation of e-caprolactone using THF as a solvent at [1], = 1.0
x 107 ml”, the theoretical molecular weight would be 26200 at 100% conversion.
Initiator efficiency is about 94% in this case, more than the corresponding reaction in

toluene or DCM.

In the reaction at [I]y = 6.7 x 107 mlI” the number average molecular weight
was 16200, which was approximately 55% of the expected molecular weight at 77%
conversion and the polydispersity increased as the reaction proceeded. It is likely
therefore that impurities entered this reaction and possibly caused the destruction of
initiating moieties and then subsequently leading to the termination of the growing

chains.
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3.1.4. The polymerisation of e-caprolactone using DCM as a solvent.

To gain and understanding of the effect which solvent polarity and donor
nature have on the propagation mechanism, polymerisations were carried out using

DCM as a solvent and the results compared with those obtained on toluene.

[1]x10° mlI" | Time (mins) % Conv M, M, MM,

25 29.6 10300 15900 1.6
1.8 x 10~ 55 45.8 14300 22000 1.6
(GKS22) 90 80.0 15900 25400 1.7
120 95.0 16700 27500 1.6

15 0.8 - - -

30 1.7 - - -
40 1.7 1400 1700 1.2
1.0 x 107 77 8.1 6500 9700 1.5
(GKS25) 97 152 7300 11200 15
115 28.1 16400 20900 13
140 31.0 15500 22000 1.4
160 38.0 18200 25700 1.4
25 1.7 1800 2300 1.3
110 252 12900 19000 15
6.7 x 10° 140 56.0 18300 29400 1.6
(GKS21) 160 28.7 16600 28700 1.7
200 74.2 17200 32900 1.9
240 91.7 25700 48600 1.9

Table 3.3. Results of the polymerisation of g-caprolactone using DCM as a

solvent.

The polymerisations carried out using DCM as a solvent also appear to have
incomplete initiation. The molecular weight in the reaction at [I}o = 1.8 x 107 ml”
should be around 13000 after all the monomer has been consumed. In this case it is
actually 16720 at 95% conversion and the molecular weight distribution is also

broader in DCM than in THF.
At a lower concentration of initiator, [IJo = 1.0 x 107 ml™, the initiator

efficiency of this reaction is still not 100%. At 100% conversion, a theoretical

molecular weight of 26200 would be expected, but at 38% conversion the molecular
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weight was 18180 which corresponds to an initiator efficiency of 55%. The
molecular weight distribution is slightly narrower than the corresponding reaction in
toluene and similar to the corresponding reaction using THF as a solvent. In the
reaction with [IJo = 6.7 x 10~ mI™ a maximum theoretical value for M, 15 39400. At
91.7% conversion the actual molecular weight is 25730. The initiator efficiency is
71%, about the same as the corresponding reactions carried out in THF and toluene.
The molecular weight distribution is probably broad because of some termination by

impurities accidentally leaking into the reaction.
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3.1.5. The polymerisation of e-caprolactone using DMF as a solvent.

DMF was chosen as an initiator because it is polar and its donor nature is
similar to that of g-caprolactam, which is known to be polymerised using aluminium

alkoxide initiators. It should therefore help to ascertain the effect of the solvent on

the propagation reactions.

(1] x10°ml" | Time (mins) % Conv M, M. MM,
3.6 x 1072 45 43 - - -
(GKS30) 115 94 - - -
1425 53.6 - - -
30 - 200 190 -
60 14.6 380 600 1.57
1.8 x 107 105 22.9 1910 2830 1.48
(GKS10) 155 33 2940 4030 1.37
300 276 4170 6120 1.47
4300 64.7 - - -
65 12 - - -
125 26 - - -
1.0 x 1072 210 1.4 - - -
(GKS31) 290 29 - - -
390 3.1 - - -
525 31.8 - - -
130 12 - - -
180 0.8 - - -
6.7 x 107 250 1.6 - - -
(GKS29) 310 12 - - -
410 2.0 - - -
1320 31 - - -

Table 3.4. Molecular weight an conversion data from the polymerisation of g-

caprolactone using DMF as a solvent.

It 1s apparent from table 3.4. that the rate of polymerisation of g-caprolactone
using diisobutyl aluminium isopropoxide as an initiator and DMF as a solvent is very
slow. Indeed, in the slowest reaction, [I}o = 6.7 x 10> ml”, only 3 percent
conversion was achieved after 22 hours. Such low conversions effectively prevent

the use of GPC in order to analyse the polymer samples obtained. One other




problem observed when using DMF as a solvent is that is insufficiently volatile for
distillation to be carried out. If a large volume is to be distilled in order to allow

aliquots to be withdrawn, then 5 to 6 hours were required for the distillation,

A further problem associated with using DMF is that the solvent is not easily
removed from the polymer sample after it has been removed from the reaction
medium. Periods of up to 7 days under vacuum have been required in order to

obtain a polymer which has been dried to a constant weight.












Assuming that the alkyl aluminium alkoxide, the monomer (g-caprolactone) or the
growing species are not ionic but still polar, then the principle of ionic nature and
solvent polarity may be extended to encompass a co-ordination reaction such as this.
The negative lactone monomer may be separated from the positive aluminium centre
in the same way two ionic species would be. Thus as solvent polarity increases, then
the distance between the monomer and initiator also increases. Teyssie's '
insistence that the time (#) is dependent upon the ability of the initiator to co-ordinate

with the monomer is supported by the increase in # with increasing solvent polarity

reported here.

The linearity of the plots after the build up period shows that the
polymerisation of g-caprolactone using diisobutyl aluminium isopropoxide is free of
termination reactions. The concentration of growing species present in the reaction
is shown to remain constant as propagation proceeds. A change in the number of
growing species present, i.e. termination reactions would show in the first order plot
as a decrease in the gradient. Such decreases in slope occur towards the end of a
reaction once the monomer concentration has decreased significantly and hence the

rate of propagation has decreased.

A linear plot should be obtained if 1/[1]o.In[M]o/[M]; is plotted against t. This plot is

obtained from the following derivation,

Z[M]/dt = k, [M][A*] 3.2.
Then

In[M]o/[M], = k,[A*]t 3.3
So












3.1.7 Plots of In(DPn,-DPn,) vs time for the polymerisation of ¢-caprolactone

using diisobutyl aluminium isopropoxide initiator.

To study the reaction kinetics, plots using the number average degree of

polymerisation, In(DPn,.-DPn,) versus time have been constructed.

Assuming that the polymerisation is living and not subject to transfer

reactions then,

DP,, = ([M]o-[M])/[1]o 3.5.
where
DP, = number average degree of polymerisation
[M]o = initial monomer concentration
[M], = monomer concentration at time /
[T]o = Initial initiator concentration, equivalent to the

concentration of growing species

the monomer concentration at time / 1s,

[M], = [M]oe-kl 3.6.

where k is the apparent rate constant and incorporates the concentration of

growing centres

Substituting 3.6 into 3.5 gives the number average degree of polymerisation

as

DP, = ([M]o-[M]oe™)/[1]o 3.7.

which simplifies to



DP, = {[M]o-(1-e")}/[1]o 3.8.
At time t = c© when all the monomer has been consumed, then
DPIW, = [M]o/[l]() 3.9.
inserting equation 3.9. into 3.8. gives
DP, = DP,,, (1-¢™) 3.10.
rearranging and taking natural logarithms gives
In{1-(DP./ Dpyr)} = -kt 3.11.
which 1s the same as
In(DP,,,-DP,) = In(DP,,)-kt 3.12.
Thus for a living polymerisation with fast initiation, a linear plot with a
negative gradient equal to the apparent rate constant of propagation and a y intercept
equal to In(Dp,.,) is obtained when In(DPn, -DPn,) is plotted against time
When a plot of In(DP,,-DP,) versus time is plotted then the value of Dpp.,
calculated from the y intercept should be equal to that calculated from the ratio
[MJo/[1lo. On occasions the actual value of Dp,, has been different from the

theoretical value and in these cases the value of Dp,,, used has been the closest match

between the actual and theoretical values as calculated from the y-axis intercept.
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toluene THF DCM DMF
£ 2.4 7.6 8.9 36.7

Table 3.5. Dielectric constants of solvents used in polymerisations.

In chapter 1, section 1.2.10., it was shown that polarity of the solvent can
have a profound effect on the reaction and its kinetics. In ionic polymerisations,

aprotic solvents generally lead to solvation of the ions.

Scheme 1.2 (page 48) describes the effect of the polarity on the structure of
the propagating species. In general low polarity solvents favour the presence of

structures on the left hand side of the equilibrium.

The covalent species on the left of the diagram is usually found to be much
less reactive than the free ions on the right. More polar solvents such as acetonitrile
or nitrobenzene are therefore expected to result in a faster rate of polymerisation
than those of a less polar nature e.g. n-alkanes and toluene. This is certainly the case

in systems such as butadiene or styrene polymerised anionically.

The apparent rate constant for the polymerisation of g-caprolactone using
difsobutyl aluminium isopropoxide was calculated from the gradient of the In(DPn,-
DPn) versus time plot. The dependence of the apparent rate constant for the
solvents used 1s displayed in table 3.6. The results obtained for the polymerisations
carried out in DMF are not displayed here because conversions were so low that
GPC. analysis was impossible. The dielectric constants of the solvents are included

in the table.
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polar solvent used (g = 2.4) appears to be the fastest when compared to THF, DCM
and DMF. This is the opposite of what would be expected if the mechanism of the
polymerisation were a purely ionic one. This may indicate, although not confirm,
that the mechanism of the polymerisation of lactones using alkyl aluminium alkoxide

INitiators is not an ionic one but a co-ordination type system.

However the dependence of rate constant on polarity of the solvent is not a
simple relationship since inspection of the data shows that contrary to expectations
that the rate of polymerisation in the next most polar solvent, THF, does not have the
next slowest rate. The rate of polymerisation in DCM (g = 8.9) appears to be faster
than that in THF (g = 7.4), a result which would not necessarily be expected. One of
two explanations may be possible. It may be that in these solvents, the reaction may
be taking place via an ionic mechanism as opposed to the co-ordination type
mechanism proposed by Jerome and Penzcek. This explanation would be feasible
because in the more polar solvent ion separation would be greater, increasing the rate
of reaction. This however would be an unlikely explanation, aluminium-oxygen
bonds are strong and dissociation of the aluminium-alkyl bond to form a carbonium

1on would be unlikely.

A more likely scenario is one in which a co-ordination mechanism occurs and
THEF participates somehow in the polymerisation, slowing the propagation rate. The
oxygen atom present in the THF ring has a lone pair and this may occupy the vacant
sp’-orbital on the aluminium atoms. Jerome and co-workers % have shown that
THF does in fact co-ordinate with diethyl aluminium ethoxide in the polymerisation
of 8-butyrolactone. It is probable therefore that this type of interaction takes place in
the reaction using diisobutyl aluminium isopropoxide. This may be summarised by

the diagram below (figure 3.13.)
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D0—AlZ —_— 0

Figure 3.13. Possible association of aluminium alkoxide and THF molecules.

If solvent participates in the polymerisation mechanism by co-ordinating with
the aluminium centres, then there could be a slower rate of propagation in THF than
may be expected. Propagation can only take place when a monomer molecule first
displaces the solvent molecule from the co-ordination sphere of the propagating
centre and then any initiator aggregate dissociates to allow propagation by
complexation of the monomer. Since an associated e-caprolactone molecule must be
displaced by the solvent before it propagates, it is unsurprising that propagation is

slower in co-ordinating solvents.

The rate of polymerisation in DMF has not been calculated because yields
have been insufficient for GPC analysis, it is clear however that the polymerisation in
this solvent is considerably slower than the other three solvents used. Percentage
conversions achieved are still low, less than 20 percent, after 24 or more hours. An
explanation for this would be similar to that for the rate of polymerisation being
slower than expected in THF.  Amines are known to co-ordinate with aluminium

(92)

alkyls via the nitrogen atom in the amine It 1s entirely possible therefore that

DMF is also co-ordinating with the aluminium atoms (figure 3.14.).
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Figure 3.14. Co-ordination of DMF with aluminium alkoxide.

Proof that using the highly polar solvent DMF results in a slowed rate of
reaction further confirms that a co-ordination mechanism rather than a purely 1onic
mechanism occurs in the polymerisation of g-caprolactone using diisobutyl

aluminium isopropoxide.

