AR
W Durham

University
Durham E-Theses

Synthesis and properties of branched poly(ethylene
oxybenzoate)s

Ian Christopher Anderson

How to cite:

Anderson, Tan Christopher (2000) Synthesis and properties of branched poly(ethylene oxybenzoate)s.
Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/4280/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/4280/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

Synthesis and properties of branched

poly(ethylene oxybenzoate)s

Ian Christopher Anderson

The copyright of this thesis rests
with the author. No quotation
from it should be published
without the written consent of the
author and information derived
from it should be acknowledged.

A thesis submitted for the degree of Doctor of Philosophy at the

University of Durham

March 2000

18 0CT 2000




Abstract

Synthesis and properties of branched

poly(ethylene oxybenzoate)s

Ian C. Anderson, Ph. D. Thesis, March 2000

The synthesis and properties meta and para poly(ethylene oxybenzoate)s, two
semi-crystalline polymers, are reported. It is found that by copolymerising equimolar
quantities of meta and para monomers amorphous polymers are produced which are
significantly more soluble than their respective homopolymers. The effects of
introducing an AB; branching agent (A) into p-PEOB are also considered. It is found
that the relationship between Tg and molecular weight does not vary significantly with
the extent of branching. Using the data obtained from DSC experiments, a linear
relationship between the melting temperature and the branching composition of
p-PEOB is reported up to a critical value of 12.5mole% of A, above which materials
are amorphous and chloroform soluble. A general technique for measuring number
average molecular weight of branched materials, using '"H NMR end group counting, is
described. This is used successfully in the analysis of p-PEOB copolymers with less
than 15mole% branching. Molecular weights of the amorphous materials, i.e. with
extents of branching in excess of 12.5mole%, are measured using conventional GPC
with respect to linear polystyrene equivalents. Relationships between the extent of
branching, log Mw and log [n] in chloroform, appear to be linear for amorphous
copolymers with branching compositions of between 20mole% and 100mole%. A
detailed analysis of carbonyl signals in 3C NMR spectra of these materials is reported,

which provides evidence that the copolymerisations are statistical and not selective.
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Introduction and Background




Chapter 1

1.1 Introduction

This thesis describes the author’s work on the synthesis and characterisation
of linear and branched polyesters related to poly(ethylene terephthalate) (PET), a
commercially important material. The systems investigated are meta poly(ethylene
oxybenzoate) (m-PEOB), para poly(ethylene oxybenzoate) (p-PEOB) and
copolymers of meta and para poly(ethylene oxybenzoate) in equimolar ratios. The
effects of incorporating ethylene oxyisophthalate branching units A into p-PEOB
are also investigated in detail. The thesis is divided into seven chapters. In this
chapter the theoretical background to the synthesis of branched polymers is
discussed together with some illustrative examples. In Chapter 2, the synthesis of
monomers and polymers is described. The linear semi-crystalline homopolyesters
and the amorphous copolyesters produced in this study are described in Chapter 3.
In Chapter 4, the analysis of the semi-crystalline branched copolymers is described,
while Chapter 5 is concerned with the analysis of the amorphous branched
copolymers. The determination of molecular weight in these systems, using 'H
NMR end group, is described in Chapter 6 with an overall summary of the

outcomes of this work and suggestions for further work in Chapter 7.

1.2 Growth Mechanisms

The mechanisms by which polymer chains grow maybe divided into two
general types; step and chain growth processes. Step growth processes are
characterised by the slow growth of molecular weight, the requirement for high
conversion for high molecular weight and the use of one reaction type only. By
contrast chain growth polymerisations can give high molecular weight products in
the early stages of reaction; relying on several types of reaction, usually including
initiation (formation of the active species), propagation (growth of the molecular
chain) and termination. The polymerisations discussed in this thesis all proceed via
step growth mechanisms which therefore merit further discussion.

Many monomers may be polymerised using step growth routes, however,
not all can be taken to high molecular weight. This is due to hindrances that
prevent the growth of the polymer chain. Indeed, any side reaction or
contamination that results in the formation, or presence, of monofunctional units

will limit the extent of reaction. If high molecular weights are to be obtained it is
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As the concentrations of both A and B groups are equivalent, p is also the
probability that an A or B functionality has reacted. The number average degree of
polymerisation for this system, X., may be defined as the ratio of monomer
molecules measured at the start of the reaction to the total number of molecules at

any given time t, see Equation 1.2.
Yn = No/N = 1/(1-p) Eq. 1.2

A more general form of the equation was described by Carothers® for

multifunctional systems and is shown as Equation 1.3.

An = 2/(2-pf) Eq. 1.3

Where f is the average functionality of all the monomers in the polymerising systeml; p is
the fraction of functional groups consumed.

This equation reveals that high extents of reaction (p>0.98) are essential if
high molecular weight polymers are to be obtained; the point is illustrated
graphically in Figure 1.1. Although the Carothers equation predicts number
average degrees of polymerisation from extents of reaction, p, it tells us nothing
about the weight distribution of the polymer. To obtain this information we must

consider Flory’s statistical treatment of AB step growth polymers.
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Fig. 1.1 Theoretical extent of reaction vs. degree of polymerisation

for an AB bifunctional step growth polymer.
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The linear polymer B was synthesised because the large numbers of end
groups made for a more accurate comparison with hyperbranched and dendritic
analogues. Analysis of the glass transition temperatures of linear, hyperbranched
and dendritic polymers based on A and B, revealed that they were essentially the
same. Properties were reported as follows: a fourth generation core terminated
dendrimer with phenolic end groups had a Tg of 210°C, the hyperbranched polymer
of unspecified molecular weight was found to have a Tg of 197°C and the linear
analogue B, also of unspecified molecular weight, had a Tg of 204°C. By
comparison, the glass transition temperature of poly(3-oxybenzoate) C, although
not reported in their publication, is 157°C.® The thermal degradation of all three
phenolic terminated architectures was reported to be identical within experimental
error. Furthermore, the glass transition temperatures of benzylether terminated
polymers were also reported. A Tg of 73°C was found for the dendritic polyester
and a Tg of 78°C for the corresponding linear analogue. These findings led the
authors to conclude that Tg and decomposition temperatures were independent of
molecular architecture but influenced significantly by the nature of the chain ends.

The solubilities of these materials in acetone were also reported. The
phenolic terminated dendrimer had a solubility of 1.05g mI' whilst the
hyperbranched polymer had a solubility of 0.7g ml" and less than 0.02g of the
linear analogue would dissolve per millilitre of acetone. By comparison poly(3-
oxybenzoate) C, was found to be completely insoluble in acetone leading the
authors to conclude that the high solubility of dendrimers and hyperbranched
macromolecules was the result of their highly branched architectures and large
numbers of end groups.

An areca where the properties of dendritic macromolecules have been shown
to differ radically from both linear and hyperbranched systems is in their viscosity
behaviour. The general solution behaviours of linear, hyperbranched and dendritic
polymers are summarised in Figure 1.13. It is widely accepted that the viscosity of
linear polymers increases with molecular weight in accordance with the Mark-
Houwink equation; [N]=KM®". Dendrimers, on the other hand, do not obey this
relationship. A plot of log(intrinsic viscosity) against generation number for core
terminated ‘tridendrons’ reveals a characteristic bell shaped curve with a maximum

at about generation 3. A maximum in the intrinsic viscosity of monodendrons is
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also observed but this occurs, typically, between generations 4 and 5. The unique
solution behaviour of dendritic macromolecules is explained by considering the
shape of the molecule. The surface area of a dendrimer increases as the square of
the radius (A=4nr®) whilst the mass of end groups doubles for each generation and
therefore increases exponentially. This characteristic behaviour has been reported
by Frechet et al for polyether dendrimers,® and by Tomalia et al for

poly(amidoamine), or PAMAM dendrimers.’

Linear —~ /

= | e -7
§' \~._ - : ‘ ./,-—’ -7 A\JHyperbranched
— ] )
- Dendritic -
1 1 1
3.0 5.0
Log M

Fig. 1.13 Typical solution viscosity vs. log(molecular weight) behaviour

for linear, hyperbranched and dendritic systems.’

The molecular weight relationship observed for hyperbranched polymers
more closely resembles linear systems than dendritic. However, the
‘hyperbranched’ analogue of Tomalia’s PAMAM dendrimer, synthesised by
Hobson and Feast,'’ is reported as displaying dendritic solution behaviour.
However, the polymer was not reported as being statistical but perfectly branched,
Le. with a degree of branching (DB) close to 1. By contrast, statistically branched
homopolymers have a DB of 0.5 at one hundred percent conversion. The degree of
branching (DB) was defined by Frey et al'' as being 2D/(2D+L); where D = the
number of fully reacted or ‘dendritic’ units and L is the number of partially reacted
or ‘linear’ units. It is used to compare the number of growth directions in the

polymer with the theoretical maximum.
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In the remaining sections of this chapter three common commercial

polymers are discussed.

1.8 Branching in polyethylene™
Polyethylene (PE), with the structure shown below, is conceptually the most
simple of all synthetic polymers. However, the various methods used in the

preparation of commercial PE yield materials with structures and properties that are

—ECHz—CH.E’-
n

Unsubstituted linear polyethylene achieves the highest density 0.96-0.97 g

very different.

cm” and melting point, 135°C of any PE architecture. This is due to the high
crystalline content of the material, typically 70-90%. However, most polyethylene
polymers incorporate branching to some extent. A brief synopsis of three general
grades of commercial PE polymer is provided in the following paragraphs;

highlighting the differences in production techniques, properties and structure.

Low density polyethylene (LDPE)

Commercial LDPE produced by the original ICI high pressure/high
temperature route can be manipulated to give a wide variety of products and
properties. The controlled variation of pressure during the polymerisation is used to
influence the extent of long and short chain branching and ultimately to control the
properties of the resultant material. Commercial LDPE is synthesised at pressures
of around 40,000psi and contains, typically, 4 long chains and 15-30 alkyl
substituents per 1000 carbon atoms. Long chain branching, a characteristic feature
of LDPE polymers results in the formation of branched segments which may be as
long as the backbone itself. Increasing the reaction pressure to 90,000psi
significantly reduces the extent of branching. Resultant polyethylene materials are
then essentially linear with typically 0.6 long chain branches and 0.8 alkyl
substituents per 1000 carbon atoms. However, the extreme conditions required to

achieve this reduction in branching content are not feasible commercially.
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The properties of commercially available LDPE are highly dependent on the
density and crystallinity of the material which are themselves strongly influenced
by the extent of branching. Owing to their high amorphous content, LDPE
polymers possess remarkable toughness and high impact strength. Their flexibility,
ease of processing, transparency, chemical resistance, low permeability to water and
outstanding electrical properties make them ideal for applications such as packaging
and cable coatings. However, LDPE materials are subject to slow deformation
under constant stress, called ‘creep’. Consequently, they are not used for structural

applications.

High Density Polyethylene (HDPE)

One of the most important advances in PE synthesis was the discovery in the
1950s by Ziegler and coworkers, that ethylene would polymerise at ambient
temperature and atmospheric pressure in the presence of an alkyl aluminium
compound and a transition metal halide. They found that the product of this
reaction was essentially linear and highly crystalline. Commercial HDPE has less
than 7 branch points per 1000 carbon atoms, typically, and these are all short chain
defects (alkyl substituents).

The Phillips catalyst, developed at the same time as Ziegler’s, utilises a
chromium trioxide catalyst which is supported on silica. It relies on moderate
pressures to be effective but produces HDPE with fewer branching defects than the
Ziegler route. Between these two catalysts, they account for almost all production

of commercial grade HDPE.

Linear Low Density Polyethylene (LLDPE)

LLDPE is a copolymer of PE with typically 8-10% of an o-olefin, such as
but-1-ene, pent-1-ene, hex-1-ene or oct-1-ene. By varying the type and extent of
comonomer incorporation, it is possible to control the number of short chain
branches in the resultant material. LLDPE has superior impact strength to LDPE,

improved toughness and a lower brittle temperature.

20
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Effects of Branching in Polyethylene

Long chain branching exerts a strong influence over melt viscosity and the
relationship with shear rate. Indeed, under practical extrusion conditions, i.e. high
shear, the melt viscosity of branched LDPE is much lower than that of unbranched
LLDPE; Figure 1.14. Consequently, the former can be extruded at a lower

temperature and a higher rate with an overall decrease in energy consumption.

LI ERRAREL | LBRILARLLL LALLM LELRBALLL T T o LDPE
10°L .
3 j A LLDPE
w  F ]
D(_U - E
— 10’k 3
s 3
10°
10° 10" 10° 10' 10° 10°

Shear rate (s™')

Fig. 1.14 Polyethylene melt viscosity 1 vs. shear rate at 220°C."?

An increase in the dimensions of a polyethylene melt occur after it has been
forced under pressure through the dye of an extruder. This effect, called die swell,
increases with long chain branching and molecular weight. It also increases with
shear rate up to a critical value above which melt fracture occurs; polymer melt is
then extruded with a rough uneven surface called ‘shark skin’. Melt fracture is
itself subject to influence from long chain branching, occurring less readily for

LDPE than for LLDPE.

In solution, the highly branched structures of LDPE are less extended, i.e.
more compacted, than their linear analogues with equivalent molecular weights.
Consequently, lower viscosities are observed for branched LDPE polymers. A plot
of log[n] vs. log Mn reveals a linear relationship for LLDPE polymers, which
agrees with the Mark-Houwink equation []=KM®. However, LDPE solution
behaviour deviates from the linear analogue to approach a plateau value at high

molecular weights; Figure 1.15. Indeed, the decrease in [1] as compared with linear

PE can be used a measure of the extent of long chain branching in these systems.
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Fig. 1.15 Relationships between intrinsic viscosity [n] and Mn for fractions of

linear and branched polyethylene."

As alkyl side chains are excluded from the crystal lattice, short chain
branching is the main controlling influence of crystallinity, density and associated
properties in PE polymers. In LDPE, alkyl branches are created primarily through a
free radical backbiting mechanism. However, in LLDPE short chain branchesAare
purposefully introduced via a controlled copolymerisation of «-olefins and
ethylene. This offers the advantage of being able to easily modify the properties of

PE materials through changes in the monomer feed stock.

1.8 Branching in Polystyrene

It is known that copolymerisations of styrene and divinyl benzene, prepared
via free radical chain growth mechanisms, result in cross-linked polystyrene gels.
However, an investigation by Oun'® revealed that copolymers of styrene with 0.9%
by weight of DVB units, acting as tetrafunctional branch points, were soluble in
methyl ethyl ketone and THF. Fractionated samples were analysed using light
scattering techniques and the branching and expansion factors calculated from light
scattering data. However, the analyses of these data did not show good agreement
with theory.

The main problem associated with introducing branch points into linear

polymers is gelation. Flory' and Stockmayer' both considered the theoretical
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basis for gelation in what were coined ‘three-dimensional’ polymerisations. They
both concluded that the gel point could only be reached at a specific extent of
reaction, dependent on both the branching functionality and the percentage
composition of branching units in the monomer feed. Consequently, branching
with multifunctional A, or By molecules is limited to low extents of branching and
low molecular weights. The addition of a monofunctional chain terminating agents
can be used to prevent the onset of gelation to produce soluble, highly
functionalised molecules.'®!’

Considerable interest in the synthesis and characterisation of hyperbranched
macromolecules has been shown over the last decade. Like dendrimers they are
highly functionalised but lack the symmetry and structural regularity obtained from
dendritic macromolecules. The main advantage of hyperbranched polymers over
dendrimers is their ease of synthesis. Indeed, it is possible to obtain soluble
hyperbranched polymers via a ‘one-pot’ reaction that possess some of the qualities
and characteristics of dendrimers without the need for laborious protection,
deprotection reaction sequences. However, in many cases these systems lack the
properties of perfect dendritic structures.

Although less well researched, the incorporation of AB, branching units into
an AB linear polymer provides a means of obtaining soluble, highly functionalised
polymers without gelation. This was demonstrated for copolymers of polystyrene
by Matyjaszewski et al'® using an atom transfer radical polymerisation of
commercially available p-(chloromethyl)styrene (CMS) in the presence of Cu(l)
and 2,2’-bipyridyl (bpy). The synthesis of hyperbranched CMS was also reported.

In the synthesis described by Matyjaszewski, the CMS monomer was
considered to be an AB; molecule which was capable of creating a soluble
hyperbranched polymer as illustrated in Figure 1.16. In the ATRP mechanism,
CMS is acting as both monomer and initiator. The chlorine atom is homolytically
cleaved at the benzylic position by Cu(l) to form a benzyl radical and Cu(II)CL
This radical is capable of initiating polymerisation through the double bond of a
second monomer molecule. The propagating chain may be deactivated by Cu(II)Cl
at any point during the reaction and then reactivated again at a later time by Cu(l).
The ATRP mechanism behaves in a manner that is similar to step growth, where
molecules of any given number of units, x, may react with the focal group of

another molecule, with y incorporated units. The broad polydispersities observed in
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these systems are consistent with this type of mechanism. Propagation of the
polymer chains creates pendant p-benzyl chloride units; any number of which may
be active at any one time, dependent on concentration of Cu in the reaction. An
increase in the number of radical ions will lead eventually to ‘bimolecular
coupling’, or intramolecular cyclisation, to yield a cross-linked intractable gel.
Indeed, cross-linking was reported by the author for reactions with greater than

10mole% Cu after 30 minutes.

110°C
Cu(l), bipy
Activation Step: E)-———_‘_ 3)
ca  culiic ;
bipy *

/)~ CHy~CHy=CH-CHy— cl
/—O-G'erHr Ct  Activation
—_— —_—_—

Monomer x2 CHy H,
CHal CHO or dimer
CHQ
Acitvation Monomer x4

/- Curca— a
5

Activation Cl CH2C|
-——— ————

+ Monomer

or n-mer

Fig. 1.16 Formation of a hyperbranched polymer by Atom Transfer Radical

polymerisation of CMS."®

Matyjaszewski showed using Mark-Houwink plots, Figure 1.17, that the
solution viscosity of a 2mole% branched PS copolymer was lower than the
corresponding linear analogue of the same molecular weight. Furthermore, the
observed relationship was linear between molecular weights of 10% and 10°. Clearly,
a range of branched polystyrenes with various compositions could be synthesised
without the formation of intractable cross-linked gels, providing that a suitable

concentration of initiator is selected.

24




Chapier |
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Fig. 1.17 Mark-Houwink plots showing Log(Mw) as determined by light
scattering against log(intrinsic viscosity) for linear and 2mole % branched

polystyrene.'®

1.9 Poly(ethylene terephthalate)"”

Poly(ethylene terephthalate) (PET), Figure 1.18, was discovered in the UK

®  Introduced

in the early 1940s following the pioneering work of Carothers.’
commercially in 1953 as a textile fibre, its volume of production and range of
products has increased dramatically over the last fifty years. In 1970 the world-
wide film production of PET was ca. 500 tons. This grew to more than 500,000
tons in 1985 and was predicted to grow at an annual rate of 14% per annum. At this

time, fibre production exceeded film manufacture by a staggering 5.6 million tons.

o o

1

o) oM‘

Fig. 1.18 Poly(ethylene terephthalate) PET.

So, what is PET and why is it so commercially successful? PET is classified
as an engineering material because of its excellent thermal, mechanical, optical and

electrical properties. It has excellent mechanical properties when oriented and has
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consequently found its way into fibres, films and blow moulded products. Indeed,
its high strength, rigidity and good surface hardness make it ideal for many
engineering applications. PET is a relatively inexpensive material and its success as
a commercial material can be attributed to its ‘cost effective’ properties.

