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Abstract

This report details the work carried out on the synthesis and characterisation of
branched polyesters. The experimental effort concentrated on the branching of PET-
type polymers with a variety of potential branching agents, such as trimesic acid, and
the control of branching with end-capping agents, such as benzyl alcohol. The
polymers synthesised were then characterised by solution viscosity, end-group
analysis, DSC analysis, rheological analysis and light scattering.

Extensive branching of polymers has been observed and controlled via end-capping
agents. One group of polyesters synthesised with increasing levels of brancher, were
characterised by absolute M,, values which increased from ~10K to ~350K. Despite
this, all of the macromolecules displayed roughly the same solution viscosity. Though
the corresponding melt viscosity increased with My, the values achieved were far
below those expected for analogous linear polymers of comparable M,

A second group of polyesters synthesised with a fixed level of brancher and
increasing levels of end-capper were characterised by a much narrower range of M,
values. These polymers however had melt viscosities lower than those of linear

polymers yet had My’s of between ~3 and ~ 15 times greater than those of linear
polymers.
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1 Introduction

1.1 Polymers'?

Polymers are high molecular weight molecules (typically 10* - 10° Daltons), made up
by the repetition of small, simple chemical units. In some cases, the repetition is
linear, giving rise to a ‘straight’ chain molecule.

Figure 1: Straight Chain Polymer

In other cases the chains are branched or interconnected to form three-dimensional

TN

Figure 2: Branched and Crosslinked Polymers

Branched polymers can be further subdivided into three categories; branched,
hyperbranched, star polymers, and dendrimers.



Figure 3: Star and Dendritic Polymers

Branched polymers are generally overall linear in shape with a small amount of
branching. Hyperbranched polymers are much more branched in nature and have a
topology, which is undefined, but tends to be more globular than linear and branched
polymers. Dendrimers are species that have a perfectly branched three-dimensional
structure.” Star polymers are a special category of dendrimer where they have a star
shape, with linear branches radiating out from a central core.

The change in molecular architecture can have an immense impact on the physical
properties of the polymer. Linear polystyrene, for example, is a thermoplastic, i.e. it
softens on heating, and can be processed, whereas its crosslinked analogue is a
thermosetting plastic, i.e. once formed it can soften if heated, but it cannot be
processed, due to the crosslinked network that extends throughout its structure.
Therefore the molecular architecture of the polymer can be as important, as the

molecular composition of the monomer segments present.



1.2 Step-growth Polymerisation4’5

Polymeric species can be made via a number of types of reaction: free radical and
ionic addition, condensation polymerisation etc. In 1929 W.H. Carothers® proposed
that these reactions should be categorised into two groups.

1. Condensation polymers
2. Addition polymers

Condensation polymers are those that are made by the elimination of a small
molecule such as water, in a repeated condensation reaction. Whereas addition

polymers are formed in a single chain reaction in which no such loss occurs.
It later became obvious that this definition was inadequate as there were several

notable exceptions to the rule; for this reason Flory offered an amendment to the
definition.” He re-classified the polymers in terms of reaction mechanism rather than
the product produced, replacing the term condensation with step-growth. This
allowed the inclusion of polymers such as polyurethanes, which grow by a step
mechanism without the elimination of a small molecule.® Addition reaction polymers

were renamed chain reaction polymers. Thus, polymerisations are now classified
without regard for the loss of any molecules.

1.2.1 Step-growth of Polyesters

The step-growth polymerisation of polyesters follows the general reaction below.
HOR-OH + HOOCR*COOH == HOR-OCOR-COOH + H0

Scheme 1: General Esterification

This reaction is analogous to the simple esterification of mono-functional acids and
alcohols. Removal of water forces the reaction to completion. The molecule formed
is also bifunctional and so may react again. In this manner, a polymer of n monomer



units can be built up in n — 1 “steps”. The reaction needs no catalyst but can be
catalysed by the addition of strong acid or acidic salt. This reaction is termed direct

esterification, the same effect can be achieved with an ester interchange reaction (see
section 2.1.2).

1.2.2 Assumptions”®

Flory proposed two assumptions, for use when dealing with the kinetics of step-
growth reactions, These were that firstly that the rate of reaction of a functional group
is independent of the size of the molecule. This assumption has been backed up
repeatedly by experimental evidence.

Another basic assumption made by Flory was that all like functional groups can be
considered to be equally reactive. This implies that a monomer will react with both
monomer and polymer species with equal ease.

1.2.3 Kinetics of Step-growth Polymerisation®

The assumption that the functional group reactivity is independent of chain length
can be verified experimentally by following the kinetics of a polyesterification
reaction.

In the case where the reaction is uncatalysed, the acid will act as its own catalyst.
Flory’ described the kinetics of this uncatalysed reaction as shown in equations 1 — 4.

At any time, t, the rate of condensation can be defined as the rate of disappearance of
the carboxyl groups.

-d[COOH)/dt = k[COOHJ*[OH]

Equation 1:Self-catalysed Condensation

If the concentration of acid groups and alcohol groups is equal then

-dc/dt = k¢’

Equation 2: Self-catalysed Condensation



Where ¢ equals the functional group concentration. Integration of this equation gives
the following expression.
2kt = 1/c? - 1/co’

Equation 3: Self-catalysed Condensation

The Carothers equation states that x, (the number average degree of polymerisation)
= 1/(1-p); where p is the extent of reaction.

Since x, = ¢/cq then:-

2co’kt=1/(1-p)*- 1
Equation 4: Self-catalysed Condensation

However, in 1979, Amass'® showed that Flory’s substitution of [H'] with [RCOOH]
was incorrect, because terminal carboxyl group of a polymer chain can be expected to
be part of a weak acid of which the dissociation is governed by the dissociation

constant (K,). Amass showed that the reaction was in fact of the order 2.5, and not
third order as previously shown by Flory (Equation 2).

K= [RCOO')[HJ/[RCOOH]
Equation 5: Dissociation Constant

K= [H']/[RCOOH]
Equation 6: Dissociation Constant

[H'] = (KJ[RCOOH])"”
Equation 7: Proton Concentration in Terms of Carboxyl Concentration

-dc/dt = k K, %c*
Equation 8 : Modified Self-catalysed Condensation



For a reaction catalysed by strong acid

-d[COOH}/dt = kK'[COOH]}{OH]}
Equation 9: Acid Catalysed Condensation

(Note k' includes a term involving the concentration of strong acid catalyst)

If the concentration of acid groups and alcohol groups is equal then

-dc/dt =k’c?

Equation 10: Acid Catalysed Condensation

Where ¢ equals the functional group concentration. Integration of this equation gives

the following expression.

cok't=1/c - 1/cq

Equation 11: Acid Catalysed Condensation
Since x, = ¢/co then:-

cok't=1/(1-p)-1
Equation 12: Acid Catalysed Condensation

These equations were subsequently verified experimentally by Flory™"

1.2.4 Step-growth Polymerisation of Polyfunctional Reagents

Polymerisation of reagents with more than two functional groups per molecule can
lead to three-dimensional networks. These polymers are highly complex and their
synthesis is complicated by the formation of gels. When gelation sets in the reaction
mixture can be divided into two distinct parts: the gel, which is insoluble in non-
degrading solvents, and the sol, which remains soluble and can be separated from the
gel. As the reaction proceeds the amount of gel increases and the sol. Gelation can



occur at relatively low molecular weight averages, but when it occurs, the molecular

weight average becomes infinite.

Gelation'*'4

In order to calculate the point in the reaction when gelation takes place, the branching
coefficient a must be defined.

a is defined as the probability that a given functional group on a branch unit is
attached to another branch.

The point at which gelation becomes possible is defined by a, the critical value of a
for gelation.

o=1/(f-1)

Equation 13: Critical Branching Coefficient

(Where f is the functionality of the branching agent.)

This can be linked to the extent of reaction (conversion) p via the following

expression.

o=pp/(-p(l-p))

Equation 14: Branching Coefficient

Where p, the composition parameter, is defined as -
p = No. of groups of initial polyfunctional units/ total No. of initial functional groups



1.2.5 Molecular Weight Distribution

Most methods of synthesising polymers do not give rise to a product that has a
uniform mass throughout. The random nature of the synthesis creates chains of

various lengths and so we normally say that the polymer sample has a molecular
weight distribution. Calculation of the polymer’s molecular weight then gives an
average value, rather than one unique value. The numerical value of this average
depends very much on the method of its calculation. These different definitions,
listed below, are all useful tools depending on the situation they are to be used in.
Ratios of molar mass averages (typically M,/M,) indicate the breadth of the molecular
weight distribution or the polydispersity D.

A colligative method, such as osmotic pressure, effectively counts the number of
molecules present and provides a number average molar mass, M,, defined as: -

M, = ZMN;/ IN; = Zw; /X (Ww/M))
Equation 15: Number-average Molecular Weight

Where N; is the number of molecules of species i of molar mass M;, and w; =
NiMy/Na, Where N, is Avogadro’s number.

From light scattering measurements the weight average mass, My, is obtained. This is
defined as :-

My = INM;? / INM; = TwM/Zw;
Equation 16: Weight-average Molecular Weight

This method relies on the size (weight) of the molecule rather than the number of
molecules. M, and M,, are the two main averages encountered, other averages include
M; (the z-average), M. (the z+1-average) and M, (the viscosity average).

M. =3INM; / INM?=TwM?TwM,
M.+ = INM;* / TNM;
M, = [ZNM;"™ 7 INM W

Equation 17: Other Molecular Weight Averages




The diagram below shows a typical molecular weight distribution of a polymer
prepared by a random method. It can be seen that the weight average datum is higher
than the number average. The M,, value is important as higher molecular weight

chains may have a greater influence over the physical properties of a sample than

chains of a lower molecular weight. M,, takes this into account.

M,

M;

Figure 4: Random Molecular Weight Distribution

Where N; is the fraction of polymer in each interval of M; considered.



2 Poly(ethylene terephthalate)'*'

Poly(ethylene terephthalate) or PET, was developed in the U.K. by the Calico
printer’s association (C.P.A.).* It was a direct development of work carried out by
W.H. Carothers on polyesters.'”!®! First patented in 1941,% it is now widely used in
a variety of industrial and domestic applications. The most easily recognised of these
are in fibres (Terylene), in films (Melinex ™), or in moulded products (Melinar ™),
The American company Du-Pont, purchased the patent from the C.P.A. and started
production in the U.S. in March 1953, at their plant in Kinston, North Carolina,
where the fibre was known as ‘Dacron’. ICI started full-scale production of polyester
fibre in 1955 and the production of polyester film commenced four years later.