In summary, whilst the dielectric constant of the solvent increases in the order
toluene, THF, DCM, DMF, the apparent rate of polymerisation appears to follow the
order toluene>DCM>THF>DMF. Therefore the donor nature of the solvent, as well
as the dielectric constant of the solvent must also be taken into account when

considering the effect of the solvent on the polymerisation kinetics.

3.1.9. The dependence of M, on conversion

Plots of M, against percentage conversion have been constructed from the

tables of results obtained from the polymerisation of e-caprolactone using diisobutyl

aluminium isopropoxide.



















initiator is solvated in such a way that prevents initiation by each of the alkoxide
moieties. The di-alkoxide initiator, perhaps because of the bulkier alkyl and alkoxide
groups, may be forming different structures in solution. Therefore this may allow

each alkoxide group to initiate separate growing chains.

3.3. Aggregation of the initiator molecules.

3.3.1. Effect of solvent on the aggregation of initiator molecules.

It is known " that aluminium alkoxides associate in solution and this is believed to
be a feature that is transferred to the growing species, despite the increase in size of
the alkoxy moiety. Using equation 1.15 from section 1.3 4, values of In(k,) versus
In[I]o were plotted for the polymerisation of g-caprolactone using diisobutyl

aluminium 7sopropoxide in various solvents at 25°C (figure 3.21).

It 1s shown (equations 3.13 to 3.17.) that the reciprocal of the gradient of the
plot in figure 3.16 is equal to the average degree of association of the initiator
aggregates.  Thus the average degrees of association of diisobutyl aluminium
isopropoxide in solvents of differing polarity have been calculated and are displayed

in table 3 8.

Penzcek and Duda assumed that in the reversible aggregation of the growing species,
that only the non-aggregated species (P,*) are active in propagation whereas the

aggregated species ((P,*),) are not.

Ka
(Pn*)m) ————=— mPn* 3.13.
* kp ’ 3.14
Pn*+M —— »  Pn* A%

and assuming a living system, i.e. no termination reactions occur, then the total

initiator concentration [1]g is,






The results from figure 3.21 are shown in table 3.8.

Solvent Gradient Degree of
association m
Toluene 1.03 0.94
THF 1.03 0.97
DCM 1.01 0.99

Table 3.8. Degree of initiator association in three solvents.

A value for m, the average degree of association in excess of 1 would be

113 .. . L.
U9 aluminium alkoxide initiator molecules are

expected. According to Jerome
believed to aggregate in solution. The degree of association, m, calculated from the
gradient of the plots in figure 3.20 is equal to 1. It appears that no aggregated
initiator molecules are being formed using diisobutyl aluminium isopropoxide

initiator in THF, toluene or DCM.
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3.4. Effect of temperature on the rate of polymerisation.

e-Caprolactone has been polymerised using diisobutyl  aluminium
isopropoxide in toluene over a range of temperatures from -31°C to +40°C. Samples
were removed at recorded intervals, precipitated in methanol and dried to a constant

weight under vacuum.

Temperature | Time (mins) % Conv M, M, M /M,
30 18.9 7610 9760 1.28
50 15.8 10660 14160 1.33
-31°C 60 18.3 11760 15560 1.32
(GKS97) 70 22.9 14190 17960 1.27
85 29.6 15260 20140 1.32
95 33.5 16240 21640 1.33
110 43.0 16620 23120 1.39
10 6.6 4710 6080 1.29
25 19.8 7560 11390 1.51
-3°C 35 27.7 12070 15200 1.26
(GKS98) 45 37.4 13740 17760 1.29
55 449 15060 19740 1.31
65 58.8 16420 21780 1.33
8 4.0 1890 3270 1.73
25°C 18 16.3 4650 7500 1.61
(GKS03) 28 48.8 8370 11500 1.37
34 87.6 15160 18910 1.25
5 1.4 960 1370 1.43
40°C 15 19.1 7880 10040 1.27
(GKS99) 20 50.9 12160 15930 1.31
25 92.6 20650 26110 1.26
30 94 8 23650 32650 1.38

Table 3.9. Molecular weights and molecular weight distributions obtained
from samples taken from the polymerisation of g-caprolactone using
dizsobutyl aluminium isopropoxide in toluene at a range of temperatures

from-31°C to +40°C.

Poly(e-caprolactone) appears to be soluble in toluene above 25°C at all

concentrations. At lower temperatures such as -31°C, the growing polymer chains
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appear to be less soluble in toluene. At -31°C, after 95 minutes, or approximately
34% conversion, the solution became heterogeneous, there were small amounts of
solid forming on the inside of the reaction flask. After a further 15 minutes, at 43%
conversion, the polymer became totally solid and the reaction was removed from the
freezer. After being heated gently with a hair dryer, the solution became totally
homogeneous again. At -3°C the homogeneity of the reaction was also not retained
to the end of the reaction. At a higher conversion, about 45%, the reaction started to
become slightly solid and at 65 minutes or 60% conversion, it had become totally
solid. Like the solution at -31°C it also became homogeneous after warming to
room temperature.  The melting point of toluene is —95°C, lower than any
temperature achieved during the reaction. Therefore the changes observed in the
reaction solution are more likely to be as a result of a change in the solubility of the

polymer, rather than the mixture freezing,

At 40°C the reaction is much faster than at lower temperatures. The
molecular weight distribution is quite narrow, decreasing from 1.43 to 1.26 at the
end of the polymerisation before broadening slightly on prolongation of the reaction.
It is likely that a transesterification reaction begins to occur as monomer

concentration decreases.












is 3915 and therefore the activation energy for the polymerisation of g-caprolactone

using disobutyl aluminium /sopropoxide initiator in toluene is 32.5 kJ mol™.
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3.5. Transesterification reactions in the polymerisation of ¢-

caprolactone using alkyl aluminium alkoxide initiators.

The presence of back biting or tranesterification when anionic initiators are
used for the polymerisation of caprolactone is well documented ©'7? (section
1.2.42.) The polymerisation of lactones and lactides using aluminium alkoxide
initiators is known to be largely free of back-biting side reactions. An investigation
into the effect of time and temperature on the molecular weight and polydispersity of

the samples has been undertaken.

3.5.1. Effect of solvent on transesterification.

Two sealed vessels were used for the polymerisation of g-caprolactone with
diisobutyl aluminium 7sopropoxide as an initiator using toluene and THF as solvents.
The vessels were kept at 25°C and a sampled daily, carefully removing a sample
using a dry syringe under an argon blanket to ensure that there was no contamination
of the reaction by impurities. Samples were obtained by precipitation in methanol
and dried to a constant weight under vacuum at 40°C. Molecular weight was

analysed by GPC.

Toluene THF
Days M, MM, % of M, MM, % of
Mn(, Mno
0 34700 - 100 7200 1.6 100
1 32700 2.0 94 5700 2.4 79
2 27800 2.2 80 7700 - -
5 21000 2.4 60 - - -
6 20200 2.4 58 5900 1.9 81
7 18200 3.1 52 2200 4.5 3]
9 17000 2.7 48 1800 5.7 25

Table 3.10. Molecular weight and conversion data from polymerisation of e-
caprolactone over 9 days at 25°C

(M, values used due to appearance of bimodal peaks with time)












3.5.2. Effect of temperature on transesterification reactions.

The effect of temperature on the simultaneous increase in the molecular
weight distribution and decrease in molecular weight is reported in this section. An
oil bath was used to heat the solvent and monomer in a dried vessel under argon at
atmospheric pressure. When the solvent/monomer solution had reached the desired
temperature the initiator solution was added and samples removed at recorded

intervals. The samples removed were analysed by GPC and the results are in table

3.11

Table 3.11. Molecular weights obtained from the polymerisation of e-caprolactone

Temp °C | Time (mins) M, M., M. JM,
5 6870 9820 1.43
40°C 30 19460 25960 1.32
40 28340 42230 1.49
50 23760 43480 1.83
5 19720 29580 1.5
10 17900 23270 13
14 22640 41430 1.83
60°C 45 19220 40360 2.1
105 17690 35380 2
230 20730 45610 2.2
1225 15000 31500 2.1
0 2920 3210 1.1
1 35240 42290 1.2
4 22100 43760 1.98
80°C 30 20010 36220 1.81
60 14380 31630 22
200 13220 22350 1.69
1080 11420 23300 2.04
1260 10520 24840 2.36
1 700 1940 275
5 18080 32360 1.79
20 21830 40610 1.86
100°C 75 11620 24530 2.11
180 10110 23860 2.36
345 11910 24880 2.09
1380 8520 21400 2.51

at a range of temperatures from 40°C to 100°C using diisobutyl aluminium

isopropoxide initiator in toluene. ([MJo=2.1ml", [1]J0=1.8 x 10Z ml™)
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Figure 3.29. Intramolecular transesterification reaction.

Intramolecular transesterification appears to be the predominant side reaction
over intermolecular transesterification since in all cases both the number and weight
average molecular weights decrease. This is not to say however that intermol

transesterification is not taking place, merely that the effects of the intramolecular

reaction predominate over intermolecular.




Chapter 4.

The polymerisation of e-caprolactone using

functional aluminium alkoxides.

4.1. Introduction.

The polymerisation of e-caprolactone using aluminium alkoxide or dialkyl
aluminium alkoxide initiators is known to occur via a co-ordination insertion
mechanism (section 1.3.3.1.). Since the monomer complexes with the initiator, it is
likely that the immediate environment around the aluminium centre will affect the
complexing of the monomer and initiator. It was believed therefore that the
structure of both the alkoxide and alkyl groups might affect this complexation
reaction. To gain an understanding of these effects an investigation into the effects
that the structure of both the alkyl and alkoxide group have on the reaction kinetics

has therefore been carried out.

4.1.1. Synthesis of functional aluminium alkoxides

All dialkyl aluminium alkoxides initiators used were formed by the reaction
of an alcohol and the corresponding trialkyl aluminium in toluene solution.
Triisobutyl aluminium was added to dried, distilled toluene using the Schlenk
technique and the dried and distilied alcohol was then added slowly to the toluene
and alkyl aluminium solution using a dry syringe. An argon bubbler kept the vessel
at atmospheric pressure whilst isobutane was evolved. Solid alcohols such as
phenol, p-methoxy phenol and 2,6-di-zert-butyl phenol were dried under vacuum at
40°C for 48 hours and then dissolved in toluene before being added to the

toluene/alkyl aluminium solution.
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4.1.2. Functional aluminium alkoxides synthesised.

The aluminium alkoxides shown in table 4.1. have been synthesised and

used as initiators for the polymerisation of g-caprolactone. The alcohol was reacted

under the conditions previously described and stored under argon and used as

required. Each alkoxide was used as an initiator for the ring opening polymerisation

of caprolactone in toluene at 25°C.

A

X ipyBu

Alcohol

Alcohol

cyclo hexanol

p-methoxy phenol

cyclopentanol phenol /
O
2,6-di-fert-butyl
phenol
n-butanol /
\/\___O
: H,C
H;C 3 7
i-propanol f]lg ——o/ I-butanol HSC%\&"O
H,C+ H,C

Table 4.1. Alcohols used in synthesis of aluminium alkoxides
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4.1.3. Unsuccessful dialkyl aluminium alkoxide synthesis.

The synthesis of the alkoxides of p-nitrophenol and p-aminophenol was

attempted.

X= Alcohol X= Alcohol

-nitrophenol -aminophenol
praiiop NOZ@OPI P P N, —@—OH

Table 4.2. Aluminium alkoxides attempted.

The synthesis of the aluminium alkoxide of p-nitrophenol was unsuccessful. It was
found that the dried alcohol would not dissolve in toluene at room temperature.
Heating the solution to about 60°C dissolved the alcohol. Upon adding the

aluminium alkyl the nitro group reacted with the aluminium alkyl.

Dried p-aminophenol would not dissolve in toluene at any temperature and

hence it could not be used to form an aluminium alkoxide.

4.2. The polymerisation of g-caprolactone using functional

aluminium alkoxide initiators.

The reaction conditions were identical to those used for the polymerisation

of e-caprolactone using diisobutyl aluminium isopropoxide in chapter 3.

