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ABSTRACT

A series of novel copolymers of 1,3,5-trioxane and 1,3-dioxolane have been

synthesised using ring-opening cationic polymerisation and characterised using

DSC and solution "H-NMR analysis. Copolymers with the formula

[CH^CHiOCHoOlntCHbOJm have been produced with values of m between 24 and

41% as measured by solution 'H-NMR. Molecular weights of the copolymers

produced were found by GPC analysis to be low, Mw between 5xl03 and lxl 04

and Mn between 2xl03 and 5xl03. Copolymer samples were found to be

significantly less crystalline than polydioxolane homopolymers of equivalent

molecular weights, and were for the most part waxy solids.

Total ionic conductivities for polymer electrolytes prepared from these

copolymers using two lithium salts were measured using AC impedance

spectroscopy and found to be significantly better than the equivalent PEO-based

polymer electrolytes. Total conductivity of the order of 4 x 10"5 ScnT1 at 25°C

was obtained for the most conductive copolymer/lithium imide sample. Using the

Arrhenius equation conductivity data obtained were analysed to give apparent

activation energies of conduction. An interpretation of these activation energies

in terms of the physical properties of the polymer electrolytes under study is

presented.
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CHAPTER 1

Introduction

1.1 General Introduction

In the past few decades there has been a rapid growth in the electronics industry

due to advances in semiconductor technology, leading to increased consumer

demand for portable devices [1,2]. The result of this increased demand can be

seen all around us today, with the prevalence of small electronic devices such as

laptop computers, mobile phones and personal organisers. All of these devices

require miniature power supplies with high energy per unit weight and

characteristics that provide a constant voltage on discharge. The many varied

applications for batteries, coupled with emerging need for large scale energy

storage facilities for load-levelling or to allow efficient utilisation of alternative

energy sources such as wind and wave power have led to a world wide revival in

the research and development of battery systems.

A battery can be defined as a device that enables energy liberated in the course of

a chemical reaction to be converted directly into electricity. There are two types

of battery - 'primary' and 'secondary'. Primary batteries are those where the

batteries useful life is ended once the reactants it contains have been consumed.

The primary cell most in use today is the Zinc-Carbon Leclanche cell that was

developed in 1866, more than half a century after Volta first described the 'Volta
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pile'. Secondary batteries are the true electricity storers, the rechargeable

batteries. In secondary cells the spontaneous electrochemical reaction that

produces electricity is reversible. By reversing the direction of current through

the battery the device can receive electricity from an external source to drive

chemical change up a gradient and then release this stored electricity on demand

when going down the gradient. The lead-acid battery was first described by

Plante in 1854 [3] and is now the second-most used secondary battery in the world

today.

Since their introduction many improvements have been made to these first cells,

although battery design based on these initial ideas have several shortcomings

when presented with the challenges of today's technologies. The traditional

batteries such as Zinc-Carbon, Lead-Acid and Nickel-Cadmium cells have their

limitations, including environmentally unfriendly components, poor energy

density coupled with a low power to weight ratio, high cost of manufacture and a

tendency to self discharge. A modern alternative to these older designs is the

lithium-based battery. Lithium, however, presents its own set of challenges in

battery design. The high reactivity and high negative potential of lithium mean

that it is unsuitable for use with conventional aqueous electrolytes, since these

would be susceptible to reaction with the lithium. Therefore an organic solvent

must be used to dissolve an appropriate lithium salt.

The first lithium cells to be developed consisted of a lithium metal anode and a

composite cathode material that could reversibly intercalate lithium ions,

separated by a liquid electrolyte. Batteries of this design were prone to problems,
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however, particularly on recharging. During the recharging process metallic

lithium is plated onto the surface of the anode. At high charge rates and in some

solvents this plating can cause the formation of dendrites, leading to an internal

short circuit and possible overheating. A refinement of the design of the lithium

cell saw an insertion compound such as graphite used in place of the lithium metal

anode - this type of cell is known as a lithium-ion cell.

In 1967 the discovery of solid electrolytes led to the development of the concept

of all solid state batteries. A battery of this type would have the advantage of

reliability, since it is far less susceptible to internal corrosion. It can also be made

very small, has no need for a sealed case or a separator to keep the anodic and

cathodic reagents apart, and there is no possibility of leakage.

In 1987 Matsushita developed a solid electrolyte made of an insulating polymer

impregnated with a conductive powder, allowing a company to make flexible

'paper' which worked as a battery. This polymer electrolyte was coated onto

metal foil electrodes sealed in a plastic film container. The ability to produce this

battery in a range of shapes, combined with its long life, good specific energy and

high safety, give it a large range of possible uses. These include use in heart

pacemakers, as backup power for portable computer memories or as an active

backing sheet for and electronic display board. The electrolyte does not degrade

in a vacuum, so the battery could also have potential uses in space.