¢ @
H OC—@—COCHZCHz H
n

Structure 1: Poly(ethylene terephthalate)

Melinex has many valuable properties and characteristics that make it highly
attractive for industrial use, some of which are listed below: *

® Outstanding strength ® Toughness

® Dimensional stability ® Great flexibility

® High resistance to chemicals ® High gas barrier properties
® Low water absorption ® High clarity

10



It is also stable to a wide range of temperature and humidity conditions.

All this adds up to a highly versatile material, which has uses in many different
fields, ranging from packaging to printing and photography.

Melinex ™ also has a wide range of applications in the electrical and electronic
industries, from slot liners in electrical motors to cable insulation and printed circuit
boards that make much of modern communications systems possible. It provides the
graphic layer in membrane touch pads for a variety of keyboard applications, such as
the control panels on microwave ovens.

The manufacture of Melinex " film from ICI-produced raw material proceeds from
polymer production through five stages of filming. This produces a flexible,
dimensionally stable film, with a wide range of visual characteristics and good
mechanical properties. The thermal behaviour of PET film can also be modified to
meet the stringent customer demands placed upon it.

PET, when moulded into one of its most easily recognisable forms, a carbonated
drinks bottle, takes advantage of one of the polymer’s key properties, i.e. its good gas
barrier properties, to maintain the CO; pressure. Using Melinex ™ and Melinar ™
many foods and drinks are packaged and kept fresh and free of contamination. In

fact, if PET and other plastics were not used in food packaging, up to 50% of all
perishable goods would go to waste.'®

11



2.1 PET Production

PET is produced via a two-step process. Firstly the reaction of an organic acid with
an alcohol followed by a polycondensation reaction. The acid component is usually
either terephthalic acid (TPA) itself, or dimethyl terephthalate (DMT), and the
alcohol usually (mono)-ethylene glycol (MEG).

2.1.1 Direct Esterification

In large-scale production of PET, ICI uses mostly pure terephthalic acid.’!
Terephthalic acid and ethylene glycol are combined to form the monomer bis-(2-
hydroxyethyl) terephthalate (BHET). The process in which these two reactants are
combined is called direct esterification. It is carried out at pressures slightly above
atmospheric and temperatures above 200 °C, during the reaction water boils off and
is discarded.

Terephthalic acid is a solid that is not readily soluble in glycol, even on heating. Due
to this, the reaction mixture is in the form of a slurry rather than a low viscosity
liquid. The rate of reaction at the boiling point of glycol (197 °C), is very slow and
reaction times of around nine hours are typical. The rate of esterification, rather than
the low solubility of terephthalic acid, is the rate determining step of the reaction
since the addition of a suitable catalyst can reduce the reaction times to three hours or

HOOC-@-COOH + 2 HOCH,CH,OH

|

Q Q
HOCH2CH20C—©'COCH2CH20H

Scheme 2: BHET Production
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A better method from the point of view of product quality is to carry out the reaction
at elevated pressures of 3-4 atmospheres. This means that the temperature can be
raised to 240°C without causing the glycol to boil off. Oxygen must be excluded
from the reaction mixture as it could cause oxidation, leading to a yellowing of the
monomer and therefore colouring in the polymer and finished product. This process
can be carried out without a catalyst. Due to terephthalic acid being an acid, and
diethylene glycol (DEG) production being an acid catalysed process, DEG may be
formed as a by-product during the reaction. DEG production can be minimised by the
addition of a small amount of base to the melt. Sodium hydroxide (50-100 ppm) is
frequently used, although ICI Fibres use trimethyl-2-hydroxyethyl ammonium
hydroxide in their continuous process. Another method of reducing DEG formation is
to increase the ratio of glycol to terephthalic acid, usually to between 1.5:1 and 2:1.
When all, or nearly all, of the theoretical amount of water has been distilled off, the
pressure is reduced to atmospheric. It is at this time that any remaining water and

glycol distils over. A stabiliser is then added to prevent discoloration due to free base

in the melt.

Ensuring that the reaction runs to completion is not necessary, since any free
carboxyl ends, provided that there are not too many of them, are esterified during the
early stages of the polycondensation process. In fact, since under these conditions the
esterification process is more rapid than polycondensation, incomplete esterification
can actually result in an increase in the overall polymerisation rate with a detectable

reduction in cycle time.

With a continuous process it is possible to reduce the ratio of glycol to terephthalic
acid further than with a batch process. This means that the vapour pressure of glycol

in the melt is lower and the reaction can be carried out at atmospheric pressure.

13



2.1.2 Ester Interchange

On a laboratory scale, BHET is produced via an ester-interchange reaction rather than

the direct-esterification route favoured by industry.

1+13cooc—{;>—coocm3 + 2 HOCH,CH,OH

|

Q Q@
HOCH2CH20C—©'COCH2CH20H + 2 CH30H

Scheme 3: BHET Production by Ester Interchange

In the ester interchange reaction dimethyl terephthalate (DMT) is heated with glycol
to form BHET and methanol. The reaction must be carried out in the presence of a

catalyst in a vessel fitted with a separating column, condenser, and receiver. In

practice, a 2.1:1 ratio is used instead of the stoichiometric amounts. The reaction
mixture 1s heated to around 140 °C where a clear solution is obtained. The reaction
starts at about 150 °C, where, at first, there is a very rapid evolution of methanol.
Superheating can occur very readily at this stage and care must be taken with large-
scale reactions 1n glass to avoid sudden violent evolution of methanol. This can be
achieved by the presence of a nucleating agent. Pieces of ‘Fluon’ or better still a
‘Fluon’ agitator is excellent for this purpose.

The catalyst must always be added below 150 °C. Overheating at this stage on the
plant can also lead to flooding of the ester interchange column and a pressure build
up in the ester interchange vessel. This, in turn, can lead to an effect known as
“priming” in which the batch erupts violently and the methanol condenser and

possibly the column and associated pipe work become blocked with solid DMT.

14



Once the initial surge is over the rate of heat input is governed by the volatility of

glycol and DMT. If too much heat is supplied, DMT can be carried over and again

cause condenser blockage. In practice, the batch temperature increases gradually
throughout the process until, by the time the theoretical amount of methanol has been

distilled off, the temperature is around 210 °C. On the plant scale, when about 95%
of the theoretical amount of methanol has been collected no further separation is
attempted. As the batch temperature is raised further to 220-230 °C, the total distillate
(consisting mainly of ethylene glycol and methanol) is collected. DMT carryover is
one of the main problems with conventional ester interchange reactions. An
adaptation of this process involves continuous addition of DMT. Instead of all
reactants being present and mixed at the start of the reaction, the glycol and catalyst
are charged to the reaction vessel and heated to around 180 °C. Molten DMT is
added continuously to the system over approximately 30 minutes. This process
greatly reduces the cycle time for ester interchange, eliminates priming, is easier to

control and simplifies column design. This however is not very practicable on

relatively small laboratory scale work.

The product obtained at the end of the ester interchange reaction is not simply the
glycol ester of terephthalic acid. As DMT can react with BHET as well as with
glycol, and the ester interchange catalysts can also catalyse the polycondensation
reaction, the reaction product is an equilibrium mixture of free glycol, BHET and
short chain oligomers. The melting point of the mixture varies with composition,
being higher the lower the glycol to terephthalate ratio, but it is normally in the
region of 150-200 °C. Diethylene glycol is also produced, to some extent. The
catalyst employed governs the extent of DEG production. Ester interchange is not as
robust a process as direct esterification, where the problem of batch priming does not
occur. Unlike direct esterification it is essential that the ester interchange reaction
proceeds to completion as unreacted methyl ester ends can act as chainstoppers in the
polycondensation. The oligomer produced by this reaction tends to polymerise more
slowly than that produced by direct esterification, probably due to its higher glycol

content.
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2.1.3 Polycondensation

The BHET produced by step one can be forced to polymerise by increasing the
reaction temperature from 240 to 290 °C and reducing the pressure to 0.1 mmHg.
This removes glycol and causes dimerisation. As the reaction proceeds glycol is

eliminated between molecules of oligomer and so the polymer grows in length.

0, O
HOCH2CH20C—Q&OCH2CH20H

l Catalyst

0 0 0 o
HOCH2CH20é_©‘&OCH2CHzoé‘©'&0CH2CH20H

(Dimer)

Scheme 4: Polycondensation of BHET to PET

In order to achieve high degrees of polymerisation a polycondensation catalyst is
required. Reduction of pressure is carried out slowly to prevent the melt from
frothing up and blocking the glycol condenser. Raising the temperature serves to

keep the polymer (mpt. 260 °C) molten. The melt must also be well agitated to
achieve good polymerisation rates.
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2.1.4 Reversibility 242526

Heating the polymer with excess glycol or water can reverse polycondensation. In the
former case, the process is known as glycolysis in the latter it is simple hydrolysis. At
temperatures where the polymer is molten, the reaction is very fast, at lower
temperatures however, the rate depends on the degree of subdivision of the polymer.
In both cases the reaction rate can be increased by the use of a catalyst. Zinc salts are
well documented as good catalysts for glycolysis, in particular zinc acetate and zinc
stearate.

Below 245 °C the presence of zinc acetate and zinc stearate during PET glycolysis
does not effect the glycolysis rate. Below this temperature, the glycolysis reaction
occurs between solid PET and liquid ethylene glycol. At temperatures exceeding 245
°C, glycolysis occurs predominately in a single liquid phase allowing catalysis to
proceed.

Hydrolysis can also be catalysed by zinc salts, but for best results sodium salts, such
as sodium stearate, should be used. The mechanism for this catalysis is thought to
involve electrolytic destabilisation of the PET-water interface, resulting in a greater
interfacial area exposed to the hydrolysis reaction. Sulfuric acid can also be used as a
hydrolysis catalyst however this leads to problems such as corrosion of equipment
and difficult separations of liquid products from acid waste.*’

As a method of recovering scrap polymer, glycolysis has the disadvantage that DEG
and other impurities, such as degradation products are not readily removed and so the
monomer produced tends to be of an inferior quality.

DEG formation can be avoided by alkaline hydrolysis of PET with sodium or

potassium hydroxide.”® This yields EG and terephthalic salts which can then be
protonated easily to TPA.
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2.1.5 Catalysts and Stabilisers'****'~

Direct Esterification

No catalysts are required for direct esterification, however a trace of base is added as
a softening point stabiliser, to reduce the amount of DEG produced in the reaction.
Quartenary ammonium hydroxides have been found to be useful for this purpose, as
they give no insoluble residues in the polymer.

Ester Interchange™

Many metal salts have been found to be efficient catalysts in the ester interchange
reaction, those, which have been used commercially fall into two main categories.