The reaction conditions were,

e  Temperature 25°C
e [e-CL]=2.1ml"
e [l]o=varied

e Inert atmosphere

e Toluene solvent

Samples were removed from the polymerisation at recorded intervals, transferred to

a beaker containing a small volume of toluene and then precipitated from methanol.
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It was found that direct precipitation in methanol made the polymer insoluble in
both THF and chloroform and GPC analysis was found subsequently to be difficult.
The solvent was removed by evaporation and the polymer was dried to a constant

welght under vacuum.

4.2.1. The polymerisation of e-caprolactone using aromatic alkoxide initiators.

Diisobutyl aluminium di-7er7-butyl phenoxide and diisobutyl aluminium p-
methoxy phenoxide were used as initiators for the polymerisation of g-caprolactone.
The polymers produced using these initiators have been compared to those produced

using diisobutyl aluminium phenoxide as an initiator.

4.2.2. The polymerisation of g-caprolactone using diisobutyl aluminium

phenoxide initiator.

Diisobutyl aluminium p-methoxyphenoxide was used as an initiator for the

polymerisation of g-caprolactone in toluene. The results are in table 4.3.

Al
1N,
@O LS

Figure 4.1. Dialkyl aluminium phenoxide.
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[1]o ml” Time (mins) % Conv M, M, My /M,
5 28 - - -
10 34 - - -
17 3.7 - - -
24 41 - - -
3.6 x 10 30 43 400 1450 3.6
(GKS51) 45 27 12160 23610 1.9
650 7.9 - - -
100 132 - - -
130 281 - - -
185 649 - - -
5 1.8 - - -
15 3.1 - -
43 10.6 4800 6800 14
1.8 x 107 65 272 12500 18000 1.5
(GKS50) 90 55.1 30400 40600 1.1
150 853 52300 103000 20
240 91.1 28200 70800 25
300 94.0 70400 114000 16
Time (mins) % Conv M, M, M./M,
10 02 - - -
40 2.0 - - -
70 35 - - -
1.0 x 102 90 5.7 - - -
(GKS52) 135 433 - - -
180 345 - - -
220 69.0 - - .
330 89.3 - -

Table 4.3. Molecular weight and conversion data from the polymerisation of &-

caprolactone using diisobutyl aluminium phenoxide as an initiator.

The samples of poly(e-caprolactone) removed from the polymerisation using
diisobutyl aluminium phenoxide initiator were difficult to dissolve in either THF or
chloroform. Molecular weight calculations using GPC were therefore difficult to

obtain. Only the GPC analysis of the reaction carried out at [I]y = 1.8 x 107 ml’

produced enough molecular weight data to be meaningful.

A plot of M, against conversion (figure 4.2) for GKSS0 shows the actual
molecular weight (solid line) is greater than the theoretical molecular weight

(dashed line). It is possible that the alkoxide initiator did not form properly or that

initiation was incomplete.
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However the plot does tend to become linear. This indicates that that the
initiation reaction is slow but it is not possible to say that transfer and termination

reactions are absent and that the polymerisation is living.

4.2.3. Diisobutyl aluminium p-methoxyphenoxide as an initiator for the

polymerisation of e-caprolactone.

Diisobutyl aluminium p-methoxyphenoxide (figure 4.4.) has also used as an

initiator for the polymerisation of g-caprolactone in toluene.

Figure 4.4. Diisobutyl aluminium p-methoxyphenoxide.
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[1]o ml™ Time (mins) % Conv M, M, M /M,
5 6.6 500 800 1.6
10 9.8 900 1600 1.8
3.6 x 107 20 240 2500 4100 1.7
(GKS65) 30 513 6000 8900 1.5
40 793 10400 14200 14
50 99.0 13600 17300 13

5 25 - - -

15 4.1 900 1400 16
30 15.3 3400 4600 14
1.8 x 107 45 71.5 18100 28900 1.6
(GKS67) 50 84.5 17800 27500 15
55 945 30000 38000 13
60 97.6 30800 39000 1.3
18 22 200 210 1.1
30 43 3300 4300 1.3
45 114 7700 10800 14
60 26.0 15800 22700 14
1.0 x 107 80 646 38900 49700 13
(GKS64) 90 952 40800 49700 12
105 80.5 42300 54500 13
130 85.2 54000 64000 12
50 211 16500 29700 1.8
6.7 x 107 57 40.0 21200 28200 1.3
(GKS66) 65 69.6 43200 54300 1.3

Table 4.5. Molecular weight and conversion data obtained from the polymerisation

of e-caprolactone using diisobutyl aluminium p-methoxyphenoxide.
Again the polymerisation of e-caprolactone using diisobutyl aluminium p-

methoxyphenoxide produces polymers with higher molecular weights than expected

from initial monomer/initiator ratios (see Figure 4.5).
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Figure 4.9. Diisobutyl aluminium di-fers-butyl phenoxide

[T} ml” Time (mins) % Conv M, M, MM,
30 6.6 - - -
3.6 x 107 70 207 37500 60700 1.6
(GKS69) 120 32.7 52500 92300 1.8
155 40.9 76300 149800 2.0
240 60.6 86500 214000 25
13 34 5400 6000 1.1
20 29 10000 19900 20
30 29 12500 22900 1.8
1.8 x 107 45 75 15000 27700 19
(GKS68) 75 8.2 23400 42200 1.8
105 98 33500 50400 1.5
160 14.8 38400 54800 14
215 18.7 40300 59500 1.4
245 13.5 45500 59500 13
285 20.0 46300 63100 13
375 34.7 - - -
30 22 - - -
75 6.5 - - -
6.7 x 107 135 13.9 31600 42900 1.4
(GKS70) 160 193 22300 28600 13
240 40.7 50100 80200 1.6
280 489 64600 116000 1.8

Table 4.5. Molecular weight and conversion data obtained from the polymerisation
of e-caprolactone using diisobutyl aluminium 2.6-di-fert-butyl phenoxide in toluene

at 25°C.

The molecular weights of the samples of polymer withdrawn from the
reaction are greater than would be expected from the initial monomer/initiator
ratios. The dashed lines in Figure 4.10. show the expected molecular weights whilst
the solid lines show the actual molecular weight obtained by GPC. It is probable

that the all of the alkoxide moieties did not take part in initiation.
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[1Jo ml” Time (mins) % Conv M, M, MM,
4 33 - - -
10 6.6 4800 6300 13
15 18.0 - - -
3.6 x 107 20 23.0 10900 15000 1.4
(GKS59) 25 383 12200 17000 1.4
30 53.8 13000 20300 16
40 981 21000 33300 16
50 96.2 18800 30400 1.6
3 34 580 900 1.5
7 40 2300 5800 1.9
1.8 x 107 15 77 3600 8300 23
(GKS60) 28 30.1 5800 10000 1.7
33 43 4 10800 14000 13
40 67.0 - - -
50 87.5 12900 21300 1.7
60 94.2 - - -
15 103 7900 10800 14
30 275 17200 23600 1.4
1.0 x 107 45 476 24300 34700 14
(GKS62) 60 729 35600 50600 1.4
75 86.2 46850 59000 13
105 977 72400 84000 12
135 96.5 59300 78600 13
180 98.1 - - -
10 2.4 4700 13900 29
22 15.0 4600 6500 1.4
32 10.7 7000 9800 1.4
45 18.8 11800 16500 14
6.7x 107 60 34.5 18400 25000 14
(GKS61) 75 60.4 - - -
90 79.7 - - -
120 97 4 - - -
150 97.7 - - -

Table 4.6. Molecular weight and conversion data obtained from the polymerisation

of e-caprolactone using diisobutyl aluminium cyclo-hexanoxide in toluene at 25°C.

o’} ™

Figure 4.14 Dialkyl aluminium cyclohexanoxide.
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effect on the reaction kinetics. It was thought that a planar alkoxide may an effect

on the reaction kinetics.

[T]o ml” Time (mins) % Conv M, M, MM,
20 52 200 200 1.0
3.6 x 107 35 15.6 330 540 1.7
(GKS87) 47 792 2900 3700 13
55 90.9 7900 10000 1.3
60 97.0 8800 11100 13
20 2.6 1800 2800 1.6
30 43 2400 2600 1.1
18 x 107 50 28.8 12800 15700 12
(GKS88) 55 36.4 15500 18800 12
60 56.3 22000 25600 1.2
70 84.2 14000 17500 1.2
105 98.6 - - -
15 14 540 910 1.7
30 93 5100 6300 12
1.0 x 167 38 258 12200 13800 1.1
(GKS89) 42 409 15600 18900 12
45 52.4 20000 23200 1.2
50 69.0 23500 28400 12
15 12 - - -
30 19 710 900 12
40 16 1200 1700 14
6.7 x 107 55 54 4100 4800 1.2
(GKS90) 70 15.1 9400 10800 1.1
85 35.1 17700 26900 15
95 593 21000 24300 1.2
120 87.3 37100 50600 1.4

Figure 4.7 Molecular weight and conversion data obtained from the polymerisation

of g-caprolactone using diisobutyl aluminium cyclopentoxide in toluene at 25°C.

Bu JBu
\C—c/,, Py
\/;_({: ,’c\mo
[\

Figure 4.17. Dialkyl aluminium cyclopentanoxide

The plot of M, against conversion (Figure 4.18) shows again that the
molecular weights of the polymers produced in these reactions are higher than

expected from initial monomer/initiator ratios (dashed lines). The actual molecular
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The plot of In(DPne-DPn) against time (figure 4.20) shows that the negative
gradient (i.e. the apparent rate constant of propagation) increases as initiator
concentration increases. The exception is the plot of In(DPn.-DPny) against time for
Mo = 1.0 x 102 ml'. This plot has a higher rate than would be expected from
comparison to the other plots using this initiator. The actual amount of initiator
added to the reaction may have been inaccurate. The plots are not linear as would
be expected from a living polymerisation. The slope of the plots and hence the
apparent rate constant of propagation increases as the polymerisation proceeds. The
concentration of active centres appears to be increasing with time. This is also
apparent from the plots of In([M]o/[M]) against time where there is a build up

period at the beginning of the reaction.

4.2.7. Diisobutyl aluminium n-butoxide as an initiator for the polymerisation of

g-caprolactone.

Previous studies had shown that the initiation of the polymerisation of &-
caprolactone was dictated by steric factors. A linear alkoxide which should hinder
the complexing of the monomer with the initiator to a lesser degree was then
chosen. This was expected to allow a greater understanding of the mechanism of

polymerisation using aluminium alkoxide initiators
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[1]o ml” Time (mins) % Conv M, My MM,
3 26.4 400 2200 51
6 46.6 1800 3800 22
9 76.9 2800 5800 2.1
3.6 x 107 12 93 .8 5900 8100 1.4
(GKS34) 15 97.0 6300 9300 1.5
20 956 6800 10200 15
25 99 9 7000 11000 16
30 98 7 7700 10600 14
45 98.9 7900 12700 1.6
5 213 2100 3700 1.7
13 47 8 - - -
17 715 12400 14600 12
1.8 x 107 20 90.1 - - -
(GKS53) 25 98.0 17200 22000 1.3
30 953 20500 26300 13
35 95.6 21600 27600 1.3
45 94. - - -
80 98 7 21700 32800 15
2 2.4 - - -
6 5.0 260 700 27
10 78 - - -
1.0 x 107 15 140 4300 5600 1.3
(GKS55) 25 37.8 8400 13000 16
35 65.5 - - -
45 72.3 14800 22800 15
60 892 29800 43200 15
90 95.6 34800 55000 16
6 02 - - -
14 4.0 - - -
25 10.1 4700 7300 1.6
6.7 x 107 35 20.6 6200 9000 1.4
(GKS56) 45 293 10100 15500 1.5
55 50.3 19100 27000 14
70 71.9 25600 39400 15
105 82.0 30300 53600 18
150 97 8 32200 54100 17

Table 4.8. Molecular weight and conversion data from the polymerisation of g-

caprolactone using diisobutyl aluminium n-butoxide in toluene at 25°C.
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4.2.8. Diisobutyl aluminium tert-butoxide as an initiator for the polymerisation

of e-caprolactone.