The basic manufacturing process for PET is identical for all products
including fibres, films, filaments and bottles; products differing only in their
processing, handling and addition of additives. The synthesis of PET from
dimethyl terephthalate (DMT) is essentially a two step process. The first step
involves the transesterification of DMT and ethylene glycol; Figure 1.19. A 2.1:1
mixture of ethylene glycol and dimethy] terephthalate is charged into a reactor and
heated slowly. A catalyst, almost always a metal acetate, is added to the reactor
below 430K. Dimers and trimers of PET are formed between 430K and 470K and
are accompanied by the rapid evolution of methanol. After this initial surge of
reactivity the temperature is slowly increased to 530K and held until 95% of the
methanol has been collected. The reactor is then heated by a further 10K to 540K

to drive the reaction to completion.

(@) (0] (0] o)
~ n \/\OH
EI Catalyst
+ OH OH
-MeOH T
(o) O/ (o] O/\/O-}H

Fig. 1.19 PET synthesis step 1: Ester Interchange.

Oligomers, formed during the first stage are fed to the main polymerisation
reactor. It is important that this first stage is driven to completion as the presence of
methyl ester chain ends, acting as chain terminating agents, limit the molecular
weight of the resultant polymer in the second stage of the synthesis. Polymerisation
occurs when the oligomers of PET are heated to 560K in the presence of a suitable
polycondensation (PC) catalyst. Glycol is eliminated during the reaction and is
distilled from the reactor under vacuum, see Figure 1.20. The reactor is maintained
at 560K until the desired Mn is reached; determined by monitoring the power

requirement of the stirrer as it agitates the polymer melt.

26




Chapter 1

Some catalysts include acetates of antimony, calcium, magnesium and
manganese although zinc acetate is one of the most commonly used.
Polycondensation catalysts typically used are antimony trioxide, germanium
dioxide or titanium tetrabutoxide. Catalysts that are soluble in glycol can be
precipitated as phosphate or phosphites with the addition of triphenylphosphine
(TPP) to prevent polymer degradation during processing.

0]
g N\~ o)
o) (0]
\/\OH
PC Catalyst
> o 0]
/—\ T \/1\0 o
OH OH

o Oi/n\/OH

Fig. 1.20 PET synthesis step 2: Polycondensation.

The structure shown in Figure 1.20 does not represent PET in its entirety.
This is because PET polymers contain ca. 1.5mole% of cyclic material, the majority
of which is cyclic trimer. In addition, a side reaction of ethylene glycol during the
polymerisation of PET results in the formation of ca. 2-5mole% diglycol and traces
of triglycol units in the polymer. These are present as copolymerised units in the
chain and lower the melting temperature of the polymer by ca. 2.2°C.

The glass transition temperature of PET has been measured between 70-
120°C and is dependent on the technique of measurement, the rate of measurement
and the extent of crystallinity in the polymer. PET is also known to exhibit multiple
endothermic transitions. After crystallising, there is a morphological rearrangement
of less perfectly formed crystallites into more organised arrangements close to the
melt temperature. This has been confirmed by measurements using electron
microscopy and small angle neutron scattering. The equilibrium melt temperature
of PET has been determined as 290°C.

PET with a weight average of ~35,000 is manufactured for oriented films

and fibres. However, for injection moulding higher molecular weight materials
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(Mw~80,000) are required to avoid brittle mouldings. The compatibility of PET
with many different types of filler, polymer additives and modifying agents is one
of the principal reasons why there has been such a large market expansion of
injection-moulded polyester products since its introduction in 1966. There are a
wide range of additives that can be used, a few of which include, glass fibre, glass
beads, calcium carbonate, carbon powder, flame retardants, impact modifiers,
antistatic agents, uv stabilisers and so on. These enhance the properties of the
material and expand the range of available products and applications. Meanwhile,
manufacturers continue to search for c_heaper, more efficient methods of production
and processing of PET, in their relentless attempts to lower the costs associated
with its manufacture.

In the remainder of this thesis, a study of linear and branched polyesters

with structures similar to that of PET is described
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2.1 Introduction
Our investigation into the effects of branching in linear polyesters required the

following monomers.

These were the two bifunctional linear monomers, methyl 3-(2-hydroxyethoxy)
benzoate (1) and methyl 4-(2-hydroxyethoxy)benzoate (2), and the branching agent,
dimethyl 5-(2-hydroxyethoxy)isophthalate (3), depicted above.

Two general strategies, developed previously for the synthesis of monomer 3,
were considered for molecules 1 and 2. A two step strategy, which exploits an initial
esterification and a base catalysed ring opening of ethylene oxide is shown in Scheme
2.1. An alternative four-step strategy is shown in Scheme 2.2, which utilises acetate

protection/deprotection as indicated in the diagram.

o) o)
7/ /
OH MeOH O MeOH/ NaOMe o
_Meon_ —_—)
H* °
/\ H
HO HO O\/\o

Scheme 2.1 General synthetic strategy (I) to aromatic hydroxyethoxyesters.

The route outlined in Scheme 2.1 was the quickest and most efficient synthesis,
allowing monomer production on a two hundred gram scale. However, there were
limitations for this process. Firstly, specialised reactors capable of withstanding
operating pressures of up to 200psi were required. This made the use of autoclaves

mandatory and limited the scale of production to the size and availability of these
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vessels. Secondly, ethylene oxide, a low bbiling, highly flammable gas is a hazardous
chemical. Therefore, in acknowledgement of health and safety requirements, vacuum

line techniques were used to manipulate the gas and prevent airborne contamination.

)

] /
/7
OH o] o]
MeOH Acetone/NaOH MeOH/ KOH
—_—
" Y
0 (>
O

HO HO

OH

Br/\/

Scheme 2.2 General synthetic strategy (II) to aromatic hydroxyethoxyesters.

The route shown in scheme 2.2 was lower yielding and more labour intensive
than the strategy described previously. Other problems included, physical constraints
e., the size and weight of the glassware, and our failure to obtain methyl 3-(2-
hydroxyethoxy)benzoate via this approach, even though the para and the 3,5-
derivatives were successfully produced using this route. There seems to be no steric or
electronic rationalisation for this failure. In conclusion, Scheme 2.1 was the most
advantageous, providing savings in both time and material costs whilst maintaining the
required versatility.

The method of polymerisation was adapted from a technique developed by
Stainton', Parker and Keeney in Durham, details of which are provided later in this
chapter.

Titanium tetrabutoxide is a tried and tested transesterification catalyst for the
production of PET. Although extremely effective in increasing rates of reaction, as
compared to catalyst free polymerisations, it is rarely used commercially. This is due
to the formation of a highly coloured impurity that renders the catalyst unsuitable for
applications where optical purity is required. However, titanium tetrabutoxide is a
readily available liquid which is easily manipulated and metered into the reaction

vessel. This makes it suitable for use in this work.
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Experimental procedures are described in the following sections, complete with
product characterisation data obtained during the course of this study. Copies of the
original experimental data (IR, 'H and *C NMR spectra) are included in the

appendices.

2.2 Experimental
2.2.1. General

Organic reagents, purchased from Aldrich Chemical Co. and Lancaster
Synthesis Ltd., were used without further purification. Infrared spectra, recorded using
a Perkin-Elmer 1600 series FTIR spectrometer, were obtained for all pure reaction
products. Melting points were obtained using an electrothermal IA9200 series digital
melting point apparatus and 'H, “C NMR spectra recorded on a Varian VXR 400
NMR spectrometer at 400.0MHz (lH) and 100.6MHz (13C) or a Varian Gemini at
200MHz (‘H) and 50.2MHz ("*C). The solvent system chosen for NMR analysis of
polycrystalline materials was a mixture of deuterated chloroform and a minimum
quantity of trifluoroacetic acid, the composition being determined by dropwise addition
of the acid. Amorphous materials were analysed in solutions of pure deuterated
chloroform and mixtures of deuterated chloroform and trifluoroacetic acid. NMR
spectra of linear m-poly(ethylene oxybenzoate) were also obtained for solutions in
DMSO-dg at 95°C.

Size exclusion chromatography (SEC) was performed on solutions of the
amorphous copolymer systems using three columns of Sum PL gel with 1004, 10°A
and 10°A pore sizes, a Waters differential refractometer detector ERC7515A and
chloroform as eluent. Columns were calibrated using polystyrene standards supplied
by Polymer Labs. In addition, copolymers with 80mole% branching were analysed
using THF eluent, three mixed bed 10um gel columns and a triple detector consisting
of a Viscotek LD600 right angle light scattering detector and a combined Viscotek
model 200 differential refractometer and viscometer.

Elemental analyses, CHN, were performed using an Exeter Analytical

Elemental Analyser CE-440 and mass spectra were recorded on a Micromass Autospec.
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A Schott automatic viscometer, consisting of a thermostat CT1650, water bath
CT62/2M, piston burette Visco-Doser AVS 20 and data recorder AVS 350, was used to
determine the intrinsic viscosities of amorphous copolymeric materials in chloroform.
However, the poor solubility of cfystalline materials prevented a comparative study.
Thermogravimetric analyses were performed using a Rheometrics Ltd. TG760
thermobalance. TG traces were recorded under a nitrogen atmosphere, using a heating
rate of 10°C min™". Decomposition temperatures were recorded as the temperature of
2% weight loss. Differential scanning calorimetry was carried out using either a

Perkin-Elmer DSC 7 or a Perkin-Elmer Pyris-1 DSC.

2.2.2 Synthesis

The codes shown in bold script indicate the location of the raw data within the
appendices; thus, A01-2 indicates that the °C NMR spectrum (A01-2) of compound
01 (AQ1-2) is to be found in appendix A (A01-2).

2.2.2a Dimethyl 5-hydroxyisophthalate (A01)

S-Hydroxyisophthalic acid (200g, 1.1mol), and anhydrous methanol (2L) were
charged into a SL flange flask, equipped with a stirrer, gas inlet, gas outlet and a water
cooled reflux condenser. The gas inlet was connected to a 225g cylinder of anhydrous
HCl(g) and the outlet to a NaOH(aq) scrubbing tower. Anhydrous HCl, (25g, 0.7mol)
was then bubbled through the solution and the reaction mixture stirred under reflux for
24 hours. On cooling to room temperature, white needle like crystals of crude dimethyl
5-hydroxyisophthalate formed in the acidic methanol. The solution was cooled to 0°C,
increasing the rate of crystallisation and improving the overall product yield.

Crystals, collected by filtration, were washed with copious quantities of water
and recrystallised from hot MeOH/H,O. Product was then collected by filtration,
washed with aliquots of 10% methanol/water solution and dried under vacuum to give
dimethyl 5-hydroxyisophthalate (A01) as a white powdery solid (193.9g, 0.92mol,
84%); m.p. 158°C (lit* 158-159°C); found C, 57.30%; H, 4.85%: MH" s, cn, 211;
Ci0H10Os requires C, 57.14%; H, 4.80%; M, 210. 'H NMR (A01-1) (CDCl;, 400MHz,
0) 1.60 (s, broad, 1H, phenolic OH), 3.88 (s, 6H, OCH3), 7.69 (s, 2H, aromatic C-H),
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8.19 (s, 1H, aromatic C-H); °C NMR (A01-2) (CDCl;, 100MHz, d) 52.5 (OCH;),
120.8; 123.0 (aromatic C-H), 131.9 (aromatic C-COOCHs3), 156.0 (aromatic C-0),
166.2 (C=0); IR (A01-3) (KBr disc, cm'l) 3360 (broad, H-bonded O-H stretch), 3012
(w, aryl-H C-H stretch), 2962 (w, saturated C-H stretch), 1706 (s, aromatic ester C=0
stretch), 756 (s, aryl-H C-H out of plane vibration).

2.2.2b Dimethyl 5-(2-hydroxyethoxy)isophthalate (A02)

Dimethyl 5-hydroxyisophthalate (185g, 0.88mol), sodium methoxide (12g,
0.22mol) and dry analar methanol (1.2L) were charged into a 2L autoclave. Ethylene
oxide (58g, 1.3mol) was vacuum transferred into the autoclave and the reaction vessel

pressurised with nitrogen to 100psi. The contents of the reactor were stirred for six

hours at 100°C during which period the pressure rose to a maximum of 180psi before
returning to its initial value. The autoclave was then allowed to cool to room
temperature. After venting to a NaOH(,q) scrubbing tower, the reaction mixture was
concentrated under reduced pressure and poured into a large excess of water. The
crude precipitated product was recovered by filtration, washed with water,
recrystallised from hot MeOH/H;O and dried under vacuum to give dimethyl 5-(2-
hydroxyethoxy)isophthalate (A02) as a white crystalline solid (83g, 0.33mol, 68%),
m.p. 113°C-114°C (lit’ 112-112.5°C); found C, 56.60%; H, 5.60%: MH" s, cp, 255;
C12H140¢ requires C, 56.68%; H, 5.55%; M, 254. '"H NMR (A02-1) (CDCl;, 400MHz,
9) 2.10 (s, broad, 1H, OH), 3.94 (s, 6H, OCHs), 4.00 (t, 2H, 'J~4Hz, CH,CH,OH), 4.17
(t, 2H, 'J~4Hz, CH,CH,0H), 7.77 (s, 2H, aromatic C-H), 8.29 (s, 1H, aromatic C-H);
C NMR (A02-2) (CDCh, 100MHz, d) 525 (OCH;), 61.2 (CH,OH), 69.8
(CH,CH,OH), 119.8; 123.3 (aromatic C-H), 131.8 (aromatic C-COOCH3), 151.7
(aromatic C-0), 166.0 (C=0); IR (A02-3) (KBr disc, cm™) 3330 (s, broad, O-H
stretch), 2952 (m, saturated C-H stretch), 1728 (s, aromatic ester C=0 stretch), 1596 (s,
aryl C=C stretch).
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2.2.2c Methyl 4-(2-hydroxyethoxy)benzoate: method 1 (A03)

Methyl 4-hydroxybenzoate (200g, 1.3mol), sodium methoxide (16.2g, 0.30mol)
and dry analar methanol (1.2L) were charged into a 2L autoclave. Ethylene oxide (58,
1.3mol) was vacuum transferred into the autoclave and the reaction vessel pressurised

with nitrogen to 100psi. The contents of the autoclave were stirred for 6 hours at

100°C and then allowed to cool to room temperature. After venting to a NaOH,,
scrubbing tower, methanol was removed under vacuum. The crude product was then
dissolved in dichloromethane and washed with water and brine. After separation and
removal of the solvent under reduced pressure, the product was recrystallised from hot
toluene, collected by filtration and dried under vacuum to give methyl 4-(2-
hydroxyethoxy)benzoate (A03) as a white crystalline solid (193g, 0.98mol, 75%), m.p.
68-69°C (lit' 65-68°C); found C, 61.15%; H, 6.21%; MH*ws, e, 197; CioHi204
requires C, 61.28%; H, 6.13%; M, 196. '"H NMR (A03-1) (CDCl;, 400MHz, ) 2.01 (t,
1H, 'J=6.2Hz, OH), 3.89 (s, 3H, OCHzs), 4.00 (m, 2H, CH,CH,OH), 4.14 (t, H,
\J=4.2Hz, CH,CH,OH), 6.93 (d, 2H, 'J=8.8Hz, aromatic C-H), 7.99 (d, 2H, 'J=9.2Hz,
aromatic C-H); °C NMR (A03-2) (CDCl;, 100MHz, d) 51.9 (OCH3), 61.3 (CH,OH),
69.3 (CH,CH,OH), 114.1; 131.7 (aromatic C-H), 123.0 (aromatic C-COOCH3), 162.3
(aromatic C-0), 166.8 (C=0); IR (A03-3) (KBr disc, cm') 3425 (s, broad, O-H
stretch), 2931 (w, saturated C-H stretch), 1719 (m, aromatic ester C=O stretch), 1609
(s, aryl C=C stretch).

2.2.2d Methyl 4-(2-acetoxyethoxy)benzoate (A04)

Methyl 4-hydroxybenzoate (162g, 1.06mol), anhydrous potassium carbonate
(146.1g, 1.06mol), bromoethylacetate (230.6g, 1.38mol) and dry analar acetone (1.5L),
were charged into a SL flange flask fitted with a reflux condenser. The reaction
mixture was stirred under reflux for three days and allowed to cool to room
temperature. The crude reaction mixture was concentrated under reduced pressure,
poured into excess water, extracted into dichloromethane, shaken with 0.5mol NaOHg,g)
solution (3x1L) and washed with brine. After removing the dichloromethane solvent
under reduced pressure, the product was recrystallised from hot toluene, collected by

filtration and dried under vacuum to give methyl 4-(2-acetoxyethoxy)benzoate (A04) as
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a white crystalline solid (58g, 0.24mol, 23%), m.p. 84°C; found C, 60.75%; H, 5.95%:;
MH" s, cny, 239; C10H1204 requires C, 60.52%; H, 5.88%; M, 238. 'H NMR (A04-1)
(CDCl;, 400MHz, 6) 2.11 (s, 3H, OAc), 3.89 (s, 3H, OCH3), 4.22 (t, 2H, 'J~5Hz,
CH,CH,0Ac), 4.44 (t, 2H, 'J~5Hz, CH,CH,0Ac), 6.93 (d, 2H, 'J=8.8Hz, aromatic C-
H), 7.99 (d, 2H, 'J=8.8Hz, aromatic C-H); °C NMR (A04-2) (CDCl;, 100MHz, ) 20.9
(acetate OCOCH;), 51.9 (ester COOCH3), 61.0 (CH,OH), 66.0 (CH,CH,OH), 114.1;
131.6 (aromatic C-H), 123.1 (aromatic C-COOCH3), 162.1 (aromatic C-O), 166.7
(ester C=0), 171.0 (ester C=0); IR (A04-3) (KBr disc, cm'l) 3407 (H,0O, O-H stretch),
2946 (w, saturated C-H stretch), 1744 (s, aliphatic C=O stretch), 1714 (s, aromatic
C=O0 stretch).

2.2.2¢ Methyl 4-(2-hydroxyethoxy)benzoate: method 2 (A03)

Methyl 4-(2-acetoxyethoxy)benzoate (57.6g, 0.24mol), potassium hydroxide
(0.76g, 0.013mol) and dry analar methanol (0.6L), were charged into a 2L flange flask
fitted with a water cooled condenser. The reaction mixture was then stirred at room
temperature for forty-eight hours, concentrated under reduced pressure and poured into
excess water. The crude product was extracted into dichloromethane and the resulting
solution washed with brine. After removing the solvent under reduced pressure the
product, recrystallised from hot toluene, was collected by filtration and dried under
vacuum to give methyl 4-(2-hydroxyethoxy)benzoate (A03) as a white crystalline solid
(358, 0.13mol, 74%), m.p. 66-68°C (lit* 65-68°C); found C, 61.25%; H, 6.14%;
MH" s, cn, 197; CyoH 1204 requires C, 61.28%; H, 6.13%; M, 196. 'H NMR (A03-1),
BCc NMR (A03-2) and IR (A03-3) spectra were identical with those of samples
produced by method 1.