1. Alkali and alkaline earth metals e.g. Li, Ca, and Mg.
2. Transition and group IIB metals e.g. Mn, Co, Zn.

The metals are usually added to the reaction in their acetate form. These are
crystalline and non-corrosive, and are therefore easy to handle. They are also readily
soluble in hot glycol. However, it is not the acetate form that is believed to be the
intermediate. When the polymer is heated with glycol and acetate, the glycerol is
converted to ethylene oxide and it is this species which is thought to be catalytically
active, independent of the species actually added. The acetates used mostly come in
the form of hydrates, however the amount of acetate added to the reaction is always
calculated from the anhydrous salt.

Although Kodak and Dupont prefer zinc acetate, manganese acetate is used in the
production of all ICI polymers.

18



Stabilisers

Originally, no stabilisers were used in polymer manufacture. The original film

polymer recipe was based on zinc acetate/antimony trioxide.

Stabilisers were introduced by ICI when calcium salts were adopted as the ester

interchange catalyst for fibre polymer. It was found that terephthalate precipitated in

the polycondensation autoclave leading to a form of polymer contamination known as

“tea leaves”. Adding phosphorous acid at the end of ester interchange solved the

problem and subsequently phosphorous acid addition was found to have beneficial
effects in film production.

The stabilisers used up to the present have been phosphorous and phosphoric acids
and esters thereof. Stabilisers have the following effects.

Prevention or reduction of the precipitation of insoluble metal terephthalate during
polymerisation.

Destruction of the catalytic activity of ester interchange catalysts.

Inhibition of the degradative and colour-forming side reactions of metal salt ester
interchange catalysts during polycondensation.

Inhibition of the catalysis of the oxidation of solid polymer by catalyst residues.
Improvement of the electrical resistivity of the polymer.

Phosphates tend to reduce antimony trioxide (the subsequent polycondensation
catalyst) to the metal thus greying the polymer.

Polycondensation Catalysts®”"*

Polycondensation catalysts also fall broadly into two main categories.

1.

Those that are also ester interchange catalysts and which are deactivated by
phosphorous stabilisers, e.g. zinc, cobalt and magnesium salts. As already
mentioned these tend to catalyse thermal degradation as well as polycondensation.

Thus, when used alone it is normally difficult to achieve high molecular weights
with these catalysts.

. Those which show little or no ester interchange activation and are relatively

unaffected by phosphorous compounds, e.g. antimony, titanium and germanium
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oxides etc. Commercial catalysts fall into this category. Antimony and germanium
are added as their oxides, titanium as an alkoxide. Like the ester interchange

catalysts, the active species is the glycol oxide formed in situ in the reaction melt.

Antimony Trioxide®®

Antimony trioxide has been the main choice of catalyst for polyester production since
the mid 1950°s. It shows quite a high catalytic activity in polycondensation and
because 1t has very little degradative effect it produces polymer of good colour. The
main disadvantage is that it tends to be reduced to the metal by glycol at elevated
temperatures. The effect is concentration dependent, the higher the level of antimony
trioxide, the greyer the polymer. It is also reduced by phosphite stabilisers, giving
polymer that has a relatively poor light transmission. For this reason phosphate
stabilisers are used in nearly all film polymers.

Antimony trioxide is normally used at a level of 0.02-0.8 weight %.

Germanium Dioxide

Germanium dioxide exists in two crystalline forms. The tetragonal crystalline form, is
highly insoluble, while the hexagonal form, is slightly soluble in glycol. Amorphous

germanium dioxide is readily soluble in glycol and therefore is the most convenient
form to use as a catalyst and gives polymer of exceptional colour and clarity.
Although this is the best catalyst known it does have some disadvantages, notably its
price, its scarcity (which also means its price is unstable) and the fact that it is
appreciably volatile in glycol. Due to the problem of volatility it gives a less robust

process than antimony. It is possible, with some difficulty to recover germanium

from polycondensation glycol.
Germanium dioxide is normally added at the 0.02% level.
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3 Polymers of Controlled Architecture

In recent years polymer synthesis has turned its attention to the preparation of
polymers with complex architectures. There has been significant interest in well-
defined highly branched species, and the unusual characteristics that can arise as a
consequence of their novel topologies and molecular structures.

The synthesis of three-dimensional macromolecular species with a regular
hyperbranched architecture was pioneered by Tomalia et al., 3 and Newkome et al.,>®
in the early eighties. Since then, there have been many reports of the stepwise
synthesis of such families of monodisperse polymeric species. These materials have

been termed ‘starburst’ polymers or dendrimers (from the Greek dendritic, meaning
treelike), on account of their highly branched topology.

The preparation of polymers with well-defined forms of branching has posed a
challenge to polymer chemists for many years. Branched polymers are formed in
polymerisation reactions but it is difficult, in most cases, to define the number of
types of branches and thus to correlate the changes in physical properties with
molecular architecture. The growing interest in highly branched, three-dimensional
macromolecules is reflected in the large number of reports concerning the synthesis
and properties of these structures. These materials can be divided into two families -
dendritic, and hyperbranched molecules, which differ in their branching sequences.
Due to the growth in interest in dendrimers and their properties over the last 10 years,
there has also been an increase in interest shown in hyperbranched polymers that are
structurally similar but are generally easier and cheaper to synthesise.

Although there have been numerous suggestions as to how dendrimers might be
exploited in speciality applications,’’~° the laborious iterative procedures necessary
for their synthesis will probably stop them from becoming mainstream or commodity
species. If some of the more interesting and potentially useful properties of
dendrimers were related to their extensively branched geometry rather than their pure
structure and monodisperse nature then it may be possible to replicate these
properties by employing polydisperse analogues. These hyperbranched molecules

would be far easier to make and could hold the key to unlocking the barrier to large-
scale production of these products.
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3.1 Background

It 1s now emerging that dendritic and hyperbranched polymers can show enhanced
solubility and reduced viscosity (solution and melt) when compared with their linear
counterparts; for example some dendrimers are soluble in a wide range of common
organic solvents.

Dendritic molecules have highly regular or ‘perfect’ branching, whereas
hyperbranched macromolecules are randomly branched and contain varying amounts
of linear segments. Interesting thermal,®® viscometric,*’ and other properties*!"*>4344
have been observed for dendritic and hyperbranched macromolecules and in many
cases, this behaviour is different from that of linear polymers. Possible reasons for
these differences are the unique three-dimensional structure, and the presence of a

very large number of chain-ends in dendritic and hyperbranched molecules.

While dendritic molecules contain no linear segments, and have at least one branch
point at every repeat unit, the exact branching sequence and structure of
hyperbranched macromolecules is unknown. The behaviour of hyperbranched
macromolecules lies directly between that of dendritic and linear polymers, in terms
of their solubility and viscosity, and they are similar to linear polymers in terms of
reactivities, especially with a solid surface. These findings suggest that the more
readily available hyperbranched materials may be used in place of the dendritic
structures for some applications, especially those involving their unusual physical

properties. However, their overall chemical reactivity may be very different.

3.2 Synthetic Strategies

Over the last decade two distinct methods of synthesising dendritic polymers have
been developed.

The first of these is known as the divergent route and involves the formation of the
dendrimer by proceeding outwards from a central core. It utilises an iterative reaction
scheme. The monomers are added to the core in a stepwise fashion, each intermediate
being isolated and purified before proceeding to the next step.

This method has however, several problems. The increasing size of the dendrimer as
more layers, or generations, of monomers are added leads to practical difficulties
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involving, incomplete conversion of terminal groups, as a result of steric congestion.
This in turn leads to isolation and purification problems in terms of removing
incompletely converted products. Solving this problem involves the use of large
excesses of reagents and forcing conditions, which lead to further difficulties in
purification. The iterative method is also time consuming, laborious and potentially,
very costly.

Cb—e
B
A{?B B
g Hd‘:x x"m

Scheme 5: Divergent Synthesis of Dendritic Polymers

More recently, convergent techniques have been developed, notably by Hawker and
Fréchet" and have been used by a number of groups working in this field.

In this approach, dendrimer construction commences at what will ultimately end up
being the outside of the structure and advances inwards. This is achieved by forming
‘dendron wedges’. These wedges are built up by the attachment of a small number
(typically two) of smaller wedges to a molecule with two different functional groups
A and B. Each wedge has a functional group, C, which will react only with one of the
two functional groups, for example A. The reacted functional group on the now
larger wedge is now converted to the functional group C, permitting further iteration
of the process. Finally the completed dendron wedges are attached to a central core
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which has a small number (typically three) of the functional group A.

Scheme 6: Convergent Synthesis of Dendritic Polymers

The advantage of this method are that there are fewer steps than in the divergent
method, and the number of functional groups to be converted does not increase as the
steric bulk of the dendron increases. This gives greater control over the synthesis,
minimising the possibility of failure and removing the necessity for large excesses of

reagents.
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4 Methods of Analysis

Once prepared it is necessary to evaluate the molecular structure of polymers with
unusual architectures. This however, can be complicated by several factors, when
dealing with polymeric material produced by polycondensation. Firstly due to their
often highly insoluble nature normal techniques of NMR and GPC, while not
impossible, become more difficult to implement.

The addition of branching agents to the polymer can make it totally insoluble making
use of conventional methods of identification impossible. Even if the polymer can be

analysed structurally at the molecular level, the branching agent by necessity, is so
similar to the main chain that it is likely to be difficult to pick out molecular
structural variations at the branches by normal analytical techniques.

4.1 Gel Permeation Chromatography (GPC)‘“5

Gel permeation chromatography, also known as Size Exclusion Chromatography
(SEC), 1s one of the most important techniques for the characterisation of polymers.
Polymer molecules are separated according to their molecular size in solution. After

appropriate calibration (often using polystyrene as a standard), the average molar

masses (Mp, My, M, and M,) and the molar mass distribution can be calculated from
the resulting chromatogram.

The sample is dissolved in a suitable solvent, which can be organic or aqueous,
introduced into the solvent stream and pumped through a column packed with porous

gel (usually crosslinked styrene/divinylbenzene copolymers for organic solvents).
The smallest molecules in the sample will diffuse into the majority of the pores in the

gel and elute last from the column whereas the larger molecules will be increasingly

excluded from the pores, will spend a shorter time in the column and hence will be
eluted first. Unlike most other chromatographic processes, GPC is a non-interactive,
equilibrium process. The separation depending solely on the degree of permeation of
the polymer molecules. Therefore, the retention mechanism can be thought of as a

physical exclusion of the various sized molecules.
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4.2 Vapour Pressure Osmometry"”’"‘“8

This 1s an indirect method of measuring the number-average molecular weight of a
sample. It relies on the small ‘temperature difference resulting from different rates of
solvent evaporation from, and condensation onto, droplets of pure solvent and
polymer solution maintained in an atmosphere of solvent vapour.