The effect of the structure alone of the alkoxide group may be clearly
Austrated if two isomers are used as alkoxides. Therefore as a comparison to
diisobutyl aluminium n-butoxide, fert-butyl alcohol was used to form diisobutyl

aluminium fert-butoxide (figure 4.25), which was used as an initiator for the

polymerisation of g-caprolactone.

o ml" Time (mins) % Conv

3 3.9

9 3.0

14 32

20 3.5

36x10% | 30 36
(GKS57) 45 3.2
60 43

110 5.1

140 4.9

210 6.4

275 8.3

55 1.2

125 2.6

170 43

1.8x107 1110 9.5
(GKS58) 1170 9.2
1230 10.2
1290 10.0
1350 10.9

1410 93

Table 4.9. Molecular weight data from the polymerisations of g-caprolactone using

dizsobutyl aluminium rert-butoxide in toluene at 25°C.
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4.2.9. Diisobutyl aluminium iso-propoxide as an initiator for the polymerisation

of s-caprolactone.

Since previous studies have shown that the initiation of the polymerisation
of g-caprolactone was dictated by steric factors then a secondary alkoxide,
diisobutyl aluminium iso-propoxide (figure 4.27), was used as comparison to the
linear and tertiary alkoxides, n-butoxide and tert-butoxide. The secondary alkoxide
should hinder the complexing of the monomer with the initiator to a greater degree

than the linear alkoxide n-butoxide.

[IJo ml" Time (mins) % Conv M, M, Mo/M,
4 43 5000 10400 2.1
8 6.4 6500 10200 1.6
3.6 x 107 15 17.1 11200 16000 1.4
(GKS02) 21 423 16800 21900 13
42 - 18700 24900 13
60 98.1 17400 26400 16
8 40 1900 3270 1.7
1.8 x 107 18 163 4600 7500 16
(GKS05) 28 48 8 8400 11500 14
34 87.6 15200 18900 1.3
20 1.0 - - -
35 2.0 - - -
1.0 x 107 60 36 2400 12700 2.4
(GKS27) 105 14 4 11900 18700 1.6
125 69 .4 14800 24100 1.6
185 94.6 17500 25700 15
45 24 - - -
65 2.0 - - -
6.7 x 107 100 116 10000 13500 13
(GKS28) 150 - 14300 28100 20
275 74.0 - - -

Table 4.10. Molecular weight and conversion data obtained from the
polymerisation of g-caprolactone using diisobutyl aluminium iso-propoxide

in toluene at 25°C.

Al

ci—o0" | ™
cHe” /

CH;

>

Figure 4.27. Dialkyl aluminium isopropoxide.
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The expected value for the molecular weight using this initiator with an
initial initiator concentration of [1Jo = 3.6 x 107 ml! would be approximately 6730
at 100% conversion. Since a value for M, = 17390 was obtained at 98% conversion
it is likely that less than one chain is being initiated per alkoxide moiety.  The
polydispersity of the sample narrows to 1.3 at the peak molecular weight at 42
minutes and then increases to 1.5 as molecular weight decreases. It is likely that
some form of degradation of the polymer, such as transesterification, is taking place
once maximum conversion has been achieved. Indeed the presence of

s : . - 53,68,116
transesterification reactions has been reported under such circumstances (53.68,116)

In the reaction carried out at [I}o = 1.0 x 107 ml" the very small amount of
polymer produced at the start of the reaction in the first two samples prevented any
analysis by GPC being carried out. It 1s unlikely that such a low conversion is
entirely due to the presence of initiator residue. The initiator concentration was [1]o
= 1.0 x 107 ml”, so there would approximately 0.002 grams of initiator per 2ml
aliquot removed from the reaction. This equates to 0.4% so any value for the

ercentage conversion over 0.4% undoubtedly contains olymer.
p g y poly

It is noticeable that the polydispersity of the samples decreases as the
reaction proceeds. This is indicative of a living polymerisation system in which the
rate of initiation &; is greater than that of propagation 4,. As the molecular weights
of the polymer chains increase, the small differences between the chain lengths
become statistically less significant, leading to a decrease in the distribution of chain

lengths.
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4.3. The effect of alkyl group structure on the kinetics of the

polymerisation of g-caprolactone using dialkyl aluminium alkoxide

initiators.

4.3.1. Introduction.

The structure of the alkoxide group of a dialkyl aluminium alkoxide initiator
for the polymerisation of g-caprolactone was found to have a significant effect on
the initiation, and hence propagation rate of polymerisation, molecular weight and
molecular weight distribution of the polymer produced. It was thought likely
therefore that the structure of the alkyl group would also have an effect on the
system. The effect of the structure of the alkyl group on the reaction kinetics when
using dialkyl aluminium h-butoxide initiator has been investigated by varying the
nature of the alkyl group whilst keeping the other reaction parameters constant. The

reaction conditions were,

e Temperature 25°C
e [e-CL]=21ml"
o [l]y= varied

e Inert atmosphere

e Toluene solvent
The results of these studies are summarised in table 4.8 and table 4.11 for the

polymerisation of g-caprolactone using diisobutyl aluminium n-butoxide and diethyl

aluminium #-butoxide respectively.
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[T]o ml” Time (mins) % Conv M, My MM,
4 36.5 3800 5100 1.4
8 75.6 7800 10200 13
3.6 x 107 10 97.7 12200 14100 1.2
(GKS86) 12 959 13300 16600 1.3
15 973 14200 18000 1.3
20 98 7 13500 17900 1.3
2 3.7 950 1200 13
1.8 x 107 5 12.1 3700 5200 1.4
(GKS83) 10 40.1 4500 7400 1.6
16 718 18900 23500 12
20 81.1 18100 26000 1.4
8 74 4600 5700 1.2
20 233 15200 19800 13
6.7 x 107 28 36.3 23700 27500 12
(GKS85) 33 46.5 26000 31700 1.2
38 55.4 31000 39100 1.2
45 60.9 37600 48600 13

Table 4.11. Molecular weight and conversion data obtained from the polymerisation

of e-caprolactone using diethyl aluminium a-butoxide in toluene at 25°C.

4.3.2. The effects of alkyl group structure on the dependence of In(DPn-DPn)

versus time.

Plots of In(DPn,-DPn,) against time have been constructed using the
molecular weight data shown in table 4.8 and Table 4.11. From equation 3.12 the
gradient of a plot of In(DPn.-DPn,) against time maybe used to obtain the apparent
rate of polymerisation, &,. The plots of In(DPn.-DPn) against time (figures 4.29
and 4.30) show that the apparent rate of propagation increases as the initiator
concentration increases irrespective of the initiator, diethyl or diisobutyl aluminium

alkoxide.
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Scheme 4.1.  The alkyl group hindering the approach of the monomer to the active

site.

Shelton proposed that a cyclic compound is formed afer the first monomer
insertion into the active alkoxide bond whereby the active alkoxide bond forms a
weak bond with the original alkoxide moiety (scheme 4.2. route B). This 18
statistically unlikely as there are many other sites other than the in the same polymer

chain with which the aluminium can complex with.

o
. R c<ul7)5()R A
“'Al’—o A0 A—0" » Propagatiof
e i CHy
] \
)
U 0 l B
R
i
cyclic structure l[wm —_— Propag,ﬂtio?
Scheme 4.2. Co-ordination of monomer with initiator and subsequent formation of
cyclic complex.

The strain that would exist within such a cyclic structure would also be prohibitive
to this ring enlargement mechanism being followed. If formation of a cyclic
complex does not occur and route A (Scheme 4.2.) is followed, then the alkyl

groups will still effect the complexing of monomer with initiator.
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The effect the alkyl group has on the monomer complexing with the initiator
1s 1s probably related to the volume it occupies in space. Rotation about Al-C bonds
will cause the alkyl moiety over time to occupy a greater effective volume in space.
Such movement of the alkyl moiety in space however may be beneficial to the
monomer insertion. As the alkyl group rotates in space it will periodically leave a
slightly easier route for the monomer to the alkoxide site before rotating around to

occupy a space that hinders the monomer complexing with the initiator.

In general larger, bulkier alkyl groups slow the rate of propagation by
slowing the rate at which the monomer complexes with the active aluminium
alkoxide centre. It is possible that sufficiently bulky alkyl groups may hinder
propagation totally and in combination with a bulky alkoxide group may prevent
propagation entirely. It was proved in section 4.2.8 that r-butyl alkoxide was able to

suppress propagation to a large degree.



4.4. Summary of the effect of alkoxide group structure on the

kinetics of the polymerisation of e-caprolactone using dialkyl

aluminium alkoxide initiators.

The data obtained from the experiments in section 4.1 has been compared

and contrasted in this section.

The plots of In(DPn.-DPn,) against time have been analysed and the values

of rate constants are summarised in table 4.13.

[Iox10” mlI" — 3.6 1.8 1.0 0.67
Alkoxide
0.031 0.027 0.018 0.017
0.006 0.009 - 0.002
0.021 0.016 0.024 0.009
0.010 0.024 0.022 0.017
0.100 0.058 - 0.022
g / 0.069 0.031 0.007
CH——0 | | |
CHy
H,C /
H,C——0 i . i
H,C

Table 4.13. Apparent rate constants of polymerisation for the polymerisation of e-

caprolactone using dizsobutyl aluminium alkoxide initiators in toluene at 25°C.
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The gradient of a plot, {l/[l]o}ln([M]o/[M]‘) against time 18 taken to be
equal to the rate of propagation, assuming that initiation is instantaneous. In these
reactions the presence of a build up period means that the plot of
{1/[1]0}1n([M]0/[M]1) against time does not pass through the origin. The gradient of

the linear section of the plot has been calculated and is listed in table 4.14.

I TS Y s o 067

Alkoxide ¥

. 0‘4 0.2
- 3.3 8 0'04
: 39 8.8 7.8
10.8 4 4.5
-

3.4 2.4

0.6 0.9

HC

Table 4.14. Slope of linear section of {1/[I]o}ln([M]0/[M]l) against time plot.

The gradient of the linear section of the {1/[1]()}1n([M]0/[M.]1) against
time plot, i.e. after the build up period appears from the table 4.14 to be independent
of the structure of the alkoxide group. Whilst there are variations from one alkoxide
to another, all of the rate constants are of the same order of magnitude as

corresponding reactions using other alkoxides. There are of course exceptions,
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diisobutyl aluminium di-tert-butylphenoxide has a very slow rate of polymerisation
and a long build up period. The bulky nature of the alkoxide group may be

preventing initiation from occurring rapidly.

The rate of propagation after the build up period appears to be largely
independent of initiator structure. Therefore the propagation mechanism that
involves the formation of cyclic structures, which was proposed by Shelton 4

(schemes 4.3 and 4.4.), is most likely to be inaccurate.

\ N
CH, Al— O—AIL_
| > o o I
No—Al— — > g —_— ©
o CH, ‘ CH,
0]

Scheme 4.3. t-complexation of the monomer with the aluminium centres.

If the cyclic structures proposed in schemes 4.3 and 4.4 were indeed correct, then
the alkoxide structure would continue to have an effect throughout the reaction.
This clearly does not happen, therefore the alkoxide group does not remain directly

associated with the aluminium centre throughout propagation.

Nt |
oA CH, NG E
5 0 O—Al  C=0
+ —— -~ N —
(>:<>—ua3 0
0
CH,

Scheme 4.4. Complexation of monomer with initiator.

That is not to say that the aluminium centre does not associate with any terminal
group or indeed any other polar group, merely that the structure of the alkoxide
group does not appear to affect the rate of propagation and that therefore the
alkoxide moiety is not associated with the aluminium centre for the duration of

propagation.
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The polymerisation of g-caprolactone using dialkyl aluminium alkoxide
initiators appears to a have a build up period present at the start of each reaction..

Jerome (¥

proposed that the build up period was related to the ability of the
monomer to complex with the initiator. It is possible therefore that the length of this
build up period may be related to the structure of the alkoxide group used as the
initiator.  The length in minutes of the build up period, which is apparent when a
first order kinetic plot of In([M]¢/[M],) against time has been studied and is tabled in

table 4.15.
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[M]ox107 mI" - 3.6 1.8 1.0 0.67
Alkoxide
22 31 43 47
9 25 102 §
24 40 25 70
20 23 27 57
3 8 12 30
3 / 14 9 73 81
ca—}——o
CHY
/
H,C /
H,C——0 : : - _
H,C

Table 4.15. Build up period, # in minutes for the polymerisation of g-caprolactone

using diisobutyl aluminium alkoxide initiators in toluene at 25°C.