2.2.2f Methyl 3-(2-hydroxyethoxy)benzoate (A05)

Methyl 3-hydroxybenzoate (150g, 1.035mol), sodium methoxide (12.95g,
0.237mol) and dry analar methanol (0.6L) were charged into a 2L autoclave. Ethylene
oxide (69g, 1.66mol, 1.6eq) was vacuum transferred into the autoclave and the reaction

vessel pressurised with nitrogen to 100psi. The reaction mixture was stirred for 6 hours

at 100°C and then allowed to cool to room temperature. After venting to a NaOH,)
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scrubbing tower, the solvent was removed under reduced pressure. The crude product
was dissolved in dichloromethane, washed with water and brine, and the solvent
removed under reduced pressure. The crude product, an orange oil, was then purified
by column chromatography on silica gel (Aldrich, mesh 70-230); eluent (9:1)
dichloromethane/ethyl acetate. ~ Appropriate fractions, analysed by thin layer
chromatography, were combined and the solvent removed under reduced pressure. The
product was dried under vacuum to give methyl 3-(2-hydroxyethoxy)benzoate (A05) as
a pale yellow oil (64g, 0.33mol, 33%), found C, 61.30%; H, 6.00%; MH" s, cr, 197;
C10H1204 requires C, 61.28%; H, 6.13%; M, 196. 'H NMR (A05-1) (CDCl;, 400MHz,
3) 2.21 (s, broad, 1H, OH), 3.90 (s, 3H, OCH3), 3.97 (t, 2H, 'J~4Hz, CH,CH,0H), 4.13
(t, 2H, 1J~4Hz, CH,CH,0H), 7.15 (m, 2H, aromatic C-H), 7.34 (m, 1H, aromatic C-H),
7.56 (m, 1H, aromatic C-H), 7.65 (m, 1H, aromatic C-H); '*C NMR (A05-2) (CDCl,
100MHz, 6) 52.2 (OCHj3), 61.3 (CH,OH), 69.4 (CH,CH,OH), 114.6; 119.9; 122.4;
129.4 (aromatic C-H), 131.4 (aromatic C-COOCH3), 162.3 (aromatic C-O), 166.8
(C=0); IR (A05-3) (KBr disc, cm™') 3445 (s, broad, O-H stretch), 2951 (m, saturated C-
H stretch), 1717 (m, aromatic ester C=0 stretch), 1585 (s, aryl C=C stretch).

2.2.3 Polymerisation

Residual traces of water react with titanium tetrabutoxide, the chosen
transesterification catalyst, to form hydroxy titanate species with no catalytic activity.
Consequently, in an attempt to exclude moisture from the reactor, glassware was
routinely flamed and cooled under dry nitrogen before use.

Twenty-gram batches of monomer were dried under vacuum and added to the
reaction vessel. Titanium tetrabutoxide, a thick viscous liquid, was then added in the
ratio 1mg:1g (catalyst:monomer) using a microlitre syringe. The density of titanium
butoxide (1g cm™) gave catalyst mole percentages of between 0.05 and 0.07, depending
on the ratio of di- to trifunctional monomers used.

Upon reassembly, the reactor was heated to 150°C using an oil bath. Molten
monomers were then mixed by a two paddle stirrer, designed to ensure good mixing in
both the vertical and horizontal directions. The temperature of the polymerisation

vessel was increased to 240°C at a rate of 10°C min" and maintained throughout the
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reaction. Methanol, an unwanted side-product, was removed by sweeping the

polymerisation vessel with a slow stream of dry nitrogen. This helped to drive the

equilibrium to high conversion and minimise the effects of oxidative degradation.

Stirrer Guide
Nitrogen In Nitrogen Out

= =

v
\ ‘\
( Two Paddle <_._ b
Po

Stirrer
lymerisation Vessel

Fig. 2.1 Polymerisation apparatus.

Polymer samples were extracted at intervals of 15, 30 or 60 minutes, depending

on the experiment, and analysed using several characterisation techniques. Details of

these analyses are given in the relevant sections of this thesis. After obtaining the

required samples, the remaining polymer was recovered by solvent extraction.

A

diamond wheel was used to cut away the bottom half of polymerisation vessel

containing the surplus polymer. This section of glass was then broken into manageable

pieces using a hammer and the polymer extracted with hot solvent, in a Soxhlet

apparatus, over a period of several days; the period of extraction varying with the

experiment. Chloroform was used to dissolve the amorphous materials. However, the

addition of up to 10% w/w trifluoroacetic acid was required to dissolve the semi-
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crystalline polymers. Extracted polymers were reprecipitated into methanol, recovered
by filtration and dried under vacuum to a constant weight.

As made samples were isolated as hard solids, which varied in colour from
straw yellow at low DP, through orange, to brown at higher molecular weights.
However, the coloured impurity remained in solution after reprecipitation and the final

recovered materials were white.

2.2.4 Polymer Characterisation
2.2.4.1 IR Spectroscopic Analyses

IR spectra were recorded using conventional KBr discs, which were prepared
by grinding the polymer with dry analar KBr and pressing at 10 tons load. The
following abbreviations are used in Table 2.1:- (a) (w, aryl-H C-H stretch), (b) (w,
saturated C-H stretch), (c) (s, aromatic ester C=0 stretch), (d) (s, aryl-H C-H out of -
plane vibration), (e) (s, aryl C=C stretch). Spectra are recorded in the appendices, as

indicated in the Table.

Polymer designation: p = p-poly(ethylene oxybenzoate) (p-PEOB)
m = m-poly(ethylene oxybenzoate) (m-PEOB)
b = poly(ethylene 5-oxyisophthalate) (5-PEOI)

Polymer | Appendix Comment a b c d e
Description
P BO1-1 Homopolymer | 3076 | 2953 | 1716 | - | 1607
m B02-1 Homopolymer | 3072 | 2959 | 1717 | - | 1585
50:50 (m:p) | BO3-1 Copolymer | 3074 | 2954 | 1715 | - | 1606
b B04-1 | Homopolymer | 3088 | 2953 | 1725 | 756 | 1596
80:20 (b:p) |- BO5-1 | 80% Branched | 3084 | 2952 | 1722 | 754 | 1605
60:40 (b:p) | BO06-1 | 60% Branched | 3084 | 2952 | 1721 | 754 | 1606
40:60 (b:p) | BO7-1 | 40% Branched - 129521719 | - | 1606

continued overleaf
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20:80 (b:p) | BO8-1 20% Branched - - 1717 | - | 1606
15:75 (b:p) B09-1 15% Branched - - 1713 | - | 1607
10:90 (b:p) | B10-1 10% Branched - - 1718 | - | 1606
4:96 (b:p) B11-1 4% Branched - 12958 | 1715 - | 1606
3:97 (b:p) B12-1 3% Branched - 2951 | 1714 | - | 1606
2:98 (b:p) B13-1 2% Branched - 2952 | 1711 | - | 1606
1:99 (b:p) B14-1 1% Branched - 2952 | 1713 | - | 1606

Table 2.1 IR spectroscopic characterisation.

2.2.4.2 "H NMR Spectroscopy (CDCl/TFA)

Assignments of 'H NMR spectra, obtained in CDCI3/TFA solution at 400MHz,
are summarised below. This data is recorded as a matter of record and will be analysed
and discussed at relevant points in the thesis. Copies of the original data are recorded
in the appendices, as indicated in bold script.

p-PEOB (B01-2), 3.96 (s, variable, OCHj3), 4.40 (s, 2H, ether-CH,), 4.73 (s,
2H, ester-CH,), 6.99 (pseudo d, 2H, 1J~8.6Hz, aromatic C-H), 8.02 (pseudo d, 2H,
1J~8.6Hz, aromatic C-H); m-PEOB (B02-2), 3.97 (s, variable, OCH3), 4.37 (s, 2H,
ether-CH,), 4.72 (s, 2H, ester-CH>), 7.17 (m, 1H, aromatic C-H), 7.36 (m, 1H, aromatic
C-H), 7.59 (s, 1H, aromatic C-H), 7.66 (m, 1H, aromatic CH); 5-PEOI (B04-2), 3.94
(s, 3H, OCH3), 4.40 (s, 2H, ether-CH,), 4.72 (s, 2H, ester-CH,), 7.79 (s, 2H, aromatic
C-H), 8.26 (s, 1H, aromatic C-H); 80mole% branched p-PEOB (B05-2), 3.94 (s,
6.1H, OCH3), 4.39 (s, 4.4H, ether-CH,), 4.71 (s, 4.6H, ester-CH,), 6.93 (s, 1.0H,
aromatic C-H), 7.79 (s, 3.8H, aromatic C-H), 7.98 (s, 1.0H, aromatic C-H), 8.27 (s,
2.0H, aromatic C-H); 60mole % branched p-PEOB (B06-2), 3.92 (s, variable, OCH3),
4.37 (s, 3.1H, ether-CH,), 4.69 (s, 3.1H, ester-CH), 6.93 (s, 1.4H, aromatic C-H), 7.77
(s, 2.0H, aromatic C-H), 7.97 (s, 1.4H, aromatic C-H), 8.27 (s, 1.0H, aromatic C-H);
40mole % branched p-PEOB (B07-2), 3.96 (s, variable, OCH3), 4.38 (s, 4.6H, ether-
CH,), 4.72 (s, 4.7H, ester-CH>), 6.95 (s, 3.0H, aromatic C-H), 7.81 (s, 2.0H, aromatic
C-H), 7.99 (s, 3.0H, aromatic C-H), 8.30 (s, 1.0H, aromatic C-H); 20mole % branched
p-PEOB (B08-2), 3.96 (s, variable, OCH3), 4.37 (s, 11.1H, ether-CHy), 4.71 (s, 11.2H,
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ester-CH), 6.96 (s, 9.6H, aromatic C-H), 7.82 (s, 2.5H, aromatic C-H), 8.00 (s, 9.2H,
aromatic C-H), 8.31 (s, 1.0H, aromatic C-H); 15mole% branched p-PEOB (B09-2),
3.95 (s, variable, OCH3), 4.34 (s, 12.7H, ether-CH,), 4.70 (s, 13.7H, ester-CH,), 6.96
(s, 13.8H, aromatic C-H), 7.81 (s, 2.1H, aromatic C-H), 8.00 (s, 13.4H, aromatic C-H),
8.32 (s, 1.0H, aromatic C-H); 12.5mole% branched p-PEOB (B09-b-2), 3.95 (s,
variable, OCH3), 4.34 (s, 12.7H, ether-CHy,), 4.70 (s, 13.7H, ester-CH,), 6.96 (s, 13.8H,
aromatic C-H), 7.81 (s, 2.1H, aromatic C-H), 8.00 (s, 13.4H, aromatic C-H), 8.32 (s,
1.0H, aromatic C-H); 10mole % branched p-PEOB (B10-2), 3.94 (s, variable, OCH»),
4.37 (s, 18.9H, ether-CH,), 4.69 (s, 19.1H, ester-CH;), 6.96 (pseudo d, 17.0H,
1J~8.2Hz, aromatic C-H), 7.81 (s, 2.0H, aromatic C-H), 8.00 (pseudo d, 17.3H,
lJ~8.2Hz, aromatic C-H); 4mole% branched p-PEOB (B11-2), 3.96 (s, variable,
OCHz), 4.37 (s, 41.1H, ether-CH,), 4.70 (s, 41.6H, ester-CH>), 6.97 (pseudo d, 41.1H,
1J~8.2Hz, aromatic C-H), 7.81 (s, 2.1H, aromatic C-H), 8.00 (pseudo d, 41.1H,
1J~8.2Hz, aromatic C-H), 8.32 (s, 1.0H, aromatic C-H); 3mole% branched p-PEOB
(B12-2), 3.95 (s, variable, OCH3), 4.38 (s, 48.5H, ether-CH,), 4.71 (s, 49.5H, ester-
CH;), 6.97 (pseudo d, 48.5H, 'J~8.8Hz, aromatic C-H), 7.81 (s, 2.0H, aromatic C-H),
8.01 (pseudo d, 48.0H, lJ~8.8Hz, aromatic C-H), 8.32 (s, 0.8H, aromatic C-H);
2mole % branched p-PEOB (Bi3—2), 3.95 (s, variable, OCH3), 4.38 (s, 62.0H, ether-
CH>), 4.71 (s, 62.0H, ester-CHy), 6.97 (pseudo d, 72.5H, 1J~8.2Hz, aromatic C-H), 7.83
(s, 2.0H, aromatic C-H), 8.01 (pseudo d, 71.0H, lJ~8.2Hz, aromatic C-H), 8.32 (s,
1.0H, aromatic C-H); 1mole% branched p-PEOB (B14-2), 3.96 (s, variable, OCH3),
4.38 (s, 134.0H, ether-CH,), 4.71 (s, 134.0H, ester-CH,), 6.97 (pseudo d, 140.0H,
1J~8.6Hz, aromatic C-H), 7.83 (s, 2.0H, aromatic C-H), 8.01 (pseudo d, 142.0H,
17~8.6Hz, aromatic C-H), 8.32 (s, 1.0H, aromatic C-H).

2.2.4.3 '"H NMR Spectroscopy (CDCl;)
Assignments of 'H NMR spectra, obtained in CDCl; solution at 400MHz, are

summarised overleaf. Copies of the original data are recorded in the appendices, as

indicated.
5-PEOI (B04-3), 3.89 (s, 1.6H, OCHs), 4.37 (s, 1.9H, ether-CH,), 4.68 (s, 2H,
ester-CHy), 7.74 (s, 2H, aromatic C-H), 8.24 (s, 0.8H, aromatic C-H);
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80mole% branched p-PEOB (B05-3), 3.90 (s, 6.4H, OCH3), 4.37 (s, 4.9H, ether-
CH), 4.69 (s, 5.2H, ester-CH,), 6.92 (s, 1.0H, aromatic C-H), 7.76 (s, 4.2H, aromatic
C-H), 7.97 (s, 1.1H, aromatic C-H), 8.26 (s, 2.1H, aromatic C-H); 60mole % branched
p-PEOB (B06-3), 3.89 (s, variable, OCH3), 4.35 (s, 3.5H, ether-CH,), 4.67 (s, 3.6H,
ester-CH,), 6.91 (s, 1.5H, aromatic C-H), 7.76 (s, 2.2H, aromatic C-H), 7.97 (s, 1.4H,
aromatic C-H), 8.26 (s, 1.0H, aromatic C-H); 40mole% branched p-PEOB (B07-3),
3.91 (s, variable, OCHs), 3.93 (s, variable, OCH;), 3.98 (s, variable, CH,OH,
monomer), 4.13 (s, variable, ArOCH,, monomer), 4.36 (s, 4.5H, ether-CH,), 4.69 (d,
4.6H, 1J=15.6Hz, ester-CH>), 6.96 (s, 3.1H, aromatic C-H), 7.79 (s, 2.1H, aromatic C-
H), 8.01 (s, 3.1H, aromatic C-H), 8.31 (s, 1.0H, aromatic C-H); 20mole % branched p-
PEOB (B08-3), 3.88 (s, variable, OCH3), 4.33 (s, 10.5H, ether-CH,), 4.64 (s, 10.4H,
ester-CH>), 6.93 (s, 8.4H, aromatic C-H), 7.78 (s, 2.3H, aromatic C-H), 7.99 (s, 8.2H,
aromatic C-H), 8.29 (s, 1.0H, aromatic C-H); 15mole% branched p-PEOB (B09-3),
3.89 (s, variable, OCH3), 3.93 (s, variable, OCH;), 3.99 (s, variable, CH,OH,
monomer), 4.14 (s, variable, ArOCH,, monomer), 4.34 (s, 11.0H, ether-CH,), 4.65 (s,
11.5H, ester-CH>), 6.94 (s, 11.0H, aromatic C-H), 7.79 (s, 1.8H, aromatic C-H), 8.00
(s, 10.8H, aromatic C-H), 8.31 (s, 1.0H, aromatic C-H).

2.2.4.4 >C NMR Spectroscopy (CDCL/TFA)

Assignments of >*C NMR spectra, obtained in CDCI3/TFA solution at 100MHz,
are summarised below. Copies of the original data are recorded in the appendices, as
indicated.

TFA; 110.2; 113.0; 115.9; 118.7 (CFs, 'J=280Hz), 159.6; 160.0; 160.4; 160.9
(TFA C=0, *J=40Hz)

p-PEOB (B01-4), 64.0; 66.0 (alkyl-CH,), 114.6; 132.3 (aromatic C-H), 121.5
(aromatic C-COOCH,-), 163.1 (aromatic C-0), 168.7 (C=0); m-PEOB (B02-4), 64.1;
65.9 (alkyl-CH,), 115.1; 121.0; 122.; 129.7 (aromatic C-H), 130.2 (aromatic C-
COOCH;-), 158.2 (aromatic C-O), 168.1 (C=0); 5-PEOI (B04-4), 53.1 (COOCH3),
64.0; 66.5 (aikyl—QHz),_ 120.6; 123.9 (aromatic C-H), 131.5; 131.8 (aromatic C-
COOCHS,-), 158.8 (aromatic C-0), 166.2; 167.0 (C=0); 80mole % branched p-PEOB
(B05-4), 52.9; 53.2 (COOCH3), 63.7; 64.1; 65.7; 65.9; 66.1; 66.5; 66.7 (alkyl-CH,),

43




Chapter 2

114.6; 120.6; 132.2; 132.3 (aromatic C-H), 123.9; 131.5; 131.7 (aromatic C-
COOCH), 158.8; 158.9; 162.8; 162.9 (aromatic C-O), 166.2; 167.1 (C=0); 60mole %
branched p-PEOB (B06-4), 52.8; 53.1 (COOCH3), 63.6; 64.0; 65.2; 65.8; 65.9; 66.1;
66.3; 66.6; 66.7 (alkyl-CH,), 114.6; 120.6; 123.9; 132.2; 132.3 (aromatic C-H), 122.3;
122.6; 131.6; 131.8 (aromatic C-COOCH;-), 158.8; 158.9; 162.8; 162.9; 163.0
(aromatic C-O), 166.1; 167.0; 167.5; 168.6 (C=0); 40mole% branched p-PEOB
(B07-4), 52.6; 52.9 (COOCH3), 61.4; 63.3; 63.8; 65.0; 65.6; 65.8; 66.0; 66.3; 66.5;
68.4 (alkyl-CH,), 114.3; 120.3; 123.7; 132.2; 132.3 (aromatic C-H), 122.0; 122.3;
131.6; 131.8 (aromatic C-COOCH,-), 158.5; 158.6; 162.5; 162.6; 162.8 (aromatic C-
0), 165.8; 166.7; 167.3; 168.3 (C=0); 20mole% branched p-PEOB (B08-4), 52.7;
53.0 (COOCH3), 61.6; 63.5; 63.9; 65.2; 65.9; 66.1; 66.3; 66.6; 66.8; 68.8 (alkyl-CH,),
114.6; 120.5; 120.6; 123.9; 124.0; 132.1; 132.2 (aromatic C-H), 122.3; 122.4; 122.7;
131.6; 131.9 (C-COOCH;-), 158.8; 158.9; 162.7; 162.8; 163.0 (aromatic C-0O), 166.0;
166.8; 167.3; 168.3 (C=0); 15mole% branched p-PEOB (B09-4), 53.1 (COOCHj>),
63.8; 64.2; 66.0; 66.2 (alkkyl-CH,), 114.4; 132.0; 132.2 (aromatic C-H), 121.6; 131.1
(aromatic C-COOCH,-), 163.0 (aromatic C-O), 168.4 (C=0); 12.5mole % branched p-
PEOB (B09-b-4), 53.0 (COOCH3), 63.8; 64.1; 65.8; 66.0 (alkyl-CH,), 114.4; 132.0;
132.2 (aromatic C-H), 121.7; 131.2 (aromatic C-COOCH,-), 162.8; 163.0 (aromatic
C-0), 166.6, 168.0 (C=0); 10mole% branched p-PEOB (B10-4), 52.8 (COOCH;),
63.6; 65.3; 65.9; 66.3 (alkkyl-CH,), 114.6; 120.4, 132.2; 132.3 (aromatic C-H), 122.2
(aromatic C-COOCH;-), 162.9; 163.0 (aromatic C-0O), 166.2; 167.6 (C=0); 4mole %
branched p-PEOB (B11-4), 53.1 (COOCH3), 64.0; 65.1; 65.8; 66.0 (alkyl-CH,),
114.5; 132.2; 132.3 (aromatic C-H), 121.5; 121.8 (aromatic C-COOCH,-), 163.1
(aromatic C-O), 168.6 (C=0); 3mole% branched p-PEOB (B12-4), 53.0 (COOCHj5),
63.8; 65.1; 65.7; 66.0 (alkyl-CH,), 114.5; 132.1; 132.2 (aromatic C-H), 121.6 (aromatic
C-COOCH,-), 162.8; 163.0 (aromatic C-O), 168.3 (C=0); 1mole% branched p-
PEOB (B14-4), 53.2 (COOCH3), 63.9; 65.3; 65.9; 66.2 (alkyl-CH,), 114.7; 132.4
(aromatic C-H), 121.9 (aromatic C-COOCH,-), 163.2 (aromatic C-O), 168.4 (C=0).
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2.2.4.5 °C NMR Spectroscopy (CDCls)
Assignments of ’C NMR spectra, obtained in CDCl, solution at 100MHz, are

summarised below. Copies of the original data are recorded in the appendices, as
indicated.