During the experiment two drops, one of pure solvent, the other of polymer solution
are dropped onto separate thermistors (capable of detecting temperature differences
as low as 10“K) in a thermostatted chamber, that is saturated with solvent vapour at
the temperature of measurement. As there is a difference between the vapour pressure
of the drops of solvent and of the solution, solvent from the vapour phase will
condense on the solution drop causing its temperature to rise. Due to the large excess
of solvent present, evaporation, and hence cooling of the solvent drop is negligible.
At equilibrium the temperature difference, AT, is proportional to the vapour-pressure
lowering of the polymer solution, and thus to the number-average molecular weight.
The thermistors form part of a Wheatstone bridge circuit, and AT is recorded as

resistance, AR. The relationship between AR and M, is given below.
AR/K*c = (1/Mp)(1 +/4l2¢)’
Equation 18: Number-average Molecular weight

Where K* is the calibration constant, and I', is the second virial coefficient.

M. is obtained by extrapolating to zero concentration a plot of (AR/c)” vs C.

The calibration constant, K*, is obtained by measuring AR for solutions of known
concentration, prepared from samples of known mass My

K* = Mk(AR/ C)g-m

Equation 19: VPO Calibration Equation
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4.3 Viscosity

The viscosity of a substance can be measured in many ways and under a number of
conditions. These methods can all be divided into two distinct groups: the viscosity
of the pure melted polymer, or melt viscosity, and the viscosity of the polymer in

solution, or solution viscosity.

4.3.1 Melt Viscosity®

The melt viscosity of a polymer is a highly important characteristic with respect to
the polymer chemical industry. This attribute is a measure of how easy a molten
polymer can flow, and thus indicates how much energy will be required to pump it
around a plant as a liquid. It will also effect how easily the polymer can be injection
moulded, drawn or melt pressed.

It has been suggested that the melt viscosity of a polymer can be effected by its
degree of branching.>>”' The greater the amount of branches the lower the melt
viscosity. The melt viscosity may also be lowered the longer the branches are, up to a
critical chain length, Z., where the melt viscosity power law changes. Crosslinking
has a profound effect on the melt viscosity, as in this case the chain length has
become infinite. Addition of low molecular weight species to the melt (plasticisation)
reduces the melt viscosity by lowering the average molecular weight, as does the
addition of bulky side groups.

Measurement of melt viscosity can be achieved via a rotational or a capillary melt

viscometer.

4.3.2 Solution Viscosity ** > **

When a polymer is dissolved in a liquid, the interaction of the two components
stimulates an increase in polymer dimensions over that in the unsolvated state.
Because of the vast difference in size between the solvent and solute, the frictional
properties of the solvent in the mixture are drastically altered, and an increase in
viscosity occurs which should reflect the size and shape of the dissolved solute even
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in dilute solutions. This relationship between polymer size and viscosity was first
recognised in 1930 by Staudinger.”

Measurements of solution viscosity are usually carried out by comparing the flow

time of the polymer solution, t, through a capillary with that of the pure solvent, t..

The ratio of these two measurements gives the relative viscosity, 1, which is

approximately equal to the ratio of the viscosities of the solution and solvent -

Ne =t =1Mo
Equation 20: Relative Viscosity

This can be expressed as the more useful quantity 5, the specific viscosity.

N =MNr-1=(t- )1
Equation 21: Specific Viscosity

The measurements are carried out using either a Cannon-Fenske or an Ubbelohde
viscometer. The viscometer is filled with the polymer solution and placed in a

constant temperature bath. The polymer solution is pumped up to specific level and
allowed to fall through the viscometer’s capillary. The time it takes to fall is

recorded. This measurement is taken at different concentrations and with the pure

solvent.

When a plot of ng/c against ¢ is extrapolated to zero concentration we can obtain the
intrinsic viscosity (or viscosity limiting number), [n], as defined by the relationship -

(/) = [n] + K'[n]’
Equation 22: Intrinsic Viscosity - Huggins Equation

Where K' is the Huggins constant, a shape dependant factor.

An alternative extrapolation method uses the inherent viscosity -

(logne/c) = [n] + K"[n]’c
Equation 23: Intrinsic Viscosity - Kraemer Equation

Where K" is another shape dependant factor.
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For a specific polymer - solvent system the intrinsic viscosity can be related to the
molecular weight through the Mark-Houwink equation.

[n]=K M/
Equation 24: Mark-Houwink Equation

K' and a can be established by calibrating with fractions of known narrow-molecular

weight, and once calculated [n] alone will give the molecular weight for an unknown
fraction.

4.4 Daifferential Scanning Calorimetry (DSC)S‘5

Differential scanning calorimetry or DSC is a method by which measurements can be

made of the specific heat and energies of transition of relatively small (10 mg)
samples of polymer.

The DSC instrument consists of an average-temperature circuit which heats/cools the
sample and its reference to a predetermined time-temperature program. Whilst a
temperature-difference circuit keeps the sample and its reference at the same
temperature by comparing their temperatures and proportioning power to the
heater/cooler so that the temperatures remain equal. When the sample undergoes a
thermal transition, power to the two heaters is adjusted to keep the temperature of the
sample and reference constant and the power difference is recorded. DSC is accurate
to ~ 1-2%. Whilst this is less accurate than a good adiabatic calorimeter (~0.1%) it is
more cost effective, and also quicker and easier to use. In addition, its accuracy is

more than adequate for most applications.
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Below 1s a representation of a typical DSC plot showing the glass transition
temperature (~75°C), the crystallisation temperature (~100°C), and the melting point
(~250°C) of PET.
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Figure §: Example of a DSC Curve of PET
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4.5 Light Scattering®™*%50

Light scattering is a useful technique, which is widely used to obtain the absolute
molecular weights of polymeric samples. Light scattering occurs whenever a beam of
light encounters matter. The nuclei and electrons undergo induced vibrations in phase

with the incident light wave and act as sources of light that propagate in all
directions. Light may also be scattered whenever it passes through a medium that is

'polarisable’, or has a dielectric constant different from unity. The light interacts with
the electrons bound in the material and re-radiates the light as scattered light. If the
light experiences no energy loss the scattering is termed 'elastic’'.

Light may also interact by changing the energy state of an electron in which case it is
lost from the system rather than being scattered. This is referred to as absorption.
Sometimes light 'lost’ in this manner reappears later as light of a different wavelength

(fluorescence or phosphoresce) or as heat.
In solutions, additional scattering arises from irregular changes in the density and

refractive index due to changes in composition.

Light scattering was first investigated by the Irish physicist Tyndall in 1869.°' It was
not until 1871 however that a coherent theory was put forward by Lord Rayleigh.%
He applied classical electromagnetic theory to the problem of scattering light in a gas.
He showed that-thetig ‘ '

per unit volume and the wavelength of the incident light to the fourth power.
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Rayleigh’s theory assumed that each particle scattered as a point source independent
of all others. This is not the case in liquids.

Debye showed in 1944 and 1947 that the amplitude of scattered light is
proportional to the polarisability and hence the mass of the scattered particle.

KC/ARgo =HC/At=1/m+ 2 A,C....
Equation 25: The Debye Equation

Where K = 41°n%/N,\*(dn/dc)?
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H = 327°n%*/3NA* (dn/dc)’
At = Excess turbidity of the solution over the
pure solvent

A,C = The second virial coefficient

M = the mass of particle
ARgo = The change in Rayleigh ratio at 90°

In a polydisperse sample the heavier molecules contribute more to the scattering than
the light ones.

When the size of the scattered particles exceeds A/20 light hits different parts of the

molecule at different times,

¥y X
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Figure 6: Light Scattering from a large particle

this means that light is striking these areas with different amplitude and phase. Thus
the scattered light also has different amplitude and phase. This gives rise to

interference between the scattered waves. Consequently the intensity of scattered

light varies with the angle, 0.
This has been described by Debye and others as the particle scattering factor P(0).

This function varies depending on the size parameter.

P(0)=1-1/3 (RGK)’
Equation 26: The Particle Scattering Factor
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Where k = (47no/A)(sin6/2)

Rg= The radius of gyration
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Figure 7: P(0) as a Function of particle size

In cases where the scattered particles are far greater in size than the wavelength of
the incidence hight (e.g. in polymers) Debye’s equation is modified by including P(0).

. KC/ARgo = HC/At = 1/mP(0) + 2 A,C ....
Equation 27: Modified Debye Equation

This equation forms the basis for the determination of molecular weight in polymeric

samples. For large particles and smaller polymers a simple plot of KC/ARg against

concentration of polymer solution, will upon extrapolation to zero concentration yield
the reciprocal of the weight average molecular weight as the intercept and the second

virial coefficient as the gradient. For larger polymers dissymmetry becomes
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prevalent. Scattering is not the same in all directions and so the expression must be

modified to take this angular effect into account (as above). Determination of P(0)
relies on assuming one of the models in Figure 7 above. A more satisfactory method is
that put forward by Zimm in 1948.°°® This is a double extrapolation method where
KC/ARg is plotted against sin’(6/2) + K'C (where K’ is an arbitrary constant chosen
to provide a convenient spread of data.) for each concentration at each angle. The

plot 1s extrapolated to zero concentration and zero angle, as in Figure 8 below.

sin®(6/2) + k¢
Figure 8: Zimm Plot

The intercept is 1/M,, and the gradient of the line at zero concentration and zero angle
yields the radius of gyration of the polymer.

Rg=SiMw(A"/167%)
Equation 28: Radius of Gyration
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4.6 End-group Analysis

Many of the properties of branched polymers arise from the fact that there is a
marked increase in the number of end-groups, on the polymer, for a specific unit
volume. This is not, however, the only reason for using such analysis. End-group
analysis opens the doorway to vast amounts of physical data about the branched
polymer, including it molecular weight (weight average) and the degree of branching.
End-group analysis, when applied to condensation polymers, usually involves
chemical methods of analysis for the functional groups. Carboxyl groups in
polyesters and polyamides are usually titrated directly with base in an alcoholic or
phenolic solvent, whilst amino groups in polyamides are usually titrated with acid
under similar conditions. Hydroxyl groups can be detected by I.R. spectroscopy, but a
particularly elegant method, devised by Conix,?’ involves the conversion of these
groups to carboxyl groups, using succinic anhydride allowing them to be determined
by titration. An adaptation of this method, by Zimmerman and Kulbig“ uses o-
sulfobenzoic acid instead of the anhydride, and is reported to be far superior in terms
of accuracy. The chemical methods used are often limited by the solubility of the
polymer in solvents suitable for the titrations. The technique is also limited by the
molecular weight of the polymer. Above ~ 25,000, a loss of precision often occurs
due to the inability to purify the samples, and a loss of sensitivity, as the fraction of
end-groups becomes too small, compared to the vast weight of polymer.