The length of the build up period has been plotted against initial initiator

concentration for each alkoxide structure used and is shown in figure 4.30.
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Build up period

n-butoxide o
cyclo-hexanoxide °
para-methoxyphenoxide e
cyclo-pentanoxide ®
isopropoxide ®
2, 6-ditert-butylphenoxide o
phenoxide

k,.pp Vs [l]{)

n-butoxide
cyclo-hexanoxide
isopropoxide
para-methoxyphenoxide
cyclo-pentanoxide

2,6-di-tert-
butylphenoxide

Increased
build up
period

A direct link between the structure of the alkoxide and the rate of

polymerisation can now be drawn. Diisobutyl aluminium n-butoxide has the fastest

rate regardless of the method of calculation. This is because it has a linear structure

and does not hinder the complexation of the monomer with the active aluminium

centre. Movement about the C-O bond and Al-O will result in the monomer being

given more space to approach the aluminium centre (scheme 4.5).

H Al,
= /S \"'

CH;—CH,—CH,—C —0
H \
0

0)

Scheme 4.5. Monomer approach to initiator.

The branched alkoxide, isopropoxide, has a slower rate than the

corresponding reactions using diisobutyl aluminium #-butoxide.

The inductive

effect of an isopropoxide group is likely to be little different from that of an »-

butoxide group, although the inductive effect of a secondary alkyl group is greater

then that of a primary alkyl group. This will probably affect the reaction far less

than the increased steric hindrance around the active alkoxide bond. Scheme 4.6.

shows the increased hindrance around the alkoxide bond.
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L Al
B A H C":CHJO/ \
CH;—CH,—CH,—C — Y
. -~ - \H /C““H
H H
n-butoxide 1s0-propoxide

Scheme 4.6. Approach of monomer to n-butoxide and isopropoxide initiators.

This diagram does not necessarily mean that the configuration shown is
the one that is adopted when monomer approaches the initiator, merely that steric
hindrance has increased. Of course the actual system is three-dimensional and the
approach of the monomer can take place from any direction. However the alkoxide
can also move in space and so on average the hindrance will be greater than when

the initiator was diisobutyl aluminium n-butoxide.

When the cyclic alcohol, cyclo-hexanol was used to form an initiator for
the polymerisation of e-caprolactone the rate of polymerisation appears to be faster

than that when iso-propoxide was the alkoxide group.

0—Al H_ o—al
/ " J/
CHy"
CH{
cyclo-hexanoxide iso-propoxide

Figure 4.41. The structures of diisobutyl aluminium cyclo-hexanoxide and

diisobutyl aluminium iso-propoxide.
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The structures of both alkoxides up to the B-carbon are essentially the same.
Therefore electronic effects cannot be causing the differences in rate since these are
generally considered to be only effective over about 1 carbon atom. The structure
of the alkoxide is the same (figure 4.41) and structural effects are probably not
directly responsible for the differences in reaction rate. Rotation about the C-O
bond certainly occurs (figure 4.42) and this may be behind the disparities in the rate

of reaction.

H__o—-Al

7
CHY'

CH3

cyclo-hexanoxide iso-propoxide

Figure 4.42. Rotation about C-O bond.

Cyclo-hexanol occupies a larger volume in space than iso-propanol, and thus
rotation about the C-O bond may be slower for cyclo-hexanol than for iso-propanol.
Rotation may be slower because there is more resistance to rotation from the
reaction medium. This slower rotational frequency may allow more time for the
monomer to approach the active alkoxide site without being hindered by the
alkoxide group. It may even possible that the resistance to rotation is such that the
cyclo-hexanol group is forced to adopt one fixed position orientated away from the

monomer.

Scheme 4.7.
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Using the planar, cyclic, alkoxide cyclo-pentoxide to initiate the
polymerisation of e-caprolactone produces a reaction that has a slower rate of
polymerisation than the corresponding reactions using diisobutyl aluminium cyclo-
hexanoxide initiator. Van der Waal’s and other intermolecular forces probably
cause the cyclohexanol ring to be orientated away from the monomer. A planar
molecule such as cyclo-pentanol may not allow as much space for the monomer to
complex. The planar molecule probably rotates quicker around the C-O bond and

does not allow time for the monomer to complex with the initiator.

Although insufficient data was collected for the molecular weight studies
to be meaningful the polymerisation using diisobutyl aluminium (ferf-butoxide
initiated polymerisations clearly have a slower rate then corresponding reaction
using the linear butoxide. The structure of the bulkier diisobutyl aluminium fers-
butoxide initiator is hindering the approach of the monomer to the active alkoxide

site and slowing the rate of initiation.

The use of phenolic groups shows some interesting results, the bulkier
diisobutyl aluminium 2,6-difertbutylphenoxide appears to have a faster rate than
corresponding reaction using diisobutyl aluminium phenoxide. Using diisobutyl
aluminium para-methoxyphenoxide initiator gives a rate of polymerisation faster
than the corresponding reaction using either of the other phenolic initiators. A
methoxy substituent on a phenol ring is an ortho- and para- directing activator. The
electron density at the alkoxide oxygen is therefore likely to be higher than when an
unsubstituted phenol is the alkoxide group. The low electron density of the
carbonyl carbon on the monomer is therefore likely to be more attracted to the
alkoxide oxygen. This will increase the rate of initiation compared to phenoxide
and 2,6-diterfbutylphenoxide. Using diisobutyl aluminium 2,6-dizerfbutylphenoxide
as an initiator gives a polymerisation that is faster than corresponding diisobutyl
aluminium phenoxide initiated reactions. Potassium 2,6-dierbutyl phenoxide is
known to be a strong base. Therefore the increased electron density around the
alkoxide oxygen in 2,6-ditertbutylphenoxide is likely to increase the rate of
initiation in the same way as the p-methoxy group increases the rate of

polymerisation.
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Figure 4.43. Diisobutyl aluminium 2,6-difersbutylphenoxide.

In addition, the rerr-butyl groups may interact with the aluminium and
oxygen atoms, possibly holding the alkoxide group in place and preventing free
rotation around the C-O bond. This would assist the monomer to complex with the

initiator by providing a clear route to the active alkoxide site.

Both the structure of the alkoxide moiety, and the electronic effects
caused by the different alkoxide structures appear to have a direct effect on the
reaction kinetics. It is possible therefore to choose an initiator that would produce
the desired combination of molecular weight and molecular weight distribution with

a terminal functional group.
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4.5. NMR analysis of functional terminated poly(e-caprolactone).

4.5.1. ®C NMR analysis of poly(e-caprolactone).

Samples of poly(e-caprolactone) have been analysed using BC NMR. The

NMR spectrum of poly(e-caprolactone) is shown below (figure 4.44).

1

a b c d e f

Figure 4.44. Poly(e-caprolactone).
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Figure 4.45. C NMR of poly(e-caprolactone).

Poly(e-caprolactone) shows a resonance at approximately 175ppm due to the
carbonyl carbon (‘£ figure 4.44.) which is strongly deshielded by the electron rich
n-bond and the oxygen atom. The reference used is CDCl; in CHCl;. The
reference shows three resonances because the carbon is decoupled from the C-H but

it is not decoupled from the C-D. The middle line is known to have a chemical shift
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of 77.0ppm. At 63ppm the carbon labelled ‘a’ (figure 4.44.) deshielded by the
adjacent acyl oxygen resonates. The central four-methylene carbon atoms ‘b-d’
(figure 4.44)) resonate at between 24 and 33 ppm. The methylene carbon adjacent

to the carbonyl carbon resonates furthest downfield at 34ppm.

The structure of the terminal functional group does not appear to affect the
BC NMR spectrum of poly(e-caprolactone). It is more than likely that the NMR
spectrometer is not of sufficient power to provide the resolution required to observe

this particular resonance.

4.5.2. "H NMR analysis of poly(e-caprolactone).

0
——O-—-CiH—(i:H—(]:H—C!H—(‘JH—C“——
H H H H H
a b ¢ d e

Figure 4.46. Poly(e-caprolactone).
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Figure 4.47. "H NMR of poly(g-caprolactone).

Figure 4.47 shows the '"H NMR of diisobuty! aluminium n-butoxide initiated
poly(e-caprolactone). ~ This was chosen as the standard spectrum because the
structure of the terminal group is little different from that of the repeat unit so it 1s

unlikely to affect the spectrum.

The proton NMR of poly(g-caprolactone) shows a resonance due the protons
on the carbon adjacent to the acyl oxygen atom (‘a’ figure 4.46.) at approximately
4.0ppm. Slightly upfield at 2.3 ppm a triplet shows due to the resonance of the
protons on the carbon atom next to the carbonyl carbon atom. The protons loacted
more centrally in the monomer repeat unit appear further upfield still between 1.3
and 1.6 ppm. The protons labelled ‘¢’ and “d’ resonate at 1.6 ppm as a triplet of
double the intensity of the other protons, indicating that there are two identical

protons resonating.
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4.5.3. NMR analysis of diisobutyl aluminium 2,6-di-tert butyl phenoxide

initiated poly(e-caprolactone).
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Figure 4.48. "’C NMR of diisobutyl aluminium di-zert-butyl phenoxide initiated

poly(e-caprolactone).

The "C NMR spectrum of dizsobutyl aluminium di-zert-butyl phenoxide
initiated poly(e-caprolactone) (figure 4.48.) shows very little difference to the
spectrum of poly(e-caprolactone) initiated using diisobutyl aluminium n-butoxide.
According to the mechanism of lactone polymerisation using alkoxide initiators the
alkoxide moiety should be the terminal group at one end of the polymer. It would
be expected therefore that an aromatic group would appear in the *C NMR
spectrum of this polymer in the region of 120-160 ppm. No obvious peaks are

apparent in this range although there may be a small peak at about 132 ppm. This

could be merely noise and therefore be irrelevant.
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Figure 4.49 "H NMR spectrum of di-fert-butyl phenoxide initiated poly(e-

caprolactone).

Two peaks appear at 7.0 - 7.3 ppm (figure 4.49.) and these are probably due
to the resonance of aromatic protons. The larger of the two peaks could be residual
solvent, toluene, or it could be due to the protons on the terminal. A much smaller
peak is visible at 6.9 ppm although this is most likely to be residual toluene which
was the solvent used in the polymerisation. A small peak to the right of the
methylene proton peak is visible at approximately 1.2 ppm. This is most probably

the resonance caused by the methyl protons of the zert-butyl groups in the terminal

di-tert-butyl phenoxides moieties.
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4.5.4. NMR analysis of diisobutyl aluminium p-methoxy phenoxide initiated

poly(e-caprolactone).
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Figure 4.50. "C NMR of dizsobutyl aluminium para-methoxy phenoxide initiated

poly(e-caprolactone).

The "C NMR of diisobutyl aluminium para-methoxy phenoxide initiated
poly(ge-caprolactone) (figure 4.50) shows little difference from the *C NMR of
dizsobutyl aluminium di-fert-butyl phenoxide initiated poly(e-caprolactone). There

is however a small resonance at about 32 ppm which is due to the resonance of the

para-methoxy carbon atom.
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Figure 4.51. '"H NMR of diisobutyl aluminium p-methoxy phenoxide initiated

poly(e-caprolactone).

The 'H NMR spectrum of diisobutyl aluminium p-methoxy phenoxide
initiated poly(e-caprolactone) (figure 4.51) shows very few differences from that of
poly(g-caprolactone) without a terminal aromatic group (figure 4.47). There is a
resonance at 7.2 ppm, which may be due to the protons on the terminal phenols or
because of some solvent trapped amongst the polymer. A very small peak shows at
about 3.5 ppm and this is most probably because of the resonance of the para-

methoxy protons.
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4.5.5. NMR analysis diisobutyl aluminium n-butoxide initiated poly(e-

caprolactone).
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Figure 4.52. ’C NMR of n-butoxide initiated poly(e-caprolactone).

The "C NMR spectrum of diisobutyl aluminium n-butoxide initiated poly(e-
caprolactone) (figure 4.52) shows no real evidence of the inclusion of butanol as a
terminal functional group. However the terminal group contains only ~-CHa- and -
CHs groups that are also present in the polymer. It is likely that the n-butoxide

resonances are obscured by the resonances due to the protons in the polymer.
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Figure 4.53 "H NMR of of diisobutv] aluminium n-butoxide initiated poly(e-
g y

caprolactone).

The proton NMR of dizsobutyl aluminium n-butoxide initiated poly(e-
caprolactone) (figure 4.53) shows no peaks that could solely be attributed to the
telechelic group. n-Butanol only has groups which are present in the monomer
repeat units so the resonance due to the terminal groups are likely to be swamped by

the polymer resonances.