5-PEOI (B04-5), 52.3 (C-COOCH,-), 63.3; 66.2 (alkyl-CH,), 119.7; 119.9;
123.3 (aromatic C-H), 131.3; 131.7 (aromatic C-COOCH,-), 158.4 (aromatic C-0),
165.1, 165.7 (C=0); 80mole % branched p-PEOB (B0S-5), 52.1; 52.7 (C-COOCH-),
63.1; 63.7; 66.1; 66.6; 66.9 (alkyl-CH,), 114.4; 120.1; 120.3; 123.7; 132.1 (aromatic
C-H), 120.1; 131.7; 131.8 (aromatic C-COOCH,-), 158.7; 162.3; 162.6 (aromatic C-0),
165.5; 166.1 (C=0); 60mole % branched p-PEOB (B06-5), 52.1; 52.7 (C-COOCH,-),
61.4; 63.1; 63.7; 66.1; 66.4; 66.6; 66.9 (alkyl-CH,), 114.4; 122.8; 123.3; 123.7; 123.9;
132.1 (aromatic C-H), 120.1; 120.3; 131.5; 131.7 (aromatic C-COOCH,-), 158.7;
158.9; 162.4; 162.6; 162.7 (aromatic C-0O), 165.5; 166.2; 166.9 (C=0); 40mole %
branched p-PEOB (B07-5), 51.9; 52.4 (C-COOCH,-), 61.4; 62.7; 63.4; 65.8; 66.1;
66.3; 66.6; 69.2; 70.0 (alkyl-CH»), 114.1; 120.0; 123.4; 131.8 (aromatic C-H), 122.5;
123.0; 131.5; 131.6 (aromatic C-COOCH,-), 158.5; 158.6; 162.2; 162.3; 162.5
(aromatic C-0), 165.3; 166.0; 166.9 (C=0); 20mole% branched p-PEOB (B08-5),
52.2; 52.7 (C-COOCH3-), 61.5; 63.0; 63.7; 66.1; 66.4; 66.6; 66.9; 69.6; (alkyl-CH,),
114.5; 120.5; 123.9; 131.9 (aromatic C-H), 122.8; 123.2.; 132.1; 131.6 (aromatic C-
COOCHj;-), 162.7 (aromatic C-0), 165.6; 166.3; 167.0 (C=0).

2.2.4.6 "H NMR Spectroscopy (DMSO-ds)
Assignments of "H NMR spectra obtained in DMSO-dg solution at 400MHz and

95°C are summarised below. Copies of the original data are recorded in the
appendices, as indicated.

p-PEOB (B01-6), 3.77 (s, monomer, alcohol-CH,), 3.79 (s, variable, OCH3),
4.07 (s, monomer, ether-CH,), 4.33 (s, 2H, ether-CH,), 4.55 (s, 2H, ester-CH,), 7.04
(s, 2H, aromatic C-H), 7.86 (s, 2H, aromatic C-H); m-PEOB (B02-6), 3.71 (s,
monomer, alcohol-CH,), 3.82 (s, variable, OCHj), 4.03 (s, monomer, ether-CH,), 4.36
(s, 2H, ether-CH,), 4.57 (s, 2H, ester-CH,), 7.21 (s, 1H, aromatic C-H), 7.36 (s, 1H,
aromatic C-H), 7.49 (m, 2H, aromatic C-H).
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2.2.4.7 °C NMR Spectroscopy (DMSO-ds)
The assignment of the B¢ NMR spectrum obtained in DMSO-dg solution at

100MHz and 95°C is summarised below. A copy of the original data is recorded in the
appendix, as indicated.

m-PEOB (B02-7), 62.9; 66.0 (alkyl-CH,), 114.9; 119.6; 121.4; 129.3 (aromatic
C-H), 130.7 (aromatic C-COOCH3), 158.0 (aromatic C-0O), 164.9 (C=0).
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3.1 Introduction to linear polyesters and history of p-PEOB

p-Poly(ethylene oxybenzoate), p-PEOB, is similar in some aspects of structure
and properties to poly(ethylene terephthalate), PET. Discovered by Whinfield et al' in
1946, p-PEOB did not find commercial application for another two decades due to
difficulties in achieving high molecular weight and reproducible properties. The
research and development efforts of the Kokoku Rayon and Pulp Company, in 1956,
generated significant industrial interest and paved the way to the eventual commercial
production of p-PEOB in 1967.> Mitsubishi Chemical Industries assisted the
development of raw material manufacture throughout 1958, solving many of the
problems associated with industrial-scale monomer synthesis. However, it was the
expertise of the Daiwa Spinning Company in 1962, which was instrumental in the
development of textile manufacturing techniques. A partnership of these three
companies, under the name Polyesterether Development Company, became responsible
for the production and marketing of ‘A-Bell’, a commercial grade p-PEOB fibre.> In
the early seventies, commercial production was moved to a company called ‘A-Tell’;* a
Joint venture between Unitika, itself an amalgamation of Nichibo and Nippon Rayon,
and Mitsubishi Chemical Industries.

Early successes saw fibre production rise steadily and in 1974 150 tons per
month were being spun for use, primarily, as filament yarn. However, a subsequent
rise in production costs of p-hydroxybenzoic acid, the principal raw material in the
synthesis of p-PEOB, and the fall in costs of rival materials such as PET, led to the
eventual collapse of the p-PEOB textile market. The requirement for chemically
resistant canvas and filter materials in paper mills sustained p-PEOB production for a
while longer. However, with significantly diminished capacity the cessation of
commercial production was inevitable.

The manufacturing process, as developed by the Polyesterether Development
Company, for large-scale p-PEOB production® is summarised in Figure 3.1. The
principal raw material, p-hydroxybenzoic acid, is obtained by the Kolbe-Schmidt
reaction between potassium-phenolate and carbon dioxide. This is further reacted with
cthylene oxide, in aqueous solution, to yield 4-(2-hydroxyethoxy)benzoic acid. After

refining and drying, the product is dissolved in methanol and esterified in the presence
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the a-form dominates in the relaxed state, i.e. when no mechanical work has been

undertaken.
The following figures, abstracted from two related publications,” * summarise

aspects of p-PEOB behavior in relation to some better-known materials.

st PETfibre  Nylon6

Stress (g/den.)

5 10 15 20 25 30 35 40 45 50
Strain (%)

Fig. 3.4 Stress-strain curves.?

Stress-strain curves of some common fibres, including p-PEOB, are shown in
Figure 3.4. In the elastic recovery region, below 5% strain, the Youngs modulus of p-
PEOB appears midway between PET and Nylon 6. Values of 500-900 kg/mm’ for p-
PEOB are similar to those reported for the Youngs modulus of silk (650-1200
kg/mm®).

Fibres of p-PEOB were reported as having remarkable elasticity. In comparison
to PET, p-PEOB was found to be more elastic when stretched excessively or repeatedly
and showed least permanent deformation, see Figure 3.5; evidence perhaps, for why p-
PEOB was so well suited for use in fitted fabrics. In addition, its resistance to alkali
and acid, combined with strong weathering resistance, made the use of p-PEOB fibres
possible for both industrial and commercial fabrics; see Figure 3.6. Even after
prolonged exposure to UV radiation, p-PEOB fibres did not discolour, become brittle
or lose significant mechanical strength; Figure 3.7.

The effect upon relative tenacity of fibres exposed to air at various temperatures

is shown in Figure 3.8. In this respect, p-PEOB showed very little deterioration over
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the temperature range indicated. However, irreversible changes occur at the molecular
level at 150°C, which result in the loss of the material’s soft delicate touch.
Consequently, special care must be taken not to exceed this temperature whilst ironing.
Nevertheless, the fabric’s natural resistance to creasing meant that it rarely required

ironing.

] Immediate elastic recovery
Delayed elastic recovery

[ Permanent deformation

PEOB fibre PET fibre

20

159.

101

Extension

50 100 5 100 50 100 50 100
Recovery (%)

Fig. 3.5 Elastic recovery as a function of extension.?
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Fig. 3.6 Eﬁ'ects of exposing p-PEOB and PET to boiling 20% NaOH(aq).’
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Fig. 3.7 Effects of prolonged exposure to UV radiation.’
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Fig. 3.8 Tenacity measured as a function of temperature.’

p-PEOB was reputed to have many other advantages, e.g. boiling it in water
converted the material into a high-density crepe like fabric. This was not easily
achieved with PET. Fibres were resistant to abrasion, not highly hygroscopic or prone
to large electrostatic build-up. Furthermore, they possessed excellent wash and wear

characteristics and were more easily dyed than PET fibres, indicated in Figure 3.9.
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Under identical conditions, p-PEOB fibres would require only 15 minutes at 100°C to
reach the same extent of dye adsorption as PET fibres after five hours.

p-PEOB was also suited to use in blends; complementing materials by adding
durability and functionality. Many beautifully spun fabrics demonstrating excellent
performance, especially in dyeing and finishing, were produced by blending p-PEOB

with wool, cotton and rayon.
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Fig. 3.9 Dyeability.?

Data abstracted from the aforementioned publications have been used to
compare p-PEOB film with commercial grade PET. Although somewhat dated, the
information reveals several differences between the mechanical properties of the two
materials. p-PEOB exhibits significantly greater heat shrinkage than does PET, greater
clongation and reduced tensile strength. However, in terms of impact strength p-PEOB

is superior. Mechanical properties of 25um thick biaxially drawn films of PET and p-
PEOB are listed in Table 3.1.
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p-PEOB | PET
Tensile strength (kg/mm®) [200mm/min] 18 22
Elongation at break (%) [200mm/min] 127 113
Thermal shrinkage (%) [in hot air, 150°C x 24h] 3.8 28
Missile impact strength (kg cm) 31 25
Light transmittance (%) [560nm] 92 89

Table 3.1 General characteristics of 25um film.*

Gas p-PEOB [ml m™ h” atm™] PET [mlm™h” atm™]
Nitrogen 0.10 0.56
Oxygen 3.49 2.90
Carbon dioxide 7.43 12.7

Table 3.2 Gas permeability of a 25;m film.*

Blow-moulded PET bottles and biaxially drawn films find extensive use in the
packaging industry. However, although PET is one of the few materials exploited
commercially in the containment of carbonated drinks, to lower carbon dioxide
permeability to acceptable levels requires a considerable thickness of film. A special
grade of PET material is manufactured for this purpose. Results collected in Table 3.2
indicate that the permeability of p-PEOB to carbon dioxide and nitrogen is significantly
lower than PET. Consequently, thinner films of p-PEOB would suffice to provide the
same level of containment. However, as p-PEOB is no longer commercially available
it is unlikely to ever be developed for use in the packaging industry.

The threat to molecular weight and mechanical properties of PET from
hydrolysis is significant. Consequently, to lessen the effects of hydrolysis, PET is
routinely dried before processing. By contrast, p-PEOB is reported to be more resistant
to the effects of hydrolysis. Figure 3.10 shows the changes in intrinsic viscosity of

moulded films of approximately 400um thickness, as measured in o-chlorophenol at

25°C, after soaking in boiling water over a period of days.
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Fig. 3.10 Hydrolysis of film, thickness 460um, in boiling water.’
(o-chlorophenol @ 25°C)

The results indicate a marked deterioration in the PET sample over a period of

three days, whereas after eight days, p-PEOB shows only marginal deterioration.

3.2 Molecular weight determination
3.2.1 Background

High field NMR spectroscopy has been used to provide structural and
molecular weight information about linear and branched p-PEOB materials. Initial
experiments showed that a few percent by volume, of TFA in CDCl;, was sufficient to
solubilise semi-crystalline polymers. Furthermore, as the quantity of acid required was
relatively small, non-deuterated TFA was used as the NMR cosolvent.

Many crystalline polyesters, including PET and p-PEOB, show poor solubility
in common organic solvents. As a consequence, investigators have resorted to using
halogenated solvents, in spite of the hazards involved. Solvents such as chlorinated-
phenols, strong organic acids such as trifluoroacetic acid (TFA) and dichloroacetic acid

(DCA), and the powerful but toxic hexafluoroisopropanol (HFIP) are all included in
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Fig. 3.14 Typical DSC trace of a p-PEOB sample after quenching,

recorded at a heating rate of 10°C min™.

After establishing by thermogravimetric analysis that 2% weight loss occurred

at 320°C, this temperature was used as the upper limit during DSC analysis. This
ensured minimal sample degradation and reduced the risk of instrument damage from
corrosive volatile materials.

Reproducibility and standardisation of sample analyses was achieved by

adopting the heating and cooling protocols indicated in the diagram below.

200°C/min

25°C —» 250°C
/
200°C/min
O, / O,
0C —» 250°C
10°C/min
Samples of 5-10mg were heated from room temperature to 250°C and held at
that temperature for one minute to ensure a uniform layer of polymer in the cell and
good thermal contact. Samples were then cooled rapidly from the melt and the DSC
trace recorded at a heating rate of 10°C min"'. Transition temperatures and enthalpy
measurements were analysed using the instrument software and the results collected in

Table 3.3.
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Sample | Mn* Tg | ACp | Tc** AHr, Te,** AHr, Tm** | AHrpy
1 4,600 | 343.3 04 387.5 -354 456.1 6.3 490.3 65.8
Ip 4,800 - - 378.3 -30.1 458.9 -1.9 489.2 66.2
2 21,100 | 351.0 0.3 393.2 -259 4634 4.6 492.8 49.7
2p - 3489 04 390.4 -33.6 462.2 -54 492.2 57.6
3 32,300 | 352.2 0.3 391.6 -25.1 462.5 -5.5 492.6 60.0
3p 21,100 | 348.3 0.3 391.8 -22.5 463.9 -5.8 492.7 59.6
4 27,600 | 350.6 04 393.8 -28.1 463.3 -5.9 493.0 58.3
4p 28,100 | 348.7 04 391.2 -37.1 462.0 -5.1 492.1 60.1
5 22,900 | 351.2 0.3 395.8 219 465.1 4.7 4919 52.6
S5p 32,300 | 350.0 04 393.7 -32.7 463.4 -3.6 491.6 54.7
6 119,800 | 352.5 04 401.1 -30.6 465.5 4.6 492.1 52.1
6p 24,100 | 349.5 04 395.5 -36.2 461.3 4.9 490.3 573
7 11,600 | 3489 0.2 390.0 -104 466.1 -1.6 493.5 63.1
p 19,800 | 349.0 04 393.3 -38.0 461.7 -6.3 492.3 57.8

Table 3.3 Molecular weights and results of thermal analyses for p-PEOB samples.

p —reprecipitated and dried * Mn, as determined by 'H NMR ** Peak values indicated
Temperature /K, Enthalpy /Jg', Tg taken as the midpoint of the transition.

Excluding the analyses of samples 1 and 1p, the effects of reprecipitation on the
thermal characteristics of linear p-PEOB have been evaluated as an average of six

experiments. Results are collected in Table 3.4 along with the standard deviations.

ATg =-1.5+1.0°C
ATc; =-1.6+3.0°C A(AH 1) =+9.7£9.9Jg"

ATc; =-1.9+2.2°C A(AH 1)) =-0.3+0.9 Jg"

ATm=-08+07°C [A(AHtm) = +1.9£4.6Jg"

Table 3.4 Changes in transition temperatures and enthalpies

accompanying the reprecipitation of linear p-PEOB.
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Tg = 350.1 + 1.4 K (77.1°C) ACp =+0.35+0.07 Jg'

Tec; =393.3 £ 3.1 K (120.3°C) AHt, =-28.5+8.0Jg"

Tcy = 463.2 + 1.5 K (190.2°C) AHr,=-53+1.0Jg"

Tm =492.3 + 0.9 K (219.3°C) AHrp, = +56.9+3.9 Ig”

Table 3.5 Averaged plateau values for thermal transitions in p-PEOB.

For samples to be free of crystallinity prior to analysis, the sum of the
exothermic transitions should equal that of endothermic transitions, recorded during the
DSC heating cycle. In practice, 23.1+8.9 Jg' of excess endothermic enthalpy was
measured per analysis, indicating that crystallisation must have occurred during the
rapid (200°C min™") cooling stage.

In addition, Tc was found to be largely independent of molecular weight. This
was not expected on the basis of reported PET behaviour. However, it is possible to
speculate as to why this might be. Firstly, there is no reason, a priori, why the
relationship between the crystallisation temperature (Tc) of p-PEOB and number
average molecular weight should be analogous to that established for PET. . Secondly,
inaccuracies in the measurements of number average molecular weight, using 'H NMR
spectroscopy, may have distorted the relationship. Figure 3.16 illustrates how the
accuracy of end group counting diminishes with increased molecular weight. Clearly,
as can be seen from the diagram, when the methyl signal decreases to about 1% of the
methylene signal (0.3 units), the estimated error is approximately +40%.

Several measurements were obtained for samples of linear p-PEOB to test the
reproducibility of Mn determination using '"H NMR spectroscopy, the results of which .
are presented in Table 3.6. Inhomogeneous sampling cannot be ruled out as a possible
cause for the scatter of data as different samples were used for each of the three
measurements. However, these data emphasise the difficulties in obtaining accurate

molecular weight information using NMR end group counting.
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temperatures for the various transitions, across the range of sample DPs, implies that
this is a fairly well behaved polymerisation and that the recorded parameters reflect real

plateau values for this material.

3.4 Analysis of low molecular weight p-oligo(ethylene oxybenzoate)

As was shown in the previous section, all thermal transitions reach plateau
values at chain lengths in excess of DP 70. However, the characterisation of short
chain materials is of interest in studying how p-PEOB material properties develop as a
function of DP. Indeed, the behaviour of oligomers may be relevant to understanding
the influence of chain segment lengths on the properties of branched copolymers; the
main interest of this thesis. To this end, thermal characteristics of low DP p-PEOB

oligomers have been examined.
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Fig. 3.18 Plot of average linear chain length against percentage branching for a

statistically distributed copolymer at 100% conversion.
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Figure 3.18 illustrates how the average linear chain length varies as a function
of branching composition. The critical chain length of linear p-PEOB, i.e. the point at
which the transition temperatures reach their plateau values, was established at between
thirty and seventy repeat units in Section 3.3. The cross-referencing of these values
with percentage branching in Figure 3.18 reveals the ‘critical branching density’ of
branched p-PEOB to be between 1.4% and 3.2%, i.e. the branching content required to
reduce the average linear segment length to the critical value.