The total number of end-groups is given the symbol E. In the case of PET this can be
defined as -

E= Eon + Ecoon
Equation 29: Total Number of End-groups

This figure can then be used to calculate the physical parameters listed in the sections
below.
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4.6.1 Extent of Reaction

Conversion, P, (extent of reaction) can be calculated from knowledge of the number

of end-groups present.

For a system containing bifunctional and trifunctional monomers P is given by -

P=1-E/10°[ My2 - p(My/2 - M{/3))

Equation 30: Extent of Reaction, with Trifunctional Brancher

Where M; and M, are the molecular weights of the bifunctional and trifunctional

monomers respectively and p is the composition parameter

If a monofunctional group is also present the expression becomes -

P=1-E/10°[ My2 - p{My/2 - MJ/3) + (My, -Ms/2) 0]
Equation 31: Extent of Reaction, with Brancher and Endcapper

Where M, is the molecular weight of the monofunctional monomer and p, and p,, are

the composition parameters of the trifunctional and monofunctional components of
the system respectively.

4,6.2 Composition Parameter

The composition parameter is defined as the number of groups of initial x-functional
units divided by the total initial number of functional units.

In the common case where there are only tri, and bifunctional groups present this is
defined as -

P = 3.Nt/ (Ng"‘ 2Nb)
Equation 32: Composition Parameter
Where N; and N, are the initial number of tri, and bifunctional monomers

respectively.
If monofunctional groups are present then a series of composition parameters are

required, and these are defined as follows:-

36



pr=3N,/ (3N;+ 2Ny + N,,)
P» = 2Ny/ 3N, + 2Np+ Np)

Pm= Nm/ (3N¢ + 2Nb+ Nm)
Equation 33: Specific Composition Parameters

Where Ny 1s the number of monofunctional monomers initially present.

4.6.3 Branching Coefficient

The branching coefficient, o, was elucidated in 1941, by Flory.'? He assumed that all

functional groups have the same reactivity and that intramolecular reactions could be
neglected.

a=pp/1-p(1-p)
Equation 34: Branching Coefficient

At the critical value of branching, a., gelation becomes possible. o, is defined as -

a.= 1/(f-1)
Equation 35: Critical Branching Coefficient

(Where f is the functionality of the branching agent)

Therefore, we can see that for a trifunctional branching agent, such as trimesic acid,
the critical value would be 0.5.

At this point the extent of reaction, P¢ is -

Pc=1/(1+p)
Equation 36: Critical Extent of Reaction

4.6.4 Number-average Degree of Polymerisation

The number-average degree of polymerisation, X,, cannow be defined -

Xa=@3-p)/(3-p-3p)
Equation 37: Number-average Degree of Polymerisation
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4.6.5 Number-average Molecular Weight

The number-average molecular weight, M,, is given by -

M, = xaMo= (3Ms + p(2M; - 3My)) / (3 - p - 3p)
Equation 38: Number-average Molecular Weight

where M, 1s the molecular weight of the average monomeric unit, as defined below.

M, = (MpNy + MNy) / (Ny +Ny) = 3My + p(2M, - 3M)) / (3 - p)
Equation 39: Average Molecular weight of Monomeric Unit

4.6.6 Weight-average Molecular Weight™ """

The weight-average molecular weight can now be calculated -

m = m,o + [pfn,oMozl / (M.O[l “P (fw,o "'1)])
Equation 40: Weight-average Molecular Weight

Where M, . = MyW, + MW, + M, W,, is the weight-average molecular mass of the
initial monomers and £, , =20y + 3, + pm, is the weight-average functionality of the

same mixture, f,, =-2(N/(N#+Np)) + 3(N/(N¢tNp)) is the number-average
functionality and W,, W, and W,, are the initial weight fractions of mono-, bi- and
trifunctional monomers respectively.

4.6.7 Number-average Branching Density

In the case of polydisperse polymers with randomly distributed trifunctional and
monofunctional units, the number-average degree of branching i.e. the average

number of branches per molecule, B,, can be calculated as a function of py, and p; and

the conversion p:

B,=2p/(3-p-3p)
Equation 41: Number-average Branching Density

It is often useful to consider the weight-average branching density, B, -

B,=38,M,/2M,
Equation 42: Weight-average Branching Density
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4.6.8 Intrinsic (Inherent) Viscosity

Three further expressions for the intrinsic viscosity are listed below -

(a) logNo(inear) = =12.96 + 3.54logM;,
(b) logn, = 4.36 + 4.78log[n] + 0.037log B,
(c) logno = 2.13 + 4.17log[n] + 0.456log M,

Equation 43: Intrinsic Viscosity Expressions

4.7 Dynamic Mechanical Thermal Analysis (DMTA)**>*"!

This is a dynamic mechanical method that assesses the structure and properties of
solids and visco-elastic liquids, their dynamic moduli and damping. Changes in these
parameters are studied as a function of temperature (DMTA) and the frequency of the
applied stress (dynamic mechanical spectrometry, DMS).

The method has great sensitivity in detecting changes in internal molecular mobility
and in probing phase structures and morphology. Secondary relaxations in the glassy
state can also be studied as well as the glass transition process.

The DMTA imposes a sinusoidal stress on a sample in the bending, shear or tensile
mode and determines the sample modulus and tan 8 as a function of temperature

and/or frequency.

When the stress is applied to a perfectly elastic solid the deformation (and hence the
strain) occurs exactly in phase with the applied stress. In the case of a completely
viscous material the deformation lies 90° behind the applied stress.

When a sinusoidal stress is applied to a visco-elastic material it behaves neither as a

perfectly elastic nor a perfectly viscous body, and the resultant strain lags behind the
stress by some angle 8, where §<90°.

The magnitude of this loss angle is dependent on the amount of internal motion

occurring in the same frequency range as the imposed stress.
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The complex dynamic modulus (E* for bending/tensile measurements, G~ for shear

measurements) is given by

. . Stress Amplitude
E orG = gtrain Amplitude
Equation 44: Complex Dynamic Modulus

This however does not take phase into account. It is therefore more convenient to

define separate elastic and viscous components of the deformations.

The storage or elastic modulus (E' or G') is defined as

= Amplitude of in phase stress component
Amplitude of in phase strain component

Equation 45: Storage Modulus

The loss or viscous modulus (E" or G") is defined as

e Amplitude of out of phase stress component
Amplitude of out of phase strain component

Equation 46: Loss Modulus

The storage modulus corresponds to completely recoverable energy where as the loss
modulus is the viscous response corresponding to the energy lost through internal

motion.

The tangent of the loss angle, tan 8 is dimensionless and is equal to the ratio of
energy lost (dissipated as heat) to the energy stored per cycle.

Loss Modulus _ E"
Storage Modulus FE'

Equation 47: Tangent to the Loss Angle

Tand =

A material may be scanned over a range of temperatures at various imposed

frequencies. A loss maximum in the temperature scan is observed when the

frequency of a motional process coincides with that of the measured frequency. With
increase in measurement frequency the loss process is found at higher temperatures,

where the molecular motion is faster.
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5 Branched PET

5.1 Literature Examples

With a view to replicating some of the unusual properties of dendrnimer molecules
whilst avoiding the difficulties associated with their stepwise synthesis, the synthesis
of hyperbranched polyesters via a single step condensation polymerisation was
investigated by Feast, et al.”* The monomer used in this work was derived from 5-
hydroxyisophthalic acid (structure 2, page 43) and was polymerised under similar
conditions to those used in PET production. In fact prior to this, some work had
already been reported on branched PET type structures. However although PET is a
very important commodity polymer and has been for a number of years, up until 1976
no data had been published on branched PET. It was then that Manaresi et al”
published a paper examining the relationships between the various viscometric
parameters as a function of the extent of reaction and the percentage of branching
agent added to the reaction. The agent used in this case was trimethyltrimesate

(structure 3, page 43). An ester-interchange reaction was used to synthesise their
monomer, followed by a polycondensation reaction under standard conditions.
Twenty-eight polymers were made and studied, although in practice these consisted
of only 4 types of polymer with 7 repeats of each.

Manaresi found that the intrinsic viscosity, [n], and the Newtonian melt viscosity,

[no), increased with increasing molecular weight but decreased with increasing
branching density, [B,]. These results were born out by previous findings based on
other polymers.”*>’® Similar results have been obtained by Peticolas,”’ Schreiber’

and Ram” in the case of polyethylenes with long branches.

However, it was found that if polymers of equal intrinsic viscosity were compared
then Newtonian melt viscosity increases with branching density.

Since this paper in 1976 very little has been done in this field, even though PET
continues to be a highly marketable commodity.

In 1986 Manaresi continued this work®® with an investigation into the synthesis and
characterisation of highly branched PET. Here he added the monofunctional reagent,
methyl 2-benzoylbenzoate (structure 4, page 43) to the reaction melit. It was hoped
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that this reagent would act as a chain-stopper and thus prevent gelation. Again the
trifunctional reagent trimethyltrimesate was used to generate branches, and again
rather few samples (4) were isolated and studied. Nevertheless the work seemed to
confirm the theoretical treatment of Flory® and Stockmayer,®*>*> which predicted
that a monofunctional reagent in a system that also contained a trifunctional reagent
would shift the critical conversion, p., at which gelation occurs, towards higher
values. This means that although gelation was still possible, it would only occur after
longer periods of time. Manaresi showed that polymers previously produced under
normal polycondensation conditions that had gelled did not gel when a
monofunctional monomer was added.’ Investigation of these polymers properties
showed them to be consistent with polymers prepared without the monofunctional
group, i.e. a lowering of the melt and intrinsic viscosities was observed with
increasing branching density.

In 1989 Munari® extended this work with an investigation into the rheological
properties of highly branched PET which had been end-capped with methyl 2-
benzoylbenzoate.

More recently, in 1997 Rosu investigated the formation of branched PET using
glycerol and pentaerythritol (structure 10, page 45) as the chain branchers, and
dodecan-1-ol and benzyl alcohol as chain stoppers.*

In 1998, Jayakannan®® studied the difference in thermal properties between standard
linear PET, linear PET whose backbone symmetry is broken by copolymerisation
with the chain-extender ethyl-4(2-hydroxyethoxy)benzoate (structure 5, page 43),
PET branched with the AB, brancher ethyl bis-3,5(2-hydroxyethoxy)benzoate
(structure 6, page 43), and PET which had been ‘kinked’ by the introduction of the
bent chain-extender ethyl-3(2-hydroxyethoxy)benzoate (structure 7, page 43). He
concluded that the introduction of any comonomer decreases the crystallisation and
the melting temperatures. The glass transition temperature is also lowered but to a
much lesser extent. Branching has the greatest effect on the polymers thermal
properties with ‘kinking’ and linear disruptions having approximately the same
effect.