Chapter 5.

Homo-polymerisations of o-valerolactone.

Introduction.

In order to understand further the mechanism of the polymerisation of
lactones using aluminium alkoxide initiators it was necessary to vary the ring size of

the lactone monomer.

5.1. Polymerisation of d-valerolactone.

5-Valerolactone was polymerised using diisobutyl aluminium isopropoxide
as an initiator in dried and distilled solvents of different polarity. The reaction was
maintained under a slight positive pressure of argon throughout and aliquots of a
known volume removed at recorded intervals. These aliquots were analysed for
molecular weight and molecular weight distribution using GPC, and percentage

conversion.

The reaction conditions were identical to those used for the polymerisation of g-

caprolactone using diisobutyl aluminum isopropoxide in chapter 3.

The reaction conditions were,

e  Temperature 25°C

e [e-CL]=2.1m]!’
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e [I] = varied
e Inert atmosphere

e  Toluene solvent

Samples were removed at recorded intervals and transferred to a beaker containing a
small volume of toluene and then precipitated from methanol. It was found that
direct precipitation in methanol made the polymer insoluble in both THF and
chloroform and subsequently GPC analysis was found to be difficult. The solvent
was removed by evaporation and the polymer was dried to a constant weight under

vacuum.
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5.1.1. The polymerisation of &-valerolactone in THF using diisobutyl

aluminium isopropoxide initiator.

[1]o ml” Time (mins) % Conv | M, M, MM,
10 12 960 2000 2.1
3.6 x 107 25 32 1400 3300 23
(GKS39) 60 40 3000 5600 1.9
120 79 4500 7200 16
240 98 6700 9600 1.5
3 9 1100 3200 29
60 45 3000 5000 1.7
140 9] 3400 6800 2.0
1.8 x 107 215 95 3600 7300 2.0
(GKS40) 275 95 3900 7300 19
340 98 5800 9600 1.7
390 96 6200 9500 15
30 7 370 800 20
60 26 3600 4100 1.1
90 45 3200 4900 1.5
1.0 x 107 140 88 4000 5900 15

(GKS41) 210 95 - - -

280 98 4400 6700 1.5
370 98 4400 6700 1.5
470 99 5200 7100 1.4
25 3 4490 6300 1.4
6.7 x 107 55 8 860 2300 2.6
(GKS42) 145 75 5200 7400 14
190 72 6600 9700 1.4
250 98 6600 7600 1.2

Table 5.1. Molecular weight and conversion data obtained from polymerisations of

8-valerolactone using diisobutyl aluminium isopropoxide initiator in THF.

The molecular weights of polymers produced from these polymerisations of
8-valerolactone are closer to the predicted theoretical values than the corresponding
polymerisation of e-caprolactone. The theoretical value of the molecular weight of
the polymer obtained from the reaction with [I}y = 3.6 x 102 ml" at 100%
conversion would be 6740, compared to the recorded value at quantitative
conversion of 6670. It may be that better control of the reaction is obtained because

the rate of propagation is slower than the rate of propagation of g-caprolactone.

237




This is borne out by the molecular weight distribution of the samples removed from
this reaction, which narrow as the polymerisation proceeds, a phenomenon, which
would be expected for a polymerisation that proceeds with the absence of

termination or transfer reactions if the rate of initiation is fast.

The theoretical molecular weight distribution M./M, is given by equation
5.1. assuming a Poisson distribution and that imtiation is fast compared to

propagation,*"

MM, =1+ v/(v+1)? 5.1.
where v is the kinetic chain length.

Therefore as the chain lengthens, the molecular weight distribution would be

expected to narrow.

The molecular weights of the polymers produced in the reactions carried out
with [1Jo= 1.8 x 102 ml™, 1.0 x 10> mI" and 6.7 x 10% mlI" (table 5.1.) are much
lower than would be expected. With an initial initiator concentration of [I]Jo = 1.8 x
10% ml', at 100% conversion and assuming 100% initiator efficiency then a
molecular weight of around 11700 would be expected. A number average
molecular weight of around 6200 was achieved at quantitative conversion.
Similarly in the polymerisations of &-valerolactone with [[}o = 1.0 x 10% ml" and
[1]o = 6.7 x 10 ml”, the molecular weight values obtained are significantly lower
than those which would be expected, around 20000 and 31000 respectively. It may
be that the molecular weight as calculated by GPC is not an exact value but rather
relative to poly(styrene) samples and therefore inaccurate. In both cases
quantitative conversion is achieved, and it may be that more than one polymer chain
is being initiated per initiator molecule, resulting lower than expected molecular
weight values. It is also possible that the batch of initiator used was incorrectly

made, or that the solvent is being polymerised by the initiator.



5.1.1.1. NMR analysis of poly(6-valerolactone).

Samples of poly(d-valerolactone) polymerised in toluene and THF have
been analysed using '"H NMR. The molecular weights of the polymers produced
when THF was used as a solvent are lower than would be expected compared to
those obtained from predicted theoretical molecular weights. It may be that the
solvent THF is being ring opened by the dialkyl aluminium alkoxide initiator. An
inspection of the 'H and *C NMR spectra of the polymers produced should show if

this 1s the case.

a b C d (kl)

n

Figure 5.1. Structure of poly(d-valerolactone).

1400

10

00X

R

Figure 5.2. '"H NMR spectra of poly(8-valerolactone).
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There are four main proton resonances in the 'H NMR of poly(s-
valerolactone). The protons on the carbon atom adjacent to the acyl oxygen (‘a’
figure 5.1.) shows at 4.0 ppm. Further upfield, the less shielded protons adjacent to
the carbonyl carbon resonate at approximately 2.3 ppm (‘@ figure 51.). The
resonance due to the central methylene groups in each monomer unit (figure 5.1. ‘6’
and ‘c’) are at 1.6 ppm. The relative intensity of this resonance (97.6) is
approximately twice those of the resonances at 2.3 and 4.0 ppm (48.9 and 47.0
respectively) showing that the resonance is in fact due to the two identical
methylene groups. The resonance at approximately 7.2 ppm is probably due to
residual solvent (toluene) from the polymerisation. The small peak at 1.2 ppm is

probably due to resonance of the protons in the end groups.

0
I

{-o—cn,—cn, ——CHQ—CHQ}L;EO——CHz—CHQ —CH,~CH,~C -

n

Figure 5.3. Structure of poly(d-valerolactone)-poly(THF) co-polymer.

If the solvent, THF, is being incorporated into the polymer, then comparison
of the peaks at 4.0 ppm and 2.3 ppm should show the presence of THF in the
polymer if transfer to monomer is occurring. In po]y(tetrahydrofuran) there are no
carbonyl groups, only methylene groups and ether oxygens (figure 5.3.). Therefore
in a co-polymer of §-valerolactone and THF, the ratio of protons adjacent to
carbonyl groups and those adjacent to oxygen atoms should change if THF is being
incorporated in to the growing polymer chain. This ratio is demonstrated in figure

5.4.
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However whilst this is not proof that THF is being incorporated into the
growing poly(d-valerolactone) it is clear that the number of ‘@” protons is changing

as would be expected if the ring opening of THF is indeed occurring.

Reaction GKS39 samples /3 and /4 where [I] = 3.7 x 10? M dm™ appear to
have the same ratio of ‘@’ and ‘@’ protons in both samples. At the initiator
concentration and hence the reaction rate decrease, then the difference between the

ratio of the protons present in the samples increases.

It 1s known that THF can compete with lactones for co-ordination with the
aluminium centre when aluminium alkoxides are used for the ring opening
polymerisation of lactones. Therefore it may not be entirely unexpected if the
solvent may also ring open during the course of the reaction, especially if the rate of

reaction 1s slow.

242



\O_AJ< R — é 2,
® 0
5 \()Q—¢1<
\O-Al< —_— b __9_‘_
' 0]
x
5t O
8_
O

Figure 5.5. Mechanisms of the polymerisation of &-valerolactone using alkyl

aluminium alkoxide initiator and THF as a solvent.

Three routes to propagation (a, b and ¢ figure 5.5.) might be possible using
using alkyl aluminium alkoxide initiator and THF as a solvent. The first two, a and
b, involve the polymerisation of &-valerolactone, either by direct monomer co-
ordination with the initiator, or by replacing a co-ordinated solvent molecule with
monomer. The slower rate of reaction of 3-valerolactone may lead to route ¢ being
possible. The carbon atoms adjacent to the oxygen atom in THF are slightly
positively charged because of the electron withdrawing effect of the oxygen. The
carbon can then co-ordinate with the alkoxide oxygen atom and subsequent
rearrangement of the electrons may occur leading to the ring opening of the solvent

molecule.
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Diisobutyl aluminium 7sopropoxide was also synthesised in the usual
manner but using THF rather than toluene as the solvent. After standing under
argon overnight a white precipitate appeared that did not occur when the preparation

was carried out in toulene.

5.1.2. The polymerisation of d-valerolactone in toluene.

Toluene was used as a solvent in the polymerisation of d-valerolactone using

diisobutyl aluminium isopropoxide as an initiator. Samples of a recorded volume

were removed from the polymerisation at recorded intervals and dried under

vacuum to a constant weight.

(1] ml" Time (mins) % Conv M, M. MM,
24 13 8170 11730 1.44
18 35 25 8710 13300 1.53
(GKS34) 50 54 15130 22590 1.49
65 40 17020 26370 1.55
85 65 12430 21600 1.74
45 17 15430 26770 1.7
70 37 16020 26010 1.6
100 66 22110 31270 1.4
10 140 71 18290 28880 1.6
(GKS33) 170 64 22080 34560 1.6
240 70 21990 36030 1.6
30 24 19880 26250 1.3
6.7 50 65 30050 41950 1.4
100 100 30860 443800 1.5

Table 5.2. Molecular weight and conversion data obtained from polymerisations of

8-valerolactone using dizsobutyl aluminium isopropoxide initiator in toluene.

In the first two reactions (GKS34 and GKS33) there appears to be a decrease
in the molecular weight of the samples taken at 40% and 65% conversion
respectively. It is possible that back biting reactions are taking place. This is
supported by an increase in the molecular weight distribution of the samples

removed from the polymerisation.
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The polymerisation of &-valerolactone described in table 5.2. using
diisobutyl aluminium isopropoxide in toluene at ([I]o = 1.8 x 107 ml™) corresponds
to a theoretical molecular weight of 13100 at 100% conversion. This had almost
been reached after 85 minutes and 65% conversion, which equates to approximately
65% initiator efficiency. This feature was found in the other polymerisations of 6-
valerolactone in toluene. At [I]o = 1.0 x 102 ml”, the molecular weights of the
polymers produced are greater than the theoretical maximum value even at 21000,
and this has been exceeded by after about 100 minutes. At [I]o = 6.6 x 10° mI", a
M, of 32000 would be expected at maximum conversion and a figure of 31000 was

reached, showing that 0.94 chains are being initiated per alkoxide moiety. Such a

small discrepancy could well be due to experimental error.

The molecular weight distribution either broadens ([IJo = 1.8 x 102 ml? and
1o = 6.6 x 10° m!™) or does not narrow greatly ([I]o = 1.0 x 107 ml") as the
polymerisation proceeds. The higher than expected molecular weights are probably
a result of incomplete initiation due to either destruction of the dialkyl aluminium
alkoxide initiator or because of termination at an early stage of the polymerisation.
The most likely cause of both of these is the inclusion of trace impurities into the

reaction vessel.
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5.1.3. The polymerisation of 5-valerolactone in dichloromethane.

[1] ml” Time (mins) % Conv M, M, MM,
15 24 - - -
35 46 8400 12020 1.4
36 85 89 8710 12900 1.5
(GKS35) 105 94 5090 9780 1.9
| 180 08 9180 16920 1.8
3 215 97 10660 16960 1.6
| 10 4.9 - - -
| 40 6.8 - - -
‘j 18 95 17.6 6830 9960 1.46
(GKS36) 150 293 9000 12942 1.44
| 210 50.7 10620 14848 1.40
3 240 56.7 10700 14930 1.40
| 30 45 590 860 145
3 50 11.2 - - -
i 10 105 173 7450 8042 1.10
(GKS41) 170 52.4 8920 11080 1.24
5} 250 59.1 15090 23080 1.53
| 300 68.1 15240 20830 1.37
5 420 66.4 24470 33710 1.38

Table 5.3. Molecular weight and conversion data obtained from polymerisations of

d-valerolactone using diisobutyl aluminium isopropoxide initiator in DCM.

