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Abstract

Synthesis and Characterisation of Novel Elastomeric Polar Polymers

The work described in this thesis is a study of the synthesis of polar
elastomeric polymers with a view to producing an electrostrictive polymer.
In chapter 1, the area of electrostriction and the history of the radical ring-

opening polymerisation of vinylcyclopropane monomers are described. These

monomers are used in the bulk of the work described in the rest of the thesis.

In chapter 2, initial studies of the production of polar, elastomeric polymers
using the olefin metathesis reaction are described. Firstly, the ring opening metathesis
polymerisations of two disubstituted cyclopentenes were attempted using well-defined
initiators. Secondly, the acyclic diene metathesis polymerisation of 1,1-diallyl
malononitrile was attempted using classical initiators. Both attempts failed to yield

the desired polymers.

In chapter 3, the free-radical homopolymerisation of two vinylcyclopropane

Monomers containing two cyano groups is described.

In chapter 4, the attempted copolymerisation of 1,1-dicyano-2-
vinylcyclopropane and butyl acrylate using emulsion free-radical copolymerisation is
reported.

In chapter 5, the free-radical homopolymerisation of three monomers
containing one cyano group and one ester group is described. The ester groups
incorporated into the monomer were tert-butyl, n-butyl and hexyl esters. The
monomers were successfully polymerised to give highly rrans, atactic polymers.

In chapter 6, the free-radical, solution copolymerisation of 1,1-dicyano-2-
vinylcyclopropane with 1-cyano-1-hexoxycarbonyl-2-vinylcyclopropane is described.
Three copolymers were synthesised containing different percentages of each
monomer. The copolymers were fully characterised.

In chapter 7, the dielectric analysis of the three homopolymers produced in the

work described in chapter 5 and of two copolymers produced in the work described 1n

chapter 6 1s summarised .

Finally in chapter 8, the conclusions drawn from this work and suggestions for

possible future work are outlined.
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Chapter 1

Introduction into electrostriction and free-radical polymerisation



1. Introduction into electrostriction and free-radical polymerisation

1.1 Introduction

The aim of the work described in this thesis was to produce a novel,
elastomeric, polar polymer. The project was undertaken in response to a request from
Professor G.R. Davies in the physics section of the IRC for the design and synthesis of
novel materials for the study of electrostriction effects in polymers. The requirements
of such a polymer are that it has a high concentration of polar groups and a low glass
transition temperature, Tg.

In order to achieve the required elasticity it was decided to model the polymer
on poly(pentadiene) which is a rubbery solid with a Tg of -90°C for the all trans

polymer and -114°C for the all cis polymer.' These polymers have a repeat unit of five

carbon atoms, two of which are joined by double bond.

A

n

To achieve high polarity, it was decided to attach cyano groups to the polymer
backbone. The monomers chosen for this study were such that on polymerisation, they
would yield the backbone repeat unit of poly(pentadiene) modified by pendant polar
substituents.

The project was approached via two routes. Firstly the olefin metathesis
reaction was applied to the ring opening metathesis polymerisation (ROMP) of two
4,4-disubstituted cyclopentenes and to the acyclic diene metathesis (ADMET)
polymerisation of diallyl malononitrile. This work, along with an introduction to
olefin metathesis, is described in chapter two. This approach was unsuccessful.

The second approach, which was successful, used the free-radical ring-opening
polymerisation of vinylcyclopropane monomers bearing two polar groups on the
cyclopropane ring. An introduction to this work follows in this chapter and the
experimental work is described in chapters three to six.

Finally, in chapter seven, the investigation of the electrical properties of the

polymers produced is reported.

There has been considerable interest over recent years in polar polymers with

the majority of the research focused on piezo- and pyroelectric polymers. A third




phenomenon that has received considerably less attention is that of electrostriction. In

this work, it was hoped to produce polymers with properties suitable for the display of

this phenomenon.

1.2 Electrostriction

Electrostriction has been well known for inorganic crystals and ceramics for
many years, however, it has not been extensively studied in polymers. Electrostriction

in polymers was observed as early as 1820 by A. C.Becquerel.?

In 1880, a paper published by Rontgen described an experiment to demonstrate
electrostriction in rubber by the application of a field to a sheet of rubber and the
measurement of the deformation caused.” This paper is translated and printed in a
1996 paper by Ma and Reneker.* Rontgen concluded that ‘the elasticity of materials in

the solid state is changed by electrical forces’.

The application of an electric field to any material can displace charge and lead
to field-induced elastic strains. The part of the strain which is proportional to the
square of the electric field is called electrostriction.

S = dE +yE*
where S is the strain, E is the applied field, d is the piezoelectric coefficient and v is

the electrostrictive coefficient.

The phenomenon of electrostriction is still not very well understood at a
molecular level. However, a qualitative picture has established and is described
below.

In an amorphous rubber, the polymer chains are randomly coiled with any
associated dipoles randomly directed within the sample. On the application of an
electric field, a force is exerted on the dipoles which tends to align them with the
applied field. The movement of the dipoles is, however, restricted by the position of
the chains within the sample. In order to maximise the dipole alignment, the polymer
chains are forced to adopt a different organisation in space which has the result of

changing the dimensions of the polymer sample. This concept is illustrated in the

following cartoon.