Overall however the number of branched polymers upon which all of these findings
are based is very low (~ 30 samples in total in the literature). There is a need to
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examine these systems in much more detail on a laboratory scale, and to provide a

methodology for scale-up for more extensive studies at a technical level.

/& &
HO CO.H H3COC COxCH;

Structure 2: Structure 3:
S-hydroxyisophthalate Trimethyltrimesate
@/ \Q HOCH,CH»O COCH2CH3
COOCH;3; ijr
Structure 4: Structure 5:
methyl 2-benzoylbenzoate Ethyl 3(2-hydroxyethoxy)benzoate
HOCH,CH;O
O
||
?I) COCH,CH;
HOCH>CH,O ‘Q— COCH,;CH;
HOCH,CH>O
Structure 6: Structure 7:

Ethyl 4(2-hydroxyethoxy)benzoate Ethyl bis-3,5(2-hydroxyethoxy)benzoate
Figure 9: Literature Examples
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5.2 Project Objectives

It can be seen from previous work that branched PETs appear to have a number of
interesting properties. If such syntheses could be applied on an industrial scale, the
modified properties produced could have profound implications in many fields, in
particular in polymer coatings. This could provide novel opportunities for the plastics
industry.

There is of course a lot of work still to be done before any of the techniques
attempted could be applied to plant scale production. This current work will
concentrate on trying to move forward towards that goal.

There are a number of modifications that could be applied to PET production, which
could result in a mixture of linear and branched polymers. This mixture of polymer
architectures may be adequate enough to provide a significant change in the
properties of the materials.

5.2.1 Core Molecules

One of the most obvious ways of modifying PET to give branched structures is to
simply add a branching agent to the melt, the branching agent would be a
polyfunctional molecule with functional groups consistent with those present in the

linear reaction. Some of the core molecules that we proposed to investigate in this

project are shown in Figure 10.



COH

HO,C O:COZH
CO,H CO.H HO,C CO.H

Structure 8: Structure 9:
1,3,5 - benzene tricarboxylic acid 1,2,4,5 - benzene tetracarboxylic acid
(Trmesic Acid or B3CA) (Pyromelltic Acid or B4CA)
0 Lo
HO OH
O ——»
HO&%/()H COy
O
Structure 10: Structure 11:
Pentaerythirol Anhydrides
OO0 T\(
N HO,C CO.H

ReoeA o
‘ HOC.__~_ COH
. e
'G

/ O ¢H3
Structure 12: Struc.:ture 13:
tris-phthalimide Ionic branchers

HO OH
Hobéo?q OH
HO OH

Structure 14:

Di-pentaerythritol
HO OH HO H
HO\S%/O/PQ\O &JOH

HO OH

Structure 15:
Tri-pentaerythritol

Figure 10: Branching Agents
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Pre-formation of Oligomeric Polymer Cores

A second method for the production of branched PET is to pre-form oligomeric
cores, by reaction of the core molecules with oligomeric chains. These oligomers
might then be reacted in a standard polycondensation reaction, to give branched PET.
A variation of this strategy involves the complete polymerisation of linear PET,
isolation of the product and then mixing with a branching agent and further

polycondensed to give branched PET. Under normal circumstances it is envisaged
that ester interchange may occur in the former example, possibly giving rise to
gelation. Investigations of this method therefore, would also involve investigation of

additives, which would promote esterification, but would inhibit transesterification.

5.2.2 Branching Strategy

In order to produce a polymer which is sufficiently branched a suitable multi-
functional agent must be added to the melt.

There are two possibilities for linear condensations based on monomers with two

different functional groups (A and B): -
A-A + B-B monomer systems, and A-B monomer species

A-A + B-B Synthesis

For A-A + B-B reactions to branch a tri-functional, A; or AB,, (or greater) branching
agent must be added to the melt. This can lead to problems. As the chains grow
cyclisation and crosslinking can occur, causing the melt to gel. This produces a

polymer, which is not processable.

For an A3 brancher -



Cyclisation Crosslinking

Figure 11: Cyclisation and Crosslinking in A-A + B-B Polymerisation

The standard PET synthesis is a special case of this reaction, where the monomer,
BHET, is in a precursor form AA-BB-AA. Under polycondensation conditions this
reacts 1n a concerted manner with another AA-BB-AA molecule, with elimination of
AA. This reaction 1s thus susceptible to the same problems as the standard AA + BB
reaction, i.e. cyclisation and crosslinking, when e.g. A; brancher is added.

A-B Synthesis of PET-Type Molecules

A-B type monomers can be reacted with similar branching agents to those used
above. If an A; brancher is used, cyclisation and cross-linking are not possible due to
the sequence of groups in the oligomers formed. As the growing oligomers form,
they will always have the same functional group at all chain ends as shown in Figure

12 below. However, cyclisation can still occur if an AB, type brancher is used

(Figure 13). ABABA
b—ABABA

ABABA
Figure 12:A-B Monomer Branched with A; Brancher

47



Figure 13:A-B Monomer Branched with AB; Brancher

5.2.3 End-Cappers

In any of the above methods of synthesising branched polyesters, the molecular
weight can be controlled by the introduction of an end-capper (or chain-stopper) into
the melt. The end capper is a monofunctional monomer which, can react with
growing chains, but cannot propagate the reaction; thus they limit molecular weight
and can avoid gelation.

The end-capper must be involatile if it is to stay in the reaction vessel and not be

distilled out during polycondensation. The end-capper must also not interfere with
the structure of the resultant polymer. In the case of PET, the most suitable end-

capper, from this point of view, is monomethyl terephthalate (MMT); this may,
however, be too volatile under polycondensation conditions. Other possible end-
cappers include, fatty acids (stearic) and fatty alcohols.

wo-&{ )L ocn

Structure 16: Monomethyl Terephthalate

CH;(CH,);6CO2H
Structure 17: Stearic acid

CH,OH

Structure 18: 9-Anthracene Methanol
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5.2.4 Characterisation

It is envisaged that characterisation of the polymers synthesised during this project
will be achieved using the following methods: -

1. Reaction Torque:- During the polycondensation reaction the torque exerted on the
stirrer by the liquid polymer is monitored. This torque gives some idea of the
change in melt viscosity during the reaction.

2. Solution Viscosity:- The viscosity of a range of different concentrations of
polymer solution can be is measured to give the intrinsic viscosity. This value can
be used to give M, for linear polymers.

3. End-group Analysis:- The conversion of the end-groups of the polymers to acid
groups and subsequent potentiometric titration can yield the number of end-
groups on the polymer. From this value, theoretical calculations of many
branching, molecular weight and viscosity parameters can be determined.

4. Differential Scanning Calorimetry:- This method can be used to define the
thermal characteristics of each polymer, in terms of the glass transition, Ty,
crystallisation, T, and melting point, T,, temperatures.

5. Melt Viscosity:- The melt viscosity can be investigated in terms of the flow and
oscillatory properties of the polymer.

6. Light Scattering:- Light scattering can be used to determine the absolute
molecular weight of a polymeric sample. It can also be used to determine the
radius of gyration and the diffusion coefficient of the polymeric species.

7. Dynamic Mechanical Thermal Analysis:- This form of analysis can be used to
characterise the mechanical properties of a material. The method has great
sensitivity in detecting changes in internal molecular mobility and in probing
phase structures and morphology. Secondary relaxations in the glassy state can
also be studied as well as the glass transition process.
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6 Results and Discussion

6.1 Initial reactions

Initially a programme of linear polycondensations using BHET and later ICI’s
‘monomer’ (an oligomeric form of BHET ~ 7 units long) were embarked upon. This
study was based on an earlier procedure,®” which was modified during the course of
the test matrix until the current standard procedure was evolved. The rig during this
period was still difficult to handle and vacuum leaks were not uncommon. The final
vacuum was difficuit to obtain and this resulted initially in the production of low
molecular weight material. However, at the end of this stage it was thought that the
rig was working to its full potential, and that the polymers produced were of a
reasonable standard.

Viscometric analysis was carried out only on the last three polymers, as these
represented the rig running under what was considered to be standard conditions; no
torque data was available for the other initial experiments. Torque differential refers
to the difference in torque acting on the reactor’s stirrer at end of the reaction, with
respect to that at the beginning of the reaction and was provided as a direct read-out
from the stirrer’s LCD. It was used as a guide to the change in viscosity in the melt

during polycondensation reactions.

The tests listed below were all carried out according to conditions set out in ICI’s

standard operating procedure (S.0.P).* Over a 3 hour period, vacuum was slowly
applied whilst raising the reactor temperature to 290 °C.

Startin Torque differential | [.V.
material (N cm) oL

PET 1 BHET 17.6

PET 2 BHE 13.1

PET 3 | ‘Monomer’
PET ICI | ‘Monomer’

=3

ki

o &
O o
N oL

Table 1: Linear Polycondensation Reactions

1 1.V. = Intrinsic Viscosity at 25°C in TFA
2 Mw = Molecular weight average as calculated from Intrinsic Viscosity data
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The viscosity data shows that the polymers produced at this stage, particularly those
from BHET, were of lower molecular weight than the commercial sample. This is to
be expected, due to the sophisticated large-scale equipment used in the industrial set-
up. There is however good correlation between the viscosities of like polymers.

A plot of relative torque against reaction time is given in Graph 1.

80
70

E 3

Relative Torque
g 3

N
= B =

-

0 10 40 55 70 76 79 82 85 8 91 94 97 121 140 148

Time (min)
Graph 1: Relative Torque Data During Polymer Synthesis

The torque data illustrates how the viscosity in the melt changed over the course of
each experiment. The trends show that the viscosity of the ‘monomer’ reaction, PET
3, changed less than in the BHET reactions. This is not surprising as the starting

‘monomer’ units are of longer chain length, and thus in a more condensed state.

6.2 Branched BHET Reactions

PET was branched using a variety of branching agents, in ratios of 1/16 - 2 weight
percent (Wt%). Initially experiments concentrated on branching with trimesic acid
(Structure 8, Page 45). Later the program was extended to include other multi-
functional agents
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6.2.1 Trimesic acid Branched Polymers

Based on BHET, these reactions involved the simple addition of varying amounts of
trimesic acid (benzene tricarboxylic acid (B3CA)) to the reaction mixture. As before
the tests listed below were all carried out according to conditions set out in ICI’s
standard operating procedure® (S.0.P). Vacuum was slowly applied over a 3 hour
period whilst raising the reactor temperature to 290 °C. In later reactions the time of

addition of the brancher was varied to investigate the effect of this on gelation

Torque differential
(N cm)”
76
23.8

38.7
38.5

. . Brancher | Time of brancher
° (Wt%) | addition (min)
2

Gelation

PET 5
PET 6

PET 7
| PET 8

0.5
0.25

Table 2: Trimesic acid Branched Polycondensation Reactions

* Torque differential = the change in the torque exerted on the stirrer by the liquid

polymer during the reaction.