The polymerisation technique, described in Chapter 2, was adapted to provide a
slower rate of polymerisation. Indeed, the increase in the sampling rate and the
lowering of polymerisation temperature allowed samples with DPs of between 2 and 42
to be extracted over a twelve hour period. These samples were then analysed using 'H
and ®C NMR, TGA and DSC, the results of which are discussed in subsequent
paragraphs.
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Fig. 3.19 Plot of degree of polymerisation, as measured by NMR, against reaction

time (reaction temperatures are coloured coded).
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nitrogen before placing in the DSC apparatus. A heating run was then recorded at 10°C
min™' to within 5°C of the 2% weight loss temperature.

Melt, crystallisation and glass transition data, obtained for the oligomers of p-
PEOB, are plotted against molecular weight in Figure 3.20. Above DP 10, a slow
increase in the transition temperatures of this material is observed, with increasing
molecular weight, toward their plateau values. In contrast, a rapid ‘fall-off’ occurs for
samples below DP 10 and the cessation of secondary crystallisation is observed in

samples of DP 4 or less.

3.4.1 Tg data analysis

For many common amorphous polymers the plot of log(chain-length),
measured in chain atoms, or bonds, against the glass transition temperature, reveals
three characteristic regions. The first of these occurs at or above the critical chain
length, x;, which varies between 90 for very flexible polymers such as poly(dimethyl
siloxane) and 600 for more rigid polymers such as poly(a-methyl styrene). At this

point, Tg tends to an asymptotic value, designated Tg(e). The empirical relationship

between Tg(co) and X, is reported in Equation 3.1.°
Tg(ee) =372.6 log x. — 595 Eq. 3.1

Below the critical chain length, x., the dependence of the glass transition
temperature on the molar mass of the polymer may be described by the Bueche

relationship, as shown in Equation 3.2.
Tg = Tg(co) - (K/Mn) Eq. 3.2
K =2pNA0 / o

Where p is the polymer density, Na is Avagadro’s constant, 8 is the free volume
contribution of one chain end, o is the free volume expansivity and Mn is the number
average molecular weight of the polymer.
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In the region where the rate of decrease in the glass transition terﬁperaturc with
decreasing molecular weight accelerates, Equation 3.2 is not valid. This transition
usually occurs in polymers of 10 or 20 bond lengths and marks the point above which,
polymers begin to adopt gaussian coil conformations.

These characteristic regions, shown in Figure 3.21 for three amorphous
polymers, have been observed for p-PEOB in this work, even though it is a semi-

crystalline material.

440
O poly(a-methy! styrene)
400 - region 3
[ rolystyrene
360 | . .
@ poly(vinyl chloride)
320 L
% 280 |.
an
=
240 |
200 |-
160 L.
120 L

Fig. 3.21 Plot showing glass transition temperatures

varying as a function of log x.°

The glass transition data, shown in Figure 3.20 for the oligomers of p-PEOB,
reveal that the Tg plateau (350K) is approached at about DP 45, which equates to a
chain length of approximately 360 bonds. The substitution of Tg into Equation 3.1
leads to the prediction that the plateau will be reached at a chain length (x;) of 340
bonds. This is in good agreement with the measured DP. Correlation with the Beuche
relationship (Eq. 3.3), using a least squares fitting procedure, reveals a correlation

coefficient of 0.979 for the plot of glass transition temperature against reciprocal DP;
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Figure 3.22. Finally, the transition into region 3 occurs at about DP 4 (approximately

32 bond lengths), which is in agreement with the predicted value.

350
y=-221.8x + 348

R?=0.9579
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Fig. 3.22 The glass transition temperatures of p-PEOB plotted

as a function of reciprocal DP.

Thus, although we know that the material is a semi-crystalline thermoplastic,
the analysis of Tg data for this polyester is in good agreement with generalisations
established for amorphous polymersﬁ. However, Tg values were determined for
samples quenched from the melt, which contained a relatively low proportion of
crystallinity.  Consequently, their observed correlation with amorphous polymer

behaviour is not too surprising.

3.5 Effects of diglycolation

Under the conditions of industrial PET production, the incorporation of
diethylene glycol units (DEG or 2,2’-oxydiethanol) is unavoidable. Moreover, the
extent of copolymerisation influences the properties of the polymer; a 30°C decrease in
the melt temperature and a reduction in Tg and density of PET being reported for the
deliberate addition of 15mole% DEG.” Although Seganov et al’ found no evidence to
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show the onset of crystallisation was affected by diethylene glycol incorporation, using
aminolysis, they were able to prove that a proportion of DEG units were incorporated
into the crystal lattice.®

In contrast, the diethylene glycol content of p-PEOB, as used in this work, was
controlled by the careful purification of monomer. Traces of the diglycol impurity,
methyl 4-(5’-hydroxy-3’-oxapentoxy)benzoate (4), produced by a second addition of
ethylene oxide, were removed by recrystallising the monomer from toluene. Changes
in the characteristic properties of the polymer would result from the failure to eliminate
this impurity from the feed. This is illustrated by some of our earlier work, where the
polymerisation of contaminated monomer resulted in the incorporation of this defect.

The impurity was separated from a batch of crude monomer by silica gel
chromatography (Aldrich, mesh 70-230), using dichloromethane/ethyl acetate (8:2) as
eluent. The solvent was removed from a fraction rich in impurity 4, and the product
identified by mass, 'H and >’C NMR spectroscopy. The NMR spectra, in Figures 3.23
and 3.24, show that this compound is not pure. Nevertheless, mass spectroscopy
showed the correct molecular ion for compound 4 (MH" s, cry, 241, required M, 240).
The determination of structure then followed straightforwardly from the assignments of
'H and ’C NMR spectra, as summarised overleaf.

For the copolymer prepared from monomers 2 and 4, the 'H NMR spectrum
revealed a DP of approximately 50 and a 9.4+0.8mole% incorporation of diethylene
glycol units. By contrast, polymers prepared from pure monomer 2, under identical
conditions, i.e. heated at 240°C for 6 hours, would have an approximate DP of 120, or
higher. Whether or not the presence of DEG units was responsible for this apparent
decrease in molecular weight was not investigated due to time constraints. However,
differential scanning calorimetry (DSC) was used to assess the changes in thermal

characteristics of p-PEOB resulting from the incorporation of 4.
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although, some work had been published prior to this by Hill, Walker and Bunn.'""'? In
1959, Conix and Kerpel'® published their study of the effects of replacing para linked
phenylene groups, in aromatic polyesters, with meta equivalents. A series of isomeric
homopolymers synthesised from isophthalic acid, terephthalic acid and a range of
glycols with various spacer lengths were analysed. A summary of their findings is

provided in Figure 3.27 and Table 3.10.

\a) . ;

250

(b)

200 [~ *

150

100

Fig. 3.27 Crystalline melting points of polyphthalates: (a) polymethylene
terephthalates; (b) polymethylene isophthalates; n = number of carbon

atoms in the glycol residue.”

The authors reported that the isophthalate isomer of PET melted over a broad
temperature range, softening at 160°C to become a viscous liquid at about 200°C.
Furthermore, birefringent spherulites were observed, ‘floating’ in the amorphous liquid,

which disappeared at the crystalline melting point of the material (240°C).
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Glycol (n) Tm (isophthalate) | Tm (terephthalate) A(Tm)
2 240°C 264°C 24°C
3 132°C 230°C 98°C
4 152°C 223°C 71°C
5 - 134°C -
6 140°C 152°C 12°C

Table 3.10 Melting point summary of the polymethylene terephthalate and
isophthalate polymers studied by Conix and Kerpel."?

In this Section, the properties of m-PEOB as synthesised for this work are
compared with those of p-PEOB. In addition, the work of Conix and Kerpel provides a
useful reference for the comparison of these polymers with their PET analogues.

Eight 5g samples of linear m-PEOB were synthesised to study the effects of
molecular weight on the thermal characteristics of the material. Approximately, half of
each sample was analysed ‘as made’ and the remainder examined after reprecipitation
and drying. As with the investigation of p-PEOB, the 2% weight loss temperature
(320°C) was established by thermogravimetric analysis. Samples were then analysed
by DSC below this temperature, to limit sample degradation and prevent instrument
damage. Reproducibility and standardisation between samples, was achieved by
adopting the heating and cooling protocols indicated below.

0°C ——3 250°C
200“04

O, / O,
0°C’ —— 250°C

10°C/min
3.6.1 DSC Analysis
Figure 3.28 shows typical DSC traces obtained for various stages of the
analysis. The first trace, indicated by a solid black line, corresponds to the initial

heating cycle. The second, denoted by a dashed line, shows analysis after quenching.

Indeed, in the majority of cases, the thermal characteristics of samples were assessed
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before and after quenching. The results of these analyses are plotted against molecular
weight, as measured by 'H NMR, in Figures 3.29 and 3.30. Furthermore, average
values for transition tcrﬁperatures and associated enthalpy changes were evaluated and

are reported in Tables 3.11 and 3.12.

5
Tm
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375 ¢ @ Tz
E 4 as-made
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3 ——
E 25 1 after. !
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Q@ see text
-+ ( )
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10.00 40.00 70.00 100.00  130.00 160.00 190.00 210.00 240.00

Temperature (°C)

Fig. 3.28 Typical DSC traces for ‘as made’ and quenched m-PEOB.

Tg = 326.1 +2.3 K (53.1°C) ACp = +0.26 £ 0.09 Jg

Tc=373.2 +15.8 K (100.2°C) | AHp.=-222+9.2Jg"
Tm = 451.5 + 1.7 K (178.5°C) AHrp=+48.8 £11.9 Jg”

AHrm.AH7.=29.4 £ 139 Jg"

Table 3.11 Plateau values for thermal transitions in m-PEOB,

determined from data obtained during the initial scan.
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For comparison, the thermal plateau values of p-PEOB are represented in Figures 3.29

and 3.30 by coloured horizontal lines, as indicated in the legend.

Tg = 324.0 0.6 K (51.0°C) ACp = +0.37 £0.03 Jg”'

Tc = 405.8 + 4.8 K (132.8°C) AHr. =-30.3 + 14.1 Jg~
Tm =450.8 + 0.9 K (177.8°C) AHr,=+30.8 + 14.8Jg"
AHrp- AHr = 0.5 £ 1.6 Jg'

Table 3.12 Plateau values for thermal transitions in m-PEOB,

determined from data obtained after quenching.

Comparing the data between Tables 3.11 and 3.12, greater reproducibility is
revealed in the glass transition after quenching, although no significant difference
between actual values is evident. On the other hand, measurements of peak
crystallisation temperatures, obtained before and after quenching, differed by
32.6+20.6°C. However, the variation in thermal history of the samples may account for
these discrepancies. Indeed, the 70% reduction in data-scatter, observed after
quenching, emphasises the fact that thermal history is an important determinant of
behaviour in this polymer. By contrast, the melt temperature of m-PEOB appeared to
be independent of thermal history, i.e. the same result was obtained regardless of
whether samples were quenched or not.

Comparison between the enthalpies of fusion and crystallisation, in m-PEOB,
emphasised the importance of quenching. There was no apparent difference between
the magnitudes of exothermic and endothermic transitions for the samples quenched
prior to analysis. By contrast, ‘as made’ materials, analysed by DSC, were shown to
have 29.4+13.9] g'1 of excess endothermic enthalpy.

Samples of meta and para poly(ethylene oxybenzoate) polymers were both
cooled from the melt at 200°C min™' and analysed by DSC. Residual crystallinities of
23.1+8.9 Jg'1 were recorded for the para isomer, in contrast to samples of m-PEOB,
which were amorphous. We conclude therefore, that p-PEOB has a faster rate of

crystallisation than the meta analogue.
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Onset temperatures associated with melting and crystallisation transitions were
determined using DSC. The data are collected in Table 3.13. In addition, comparisons

between peak and onset temperatures were evaluated and recorded in Table 3.14.

Tc =387.5 +2.9 K (114.5°C)
Tm =441.1 +0.6 K (168.1°C)

Table 3.13 m-PEOB onset values.

ATc=18.0+24K

ATm=10.0+0.3K

Table 3.14 m-PEOB (peak - onset) values.

Differences between peak and onset values measured between m-PEOB and
p-PEOB (ATc;=6.840.3K, ATc,=9.91+3.1K, ATm=7.540.5K), reveal a broader
temperature range in the meta isomer, over which melting and crystallisation transitions

occur.

ATg =-25.8 +1.8°C A(ACp) = +0.02 £ 0.11 Jg'
ATc=+123+7.0°C |A(AH1)=+3.5+23.1]g"
ATm=-415%17°C | A(AH1m) = +26.1 £10.5 Jg~

Table 3.15 Effects on polymer thermal transitions (peak values) of changing
para to meta linked ethylene oxybenzoate units. (Tc = T¢y)

Replacement of para by meta linked ethylene oxybenzoate units resulted in
changes in the thermal characteristics as reported in Table 3.15. The marked reduction
in the glass transition, observed when para linked phenylene units were replaced by
their meta linked analogues, is probably due to the increased free volume and disorder
created by a ‘kinked’ polymer chain. Polymers can be characterised in terms of the

ratio Tg:Tm, which lies between 0.5 and 0.8 in 80% of known polymeric materials.
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Interestingly, the relationship between the melting point and glass transition of both
ethylene oxybenzoate polyesters is almost identical. The Tg:Tm ratios of m-PEOB and
p-PEOB being 0.72 and 0.71, respectively. The reduction in the ease with which m-
PEOB crystallises, and the lowering of the melt temperature with respect to the para
isomer can be explained qualitatively. Meta linked phenylene units produce non-
symmetrical distributions of mass about their axis of rotation. Consequently, more
space and energy are required to rotate these groups into a configuration required for
the crystal lattice. The outcome is a reduction in the rate of crystallisation, in
comparison with the para isomer.

Many factors influence the structure of a crystal lattice; including the shape,
symmetry, chain mobility and group interactions of the polymer. Indeed, there are no
grounds to presume that the isomers of para and meta-poly(ethylene oxybenzoate) will
adopt similar crystal structures. Changes in entropy associated with melting have been
calculated for the isomers of PEOB and recorded in Table 3.16. A lower entropy of
fusion is observed for m-PEOB, albeit with significant uncertainty, which indicates that

different modes of crystallisation must exist for isomers of PEOB.

AHpn /g Tm /K AStn/Ig K
p-PEOB 56.9 +3.9 492.3 0.8 0.116 + 0.008
m-PEOB 30.8 + 14.8 1450.8 +0.9 0.068 + 0.033

Table 3.16 Entropies and enthalpies of fusion shown with their respective melt

plateau temperatures, as recorded for meta and para PEOB.

The melt temperatures of polyethylene terephthalate and polyethylene
isophthalate were measured, by Conix and Kerpel,' at 264°C and 240°C, respectively,
a difference of 24°C. In comparing the melt temperatures of para and meta isomers of
PEOB we find a difference of approximately 40°C; with differences between the melt
temperatures of PET and p-PEOB of 45°C. Difficulties in crystallising samples of
glycol-isophthalates, observed by Conix and Kerpel, and the broad melting range of
polyethylene isophthalate, in particular, were not observed for m-PEOB. Clearly, as
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illustrated, the absence of one carbonyl group from the repeat unit of the polymer has

implications for the behaviour of oxybenzoate polymers, as compared to their phthalate

analogues.

3.7 Meta and para poly(ethylene oxybenzoate) copolymers

The effects of copolymerising two isomeric forms of ethylene oxybenzoate
were investigated. Ten grams of an equimolar mixture of meta and para methyl (2-
hydroxyethoxy)benzoate (monomers 1 and 2) were mixed intimately and heated to
240°C in the presence of titanium tetrabutoxide, a transesterification catalyst. Samples
of polymer were extracted at thirty-minute intervals during the first two hours of the
reaction and then at intervals of one hour, subsequently. Details of the synthesis are
recorded in Chapter 2.

The number average molecular weight of each sample was determined by 'H
NMR end group counting. Measurements revealed that in comparison to the
homopolymers, the rate of copolymer formation was lower than expected. After eight
hours the copolymer Mn had reached 4800 (DP=29), as compared to 20,000 (DP=122),
typically obtained for para or meta PEOB, under identical conditions. The copolymer
was soluble in chloroform and dichloromethane, allowing the determination of
molecular weights by gel permeation chromatography; see Figure 3.31 and 3.32.

The number average molecular weight, as measured by. GPC using a
polystyrene calibration, increased linearly with reaction time, Figure 3.31 and were
greater than the values determined by '"H NMR spectroscopy. The increase in Mw, as
determined by GPC, was more rapid than for Mn, see Figure 3.32, which gave rise to
an increase in polydispersity (Mw/Mn) from 2.1 to 3.9 over the seven hour reaction
period. Theory predicts that for step-growth AB polymerisations, the polydispersity
will equal a maximum value of two at one hundred percent conversion. This effect
therefore requires consideration. It is possible that the observed increase in
polydispersity may be an artefact; e.g. a poor baseline from the output of the refractive
index detector, or peak broadening due to column inefficiencies. However, the GPC

software used was reputedly accurate to +10%, which may be a contributory factor,
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Figure 3.33 shows the RI detector response curve plotted against elution time

for a typical PEOB copolymer with an equimolar ratio of meta and para linked units. It

clearly indicates that the weight distribution is monomodal, as is consistent with other

linear step growth polymerisation reactions.
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Fig. 3.33 RI detector trace of a PEOB copolymer synthesised from an
equimolar ratio of 1 and 2 and separated using GPC (CHCl; GPC, 5um gel
columns of 1004, 10°4, 10°A pore size).

The chloroform soluble samples of the equimolar meta:para PEOB copolymer

were analysed by viscometry, using a Schott automatic viscometer. After determining

the to value for chloroform, polymer solution was introduced into an Ubbelhode-Oc

viscometer tube for analysis. The auto-doser was programmed to deliver 25cm’

of

chloroform, in steps of 5cm’ and, after each dilution, to allow a period of equilibration
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before data acquisition. Seven measurements were taken per dilution, from which,
reduced and inherent viscosities were calculated and plotted against concentration. The
limiting viscosity number, a measure of influence of an isolated polymer molecule on
solution viscosity, was evaluated by extrapolating the measured values to zero
concentration.  Although limiting viscosity numbers, or intrinsic viscosities, are
specific to polymer structure, molecular weight and solvent they may be related to

molecular weight using the Mark-Houwink relationship, Equation 3.4.
[n] = KM*® Eq. 3.4

In this expression, the exponent o is a function of polymer shape and solvent
quality. The constant K, a function of molecular ‘stiffness’, is related to bond rotation
energies. For a randomly coiled linear polymer in a theta solvent, the limiting viscosity
number [N], is predicted to behave as a function of the square root of the molecular
weight, that is when 0=0.5. In thermodynamically better solvents, the o exponent will
increase, brought about by the expansion of the polymer molecule due to better
polymer-solvent interactions. However, the value of o does not usually exceed 0.8 for
linear polymers in thermodynamically good solvents. It is important to note that o is
also a determinant of shape. In theory, a value of zero is predicted for hard spheres,
which approaches unity for random coils. At the extreme, a value of two is predicted
for rigid rods.