Figure 1-1 Cartoon showing the concept of electrostriction

The polymer also changes its properties since dipole alignment and chain
extension produces more order in the polymer thus reducing elasticity and giving a

more rigid polymer. On the removal of the electric field, the polymer relaxes and

returns to its original, disordered, rubbery state.
Generally electrostriction in polymers was regarded as having no practical use
since the effect was small compared to the piezoelectric effect. Even to this day, the

only polymer to have received significant attention is poly(vinylidene difluoride).

PVDF.
1.2.1 Poly(vinylidene difluoride)

Poly(vinylidene difluoride) (PVDF) exhibits the strongest piezo- and
pyroelectric activity of all known polymers. Piezoelectricity is an electric polarisation
produced by a mechanical strain and pyroelectricity is an electric polarisation
produced by a change in temperature. PVDF owes its piezoelectric properties to fixed
dipoles in crystalline regions of the bulk sample. It 1s thought that fluoroalkenes are
ideal monomers with which to create piezoelectric polymers because the fluorine atom
1s very small and therefore, in relatively low concentrations, does not perturb the
polymer crystallinity from that associated with polyethylene.

The piezoelectric properties of PVDF were first noted by H. Kawai in 1969.
He found that by stretching a film of PVDF at 100-150"C and then allowing it to cool
in an electric field of 300 kVem™' he obtained a film with piezoelectric properties.
Two years later, Bergman et al. reported the pyroelectric properties of PVDFE.” They

treated the polymer in the same way as Kawai and found that this protocol imparted

pyroelectric properties as well.



1.2.1.1 Structure of PVDF

PVDF 1s a semicrystalline polymer consisting of highly polar repeat units
(dipole moment = 2.1D). In the melt, the polymer chains will have a random coiled
conformation but, 1t the structure 1s relatively free from defects, it can crystallise nto
a regular conformation when cooled. This occurs by rotation about the single bonds
of the backbone to achieve the most energetically favourable state. When PVDFE
solidifies from the melt, 1t forms spherulite structures consisting of about 50%

' 7
lamellar crystals in an amorphous phase as shown below.

Spherulite

()
/ Molecule

Crystalline lamella

Amorphous region

Figure 1-2 - PVDEF spherulite
[t was originally thought that this crystalline region alone was responsible for
the electrical properties of PVDEF but 1t 1s now thought that electrostriction may play a
large part.” It is known that the crystalline regions in PVDF which are responsible for
the piezoelectric effect lie within an amorphous region. It 1s thought that the aligned
dipoles within the crystals create a field within the surrounding amorphous material

and this field causes electrostriction in the amorphous PVDFE.



1.2.2 Applications of polar molecular materials

Polar polymers (mostly PVDF and copolymers) have found applications which
utilise their piezo- and pyroelectric properties. When comparing polymeric materials
with conventional inorganic piezo and pyroelectric crystals, the polymers offer several
advantages Including their ease of moulding and high flexibility. The main

disadvantage arises from the relatively high mechanical and electrical losses that

OCCUT.

Applications of piezoelectric materials include microphones, loud speakers,

underwater transducers and headphones.’
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Applications of pyroelectric materials

include IR detectors, ™ security systems and electrostatic copiers.

As yet, no commercial use has been made of the electrostrictive phenomenon

arising in polymers. However, the electrostrictive effect arising in inorganic crystals

has been utilised in several ways.

Lead magnesium niobate (PMN) has been introduced as an electrostrictive

material and has found applications as actuators,“ inchworms and in ‘smart’ optical

systems such as deformable mirrors.'?

1.3 The elastomeric state

Electrostriction in polymers can only occur in elastomers. Elasticity is the
reversible stress-strain behaviour by which a body resists and recovers from
deformation produced by a force.”> Elastomeric materials are able to undergo large
deformations without fracture and then return to their original shape.

In order for a polymer to exhibit elasticity, the polymer chains must be highly
flexible so that they are able to alter their arrangements and extensions in space when
subjected to a force. Also, there must be either cross links in the form of permanent
chemical bonds or physical constraints such as chain entanglements. In the absence of
these links, the polymer chains would permanently slip past each other on
deformation; that is, they would flow and the deformation would be irreversible.
Thirdly, there must be no intermolecular forces between the chains that would prevent
the chains from moving reversibly past each other. For example, extensive
crystallisation must not be present and the polymer must not be in the glassy state.

This means that the polymer must be above its glass transition temperature.



1.4 The glass transition

The glass transition temperature is the point at which the molecular motion of
amorphous polymer chains is frozen and the material becomes a glass.

There are several factors which affect the glass transition temperature. Main
chain flexibility 1s the most important factor; polymers with flexible backbones have a
low Tg. Flexibility 1s obtained when chains are composed of bond sequences that are

able to rotate easily. Large bulky side groups tend to inhibit rotation about the main

chain and thus increase Tg.