When dichloromethane was used as a solvent, the molecular weights of the
polymers obtained were closer to the theoretical values than the corresponding
polymers produced using THF as a solvent. Initiator efficiency is not however
100% and in all cases less than one chain per aluminium centre appears to have

been initiated.
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remain constant throughout the reaction but in fact increases until after the build up
period. After this build up period the concentration of growing species appears to

remain constant.













5.1.7. The effect of initiator concentration on &,.

The gradient of each of the In(DPn.-DPn) against time plots has been

multiplied by -1 to give a positive value and the results are in table 5.10.

[LJox 10”°ml” | toluene
3.6
1.8
1.0
0.67
3.6
1.8
1.0
0.67
3.6
1.8
1.0
0.67

Table 5.4. Apparent rate constant of polymerisation of §-valerolactone in solvents

$tv

of differing polarity.

The values of k, in table 5.4. are equal to the apparent rate constant of

propagation and these have been plotted in figure 5.21.
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Figure 5.22. Dependence of structure of propagating species on solvent polarity.

The increasing polarity of the solvent changes the distance between the ions
from ion pairs to free ions. Since free ions propagate faster than ion pairs an
increase in k, is associated with the increased free ion concentration as solvent
polarity increases. Both the active aluminium centre and the lactone monomer have
a dipolar structure and the solvent dielectric constant (¢) should have an effect on
the rate constant 4,. The dependence of the rate of propagation on the solvent used
in co-ordination polymerisations is known to be reverse to those involving ionic
species. Co-ordination polymerisations proceed faster in less polar solvents such as
toluene than in more polar solvents. This behaviour may be related to the specific
solvation of the growing species by dipolar solvents such as THF and indeed ethers

499" The co-

do form stable complexes with organoaluminium compounds
ordination sphere of the complex then needs to be re-arranged in order to
accommodate the monomer. Thus extra energy has to be found to weaken the
complex which has been formed between the solvent and the initiator in order to

allow the monomer to complex with the alkoxide species.

The polymerisation of &-valerolactone using diisobutyl aluminium
isopropoxide has been found to be faster in toluene than in THF and DCM, which
are both more polar than toluene. This 1s consistent with the co-ordination -
insertion mechanism which has been proposed for the ring opening polymerisation
of g-caprolactone using aluminium alkoxides. A less polar solvent which favours

the formation of species to the left of figure 5.22. increases the rate of co-ordination
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- insertion polymerisations because closely associated species are favoured. The
monomer is thus held closer to the active alkoxide bond, effectively increasing the
monomer concentration around this active bond. As solvent polarity increases,
favouring the more separated species to the right of figure 5.22., the monomer is co-
ordinated to the aluminium alkoxide but is held further away from the active site
than in less polar solvents. Therefore the effective monomer concentration around

the aluminium alkoxide bond is lower, slowing the rate of propagation.

The rate of polymerisation in dichloromethane has been found to be faster
than when the less polar solvent tetrahydrofuran is used. Should the mechanism be
an ionic one, then the polymerisation would be expected to proceed faster in more
polar solvents. However this is not the case and the phenomenon can be explained

when the structure of THF is compared to that of §-valerolactone.

0 0

)

THF  valerolactone

Figure 5.23. Structure of THF and d-valerolactone.

The oxygen atom present in the solvent THF molecules has a lone pair of
electrons, as has the monomer, 3-valerolactone. Both of these are able to compete
to occupy the vacant sp’ orbital of the aluminium atom. An equilibrium exists
between the solvent co-ordinated and monomer co-ordinated species. Teyssie and

colleagues "'V

observed that the rate of polymerisation of e-caprolactone was
slower in THF than in toluene using aluminium trissopropoxide as an initiator. The

incorporation of THF into a co-polymer may slow the reaction further.
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In pure toluene the *’Al NMR of diethyl aluminium bromoethoxide shows
only one absorption corresponding to a tetrahedrally co-ordinated aluminium

atom.mg)

This 1s consistent with the structure of the initiator aggregate being the
trimer reported for ethyl substituents on aluminium alkoxides. Dimeric species may
also be present but *’Al NMR is unable to differentiate between the two species.
When a lactone is added, a new peak is observed corresponding to an octahedral
aluminium which is attributed to the solvation of the aluminium by two lactone
molecules or the dissociation of the trimer into single alkoxide species. Since the

alkoxide 1s known to be kept aggregated during the polymerisation so the first

hypothesis is true.

The same experiment carried out in THF observed a two new additional >’ Al
NMR peaks which can be attributed to alkyl aluminium alkoxide trimers solvated by
one THF per aluminium, or two THF molecules per alkyl aluminium alkoxide
trimer. Again when a lactone is added, another peak is observed due to solvation of
the imitiator by the lactone. These peaks indicate competition between the solvent

and monomer for the solvation of the aluminium atoms.

()

Q
/‘l"
0 l.BuxBu

[iBuy—AI—ORY}; 2(or 4) THF

o N lactone

ropagation
(iBuy—Al—ORE 2(or 4) monomer — S

Figure 5.24. Solvation of alkyl aluminium alkoxide by THF and lactone "'®.
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valerolactone using the same catalyst and solvent. g-Caprolactone is a seven

membered hetereocyclic ring whilst 3-valerolactone is a six membered ring.

As discussed in section 1.2.2.2. the thermodynamic polymerisabilty of cyclic
monomers may be estimated by the change in free energy during the ring opening
process. In order for a ring opening reaction to proceed, the reaction must be
thermodynamically favourable, AG,<0. Assuming that the polymer has the same
functional group as the monomer, ie. that the reaction is a ring opening
polymerisation, then the free energy of polymerisation AG, is affected by the size
and nature of the ring being polymerised independent of polymerisation mechanism.
Values of AG, for the ring opening polymerisation of lactones have been

published*® and are displayed in table 5.6.

Ring Size AG, (kJ mol™)
v-butyrolactone 5 +12.6
- valerolactone 6 -80
g-caprolactone 7 -12.8

Table 5.6. Values of free energy of ring opening for lactones of increasing ring size.
(46)

In order for the reaction to be thermodynamically favourable, then values of
AG, must be negative, it then becomes apparent why the polymerisation of &-
valerolactone is slower than the polymerisation of g-caprolactone. AG, for the ring
opening of &-valerolactone is -8.0 kJ mol’, compared to the value for e-

caprolactone which is equal to -12.8 kJ mol™.
The Gibbs free energy of ring opening is related to the strain present in the

ring, may be linked to the deviation from equilibrium bond angles that exist within

the ring. The deviations from equilibrium bond angles are detailed in table 5.7.
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Bond angle (°)

Ring Size C-0-(C=0) | O(Cx)-C | C-C-C
- valerolactone 6 121.0 1149 113.9
g-caprolactone 7 125.5 117.6 114.4
Equilibrium value 109.5 110.0 110.5

Table 5.7. Comparison of bond angles of lactones.**

The deviations from equilibrium bond angles present in S-valerolactone are
less than those present in e-caprolactone. It may be assumed therefore that the ring
strain present in d-valerolactone is less than that in g-caprolactone. Thus the Gibbs

free energy of ring opening of §-valerolactone is less than that of g-caprolactone.

The ring opening polymerisation of &-valerolactone is therefore
thermodynamically less favourable than the ring opening polymerisation of -
caprolactone at the same temperature and using the same initiator. This is because
the six membered lactone is less strained than the seven memebered lactone and

hence has a less negative value of AG,,.
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Chapter 6.

The synthesis of block co-polymers using

aluminium alkoxide macroinitiators.

ABA type triblock co-polymers have been synthesised using diisobutyl
aluminium PHBV-alkoxide macroinitiators and g-caprolactone. Molecular weights

have been predictable from initiator/monomer ratios and have been confirmed by
GPC and NMR analysis.

6.1. Synthesis of triblock co-polymers.

The macroinitiator was formed by the reaction of trisobutyl aluminium with

o,-dihydroxy terminated PHBV.

HO—PHBV—OH + Al(iBu); — = Al(iBu),0— PHBV “—“OAl(iBu)zn

Figure 6.1. Formation of macroinitiator. I

This was subsequently reacted with the monomer, g-caprolactone in the
presence of an amine, DMEDA which prevents the formation of initiator aggregates

to form a co-polymer (figure 6.2.)
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1Bu), Al /“\ /]/{/U\ Al(iBu) +
(B, \{\o c” Yo Tl ¢ o/]? 2
H, H,
PHBYV dialkoxy macromnitiator caprolactone
Dry, Argon Atmosphere
DMEDA
40°
2 days
¥
0 CH, 0] CH,CH,
HO /U\ /k /f’U\ /k M
m[~0 C O~ In C 0~ In m OH
H, H,
PCL PHBV PCL

Figure 6.2. Formation of triblock co-polymers using aluminium alkoxide

macroinitiator.

The PHBV pre-polymer was dried under vacuum at 40°c for 72 hours before
use. It was transferred to a dried vessel and then placed under vacuum overnight to
remove any remaining moisture. The vacuum oven was released to atmospheric
pressure using a dry inert gas supply and the reaction vessel sealed immediately. The

PHBYV was then dissolved in freshly distilled DCM.

An appropriate volume of DCM was distilled into a separate vessel and
triisobutyl aluminium and DMEDA were added using Schlenk techniques. This was
then transferred to the vessel containing the PHBV solution and stirred under an
argon blanket at atmospheric pressure for three hours to form the PHBV-alkoxide
macroinitiator. The monomer was added to the initiator solution using a dry syringe
and an argon blanket. The vessel was sealed and placed in an oven at 40°C for 48

hours.
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Once the reaction had been completed, it was found that the co-polymer
solution was soluble in both methanol and hexane at room temperature. Cold
methanol, which had been cooled to -30°C was found to be sufficient for the
isolation of the product which was removed by vacuum filtration using a cold grade 3

sintered glass funnel.

The dried product was found to take the form of pale yellow crystals, which
were insoluble in THF, DCM or chloroform. The product was stirred for 3 hours in
an excess of acetyl acetone to remove any residual aluminium compounds present.
This acetyl acetone solution was dissolved in dichloromethane and further
precipitated in cold methanol. When filtered and dried this produced a purified
polymer as a white powder, which was soluble in both dichloromethane and

chloroform.

The molecular weights of the polymers were analysed using GPC and the

results are in table 6.1.

The number average molecular weight of the PHBV pre-polymer was found
to be 1500 by GPC. The hydroxy valerate content of the PHBV co-polymer was
found to be 8%.

Ratio OH:PHBV:CL | M, M, M., MM,
theoretical | GPC GPC

2:16:16 3300 3600 | 4600 1.3

2:16:24 4200 4700 | 6400 1.4

2:16:32 5600 8900 | 11000 1.2

2:16:48 7000 9500 | 12500 13

2:16:96 12500 14000 | 21800 1.5

Table 6.1. Results of the formation of PCL-PHBV-PCL block co-polymers using

alkyl aluminium PHBV-alkoxide macroinitiator.

The molecular weights of the polymers obtained by GPC are in close

agreement with the theoretical molecular weights. They are slightly higher than the
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6.2.1. '"H NMR of co-polymers.

A '"H NMR of PCL-PHBV-PCL co-polymers is shown below (figure 6.5.).
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Figure 6.4. Structure of PHBV-PCL co-polymer and numbers used in NMR labels.
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Figure 6.5. 'H NMR spectrum of PCL-PHBV-PCL co-polymer. (GK50)
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Chenucal Description Proton
shift ()
ppm
5.1 doublet b
3.9 triplet 5
2.4 multiplet a
2.2 triplet 1
1.5 triplet 2+4
1.2 doublet 3
0.8 doublet c

Table 6.2. Resonances in 'H NMR spectrum of PCL-PHBV-PCL co-polymer.