Although viscosity average molecular weights are stipulated, in practice, they
are difficult to measure. The similarity with weight average molecular weight makes
the use of Mw in Equation 3.4 a viable alternative. However, as the GPC calibration
used linear polystyrene standards there is uncertainty as to the ‘real’ values of Mw.
Nevertheless, the good correlation between log[n] and log(Mw) (linear regression
coefficient of 0.999), in Figure 3.34, suggests that this copolymer is displaying normal
solution behaviour, as associated with linear polymers. These attempts to determine
molecular weight by conventional solution measurements lead us to the conclusion that

we have genuine linear polymers.
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Fig. 3.35 Typical DSC trace of poly(ethylene oxybenzoate) copolymer synthesised

from an equimolar ratio of 1 and 2.

Copolymer samples were analysed by DSC and the observed glass transition
temperatures plotted against number average molecular weights, as determined by 'H
NMR spectroscopy (see Figure 3.36). For comparison purposes, the plateau values of
the Tgs of both para and meta homopolymers are indicated on the plot. The glass
transition temperature of the amorphous copolymer increases with molecular weight
over the range indicated. Although, clearly higher than that of the meta homopolymer,
- the plateau value could not be determined due to a lack of sufficiently high molecular
weight material. However, the shape of the curve suggests a plateau value halfway

between the homopolymers.
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Chapter 4

4.1 Intoduction
4.1.1 General considerations concerning branched polymers prepared via step-
growth routes

Linear polymers can be produced by chain or step growth processes. However,
in this work we are concerned with only step growth syntheses, which give rise to
linear materials using reactions termed as AB or AA/BB polymerisations. The
polyesterification reaction of a monomer containing both acid and alcohol
functionalities is an example of the AB process, whereas the polyesterification of a diol
with a diacid is an example of an AA/BB process. In this section, the consequences of
introducing polyfunctional branching agents into AB and AA/BB polymerisations are
considered.

Poly(ethylene oxybenzoate) and poly(ethylene terephthalate) have some

structural similarities. However, p-PEOB is synthesised using an ‘AB’ step-growth

0
1]
CH,- CH;O-@- C-0—+ p-PEOB

—In

Q )
CH,- CH,~0-C c-0—+ PET

n

polymerisation in contrast to PET, which is produced via the ‘AA/BB’ route. In the
case of an AB polymer, in the absence of cyclisation, there is always one ‘A’ group and
one ‘B’ group at the chain termini. For AA/BB systems, chains with odd numbers of
monomer units may have either two ‘A’ or two ‘B’ termini. Chains with an even
number of monomers will have one ‘A’ and one ‘B’ at the termini, as per the AB
polymer; see Chapter 1. This has implications for the introduction of polyfunctional

branching units.
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Poly(3-oxybenzoate) as first described by Schiff'' in 1882, was reinvestigated
in 1959 by Gilkey and Caldwell'? and reported as having unremarkable properties. In
1982 Kricheldorf modified poly(3-oxybenzoate) using 3,5-bistrimethylsiloxy benzoyl
chloride to generate the first synthetic AB/AB; copolymer. It was to be a further eight
years before Kim and Webster”®> synthesised the first ‘pure’ synthetic AB,
hyperbranched polymer, a branched polyphenylene derivative. The following
paragraphs give a brief synopsis of Kricheldorf’'s work toward branched poly(3-
oxybenzoate), which is relevant to the present study.

The early work of Kricheldorf et al'' established synthetic methodology for the
production of high molecular weight poly(3-oxybenzoate) based on the bulk
polymerisation of 3-trimethylsiloxy benzoyl chloride. The copolymerisation of
3-trimethylsiloxy benzoyl chloride and 3,5-bistrimethylsiloxy benzoyl chloride was
reported to produce branched polyesters, which were free of cross-links, regardless of

conversion and branching content.

o O,

(CH,),Si0 cocl o

Fig. 4.5 Synthesis of poly(3-oxybenzoate).

Direct spectroscopic evidence for branching was provided by BC NMR, based
on the identification of sequences of linear and branched units in the carbonyl region of
the spectrum. Molecular weight data were obtained for chloroform soluble copolymers
using vapour pressure osmometry and, for a limited number of samples, using gel
permeation chromatography. Moreover, no evidence for microgels was observed by
GPC, as weight distributions were monomodal. An interesting and unexpected feature
of branched poly(3-oxybenzoate) was the apparent linear relationship between the yield
of crystallisable polymer, isothermally crystallised from pyridine and benzene (1:1),
and the extent of branching; however, this was not repdrted in detail. Finally,
thermogravimetric analysis in air revealed that the incorporation of branching units did

not significantly affect thermal stability, as linear and branched materials gave the same

TG trace.
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In a later publication, Kricheldorf et al'* compared the effects of branching units
and end groups on the thermal properties of poly(3-oxybenzoate). Glass transition
temperatures of the branched copoly(3-oxybenzoate)s were shown to be dependent on
both the number and type of end groups; Figure 4.6. Furthermore, a distinct minimum
in the glass transition temperature was observed for the copolymer bearing acetate end
groups and with 10mole% branching units. In Figure 4.6, data set ‘A’ had diesterol
branches and diacid end groups; ‘B’ had diolester branches and diphenol end groups

and ‘C’ had diolester branches and acetate end groups.

g 280, 280 5
o ", , o
= 260“ ., (A) " t2so T
240 _ 240
220 . x 220
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180 3 180
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160 4 160
140 It 140
9
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100 100
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Molar fraction of the
trifunctional monomer

Fig. 4.6 Glass transition vs. molar fraction of branching agent in

AB,/AB aromatic polyesters (see text).
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4.2 Results and Discussion
4.2.1 Branched p-poly(ethylene oxybenzoate)

Branched p-PEOBs of various molecular weights were synthesised from methyl
4-(2-hydroxyethoxy)benzoate (2) and dimethyl 5-(2-hydroxyethoxy)isophthalate (3)

using a bulk polymerisation technique, described in Chapter 2.

/O 0
0 0
\OJ‘\Q)LO/
0
,r "o
HO '
2 3
Eleven copolymers with 1mole%, 2mole%, 3mole%, S5mole%, 10mole%,
12.5mole%, 15mole%, 20mole%, 40mole%, 60mole% and 80mole% branching were
synthesised. The set of polymers was then divided into two subgroups .based on
morphology and solubility. Copolymers with 12.5mole% branching or less were
crystalline, chloroform-insoluble materials, in contrast to copolymers possessing more
than 12.5mole%, which were amorphous and soluble in chloroform. Results obtained

for the crystalline copolymers are discussed in this chapter; the amorphous copolymer

results are discussed in Chapter 5.

4.2.2 Determination of copolymer composition using '"H NMR spectroscopy
Analysis of the aromatic signals in the 'H NMR spectra (6-9ppm) of the various
copolymer samples was used to establish the branching content. Branching units
possess three aromatic protons; two (C) coincident at 7.79ppm, the remaining proton
(A) at 8.26ppm. Linear units have four aromatic protons, as two pairs of two, (D) at
6.99ppm and (B) at 8.02ppm, see Figure 4.7. The multiplicity in this region of the

spectrum means that the integrated relative intensities of several pairs of signals can be
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might account for the discrepancies at low branching ratios but it cannot realistically
explain the errors observed for copolymers with 10mole% branching or more. It is

likely that the observed differences reflect the errors inherent in the method.

Weighed | C/(C+B) | C/(C+D) | 2A/2A+B) | 2A/Q2A+D) | Average
[mole%] [mole%] [mole%] [mole%] [mole%] [mole%]
1% 1.7+ 0.5 1.6 0.5 0502 0.5+0.3 1.3+ 0.6
2% 26+0.5 26+0.5 1.0+0.5 1.0:0.5 1.8+0.3
3% 2.80.5 2.8+0.5 1.3+0.6 1.3+0.6 2.2+0.7
4% 34104 34104 _ 1.5+0.2 1.5+0.2 2.7+0.6
10% 10.2 £0.5 99:04 12.7+0.6 12.7 0.6 11.2£0.5
12.5% 13.4 £ 0.3 13.1:0.3 10.1£1.6 10.0+1.5 11.7 +£0.8

Table 4.1 Percentage branching of poly(ethylene oxybenzoate) samples as
calculated by "H NMR spectroscopy. (CDCIy/TFA)

* Percentage branching, as calculated from monomer feed; ** Average percentage
branching calculated from the NMR data; A, B, C and D correspond to signal intensities
of peaks, labelled in Figure 4.7. The individual values in the table were determined by
analysis of samples removed from the polymerisation at different times.

Evidence for the chemical incorporation of branching units is also provided by
'H NMR. The reprecipitation and subsequent reanalysis of the 4mole% branched p-
PEOB copolymer revealed an increase in the branching composition; Table 4.2. By
contrast, the sample of 10mole% branched p-PEOB revealed a decrease in branching
content. However, the fact that signals A-D are still present after reprecipitation, in
addition to the reduction in crystalline content with increasing extents of branching are

strong indicators that genuine AB2/AB copolymers have been synthesised.
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Weighed | C/(C+B) | C/(C+D) | 2A/QA+B) | 2A/2A+D) | Average™
[mole%] [mole%] [mole%] [mole%] [mole%] [mole%]
4% 34104 34:04 1.5+0.2 1.5:0.2 2.7+0.6
4% (p) 4.5 4.6 4.1 4.2 44
10% 10.2+0.5 99:+04 12.7+ 0.6 127+ 0.6 11.2+0.5
10% (p) 11.1 11.0 7.8 1.7 94

Table 4.2 Percentage branching as determined by 'H NMR spectroscopy of
‘as made’ and reprecipitated copoly(ethylene oxybenzoate)s. (CDCIy/TFA)
* Percentage branching, as calculated from monomer feed; ** Average percentage

branching calculated from the NMR data; (p) Sample reprecipitated into methanol,
filtered and dried before analysis.

4.2.3 '*C NMR spectroscopy

Minor changes in the BC NMR spectra of p-PEOB were observed with the
introduction of 10mole% branching, which became more apparent at higher branching
ratios. The most significant changes occurred in the carbonyl region 155-175ppm. In
the spectrum of 12.5mole% branched p-PEOB, the signal at 168.0ppm, Figure 4.8,
correlates reasonably well with the carbonyl signal in linear p-PEOB chains at
168.7ppm, indicated in red. In addition, the low ‘intensity signal (blue) at 166.6ppm is
consistent with the chemical shifts of carbonyl groups present in branching units.
Indeed, the pure hyperbranched polymer has two signals in this region of the BC NMR
spectrum, at 166.2ppm and 167.0ppm, which are attributed to reacted and unreacted
ester functionalities, respectively, see Section 5.3. It seems likely that the solitary

signal, present in the spectra of copolymer samples with 10mole% and 12.5mole%, is

being generated by fully reacted branching units.
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4.2.4 L.R. spectroscopic analysis

The infrared spectra of a series of crystalline copolymers with varying extents

of AB; monomer incorporation are printed in Figure 4.9.

Linear
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Fig. 4.9 Infrared spectra of linear and branched p-PEOB.

The spectra are similar except for subtle changes. However, these changes are
more easily seen with the introduction of 15mole%+, as will be presented and

discussed in Chapter 5. The similarity of the spectra is consistent with the structure of

these polymers.

4.2.5 DSC analysis

The copolymer decomposition temperatures were determined as 2% weight
loss, using thermogravimetric analysis. In the absence of monomer, decomposition
temperatures of 320°C were measured consistantly. Furthermore, the incorporation of
AB, branching agent did not appear to affect the decomposition temperature of the
copolymer. Samples- were analysed by differential scanning calorimetry below the
decomposition temperature to avoid excessive degradation and deposition of materials

i
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within the instrument sample capsule. Reproducibility and standardisation of recording
conditions was achieved by adopting the following protocols for the heating and

cooling stages, as indicated in the diagram.

200°C/min

25°C —» 280°C
v
200°C/min

25°C ‘i——b 280°C

10°C/min

DSC analysis

Figure 4.10 shows a typical DSC trace of a 4% branched p-PEOB copolymer.
Clearly, as can be seen from the figure, the four basic transitions present in the
homopolymer are also observed in copolymers with low percentage branching.
Thermal transitions have been measured an analysed with respect to branching
composition and molecular weight and are presented and discussed in subsequent

sections.

O Tm
4+ A T('/z
| A TC]

O Tg

Heat Flow (mW)

30.00 6000 9000 12000  150.00 180.00 Z10.00  240.60  270.00
) Temperature {°C)

Fig. 4.10 Typical DSC trace of a 4mole % branched p-PEOB copolymer.
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The data, although scattered, show a general decrease in the enthalpy of fusion
with increasing branching content and molecular weight. This is emphasised by the
lines drawn between data points for the samples of linear homopolymer and
copolymers of 1mole%, 4mole%, 10mole% and 12.5mole% branching. In addition to
the general trend, it would appear that there is more crystallinity in copolymers with
Imole% branching than in low molecular weight samples of linear p-PEOB; however,

this observation is inconclusive.

4.2.5(iii) The premelting / secondary crystallisation phenomenon

Secondary crystallisation, or premelting, occurs when crystalline regions are
reorganised, at the molecular level, into more perfectly ordered crystallites. This
phenomenon is common to both PET and p-PEOB homopolymers and has been found
to occur for p-PEOB copolymers with up to 4mole% branching composition, see
Figure 4.15. In contrast to the trend observed for the initial crystallisation process, the
reorganisation of crystallites is made progressively easier with the introduction of
branch points, i.e. premelting transition temperatures are reduced. The recorded data
form a consistent trend with increasing branching composition. However, no evidence
has been found for the presence of secondary crystallisation in samples with branching

compositions of 10mole% or more.
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reached when, on aiferagc, there are less than two branch points incorporated into the

polymer.

4.2.5(v) Residual crystallinity

Samples of p-PEOB might be expected to be amorphous if quenched rapidly
from the melt. In reality, due to high rates of crystallisation and the limit of instrument
cooling rate, crystallites with enthalpies of fusion of 23.148.9J g are formed during the
rapid cooling stage of the DSC analysis. ‘Residual crystallinity’ was evaluated by
taking the difference between enthalpies of fusion and crystallisation. Figure 4.20
shows the quantity of residual crystallinity, as determined for samples of linear and
branched p-PEOB, expressed as a percentage of the total crystallinity observed at the

melting point, plotted against number average molecular weight.

100.00%

A % branching
| 90.00% A 1%
A 2%
80.00% A 3%
W A A 4%
e A A 10%
0,
60.00% ~ A 12.5%
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: M A
30.00% £ p A
o (-] A ZA M
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20.00% A A A
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. (] JAY
AN,
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Fig. 4.20 Residual crystallinities (AHm+AHc) of linear and branched

poly(ethylene oxybenzoate) expressed as a percentage of total

crystallinity measured at the melt point, plotted against Mn.

(* Mn as measured by "H NMR spectroscopy)

116







Chapter 4

4.3 References

® N o

9.

1. Gaynor S.G., Edelman S., Matyjaszewski K., Macromol., 29, (1996), 1079

2. Oun A.M., Polym. Inter., 29, (1992), 307-312

3.

4. Manaresi P., Munari A., Pilati F., Alfonso G.C., Russo S., Sartirana M.L., Polymer,

Rosu R.F., Shanks R.A., Bhattacharya S.N., Polym. Inter., 42, (1997), 267

27, (1986), 955

Neff B.L., Overton J.R., ACS Polym. Prep., 23, (1982), 130

Munari A., Pilati F., Pezzin G., Rheol. Acta., 23, (1984), 14

Munari A., Pilati F., Pezzin G., Rheol. Acta., 29, (1990), 469

Munari A., Manaresi P., Pilati F, Milani G., Bonora V., Eur. Polym. J., 23, (1987),
265

Flory P.J., J. Am. Chem. Soc., 74, (1952), 2718

10. Kricheldorf H.R., Zang Q., Schwarz G., Polymer, 23, (1982), 1821

11. Schiff H., Ber. Dtsch. Chem. Ges., 15, (1882), 2588

12. Gilkey R., Caldwell J.R., J. Appl. Polym. Sci., 2, (1959), 198

13. Kim Y.H., Webster O.W., J. Am. Chem. Soc., 112, (1990), 4592

14. Kricheldorf H.R., Stéber O., Liibbers D., Macromol. Chem. Phys., 169, (1995),

3549

118




Chapter S

Amorphous Copolymers of Branched
p-Poly(ethylene oxybenzoate)




Chapter 5

5.1 Amorphous branched copolymers of p-PEOB

In this chapter copolymers with greater than 12.5mole% branching are
discussed. Copolymers of p-PEOB, branched with 15mole% or more of monomer (3),
were found to be completely amorphous and displayed increased solubility with respect
to their crystalline analogues. Consequently, solution phase analytical techniques such
as gel permeation chromatography could be used in the characterisation of these

materials.

5.1.1 Branching Content

The branching content of the amorphous copolymers was determined using the
technique described in Chapter 4. However, the disruption of crystallinity and its
subsequent effect on solubility, allowed NMR analyses to be performed in both CDCl;
and TFA/CDCl;. Data recorded in Tables 5.1 and 5.2 reveal the average branching
content of several amorphous copolymer compositions, as evaluated from solutions of
CDCl; and CDCI3/TFA, respectively. The letters A to D used in the column head
formulae, in Tables 5.1 and 5.2, represent the signal intensities of the peaks labelled in

Figure 4.7 (page 101).

CDCl,

Weighed C/(C+B) C/(C+D) | 2A/(2A+B) | 2A/(2A+D) | Average
[mole%] [mole%] [mole%] [mole%] [mole%] [mole%]

20% 21.0£0.5 20.7 £0.5 200x1.1 19.7£1.3 20.5+0.9
40% 40.6+0.3 40.5+0.7 388+24 38819 39.7+1.0
60% 574159 60.8+2.6 55259 58.7x1.1 58.2+3.5
80% 80.2:0.9 79.9 0.5 80.4+0.9 80.1:0.6 80.1:0.5

Table 5.1. Percentage branching of poly(ethylene oxybenzoate) samples, as
determined by "H NMR spectroscopy in CDCls.
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CDCILY/TFA
Weighed C/(C+B) C/(C+D) | 2A/(2A+B) | 2A/(2A+D) | Average
[mole%] . [mole%] [mole%] [mole%] [mole%] [mole%]
15% 14.7:0.2 14.1:0.2 125:0.3 12.0:0.2 13.3:0.2
20% 23.0£1.0 225:1.0 25.0+2.4 24.5:24 23717
40% 40.4+0.3 40.2:0.1 39.3:0.4 39.1:0.5 39.7:0.2
60% 59.7 1.1 59.8:1.2 574:14 575£1.2 58.5:0.4
80% 80.6+1.2 80.6+1.7 80.2:0.9 80.2:1.2 804 1.1

Table 5.2 Percentage branching of poly(ethylene oxybenzoate) samples, as
determined by '"H NMR spectroscopy in CDCIy/TFA.

* Percentage branching, as calculated from monomer weights; ** Average percentage
branching, as calculated from the NMR data; A, B, C and D correspond to signal
intensities of peaks labelled in Figure 4.7.

Similarly, as reported for the crystalline copolymers, there is general agreement
between the extents of branching determined by NMR spectroscopy and the predictions
based on monomer weights. In addition, there is good agreement between values
determined in the two solvent systems. Differences between the various columns of
data in Tables 5.1 and 5.2 are apparent, but appear to be no more significant than

reported previously for the crystalline copolymers of p-PEOB.