A plot of relative torque against reaction time is given in Graph 2.

~J
o

Relative Torque
S 8 8 8

N
o

-
o

o

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (min)

Graph 2: Relative Torque Data for Trimesic acid Branched Polymers
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Initial polymers in this series showed signs of gelation to varying extents. PET 5 (2%
chain-brancher) was the worst effected. It became so viscous that it wrapped round
the stirrer jamming it and forcing the run to be ended 40 minutes early. The isolated
polymer appeared as a hard and strong plastic material. It was completely insoluble
when added to TFA, and merely swelled. On filtering, 100% of the polymer was
recovered as a soft gel. Reactions PET 6, 7 and 8 went to completion and extruded
easily. Superficial visual examination showed these polymers to be similar to the
linear samples made in the initial tests. However, on dissolution, some small amount
of gel was found in each case (< 3%, diminishing in order of percentage chain
brancher present). This prevented viscometric measurements from being made.
Dissolution was attempted again with different samples from these batches. This time
some dissolved completely, whilst some again showed signs of gelation. This shows
inconsistency mn the sample and the polymer produced was clearly not homogeneous.
This may be due to inefficient stirring in the reactor. The reactants were added one on
top of the other, leaving all the brancher in one region. The torque data (Graph 2)
indicates that after an initial increase, the melt viscosity of the polymers stays
approximately constant until the time at which vacuum is applied and the temperature
ramped up. This indicates that the major part of the polycondensation occurs beyond
this point. In theory, this should give time enough to mix the reactants properly and

thus give a homogeneous sample.

In summary, the viscosity in the melt was seen to increase relative to that seen with
linear analogues prepared without brancher. Levels of brancher of 2% upwards cause
cross-linking throughout the whole polymer sample whilst with lesser amounts some

instances of localised gelation occur.

6.2.2 Trimesic acid Branched Polymers with Ballmilling

Due to the inconsistency in gelation observed in the initial reactions, a test matrix
was drawn up to repeat these reactions, with the addition of a ball-milling step to
ensure the reactants were fully mixed before reaction. The reaction mixture was
divided into 8 portions. These were subjected to ball milling in a - Fritsch
Pulvetisette®. Each portion was milled for 30 minutes and then combined with the
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Relative Torque

next portion and milled for a further 30 minutes. This was repeated until 4 portions
had been milled together. The mixture was removed and the next 4 portions were
mixed. The portions were then combined in the test-vessel before reacting as normal.
Reactions PET 9 and 10 were milled in only two portions for 20 minutes each.

In one instance (PET 10) an additional one-hour stirring time was added to the
induction period of the polycondensation reaction in an attempt to further guarantee

homogeneity.

Wt% Induction | Torque Differential : I.V.
SREISRIss §F Ing polyaglr Bad mideed gpgircd. ajhough indppencrt Bl |
FU T R N Y O A T el
jPETI1| 2 | 40 | se0 | v | - | -
i E o e sy ddon . smenl sl ol T THEREE IEC AN B IR
PET13| 05 | 40 | 99 [ x | 023 [3000
PET14] 025 | 40 | 43 | = | 015 150

Table 3: Ball-Milled Polycondensation Reactions

| V. = Intrinsic Viscosity at 25 °C in TFA
> Mw = Molecular weight average as calculated from Intrinsic Viscosity data

Plots of relative torque against reaction time for these reactions are given in Graph 3

3

Un
)

=

W
<o

o
-

—
-

e

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Time (min)

Graph 3: Relative Torque Data for Polymers Prepared from Ball-Milled Precursors
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Graph 3 shows that at higher levels of branching agent, e.g. 1 and 2 %, the use of ball
milling had no effect on the gelation of the polymer. At lower levels, e.g. 0.5 %, there
appears to have been some effect - i.e. no gelation was noted. Extension of the
induction period (PET 10) appeared to have a detrimental effect on the polymer, with
the rig seizing up 21 minutes before scheduled shutdown. However, this could have

just been the result of using 2 % branching agent.

The solution viscosity data (Table 3), for the non-crosslinked samples (PET 13 and
14) 1s lower than that of commercially available ICI or ‘in house’ PET. This suggests

levels (0.0625% - 0.25%) of brancher was initiated. The initial four reactions (PET 4,

15-17) followed the standard operating procedure, later reactions (PET 18 -21)
varied the time of addition of the branching agent.

Time of Torque l 2

Code Brancher brancher | Gelation | differential I.V._l M.,

(W) addition cm (mig”) | (D)
PET4 | 0 | o0 | = | 84 | 040 | 6900
PET15 [ 025 | o | = | 105 | 045 | 8300
PETI6 | 0125 [ o | x | 72 | 039 | 6600
PET17 | 00625 | 0 | x | 64 | 035 | 5600
PET18 | 0125 | o0 | x | 80 | 041 | 7100 |
PET19 | 025 [ 40 | = | 70 [ 040 | 7000
PET20 | 025 | 8 | x | 48 | 048 [ 9100
PET21° | 025 | 150 | = | 208 | 090 | 24100
PET34 ] 0 | o | x | 174 | 050 | 9700

Table 4: Low Level Trimesic acid Branched Reactions

' 1.V. = Intrinsic Viscosity at 25° in TFA
* Mw = Molecular weight average as calculated from Intrinsic Viscosity data
> These reactions were run for an additional 30 min after full vacuum was achieved.
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A plot of relative torque against reaction time for reactions PET 4, 15 — 17 is given in
Graph 4.

Torque (Ncm)
S 8 8
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Reaction time (min)

Graph 4: Relative Torque Data for Reactions PET 4, 15 -17

The torque data (Graph 4) shows a similar pattern to linear BHET reactions (Graph
1) an initial increase in torque which levels off for the majority of the reaction
increasing slightly around 100-110 minutes where full vacuum is achieved. The final
torque levels are on a par with these linear reactions. This is as compared to the
highly branched species (Graph 3) where there is a very sharp turn up in torque
around 100-110 minutes

The data in Table 4 indicates that there is an initial lowering of solution viscosity
with the addition of branching agent. The solution viscosity rises again as more
branching agent is added. The latter is a molecular weight effect and is confirmed by
the Mw data from light scattering (Table 5). The initial fall in solution viscosity is
almost certainly a reflection of the globular nature of the branched polymer. This
would be expected to have fewer intramolecular entanglements than a free linear coil
polymer and hence a lower L.V. for similar molecular weight. When My rises sharply
with branching, the rise in molecular weight then dominates the solution viscosity

behaviour. Even with this small increase in solution viscosity with rising My, the
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solution viscosity is far lower than would be anticipated. For example PET 15 has a

solution viscosity value consistent with a polymer of ~ 10K Mw, but actually has a
mw of ~ 338K.

Further analysis on these polymers is detailed in Table 5 and Table 6.

Cote [ Bt | o [Saion | Do | 15 [ Wanvm [ G | @
LV v
- Pa.s

AR RE RN
W% °C) | (°C) | (°C

O | - | A [ om [ e[| ts0 | 60| sa0 | 2ses
PETIS | 02500 | 190 | 045 | 75 | 133 | 254 | 3aso00 | 140 | 1680|7120
[PET16 | 01250 | 208 | 039 | 74 |1z {258 | 7o | 130|265 [ 4373
00625 | 7 | 035 | 75 126 [ 20| oo | 30 |07

Table S:Molecular Weight, Thermal and Viscosity Data for PET 4, 15— 17

Melt viscosity was obtained by extrapolation of the plots of viscosity vs shear rate
(typical plots page 149) to zero shear rate. G', the elastic modulus, and G", the loss
modulus, were obtained at a frequency of 100 rad s™.

" IPETIS | PET16 | PET17 | PET4 |
__ Noofend-groups, E | 190 | 208 | 273 | 78
| Extentofconversion,p | 098 | 0979 | 0972 | 0992
___ Branching Coefficient,ta | 0.196 | 0100 | 0040 | 0000
No. Av. Degree of Polymerisation 4856 | 36.06 | 124.52 |
 No.Av.Mw,Mx10* | 115 | 100 | 074 | 257
 WeightAv.Mw, Mux10® | 276 | 215 [ 151 | s11
No. Av. Branching Density, 8, | 018 | 008 | 003 | 0
Weight Av. Branching Density, B, | 065 | 025 | 009 | 0
__ Visc AvMw,M,x10® ] 075 | o061 | 042 | 177
| MeltVisc [nj®Pas) | 40 | 20 | 10 | 510

Table 6: Paramenters Derived from Endgroup Analysis Data for PET 4, 15-17

In principle similar effects might be expected as well in the melt viscosity behaviour
of polymers with the same molecular weight, since intermolecular entangiements
would, in theory, be reduced for branched polymers. However this was not
immediately obvious. The melt viscosity rises significantly with branching of the
polymer (Table 5). Light scattering experiments, however again suggest that this is in
fact a molecular weight effect i.e. molecular weight also rises with the degree of
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branching, as indeed do the elastic, G', and loss moduli, G"; (Table 5). Data obtained
from DSC shows a decrease in the melting point between linear polymer PET 4 and
branched polymer PET 15 (Table 5). This seems to go against conventional wisdom,
which would say that an increase in molecular weight should be accompanied by an
increase in melting point. This is a clear indication of the effect of the globular
structure of the branched species. In contrast, the glass transition temperature, T, is
little affected, it increases slightly with the introduction of branching (PET 17) but
then decreases again with increasing molecular weight. This in contrast to the
findings of Jayakannan® who reports that the T, is decreased slightly with the
introduction of branching. However, no attempt has been made in the latter work to
determine the Mw of the species and this may have a significant effect on the T,
value. The crystallisation temperature, T., decreases with branching but then

increases with increasing molecular weight.