Polymer electrolytes are of two types. Gel electrolytes are the most common and

are formed when a low molecular weight solvent such as propylene carbonate is
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added to a host polymer to act as a plasticiser. These low molecular weight

materials coordinate the cation in the salt and then diffuse through the host

polymer. As a result these are not considered 'true' polymer electrolytes since the

ionic transport mechanism is essentially the same as that in a liquid system. Gel

electrolytes have the highest ionic conductivity of this class of compound but have

less favourable mechanical and physical properties than solid polymer

electrolytes. Solid polymer electrolytes are ionically conducting solid phases

formed by the dissolution of salts in ion-coordinating macromolecules.

Solid polymer electrolytes contrast with traditional solid ionic materials based on

ion-conducting ceramics or inorganic crystals in that the polymer electrolytes only

conduct charge well above their glass transition temperature. The ionic

conductivity of polymer electrolytes is also 100 to 1000 times lower than for the

traditional materials, but this is compensated for by the fact that the polymers can

be formed into very thin films with large surface area, giving high theoretical

power levels. The flexibility of polymer electrolytes is also an important

advantage. The electrolyte has to accommodate volume changes within the cell

during cycling and the plastic nature of these materials allows them to expand or

contract whilst maintaining physical integrity and good interfacial contact.

Flexible polymer electrolytes also allow space-efficient battery design utilising

the high surface areas called for by energy and power density requirements [1],

Solvent free polymer electrolytes also have the advantage that they may allow the

construction of safe lithium-metal anode cells. On charging the increased

mechanical stability of a solid polymer electrolyte would inhibit dendrite

formation and encourage the formation of a stable lithium interface.
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Hydo-Quebec in Canada are currently investigating such technology for use in

battery powered vehicle applications. A number of reviews on various aspects of

polymer electrolytes have been published in the last 15 years [4,5,6,7],

1.2 Ionically Conducting Polymer/Salt Complexes

In 1973 Wright and co-workers [8] reported that some alkali metal salts formed an

ionically conducting polymeric material when dissolved in poly(ethylene oxide),

commonly known as PEO. Much of the early development of this new class of

solid electrolytes was carried out by Armand [9] who investigated their potential

for use in energy storage devices. Since this pioneering work there has been great

expansion not only in the range of polymer hosts [10,11,12] and salts [13,14]

investigated but also in the range of potential applications for these materials, with

proposed uses now including electrochromic devices and ionic sensors.

An electrochromic device, such as an electrochromic display or a 'smart window',

is a device that utilises an electrochemical reaction to effect a reversible colour of

transparency change. Polymer electrolytes have now been used successfully in

various electrochromic devices, however most of the development work carried

out on polymer electrolyte systems remains in the field of battery applications.
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1.2.1 Structure

In general polymer-salt systems can be considered to be in either a crystalline or

an amorphous state, although often the two states are present simultaneously. A

salt dissolves in a host polymer only if the associated energy and entropy changes

result in an overall decrease in the free energy of the system. The gain in entropy

due to the destruction of the salt's crystal lattice and deformation of the polymer

structure must be compensated for by interactions between the ionic species and

the polymer [15]. These can take the form of either electrostatic interactions or

the formation of coordinate bonds by sharing of a lone pair of electrons on a

coordinating atom on the polymer chain.

This multi-phase system formed by the dissolution of the salt in the polymer often

influences the properties of the resulting polymer electrolyte. The formation of

different crystalline phases has been studied in detail using various microscopy

techniques [16]. The main technique of interest is polarising optical microscopy,

since this allows direct viewing of the growth of various crystalline phases with

time. The use of a thermostatted hot-stage allows the rate of crystal growth with

temperature to be observed.

Cope and Glasse [16] found that when a very dilute solution of a salt in PEO is

held at a temperature just below its crystalline melting point the PEO forms single

crystals with a lamellar structure similar to structures found in spherulites formed

when bulk PEO cools. Each lamella grows from a single crystalline nucleus into

ribbon-like fibrils that are arranged in helices across the fibril thickness, so that
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the fibrils are radial but the polymer chain is circumferential to the spherulite.

The surface of the spherulites and the interlamellar regions are amorphous. Cope

and Glasse also determined that two types of spherulite were formed when a

PEO.salt system crystallised:

Spherulites excluding salt: Irregular spherulites containing some salt trapped in

the interlamellar amorphous regions are formed when a film containing a low salt

concentration (e.g. PE0:LiC104 12:1) crystallises. As these spherulites grow

much of the salt is excluded from the basic PEO structure, leading to an

enrichment of the amorphous regions with salt. This enrichment may cause

retardation of further crystalline growth based on the pure PEO structure. This

type of spherulite is considered to reduce the conductivity of electrolytes that

contain them.

Spherulites containing salt : On increasing the salt concentration a point is

reached where pure PEO based spherulites will not grow at all (e.g. PE0:LiC104

7:1). When this happens a slow crystallisation process occurs, resulting in large,

regular spherulites. If a little more PEO is present (e.g. PEO:LiC104 8:1) then the

pure PEO-based spherulites grow until the associated enrichment of the

amorphous regions with salt stops this growth, and the second type of spherulites

are then formed as a background feature.