5.1.2 I.LR. Measurements

IR spectra of the amorphous branched copolymers of p-PEOB with various
extents of branching are recorded in Figure 5.1. It is clear from inspection that changes
within the IR spectrum of p-PEOB occur with the introduction of branching units.
However, these variations are relatively minor and not readily interpreted. The main
absorptions: carbonyl stretches (1720cm™), aromatic ring stretches (1600cm™),
aromatic C-H stretches (3080cm™) and saturated C-H stretching (2960cm’™") appear to

remain the same regardless of the extent of branching.
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Fig. 5.1 Infrared spectra of the amorphous branched p-PEOB copolymers and its

hyperbranched analogue.

5.1.3 Theoretical Considerations

The complete unambiguous characterisation of highly branched p-PEOB
copolymers using BBC NMR proved too difficult to achieve. The principal reason for
this failure was the extent of structural diversity. To illustrate the point, the following

paragraphs offer some insight into the extent of structural complexity within branched

copolymers.
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Flory' remarked that the expressions derived from his theoretical treatments of
branched AB .1y AB copolymers were, “too cumbersome to be of much practical use”.
Consequently, to simplify the problem, he enumerated structures in terms of numbers
of branching units; taking into consideration the lengths and distributions of linear
segments, separately; Section 1.5. However, to obtain a more detailed view of polymer
structure, i.e. the distribution of sub-units, an alternative methodology was required.
The analysis presented below relies on the fact that polymer structure can be
considered as an assembly of the smaller units shown in Figure 5.2. Indeed, it is the
statistical probability of finding these arrangements of units within a branched

copolymer that is of interest in this analysis.

Branch unit AB, Linear unit AB

— _

2C

2A 2B
1A 1B 1C 1D 1E 1F
Fig. 5.2 Structural diversity in branched/linear copolymers.

Nine basic combinations of linear and branching units are shown. Of these, six
permutations belong to the reaction of B groups in an AB; branching unit; the addition
of two branching monomers (1A), the addition of two linear units (1B) and so on. In
the case of an AB linear residue, there are only three possible outcomes; the addition of
a branching unit (2A), addition of a second linear residue (2B), or no further reaction
(2C). More complex arrangements of units are possible but these are all combinations
of these nine basic permutations.

The advantage of this treatment becomes apparent when one considers the
characterisation of branched materials using techniques such as BC NMR. The limit of
resolution of the available NMR spectrometers is such that, beyond the nine basic

combinations depicted above, the identification of more complex arrangements is
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unlikely. A comparison between the relative number and frequency of structural units
predicted by theory and those resolved and measured by NMR spectroscopy may
provide evidence for the nature of the process, i.e. whether it is a statistical or selective
polymerisation. Furthermore, this type of analysis may assist the assignment of peaks
in the spectrum.

The probability of ‘finding’ any specific arrangement of structural units within
the copolymer is dependent upon two factors; the ratio of reacted to unreacted B groups
and the structural composition. For an AB/AB; copolymer at 100% conversion, it can
be shown that the fraction of unreacted B groups, R, is dependent solely upon the
monomer feed composition used to make polymer, Equation 5.1. In the monomer feed,
the number of A groups is equal to b+1, where b and 1 are the numbers of branching and
linear units respectively. The number of B groups is equal to 2b+l. Consequently, at
one hundred percent conversion, the fraction of reacted ‘B’ groups is given by

(b+1)/(2b+1). Likewise, the fraction of unreacted B groups must be:

R ~ 1-[(b+1)/(2b+])] Eq. 5.1

Where R = fraction of unreacted ‘B’ groups as compared to the total number of B groups
present in the feed; b = fraction of AB, branching units; 1 = fraction of linear AB units

This relationship is illustrated in Figure 5.3 using a plot of the mole fraction of

branching units in the polymer vs. the fraction of unreacted B groups.
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% Unreacted B groups (R)

Fig. 5.3 Plot showing how the fraction of unreacted B groups (R), at 100%

conversion, varies with branching composition (b).
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Formulae, recorded in Table 5.1, describe the copolymer composition in terms
of the relative numbers of structural units depicted in Figure 5.2. These are calculated
for a statistically distributed copolymer at 100% conversion. The methodology used in
the formulation of these equations with reference to the example shown in Figure 5.4,

namely unit 1C.

Fig. 5.4 Structural unit: 1C.

The probability, R, that a given B functionality remains unreacted at 100%
conversion, is given by Equation 5.1. Clearly, the function (1-R) must equate to the
fraction of incorporated B groups. When formulating statistical probabilities, such as
those listed in Table 5.1, the number of R terms is determined by the number of
possible reactions. In the case of branching units, there are two B groups and hence
two possible reactions, whereas for linear residues there is only one. For the example
shown a (1-R)? term is required as both B groups have reacted. Structural composition
is also an important consideration. Every sub-unit must be represented in the formula
by the mole fraction of its species. The presence of two branching units and one linear
residue, in the example considered, requires an additional b’ term. Finally, the
multiplicity of ways of forming units 1C, 1D and 1E adds an additional factor of two.
Thus, by collecting all relevant terms, an expression relating the relative numbers of
structural units to the structural composition of the copolymer, at 100% conversion, is

obtained.

1C = 2.(1-R)2%.b% (x100%) . Eq.5.2

A table of probabilities, based on statistical considerations for all nine structural

units shown in Figure 5.2, has been generated; see Table 5.1.
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groups, an additional factor R, the probability that the linear residue has not reacted,

must be included.

(%) 1 g [end groups] _ 2.(1 -R).Rz.b.l (x100%) Eq.54

Where R = fraction of unreacted ‘B’ groups as compared to the total number of B groups
present in the feed; b = fraction of branching units; 1 = fraction of linear units

Indeed, any combination of linear and branching units may be considered in this

way. Expressions for the four units of interest are shown in Table 5.3.

1B 1E 1F 2C

R’(1-R2b.P |2R.(-R)b1| R%Db R

Table 5.3 Equations relating the numbers of end groups in an AB/AB; copolymer

to copolymer composition at 100% conversion.

b 1F 1E 1B 2C-1E- Total
(2x1B)

0% 0.0000 | 0.0000 | 0.0000 0.0000 0.000
10% 0.0009 | 0.0015 | 0.0006 0.0873 0.090
20% 0.0067 | 0.0089 | 0.0030 0.1452 0.164
30% 0.0208 | 0.0224 | 0.0060 0.1756 0.225
40% 0.0457 | 0.0392 | 0.0084 0.1840 0.277
50% 0.0833 | 0.0556 | 0.0093 0.1759 0.324
60% 0.1350 | 0.0675 | 0.0084 0.1556 0.367
70% 0.2018 | 0.0712 | 0.0063 0.1262 0.405
80% 0.2844 | 0.0632 | 0.0035 0.0898 0.441
90% 0.3837 | 0.0404 | 0.0011 0.0475 0.473
100% | 0.5000 | 0.0000 | 0.0000 0.0000 0.500

Table 5.4 End group data: generated for AB/AB; copolymers at

100% conversion from the expressions in Table 5.3.
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The characterisation of these °C NMR carbonyl signals was achieved for
samples in CDCL/TFA solution by comparing the distribution of signal intensities with
branching composition, predicted theoretically vide supra. A summary of our findings
is given below.

The distribution of signal intensitics measured for peak A as a function of
extent of branching is plotted alongside the theoretically predicted distribution of linear
end groups (type 2C) in green in Figure 5.13. Similarly, the distribution of signal
intensities observed for peak B is also shown in Figure 5.13 plotted against the
theoretically predicted distribution of linear residues incorporated in the body of the
copolymer (red). The statistical data are recorded in Table 5.5. In both cases, the
observed intensities and theoretical predictions correlate well. Similarly, we were able
to show, based on the distribution of the intensities for peaks C and D, which carbonyl
signals were associated with reacted ester functionalities and which were associated
with unreacted methyl ester groups; see Figure 5.14 and Table 5.6. A more detailed
evaluation of the analysis is described in the paragraphs that follow. The results
obtained for samples in pure CDCIl3 NMR spectra were not analysed in detail as the
contributions from both linear and branching units overlapped (signal B’, Figure 5.10).
This peak was only resolved into its constituents (B and C, Figure 5.9) with the
addition of trifluoroacetic acid.

Before a comparison between theory and experiment could be undertaken, it
was necessary to convert the branching content of the copolymer into fractions of
carbonyl groups associated with linear and branching residues. This was due to the fact
that the theoretical analysis generated data in terms of relative numbers of linear and
branching units and not, as measured by BC NMR spectroscopy, as the fraction of
carbonyl groups in the copolymer. The difference arises because branching monomers
carry twice as many carbonyl functionalities as linear residues. Consequently, a
conversion factor of 2b/(2b+l) is required; where b and 1 correspond to the mole
fractions of branching and linear units respectively.

Figure 5.2 shows the nine basic arrangements of branched and linear units in the
copolymer. Branched species may be subdivided into three groups; namely, fully

branched species, 1A, 1B and 1C, partially branched species, 1D and 1E, and end
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After drying, 10ul of polymer solution Img mlI' (95:5 TFA:chloroform) were
cautiously transferred to the matrix coated slide in a fume cupboard.

Figure 5.15 shows the mass spectrum of a sample of 40mole% branched p-
PEOB in the region 1500 to 5000 m/e, with the mass scale calibrated using PEG
standards. It was evident from the analysis that the oligomers flew preferentially as
sodium ions (MNa*). Thus, by doping with sodium chloride, we were able to suppress
other ionic species to reduce the overall complexity of the spectrum. Despite the
relatively poor signal to noise ratio and poor resolution, we were able to assign peaks in
the spectrum using the formula presented in Equation 5.5. The ionic masses of
hypothetical polymer molecules, consisting of (x) linear units and (y) branching

residues, were calculated and then assigned to peaks in the spectrum.

Mass =focus + linear units + branching units + end groups + Na’

=17 + 164.x + 207.y + 15.(y+1) + 23 Eq. 5.5

3 UM 2

Moss/Chofgé

Fig. 5.15 MALDI-TOF spectrum of 40mole % branched p-PEOB calibrated with
PEG standards (matrix: DHB ), NaClq).

Figure 5.16 shows an expanded region of the spectrum (1400-1924 m/e),
complete with peak assignments; the numbers in the brackets indicating the number of
linear and branching units respectively. Owing to poor resolution and a low signal to

noise ratio, in the most extreme cases, peaks would be assigned with uncertainties of +4
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mass units. However, on average, they were found to be within 2.4 units of their

calculated masses.
A summary of peak assignments obtained for the MALDI-TOF mass spectrum

of 40mole% branched p-PEOB is shown in Figure 5.17. The molecular compositions

of the ions are indicated by solid red circles, marked at the x, y intercept; where x is the

number of linear units and y is the number of branching units.
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Fig. 5.16 Expanded Region (1500-2000m/e)

Peaks are identified using an (x,y) cartesian reference which corresponds to the numbers of

linear and branching units; see Figure (5.17).
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COOMe

HO(CH,),0

COOMe
n=2-6
Fig. 5.18 Dimethyl 5-(hydroxyalkoxy)isophthalates, as polymerised and studied
by Keeney and Parker et al.?

MALDI mass spectrometry is useful for identifying polymer composition, ie.
numbers and types of repeat units, and determining whether cyclisation occurs.
However, it is not effective as a technique for determining the molecular weight
distribution. This is due primarily to non-uniform sampling. Furthermore, many
factors influence the observed distribution; including, sample preparation, laser power,
concentration of polymer in the matrix and the nature of the matrix and dopant. The
data in Figure 5.16, although probably incomplete due to the limitations of the analysis,
indicate copolymer formation. Furthermore, these data are consistent with a statistical

copolymerisation but are not of high enough quality to merit further analysis.

5.4 Molecular Weight Determination

As discussed previously, the copolymerisation of meta and para methyl 4-(2-
hydroxyethoxy)benzoate produced material with properties which differed significantly
from cither of the two linear homopolymers, see Chapter 3. Similar effects on material
crystallinity and solubility of p-PEOB were observed with the insertion of ethylene
oxyisophthalate branch points. A detailed investigation revealed a total breakdown of
crystallinity in materials with 15mole% branching or more. The resultant increase in
solubility presented an opportunity to perform analyses that had not previously been

possible, specifically gel permeation chromatography (GPC).
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From the data presented in Figures 5.19, 5.20, 5.25 and 5.26, the limitations of
NMR end group counting are clear. The difference between Mn values of copolymers
measured in various NMR solvents and the apparent increase in uncertainty, which
occurs with increasing molecular weight and extent of branching, have all been cause
for concern. Indeed, the results obtained for the crystalline copolymers of p-PEOB, in
Chapter 4, were more consistent than those recorded here for the highly branched
amorphous materials. It is for this reason that amorphous branched p-PEOB will be
analysed with respect to polystyrene equivalent molecular weights, measured using

conventional chloroform GPC.

5.4.3 RI Detector Traces

Throughout this chapter we have reported average molecular weights, as
determined from conventional GPC analysis. However, in systems where multimodal
weight distributions are observed, detector-response curves are more revealing than
simple listings of molecular weights. Figure 5.27 shows the RI detector response for a
series of 80% branched p-PEOB copolymers (1-8), plotted against elution time. It is
evident that, even in the early stages of the polymerisation (30min-45min), 1 and 2, the
weight distribution is clearly bimodal; see Figure 5.27. Furthermore, in every analysed
sample the retention time of the low molecular weight shoulder A, appears to be
independent of the extent of polymerisation. In the later stages of reaction (1hr 15min),
a higher molecular weight component C becomes visible, 4. This emerging shoulder
develops rapidly, growing in concentration, until it can be clearly distinguished from
the main distribution B, 6. In the final stages of the polymerisation (lhrs 45min) a
shoulder close to the GPC exclusion limit, is evidence that a fourth molecular weight
component D may be present, as indicated in 7 and 8.

Similar multimodal distributions were observed in other chloroform soluble
branched copolymers, including the hyperbranched analogue. By contrast, the 50:50
para/meta linear analogue revealed only one weight diétn'bution; refer to Section 3.6.
However, the processes through which branched polymers develop multimodal weight
distributions are not presently understood but merit further investigation. It may be

that the polymer is not being analysed as single isolated coils but as aggregates. A
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Reaction TRISEC Conventional | Conventional | "H NMR TH NMR
Time THF THF CHCl, CHCls CHCIYTFA
15 min 3850 3440 2070 1790
30 min 5490 15700 5350 1980 1850
45 min 7950 19400 6830 1720 1970

1hr 3950 4530 7340 1860 2450

1 hr 15 min 4290 6370 8830 1610 3510

1 hr 30 min 4390 6180 10270 2160 4480

1hr 45 min 1010 9000 12080 1860 3420

2hr 630 11000 12510 3070 3880

2hr 15 min 760 730 13790 2010 2850

Table 5.7 Mn: 80% branched p-PEOB.

Conventional GPC measurements, recorded in chloroform, produced the only

data set to form a consistent and systematic trend between molecular weight and

reaction time. The signals from the TRISEC detectors were noisy and broad leading to

considerable uncertainties in defining base lines and limits for the analysis.

Reaction TRISEC Conventional Conventional
Time THF THF CHCl,;
15 min 21500 12200
30 min 30100 29200 23900
45 min 38500 36500 32800

1hr 83700 24300 38500

1 hr 15 min 94900 28400 55800

1 hr 30 min 128100 35400 69600

1hr 45 min 513500 41400 103700

2 hr 144900 43600 120200

2hr 15 min 128600 47800 144800

Table 5.8 Mw: 80% branched p-PEOB.
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The thermal behaviour of these systems has been analysed in detail but clearly,

more work is required if the intricacies of these branched systems are to be understood.

5.6 Viscometry

Solution viscosities were measured by comparing the flow time, t, of a specific
volume of polymer solution through a capillary, against an equal volume of solvent,
efflux time to. During the analysis, flow times of several concentrations of polymer
were measured. Reduced and inherent viscosities were then plotted against
concentration and extrapolated to zero concentration to evaluate the intrinsic viscosity.
Optimal results were obtained using efflux times of 100s or more and maintaining
solution temperatures of 25°C to within +0.02°C.

In the majority of polymer-solvent systems, solution behaviour may be
described using the relationships shown below. However, it is stipulated in textbooks
that these empirical relationships are only valid for linear polymer systems. This

generalisation will be given further consideration.

Relative viscosity N = n/ﬂo ~ t/ty
Specific viscosity Nsp=Nr— 1
Reduced viscosity Nred = Nsp/C
Inherent viscosity Ninn = (In N)/c
Intrinsic viscosity M] = Msp/C)=0

where 1) is solution viscosity, Mo is solvent viscosity and c is solution concentration

Huggins equation (1942) ny/c = M] + kK’ Ml’c Eq. 5.6
Kraemer equation (1938) (In e = ] + K’[MFc Eq. 5.7
K-k =% Eq. 5.8

The relationship between molecular size and the number of incorporated branch
points was proposed by Zimm et al in 1949.> He used g, the ratio of the radii of
gyration of branched and linear structures, to describe polymers of the same DP. Over
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the years, many theories have been proposed, relating g to the intrinsic viscosities of
linear and branched materials. These theories are complex and specific to a particular
structural arrangement, i.e. star, comb or random branched polymers. Furthermore, to
be effective the radius of gyration of the purely linear polymer is required. It is for

these reasons that the parameter g will not be considered further.

g= <Sz>(bmnched)/ <Sz>(lincar) Eq. 5.9

Increased solubility of p-PEOB copolymers, arising from the introduction of
branch points, has allowed viscosity measurements to be made on samples in pure‘
chloroform. Figure 5.36 shows the intrinsic viscosities of copolymers with 20mole%
to 80mole% in the form of Mark-Houwink plots. The empirical relationship between
molecular weight and intrinsic viscosity, given by the Mark-Houwink equation
(Equation 5.10) is believed to only be valid for linear polymers. However, the results
obtained from the analyses of branched p-PEOB indicate that this is not so.

] =KM,* Eq. 5.10

Although viscosity average molecular weights are stipulated for use in the
Mark-Houwink equation, substitution by weight average molecular weight is adequate
for calculating K and a over a limited molecular weight range. Remarkably, linear
relationships extending between 5,000 and 300,000 Mw were observed for the
branched copolymer compositions analysed. However, it must be stressed that Mw
could only be determined in terms of polystyrene equivalent molecular weights. Even
more remarkable were the identical o values (0t~0.41) determined by linear regression
analysis for these materials and the resultant linear relationship between log K and the
extent of branching; Figure 5.37. Results, established independently by D. Parker at
the University of Durham for the hyperbranched analogue, are consistent with the
findings for branched p-PEOB copolymers. Although apparently compelling, in the

absence of absolute molecular weights these data must be treated with caution.
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There is no theoretical basis on which to explain these results but empirically,
given any two of the following parameters, molecular weight, intrinsic viscosity or
percentage branching we can calculate the third. Equation 5.11 describes the linear
relationship between log K and the mole fraction of branching units in the p-PEOB
copolymer, as determined by linear regression analysis for the data in Figure 5.37. The

R? correlation coefficient for these data has been determined to be 0.97.

log K = -0.0033x — 0.429 Eq. 5.11

Where x = mole fraction of branching units in the copolymer

Assuming that the Mark-Houwink a value is constant for all amorphous
branched p-PEOB copolymers (a=0.41), which has been substantiated in CHCl;, the
relationship between intrinsic viscosity, Mw and extent of branching may be written as
Equation 5.12.

log[n] = 0.41log(Mw) — 0.0033x — 0.429 Eq. 5.12

x = (0.41log(Mw) — log[n] — 0.429) / 0.0033
log(Mw) = (log[n] + 0.0033x + 0.429) / 0.41

Where intrinsic viscosity [1] is measured in CHCl; (ml g"), Mw measured using GPC, CHCl;,
5um gel columns of 1004, 10°A, 10°A pore size, PS standards, x is the mole fraction of 5-PEOI
branching units in the p-PEOB copolymer.