For high molecular weight polymers, Tg is essentially independent of molecular

weight but as the chain length decreases then Tg will decrease. This is due to the

relative increase in the number of end groups in the polymer sample. Chain ends are

able to move more freely than units constrained in the polymer chain and this increase

in chain end mobility contributes to a decrease in Tg.

1.5 Free-radical polymerisation

Many unsaturated monomers are able to undergo polymerisation by a free-
radical chain growth process. The reactive radical produced from an initiator adds
many monomer units in a chain reaction, rapidly achieving a high molecular weight
and causing a steady decrease in monomer concentration throughout the reaction. The
molecular weight of the polymer is relatively unchanged during the polymerisation
and an increased reaction time leads to an increased yield but no increase in the
molecular weight of the polymer produced.

Free-radical polymerisation involves at least three distinct reactions; namely,

initiation, propagation and terminatton.

1.5.1 Initiation

Initiation occurs via two steps, the first being the generation of a radical
species from an initiator and the second being the reaction of this radical with a

monomer molecule. When considering the rates of initiation, it is the dissociation of

the 1nitiator that is the rate limiting step.



I —> 2R’

R +M —> My
The most common method of obtaining an initiating radical i1s from the
thermal, homolytic cleavage of a weak bond. The number of compounds that can be
used 1s limited to those with bond dissociation energies between 100-170kJ/mol.
Outside these limits, the compounds generally dissociate too quickly or too slowly to

be useful initiators. Compounds containing O-O, S-S and N-O bonds possess the

required range of dissociation energies. Peroxides and azo compounds are widely

used as free-radical initiators.

i T ' i
CH,—C—0—0—C—CH; —> CH;—C—O

Acetyl Peroxide
(|3H3 (|3H3 (|3H3
cH3"""(|:"""1\I=N"""'(I-j""'CH3 — CH;—C* + N,
CN  CN eN
2,2’ Azobisisobutyronitrile
(AIBN)

The facile dissociation of azo compounds is not driven by a low bond
dissociation energy; the C-N bond energy is =290 kJ/mol. The driving force behind

the fission of azo compounds is the production of the highly stable nitrogen molecule.

Among other initiators that have been studied are disu]phides‘,,"4 tetrazenes> and
N,04.'°

The temperature used for the reaction, depends on the half-life of the initiator

selected, for example, the half life of AIBN varies as shown below.

Temperature/ °C Half Life

Table 1-1 Half-life of AIBN at various temperatures




Usually polymerisations using AIBN are carried out at temperatures between

50 and 70 °C to ensure that the initiator generates radicals at a convenient rate.

There are other types of initiator used in free-radical polymerisation e.g. redox

initiators and photochemically cleaved initiators.

Redox initiators are systems based on mixtures of oxidising and reducing
agents and they are useful because they do not require the higher temperatures

necessary for thermal initiators. They initiate through single electron transfer steps
that form free radial intermediates. For example, the reaction of hydrogen peroxide

with ferrous iron is commonly used as a source of hydroxyl radicals.
H,0, + Fe2t ——» HO- + HO + Fe3*

Photochemical polymerisations occur when radicals are produced by

ultraviolet or visible light irradiation of a reaction system. Radical generation can

occur in one of two ways. Firstly, some compound in the system undergoes
photoexcitation and subsequent decomposition into radicals. Secondly, some

compound (a photosensitiser) undergoes excitation and in 1ts excited state interacts

with a second compound which then generates radicals.

1.5.2 Propagation

Propagation follows initiation. This is the chain growth stage where the

radical monomer, M; undergoes the successive addition of large numbers of
monomer molecules.
M"+M ——> M)

My + M ——> M3

Or in general
My + M —> Mpy

Each successive addition creates a new radical which is identical to the

previous radical species except it contains one more monomer unit.




1.5.3 Termination

Termination is the stage when the chains cease to grow. This usually occurs

by combination when two radical polymer ends meet and combine.
MM 4 M > MW~ M

A second, less common, method of termination is disproportionation when a

radical polymer end abstracts a hydrogen beta to a second polymer end creating two

different polymer species; one saturated and the other unsaturated.

i - T v _I
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1.5.4 Chain transfer

Chain transfer was first recognised by Flory in 1937."7 It is the premature
termination of the growth of the polymer chains by transfer of hydrogen or some
other species to the active end of the polymer chain. At the same time it produces a
new radical which may initiate the growth of further polymer chains. The effect of
chain transfer on the rate of polymerisation depends on the reactivity of the new
radicals formed. If the new radicals are reactive, they propagate new polymer species
immediately and therefore the number of radicals present is unchanged. In some
cases, the new radical formed is unreactive and does not continue to propagate new
polymer chains. An example of this is provided by allylic monomers. Abstraction of
an alpha-hydrogen leads to a radical which is stabilised by resonance and does not
reinitiate but instead reacts with another allylic radical.

———s
=~R ——  CcH/~CH=CH-R

When the radical does not reinitiate, the rate of polymerisation slows and this
1s termed retardation.
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