End-group analysis confirms that branching densities (weight and number average)
both increase with increasing addition of branching agent (Table 6), but use of more
than % Wt% B3CA results in formation of a crosslinked polymer. The solution
viscosity appears to fall with branching but it is impossible to separate out the effects
of increased branching from increased molecular weight especially in the context of
melt viscosity. It is difficult to separate molecular weight and branching effects.
However, it appears that increased branching increases T, but decreases T, and T,

and increasing molecular weight reduces T,, and T, but increases T,

It is possible to take the absolute Mw data determined by light scattering and place
them in the Mark-Houwink equation to predict what solution viscosity a linear
polymer of the same molecular weight would have had. Dividing the actual intrinsic
viscosity of the sample by this theoretical value gives g, the branching factor for an
unentangled system, taking this to the power 2/7 gives the value of g for an entangled
system. The g factors for this matrix of polymers are given in Table 7. Where g—1
for a linear polymer.
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Table 7: Branching Factors (g) for Polymers PET 4 and 15-17

' Mw, Ls. = Molecular weight calculated from light scattering data

? 1.V.,Back Calc. = Intrinsic viscosity calculated by substitution of My found by light
scattering into the Mark-Houwink equation.

* Mw, Soln Visc .= Molecular weight calculated from intrinsic viscosity data,
4 1.V, Solution = Intrinsic viscosity found by solution viscosity experiment

The progressive fall in g confirms that these polymers are very highly branched
indeed. Substituting the Mw data found by light scattering into Equation 43a (page
39) gives the melt viscosity of a linear polymer of similar molecular weight to the
branched one. These back calculations are shown in Table 8, along with the actual

melt viscosity found by experiment.

Table 8: Back Calculation of Melt Viscosity

The back calculated melt viscosities of the branched polymers are enormously high
compared to those found experimentally. This suggests that linear polymers are more
viscous in the melt than branched polymers of comparable molecular weight. The
experimental data for neither of the linear polymers correlates particularly well to the
back-calculated data, but they are of the same order. This shows that the calculations
are not particularly precise, however, the deviation observed between the
experimental and the back-calculated samples for the branched polymers are so great

that the imprecision in the calculation is insignificant.
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6.2.4 Eftect of Varying Time of Addition of Trimesic Acid Brancher

A plot of relative torque against reaction time for reactions PET 19 — 21 is given in
Graph 5.
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Graph 5: Relative Torque for Reactions with Varied Time of Brancher
Addition

These were standard polycondensation reactions with 0.25 Wt% B3CA chain-
brancher, where the time of addition of the B3CA was varied. Addition of reactants
at 150 min (the usual termination time) as in reaction PET 21 necessitated that this
reaction be run 30 minutes longer than normal, so the brancher would have time to
react. Reactions PET 33 (standard 0.25 Wt% B3CA branched reaction +30 minutes)
and PET 34 (typical linear reaction +30 minutes) are included for comparison. Data
for a typical branched polymer, employing 0.25 Wt% B3CA, e.g. PET 15 and giving
an intrinsic viscosity of ~ 0.45 is also included. Comparison of reaction torque data
for reactions PET 15, 19 and 20 appears to indicate that changing the time of addition
of the brancher lowers the viscosity in the melt slightly. However, the final solution
viscosities (Table 4) are roughly the same. Addition of the brancher at 150 min and
extension of the reaction by 30 minutes (PET 21) has a greater effect on the melt.
However control experiments PET 33 and 34 show that this effect is due mainly to

the increase in reaction time rather than the time of brancher addition.



6.2.5 Branched ‘Monomer’ Reactions

Running concurrently with the BHET-based programme of reactions was a matrix of
polycondensations based on ICI’s ‘monomer’, an oligomer of BHET approximately
seven repeat-units long. Initial tests were carried out using trimesic acid as the
branching agent at levels of between 0.5 and 2 Wt% (Reactions PET 22, 23, and 24).
This was followed by repeats of these reactions with the addition of a ball-milling
step to improve homogeneity in the melt (Reactions PET 25 and 26). Less work was
carried out on ‘monomer’ feedstock than with BHET since it was felt that the higher
purity of BHET was likely to lead to more reproducible experiments and more
definitive data.

Code Brantco}ler Torque Differential

° cm Period (min
PETZ] 2 | 202 | 4 | v
PET23| 1 | 119 | 40 |} v
[PET24| 05 | 98 | 40 | ¥
PET25| 2 | 47 | 40 | vV
100

Table 9: ‘Monomer’ Based Polycondensation Reactions

All the polymers in this series of reactions gelled, although samples PET 23, and 24
contained only ~2 and ~1 % gel respectively.

The data for the relative torque against reaction time is shown in Graph 6
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Graph 6: Relative Torque Data for Branched Polymers Prepared from‘Monomer’

It is clear that that ‘monomer’ based reactions follow a similar pattern to the BHET
reactions. Addition of the chain brancher at levels of 0.5 — 2 Wt% causes a large
increase in viscosity and eventually results in gelation. However, in all cases the
relative increase in viscosity is less than in the case of the BHET reactions. This
could be attributed to the oligomeric nature of ‘monomer’. The torque measurement
is not absolute, it is relative to the initial torque on the stirrer. ‘Monomer’, will by its

nature, have a higher viscosity and will undergo fewer condensation reactions than

BHET. Thus, the torque will not be expected to rise as much during these reactions.
In addition, the brancher segments will be a minimum of seven units apart, giving

less chance of local gelation.

The reactions involving ‘monomer’ could be thought of as BHET reactions, which
have been allowed to proceed until the polymer has grown to ~ 7 units long on
average, before addition of the chain brancher. Since the reactions are based on
added brancher as a Wt% of ‘monomer’ or BHET, some adjustment for the removal
of ethylene glycol (EG) 1s necessary before a direct comparison can be made. These

adjustments were made in following series of reactions.
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6.2.6 Adjusted ‘Monomer’ Based Reactions

In this series the amount of ‘monomer’ present has been adjusted so that the level
would be the same as if BHET (150g) had reacted to form oligomers ~7 units long,
losing EG (31.46g). i.e. 118.54g of ‘monomer’ was used, but the Wt% of brancher
was still based on the 150g level thus mimicking the addition of branching agent at

this point and ensuring the Wt% of brancher to be comparable.

Torque : 1

Brancher : : Induction : I.V.

Code (Wt%) D‘ﬁ"f;t‘a‘ Period (min) (ml g™)
 PET27 | o | s68 | 40 | x | 059
“PET28 | 2 | sev | a0 [ v | -
PET29 | 1 | 63 | 40 | x | 029
TPETI0 | 1 | a4 [ 0 | v | -
PET31 | 05 | 427 | 40 | %= | 046
“PET32 | 1| 54| a0 | vV | .

Table 10: Adjusted ‘Monomer’ Based Reactions

' 1.V. = Intrinsic Viscosity at 25 °C in TFA

The limited data for this series show that the intrinsic viscosity of branched polymers
is again lower than the linear analogue. Reaction PET 29 i1s an anomaly caused by

loss of vacuum during the reaction resulting in polymer of very low molecular

weight. Repeat reaction PET 32 confirms this.

Plots of relative torque against reaction time are given in Graph 7.
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Graph 7: Relative Torque Data for adjusted ‘Monomer’Based Polymers

In general the adjustment of ‘monomer’ levels brought the torque levels in line with
those found with BHET reactions, i.e. levels of 1 and 2 Wt% brancher caused
gelation and lower levels i.e. 0.5 Wt% did not. However, in this case the line is
drawn at 0.5 not 0.25 wt%. As expected adjustment of the *‘monomer’ level increases
the tendency for gelation since the proportion of brancher to ‘monomer’ has

increased.
6.2.7 Other Branching Monomers

After investigation of branching with B3CA a comparison was sought by carrying

out reactions with other branching agents. The branching agents selected were: -

1. Glycerol

2. 1,2,3,4 —Benzene tetracarboxylic acid (pyromellitic acid or B4CA, structure 9,
page 45)

3. Pentaerythritol (penta structure 10, page 45)

4. Di-pentaerythritol (di-penta structure 14, page 45)

5. Tri-pentaerythritol (tri-penta structure 15, page 45)



A summary of the reactions carried out is given in Table 11 along with data for linear

and branched B3CA polymers for comparison.
Torque

' Branching | Brancher . : . A
PETICTI | - | o | - | = | 072
PET4 | - | o | 84 | = | 040
PET27” | - | o | 328 | = | 059
—ETST | BcA | 05 | »5 | x| o046
[ PET15 | B3CA | 025 | 94 | x | 045
 PET16 | B3CA | 0125 | 46 | = | 039
PET17 | B3CA | 00625 | 61 | = | 035
PET36 | B4CA | 0258 | 34 | v [ -
 PET37 | Penta | 025 | 589 | v | -
 PET38 | Glycerol | 025 | 71 | % | 027
 PET39 | Penta | 0125 | 292 | x | 045
 PET40 | B4CA | 025 | 285 | = | 060
PET41 | Glycerol | 025 | 26 | x | 066
| PET42 | Glycerol | 0125 | 194 | x | 034
| PET43° | B4CA | 025 | 69 | = | 033
 PET44 | Penta | 0425 | 99 | x | 063
 PET45 | Dipenta | 0143 | 65 | x | ~0
Tripenta | 0143 | 5 | x | ~0

Table 11: Branched Reaction Data for a Variety of Agents

I These reactions contained brancher based on Wt% of BHET
2 These reactions were based on ICI’s ‘monomer’ feedstock

3 These reactions are of lower than expected molecular weight due to loss of vacuum

during these reactions

41.V. = Intrinsic Viscosity at 25 °C in TFA

Plots of the change in torque of the stirrer against reaction time are given in Graph 8.
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Graph 8: Relative Torque Data for PET Branched with Various Agents
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In addition to the torque and solution viscosity data, the non-crosslinked samples
were subjected to end-group, DSC, light scattering and rheological analysis. Selected
samples were also analysed by GPC at ICI Wilton.

From end-group analysis the parameters shown in Table 12 were calculated.

[ NoofendgowsE | 7 | 78 | 190 | 208 _
[ Extentofconversionp | - | 0992 | 0980 | 097
~ Branching Coefficiena | - | 0000 | 0.9 | 0.100
“No. Av. Degree of Polymerisation | - | 12452 | 5571 | 4856 _
~ NoAvMwMux10® | - | 25 | 115 [ 1eo
~ Weight Av.Mw Mux10® | - | si1 | 276 | 215 _
~No. Av. Branching Density. B, | - | 0 | 018 | 008
Weight Av. Branching Density, By |~ | 0| 065 | 025 _
— lmmsicVise,fq) | - | 0753 | 042 | 037
Ve AvMwMxio' | - | 177 | 075 | o6l
— MeltVise, [nJ (Pas) |- | 510 | 40 | 20 _

Table 12: Parameters Derived from End-group Data for Branched PET (Part a)



PET 27
113

0.923

U PETIT
No. of end-groups, E 273

0.972

No. Av. Degree of Polymerisation
0.29
0.42

Table 13: Parameters Derived from End-group Data for Branched PET (Part b)

PET 31
212

0.867
0.327

PET 38

0.973
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