Thus, there appears to be a systematic relationship between [n], Mw and
branching content for p-PEOB copolymers with between 20mole% and 100mole% of
5-PEOI branch points.

5.7 References
1. FloryP.J., J. Am. Chem. Soc., 74, (1952), 2718
2. Feast W. ], Keeney A. J., Kenwright A. M. and Parker D., Chem. Comm., (1997),

1749
3. Zimm B.M,, Stockinayer W.M., J. Chem. Phys., 17, (1949), 1301
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6.1 Molecular Weight Determination for Branched Copolymers

In this chapter, '"H NMR end group counting, as applied to branched p-PEOB
copolymers, is discussed. By gaining an appreciation for the limitations of the process,
we might better understand the factors that may influence the outcome of the analysis.
The possibility for intramolecular cyclisation is one such consideration. Indeed, to
avoid complicating the analyses of linear and branched systems, the effects of
cyclisation are usually ignored, following Flory’s examples.'? However this inevitably
leads to inaccuracies, for example in the determination of Mn by end group counting.

The cyclisation of linear polyesters is an equilibrium process, which results in
the formation of cyclic oligomers with typically three to nine repeat units. Larger
macrocycles are subject to an increase in entropy of formation which result in a rapid
decrease in their relative number. However, by varying the concentration of monomer
in the feed, the mole fraction of cyclic material can be effectively controlled; an
increase in the concentration of monomer resulting in a reduction in the mole fraction
of cyclised material. The behaviour of hyperbranched polymers, on the other hand,
differs markedly from that of their linear analogues.

Matrix assisted laser desorption ionisation spectroscopy (MALDI) has been
used to show that the cyclic content of melt polymerised hyperbranched polymers,
specifically poly(ethylene 5-oxyisophthalate), 5-PEOI, and analogues with spacers with

3-6 methylene units shown below, increases with the extent of polymerisation.3 4

COOMe

HO(CH,),0

COOMe
n=2-6

The cyclic content of these polymers increased with molecular weight until,
within the detection limit of the technique, all of the analysable material had been
cyclised, i.e. there were no focal groups remaining. Interestingly, on reaching this
point in the reaction, the hyperbranched polymer with the n = 2 spacer continued to

grow in weight average molecular weight (measured by GPC with a polystyrene
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Monomer Concentration w/w TFA w/w CDCl;
(Monomer:Solvent) (TFA:CDCl3)

1) 0.0564gg™" 1.3% 0.9805¢g

) 0.0221gg” 1.9% 1.0568g

(3) 0.0308gg 1.5% 1.2350g

Table 6.1 Reactant concentrations.

The most notable differences between the spectra of monomers containing TFA

and those obtained in pure deuterated chloroform are the chemical shifts of alkoxy CH,

groups, see Figure 6.6 and Table 6.2. Consider monomer 2; in pure chloroform-d

(A03-1), CH, peaks are observed at 4.00ppm and 4.14ppm. The addition of TFA

results in a shift to 4.10 and 4.17ppm (C, D) with a marked reduction in resolution,

shown schematically in Figure 6.6; the actual spectrum is shown in Figure 6.7.

However, as the CH, peaks of the resultant ester (A, B) are shifted significantly further
downfield to 4.33 and 4.70ppm, indicated in red in Figure 6.7 and 6.8, the reaction

could be monitored unambiguously.

fT

\

T
4.5

4.0 ppm

Fig. 6.6 Schematic '"H NMR spectrum of CDCl;/TFA monomer solutions, showing

approximate positions of CH; and CHj3 groups.
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Monomer ‘A’ (ppm) ‘B’ (ppm) ‘C’ (ppm) ‘D’ (ppm) ‘E’ (ppm)
(1) Meta 4,70 4.30 4.10 4.00 3.90
(2) Para 4.70 4.30 4.17 4.10 3.92
(3) Isophthalate 4.70 435 4.20 4.10 3.93

Table 6.2 '"H NMR chemical shifts (3.90-4.70ppm) of
monomers 1, 2 and 3 in CDCL/TFA.

The 200 MHz 'H NMR spectra of 2, as recorded in TFA/CDCIl; solution
immediately after TFA addition and eight days into the reaction are shown in Figures
6.7 and 6.8.

The progress of the esterification reaction was monitored over a period of eight

days by comparing the integrated intensities of signals A to D against the methyl ester
signal (E). The intensities of peaks A, C and E were substituted into Equations 6.1 and

6.2 to calculate the percentage of reacted and unreacted 1 and 2 in solution.

% Reacted monomer = (i*/2) x (3/iE) x 100%
% Unreacted monomer = (iC/2) x (3/i) x 100%

Eq. 6.1
Eq. 6.2

i* = signal intensity of peak A, i° = signal intensity of peak C, it = signal intensity of peak E

The integrated intensity of the methyl ester group in the meta and para
monomers, (peak ‘E’) was assigned as the equivalent of three protons. The relative
intensities of the remaining signals, ‘A’ and ‘C’, were compared against E to determine
the fraction of reacted and unreacted molecules in solution. The signal generated by
the two methyl ester groups of the isophthalate isomer was assigned as six protons.
When normalised with respect to ‘E’ the summed intensities of A-D were marginally
greater than allowed by molecular stoichiometry. In the extreme case, anticipated
values were exceeded by 15%. Consequently, the data in Figures 6.9, 6.10 and 6.11,
which show mole fractions of reacted and unreacted 1, 2 and 3 plotted against time, are

somewhat overestimated.
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Fig. 6.11 Percentage of reacted 0 and unreacted 0 3, as monitored over eight

days by 'H NMR spectroscopy.

A computer algorithm was used to simulate the equilibrium reaction shown below.

[A] + [B] ——[C] +[D]

ki

k2

Given the concentrations of ‘A’ and ‘B’ and the rates of reaction k; and kj the

algorithm would predict the progress of a reaction with time. Alternately, knowing the

precise concentrations of A and B, the rate constants k; and k; could be adjusted to fit

the generated data to experimental results. The results of these analyses are collected

in Table 6.3. Fitted data are represented in Figures 6.9, 6.10 and 6.11 as magenta

Crosscs.
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ki (kg mol” hr'") k2 (kg mol™ hr™") Relative rate
Monomer
Meta (1) 0.039 0.006 1.0
Para (2) 0.142 0.028 3.6
Isophthalate (3) 0.093 0.0005 24

Table 6.3 Rate constants

These results indicate that the meta isomer is the least reactive and the para
substituted reactant is esterified 1.5 times faster than the isophthalate branching agent.
Whether these rates of esterification, with TFA, bear any relation to the rates of
monomer addition in the polymerisation remains to be substantiated. Any tendency
toward compositional drift is likely to be offset by the effects of transesterification.
Evidence for this is provided by the *C NMR analysis of amorphous branched p-
PEOB copolymers, in Section 5.2, which shows the distribution of branching units to
resemble a statistical copolymer at 100% conversion.

The two main assumptions, required for end group counting to be effective in
AB/AB; copolymers, appear to have been upheld for branched p-PEOB systems; these
are, that the effects of intermolecular cyclisation are negligible, and branch points are

statistically distributed.
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on average. The '"H NMR analysis used to determine the number average molecular

weight of branched p-PEOB copolymers is explained below.

A

P

—> 00

L\

| T
5.0 4.0 ppm

Fig. 6.13 Schematic "H NMR spectrum of a branched p-PEOB copolymer in

CDCL/TFA solution, showing approximate positions of CH; and CH; groups.

The peak area C/3 is proportional to the number of methyl ester groups in the
polymer and equates to the number of branching units plus one (x+1). Peak areas A/2
and B/2 are representative of the total numbers of linear and branched residues in the
polymer, given as (Nr+1).x; where N is the average segment length and x is the
average number of segments per molecule; see Figure 6.14. Thus the ratios of signal

intensities B:C, and A:C designated, r, may be defined as shown in Equation 6.4.

r=2.(Nit1). x / 3.0c+1) Eq. 6.4

where N, = number of linear units per segment, x = average number of segments per molecule

In order to evaluate the number average molecular weight of the polymer we
require x, the average number of segments per molecule. An expression for x is

derived from Equation 6.4 and shown in Equation 6.5.
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i. r=2(Np)x/3(x+1) [multiply by (x+1)]
il. r(x+t1)=2(N;+1)x/3 [divide by (x . 1)]
iii. (x+1)/x=1H1/x)=2(NH1)/3r [subtract 1]

iv. (I/x) =[2(Ny+1) /3r] =1 =(2(N+1)-3r) /3r [Cross multiply]

x =3r/ (2(Ni+1)-3r) Eq. 6.5

HO--ECHZCHZO—Q—COO%CHZCHZO
Nl
COO—CH,

L X

COO——CH,

Fig. 6.14 Structural representation of a p-PEOB branched copolymer.

The value, r, is taken directly from measurements of 'H NMR spectroscopy and
N; from the branching content of the copolymer. These values are then substituted into
Equation 6.5 to obtain x, which in turn, is used to determine Mn from Equation 6.6.
The formula assumes that there are (N;. x) linear residues, (x) branching units, (x+1)
CH; end groups and one hydroxyl focal unit. Although Equation 6.6 is specific to p-
PEOB, as branched with 3, the process of end group counting is general and should
work for other branched systems. However, this is only true when the assumptions that
govern the technique are valid and end groups may be distinguished from other features

in the polymer.

M Copotymer) = (N1 X. 164) + (x. 207) + [(x+1). 15] + 17 Eq. 6.6
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7.1 Conclusions

Large-scale syntheses of monomers 1, 2 and 3, up to 200g, have been optimised
and the resultant materials characterised using 'H, >C NMR and IR spectroscopies,
mass spectrometry and elemental analysis. In addition, homopolymers of 1 and 2 of
various molecular weights have been generated using bulk polymerisation techniques
described in Chapter 2. Their thermal properties have been analysed using differential
scanning calorimetry (DSC) with the following plateau values observed for quenched
samples, recorded at a heating rate of 10°C min™": polymers of 1, Tg=51°C, Tc=133°C,
Tm=178°C; polymers of 2; Tg=77°C, Tc;=121°C, Tc,=190°C and Tm=219°C.
Analysis of the glass transition temperatures of low DP oligomers of 2, showed that
they conformed to the empirical relationship defined by Beuche for amorphous linear
polymers i.e., the variation in Tg was linear with respect to 1/Mn on the approach to the
thermal plateau. The effect of copolymerising equimolar quantities of 1 and 2 was also
investigated. Samples of the linear copolymer were amorphous and chloroform
soluble, in contrast to homopolymers of 1 and 2, which were semi-crystalline and

insoluble in chloroform.

(o) O\ O O\ o o
gl 5 \OJ\Q)LO/
o/\/OH
Oon ~"oH
1 2 3

The main interest of this thesis has been the investigation into the effects of
branching p-PEOB (homopolymers of 2) with monomer 3. To this end, a range of
cross link free, highly functionalised copolymers with various extents of branching
have been synthesised and characterised in detail using the following techniques: 'H,
Bc NMR, and IR spectroscopies, TGA, DSC and viscometry. From the analyses of
carbonyl signals in the ?C NMR spectra, we were able to ascertain that the distribution

of branch points in the polymer was statistical and not selective. Furthermore, the
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analyses of copolymers with up to 12.5mole% branching revealed that they were
crystalline and chloroform insoluble, in comparison to materials with higher extents of
branching which were amorphous and soluble in chloroform. This leads us to conclude
that solubility of p-PEOB is inextricably linked to structural regularity in the polymer.

The determination of number average molecular weight of p-PEOB copolymers
with less than 15mole% branching was achieved using '"H NMR end group counting, as
described in detail in Chapter 6. However, the data obtained for materials with higher
extents of branching was too scattered to be of use. Instead, molecular weight
determinations of amorphous copolymer compositions, iLe. those materials with more
than 12.5mole% branching, were made using conventional GPC measurements
calibrated with linear polystyrene standards.

Analysis of the glass transition temperatures of these materials revealed no
significant dependence on the copolymer branching composition. = However, it was
apparent that the melting temperature of p-PEOB decreased linearly with increasing
branching composition up to 12.5mole%, given by the formula Tm=-339.6x+491.8K;
where x is the mole fraction of branching units. Crystallisation was made increasingly
difficult with the insertion of branch points, reflected in the increase in Tc; and the
reduction in the enthalpy of fusion. This effect was more pronounced at higher
molecular weights. Secondary crystallisation was, however, made progressively easier
with an increase in the branching content of the copolymer, as indicated by a decrease
in Tc,. This maybe due to increased disorder in the crystal lattice, resulting from
poorly formed crystallites, making the process of reorganisation easier. The disruption
of crystallisation is consistent with branching units being excluded from the crystal
matrix. Decomposition temperatures, recorded at 2% weight loss, appeared to be
independent of architecture and composition; temperatures of 320°C being observed for
all linear and branched materials. Furthermore, hydrolysis and ageing did not appear to
have any significant effect on the results obtained from TGA or DSC. In comparison to
PET, PEOB polymers appear to be much more resistant to hydrolysis.

Analysis of the results of chloroform solution viscometry revealed an
unexpected relationship between log(intrinsic viscosity), log Mw and the branching

composition for the amorphous copolymers with between 20mole% and 100mole%
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branching. Indeed, Mark-Houwink plots revealed linear trend lines for the data of
various branching compositions over a broad range of weight average molecular
weights (3000 to 300,000). Furthermore, these data could be described by a single
equation, log[n]=0.41log[Mw]-0.0033x-0.429; where [n] is intrinsic viscosity
(ml mg™), [Mw] is conventional polystyrene equivalent molecular weights as measured
in chloroform and x is the mole fraction of branching units in the copolymer. This
leads us to conclude that the solution structures of the amorphous branched copolymers
must be similar. However, as molecular weights were measured against linear

polystyrene equivalents, some uncertainty exists as to the interpretation of this data.

7.2 Furtherwork

The effects of branching are exploited in many commercial applications. For
example, branching in polyethylene is used to increase clarity, impact strength and
improve other properties in the polymer. Indeed, a reduction in the melt viscosity of
PE can be achieved with a controlled increase in long chain branching. However, these
effects are not always advantageous. For instance, LDPE is not used for structural
applications because its highly branched architecture is subject to slow deformation,
- called creep, under low load stresses over prolonged periods of time. Furthermore, the
bulk properties of polyesters, like polyethylene, are dependent on the extent of
crystallinity in the material. Many polyester products, including bottles, films and
fibres rely on the properties imparted by crystallinity in the polymer. Any disruption to
the regularity of polymer structure will result in a decrease in the extent of crystallinity
and subsequently, the suitability of these materials to their intended applications.
Consequently, high extents of branching do not offer any advantages over conventional
linear architectures. However, as exploited in polyethylene, long chain branching may
provide a means of lowering the melt viscosity of the material without causing a
significant disruption to crystallinity, which would give processing advantages. This
consideration requires further investigation.

In order to consolidate our findings and improve our understanding of branched
poly(ethylene oxybenzoate) systems, a comparison between the absolute molecular

weights and measurements obtained against linear polystyrene equivalents would be
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advantageous. This could be achieved via a detailed light scattering study. In addition,
the fractionation and analysis of high molecular weight material would be beneficial to
understanding the disproportionately large weight distributions observed during the
THF TRISEC examination of 80mole% branched p-PEOB.

The effects of statistical branching in p-PEOB have been analysed in detail,
however, a comparison with linear copolymers of various compositions of meta and
para poly(ethylene oxybenzoate) units would be advantageous. In this way, the effects

of branching could be differentiated from the effects of statistical copolymerisation.
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A02:
A03:
A04:
A05:

APPENDIX (A)

Monomers and Precursors

Dimethyl 5-hydroxyisophthalate

Dimethyl 5-(2-hydroxyethoxy)isophthalate
Methyl 4-(2-hydroxyethoxy)benzoate
Methyl 4-(2-acetoxyethoxy)benzoate
Methyl 3-(2-hydroxyethoxy)benzoate

'H NMR Spectra: A00-1
BC NMR Spectra: ~ A00-2
IR Spectra: AQ0-3
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APPENDIX (B)

Polymers

BOl: p-Poly(ethylene oxybenzoate) (p-PEOB)
B02: m-Poly(ethylene oxybenzoate) (m-PEOB)
B03: 50:50 copolymer m:p Poly(ethylene oxybenzoate)
B04: Poly(ethylene oxyisophthalate) (5-PEOI)
B05: 80% S-PEOI, 20% p-PEOB

B06: 60% 5-PEOI, 40% p-PEOB

BO7: 40% 5-PEOL 60% p-PEOB

B08: 20% S-PEOI, 80% p-PEOB

B09: 15% 5-PEOI, 85% p-PEOB

B09-b: 12.5% 5-PEOI, 87.5% p-PEOB

B10: 10% 5-PEOI, 90% p-PEOB

B11: 4% 5-PEOI, 96% p-PEOB

B12: 3% 5-PEOI, 97% p-PEOB

B13: 2% 5-PEOI, 98% p-PEOB

B14: 1% 5-PEOI, 99% p-PEOB

IR Spectra: B00-1
'H NMR Spectra (CDCI/TFA):  B00-2
"H NMR Spectra (CDCl): B00-3
C NMR Spectra (CDCl/TFA):  B00-4
BC NMR Spectra (CDCL): B00-5
'H NMR Spectra (DMSO): B00-6

3C NMR Spectra (DMSO): B00-7
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APPENDIX (C)

Statistical Analysis




Linear Regression Analysis
Linear regression analysis has been used to calculate the statistics for all best-fit

lines of the type y=mx+c. The least squares method of analysis is described as follows.

The slope m:
m = [n(Exy) - (£x).(Zy)] / [7(EX%) — (Ex)7] Eq.C.1

where n is the population (number of data points), x is the x-value, y is the y-value

The intercept c:

¢ = [n(Zy).(Ex2) — (EX).(Exy)] / [7(Ex) — (Ex)7] Eq. C.2

The Pearson product moment correlation coefficient R:

R = [n(Zxy) — (Zx).Ey)] / {[nEX’) - (Ex)1.[n(Ey") - Cy)’]}'” Eq.C3

The square of the Pearson product (R?), or the coefficient of determination,
compares estimated and actual data to produce a value of between 0 and 1. The closer

this value is to 1 the more accurate is the fit.

Standard Deviation (s)
The standard deviation, s, is used to measure how significantly values deviate
from their mean average. The calculation used throughout this thesis is based on the

non-biased (n-1) method and assumes that the data is a sample of a larger population.

s = {[nZx’ — (2x)°] / n(n-1)}"? Eq.C4

where n is the population (number of data points), x is the x-value, y is the y-value



APPENDIX (D)

Conferences/Courses Attended



1997:
Macro Group Young Researchers Meeting, Queens Hotel, Leeds, 2-4 April.
IRC Industrial Club Meeting, Royal Armouries, Leeds, 17-19 September.

1998:

IRC courses in Polymer Physics & Engineering, Universities of Bradford & Leeds,
6-9 January.

Macro Group Young Researchers Meeting, University of Durham, 6-9 April.

37% [UPAC (Macromolecular Division), Gold Coast, Australia, 12-17 July.

Research Councils’ Graduate School Programme, Brighton, 12-17 November.