The poly(g-caprolactone) segment of the co-polymer shows four main proton
resonances. At approximately 3.9 ppm the protons labelled “5° (figure 6.4.)

resonates and a triplet results.
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Figure 6.6. Expansion of methylene protons adjacent to acyl oxygen in poly(e-

caprolactone) segment.
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The 'H NMR spectrum also shows another triplet further upfield at 2.2 ppm
and this is due to the resonance caused by the protons adjacent to the carbonyl
carbon (“/” figure 6.4.). Slightly further upfield, three peaks show in between 1.1
and 1.6 ppm. The peaks at 1.3 and 1.5 ppm are due to the central methylene protons
in poly(e-caprolactone). The outer protons (‘2+4 figure 6.4.) resonate at about 1.5
ppm. There is a slight shoulder to this peak (figure 6.7.) which is most probably
caused by the slightly different environments of the two methylene groups. The
relative intensity is twice that of the other methylene protons showing that there are
definitely twice the number of resonating groups compared to the other resonances at

1.6 and 3.95 ppm. Proton ‘3’ resonates at 1.2 ppm and is a triplet.

1000 0
800 - }

i
600
400 /

200 / | /

Figure 6.7. Expansion of 0.9 ppm - 1.70 ppm area of 1H NMR of PCL-PHBV-PCL

co-polymer.
The PHBV segment shows three separate resonances at 5.1 ppm, 2.4 ppm,

and 1.1 ppm. The protons labelled ‘4” (figure 6.4.) resonate as a doublet at 5.1 ppm.

The shoulders on either side of the peak (figure 6.8.) may be due to the resonance
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caused by the same protons where they join onto the PCL segments, the slightly

different environment causing a change in the chemical shift at which they resonate.
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Figure 6.8. 'H NMR of PHBV-PCL co-polymer, proton on tertiary carbon

resonance (‘b figure 6.4.)

The pendant methyl groups in the PHB show as a doublet at 1.1 ppm (figure

6.7). The ethyl group which is present in PHV show as a small multiplet at about 0.8

ppm (figure 6.5.)
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6.2.2. Calculation of molecular weights using '"H NMR.

The molecular weight of the polymers has been calculated from the areas of
the methylene protons in the PHBV and PCL units (labelled ‘a” and ‘1’ figure 6.4.)
The spectrum of the co-polymer with a target molecular weight of 12500 is figure
6.10. and the relative intensities of the methylene resonances at 2.4 ppm and 4.16

ppm are 3.5 and 23.5 respectively.
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Figure 6.9. "H NMR spectrum of PCL-PHBV-PCL co-polymer. (GK50)
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the calculation of these co-polymer molecular weights, but that it is appears to be

less suitable than '"H NMR.

6.2.3. "C NMR spectra.

Figure 6.11. PHBV-PCL co-polymer structure.
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Figure 6.12. *C NMR spectra of PCL-PHBV-PCL co-polymer. (GK50)

BC NMR spectra of the co-polymers produced show two different carbonyl
resonances in the 168-174 ppm area. Whilst ®C NMR is not a quantitative

technique, it is possible to observe the change in composition of the co-polymers as
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the two carbonyl peaks change intensity as the caprolactone of the co-polymer

content increases. (Figure 6.13)
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Figure 6.13 (a-¢). Close up of carbonyl peaks in “C NMR spectra of PHBV-PCL

block co-polymers.
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6.3. Effect on molecular weight of aluminium alkyl added.

The ratio of aluminium alkyl to hydroxy groups present was varied. The
reaction was carried out in exactly the same way as section 6.1. but the volume of

aluminium added was altered according to the ratio in table 6.4.

OH DMEDA caprolactone Al(iBu)s
1 2 4 X
Table 6.4. Ratio of reactants in co-polymerisation.

The polymers formed were isolated in the same way as described in section
6.1. and molecular weight was calculated by GPC.  The results of the

polymerisations are in table 6.4.

M, M, | MJM,
2300 | 3400 1.4
2200 | 2900 1.3
1800 | 2500 1.4
Table 6.5. Molecular weight with varying aluminium alkyl concentration.

OB =X

The theoretical molecular weight was 2400. The polymer produced when the
ratio of aluminium alkyl to hydroxy groups was 1:1, i.e. there was no excess of
aluminium produced a polymer with molecular weight in good agreement with the
theoretical molecular weight. When the aluminium alkyl was in a 4 times excess, the
molecular weight of the co-polymer is still in good agreement with the theoretical
molecular weight. When an 8 times excess of aluminium alkyl has been used, the
molecular weight of the co-polymer is approximately 600 less than that of what

would be expected.
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Chapter 7.

Further Work.

The synthesis of diblock and triblock co-polymers using aluminium alkoxide
macroinitiators has been touched only in minor detail. The use of aluminium
alkoxide macroinitiators to initiate the ring opening polymerisation of both &-
caprolactone and S-valerolactone has been studied. Co-polymers of PHBV and Pe-
CL and P3-VL with predictable properties have been formed. The use of aluminium
alkoxides to initiate the ring opening polymerisation of lactides has also been

. 68, 92, 106, 110-124, 135-137
reported by Jerome and Teyssie ** *> '** 1T

It 1s probable therefore that
the technique of using PHB V/aluminium alkoxide macroinitiators could be extended
to the ring opening polymerisation of lactides. There is should be no reason why
other parent polymers with an ®-hydroxy function such as poly(e-caprolactone)
could not be reacted with trialkyl aluminium.  Using a poly(e-caprolactone)
aluminium alkoxide to initiate the ring opening polymerisation of lactides would form

poly(lactic acid)-h- poly(e-caprolactone) block co-polymers could be useful as

compatiblisers in poly(g-caprolactone)/ poly(lactic acid) blends.

Tranesterification reactions appear to occur after the reaction has reached
quantitative conversion. It is known'"” that amines prevent Initiator aggregates
from forming by occupying co-ordination sites on the initiator aluminium centres and
increasing the rate of polymerisation. It has also been found in this thesis that using
THF or DMF as solvents slows the rate of propagation by competing with the
monomer for the vacant co-ordination site on the aluminium centre. Beila and
Duda"® reported the same result when using acetonitrile as a solvent.
Tranesterification primarily occurs after all or most of the monomer has been

consumed because the polymer ester groups are less reactive than the lactone ester
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groups. It is possible therefore that adding a compound containing a co-ordinating

centre such as a nitrogen may prevent transesterification from occurring.

Adding a second polyester to a polymerisation vessel after polymerisation of
g-caprolactone has been completed may have interesting results. Intermolecular
tranesterfication occurs between the active aluminium alkoxide chain end and ester
groups in other polymers. If a second polyester is subsequently added and, providing
that the reaction conditions are maintained, then attack by the active chain end on the
secondary polymer should occur. A new route to the formation of co-polymers

would then be possible.

THEF has been found to be incorporated into §-valerolactone polymers. A
further investigation into the ring opening of THF solvent using 'O labelled solvent
would prove conclusively whether this is actually the case. DSC analysis of poly(s-
valerolactone) produced in THF and toluene solvents should show a difference
between the homo polymer poly(§-valerolactone) and poly(8-valerolactone)-co-

poly(tetrahydrofuran).

Functional aluminium alkoxides have been thoroughly investigated both here

: 1-116, 132-134
and by Jerome, Teyssie and Penzcek !¢ 132134

Bromine terminated polymers
have been used to form block co-polymers with styrene and methacrylates. Using
bromine functional aluminium alkoxides as initiators for the polymerisation of &-
caprolactone and then the subsequent polymerisation of olefinic monomers in the

same vessel would provide an interesting route to co-polymers.

It has been proved in this thesis that the rate of polymerisation of lactones is
affected by the nature of the alkoxide substituent. Assuming that bulkier alkoxide
groups hinder propagation, then it may be possible that some alkoxide groups such
as 1-butyl alkoxide will hinder propagation to such an extent that polymer formation
is negligible in the timescale of a polymerisation carried out with say, aluminium n-

butoxide. ~ Another monomer may not be hindered by this alkoxide and will
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propagate  Selective polymerisation of two monomers at the same time may be
possible. Certainly the formation of two polymers, a homo polymer A, and a random
co-polymer AB, should be possible with careful selection of the alkoxide groups

using a difunctional alkoxide aluminium alkyl initiator.
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Chapter 8.

Conclusions.

The polymerisation of lactones using alkyl aluminium alkoxide initiators is
affected by the polarity and donor power of the solvent used in the polymerisation
(chapter 3). It was found that using more polar solvents such as DCM and THF
resulted in a slower rate of polymerisation compared to toluene. Solvents of higher
polarity are known to decrease the rate of polymerisation when the mechanism is a
coordination-insertion type. It was found however that the rate of polymerisation
when THF was used as a solvent was slower than in DCM, which has a higher
dielectric constant. The oxygen atom in the THF ring has a lone pair and this
occupies the vacant sp’ orbital on the aluminium atom. The monomer therefore has
to displace the solvent form the co-ordination sphere of the aluminium alkoxide
before propagation can occur. The same effect was observed when DMF was used
as the solvent. The polymerisation was very slow with low conversions being
achieved even after a reaction time of 72 hours.

Transesterification reactions were also found to occur when polymerising e-
caprolactone after approximately >95% conversion had been reached. The
monomeric ester groups are presumably more reactive than the polymeric ester
groups. The backbiting reaction predominates over propagation once the monomer
concentration has decreased to such an extent that the backbiting reaction is
kinetically favoured.  The effect of transesterification is exaggerated with

temperature.
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Jerome and Teyssie reported that alkyl aluminium alkoxides from aggregates

in solution ¥,

It was found in this study that diisobutyl aluminium isopropoxide
does not form aggregates in THF, DCM or toluene. It was also found that a di
alkoxide as an initiator produces polymers with a molecular weight approximately

half that of the corresponding reaction with a mono alkoxide initiator.

The structure of both the alkyl group and the alkoxide moiety were found to
have an effect on the kinetics of the polymerisation of e-caprolactone (chapter 4).
An induction or a build up period was present at the beginning of each
polymerisation. The length of this build up period was related to the structure of the
alkoxide moiety. When bulkier alkoxide groups such as cyclohexoxide and
phenoxide were used as initiators then the build up period was longer than when
smaller alkoxide groups such as n-butoxide were used. The rate of propagation, the
slope of the plot of [{1/t}In([M]o/[M],)] against time after the induction period was
independent of the alkoxide structure.  This proves that the mechanism of
propagation is one where the alkoxide group is at the dead end of the polymer
moving away from the active centre as propagation continues. The bulkier alkoxide
groups cause steric hindrance around the active site, which hinders the complexation
of the monomer with the initiator. As well as steric effects the electronic effects in
the alkoxide moiety also had an effect on the reaction kinetics. The electron
donating para-methoxy substituent increased the rate of polymerisation of -
caprolactone compared to the unsubstituted phenoxide was part of initiator. The
electron donating effect of the para-methoxy group increases the electron density
around the active alkoxide bond. This makes the complexation of the monomer and

initiator easier and increases the rate of initiation.

When the alkyl group isobutyl was part of the initiator the build up period
was also longer than when the less bulky ethyl group was used. This is again
because steric hindrance around the active site prevents complexation of the
monomer and initiator. However the rate of propagation was slower when diisobutyl

aluminium n-butoxide was used as the initiator compared to diethyl aluminium 7n-
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butoxide. The alkyl group therefore appears to have an effect on the reaction rate
throughout the polymerisation. It is likely that the alkyl groups remain close to the
active site unlike the alkoxide moieties throughout the reaction and the steric
hindrance provided by bulkier alkyl groups may also affect propagation as well as

Initiation. .

The size of the lactone ring was also found to be important in the reaction
kinetics (chapter 5). The kinetics of the six membered ring 6-valerolactone were
compared with the seven membered ring e-caprolactone. It was found that 5-
valerolactone, which has less ring strain and a less negative Gibbs free energy of ring

opening has a slower rate of polymerisation than g-caprolactone.

A method of synthesising co-polymers with accurately predictable properties
was developed (chapter 6). Di hydroxy terminated poly(hydroxybutyrate-co-
hydroxyvalerate) was reacted in DCM with triisobutyl aluminium in the presence of a
bulky diamine to form a polymer with an aluminium alkoxide group at each end.
This was then used as an initiator for the polymerisation of e-caprolactone. The co-
polymers formed were precipitated in cold methanol and dried under vacuum. The
molecular weights of the triblock polymers were found by both GPG and "H NMR to
be close to the theoretical molecular weights calculated from initial
monomer/initiator ratios. The formation of a co-polymer was confirmed by e
NMR, which showed resonances from carbonyl carbons in both the PHBV and the

PCL segments.
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