These larger spherulites contain more salt (as shown by EDX maps of polymer

films), but it is conceivable that this salt is trapped in the crystalline matrix and is

therefore immobile. However, it is believed that these larger spherulites contain a
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high proportion of the conducting amorphous phase, based on the slow

crystallisation rate, their faint appearance under the polarising microscope and a

small peak associated with them in DSC measurements.

1.2.2 Conductivity

One of the most important steps in beginning to understand the conductive

behaviour of polymer electrolytes was the recognition by Berthier et.al. [17] that

although stoichiometric crystalline phases do exist in these systems, it is the co¬

existing amorphous phase which confers conductivity. Even though much work

has gone into understanding both the mode of conductivity and the charge carriers

responsible, there is still much debate over these questions. In polymer

electrolytes, which are generally aprotic solvents with a low dielectric constant,

ion association is observed and strong ion-ion interactions lead to the formation of

ion-pairs and higher aggregates. It is important to consider these ion-ion

interactions, because they can change the properties of charge carriers, for

example by changing their mobility, concentration and overall charge [18].

At low salt concentrations (below 0.01 mol dm"3) the ions in the solution are well

separated, and so it is believed that only a relatively small number of transient

cross-links are formed due to cations or ion triples bridging two separate polymer

chains. This means that the conductivity will increase as the number of charge

carriers increases, i.e. as the salt becomes more concentrated. However, as the

salt concentration increases the conductivity reaches a maximum and then falls

(generally at above 0.1 mol dm" ). This fall in conductivity with higher salt
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concentration is believed to be caused by an increasing number of transient

crosslinks reducing the mobility of the polymer chains. It is also believed that the

formation of less mobile ion clusters, or aggregates, containing three, four or six

ions contributes to the drop in conductivity. These clusters, apart from being less

mobile, may also be non-conducting, e.g. [I+T]°.

The lower conductivity observed for polymensalt complexes of higher

concentration indicates that the mobility of the polymer chain must play a role in

the charge transport mechanism. Although high molecular weight amorphous

polymers above their Tg exhibit the mechanical properties of true solids, Vincent

[19] noted that at the atomic level local relaxation processes could provide liquid¬

like degrees of freedom not dissimilar to those in ordinary molecular liquids.

These liquid-like degrees of freedom allow localised motion of the polymer chain,

even though the 'global' motion of the chain is very small. This segmental

motion can result in ions being passed along the polymer chain, from one co¬

ordinating site to another, by bond rotation within the chain. Co-operative

segmental motion can also allow the passage of ions from a co-ordinating site on

one chain to a co-ordinating site on another chain. These ions need not only be

transported as 'free' ions, but can be transported as part of a higher aggregate, or

they may even pass from one aggregate to another.
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1.3 New Polymer Systems

Having already examined some aspects of the morphology of the most widely

studied polymer electrolyte, PEO, and the mechanism by which these polymer

ionically conduct it is now prudent to consider which properties or features are

favourable when it comes to choosing new polymer systems for study. In order to

act as the basis of a polymer electrolyte a polymer should possess several key

features.

A suitable polymer must be able to solvate a cation as well as conduct it. This is

influenced mainly by the ability of the host polymer to donate or accept electrons

and to this end it is generally desirable to have polar atoms such as O, N or S in

either the polymer backbone of in side chains. These atoms can provide sites for

the formation of coordination bonds between the mobile ions of the salt and the

polymer. The structure of the polymer should be such that the coordination sites

are optimally spaced to ensure that the polymer chain can interact suitably with

the ion. Furthermore the movement of ions, in addition to segmental motion, is

necessary for successful conduction in polymer electrolytes of this type. Thus

individual segments of the chain must be highly mobile allowing conduction of

ions by means of conformational rearrangement of the polymer chain.

The archetypal polymer host is PEO, and indeed most studies to date have dealt

with PEO and poly(propylene oxide) based materials. Polymers containing

oxyethylene sequences in one form or another have consistently yielded the most

promising results as polymer electrolytes [20]. When lithium perchlorate is mixed
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with PEO above its melting point satisfactory conductivities are obtained.

However, on cooling, a polymer or a polymer-salt complex crystallises from the

melt, causing a large drop in conductivity. This drop is due to the fact that an

elastomeric phase is necessary for conduction. Successful strategies for

improving polymer electrolyte performance will therefore be those that attempt to

minimise the amount of crystallinity in these materials, and hence the problems

associated with crystallinity, while maintaining acceptable mechanical properties

on the macroscopic scale.

The useful solvent properties of PEO can be preserved in polymers containing

oxyethylene sequences but which, because of their structure, do not have a

propensity to form crystalline phases at room temperature. Several such

structures have been suggested, including comb polymers, cross-linked networks

and co-polymers [20,21], It has been reported that poly(methylene oxide),

(-CH20-)n , does not form polymer electrolytes [22], However, a mixed random

co-polymer containing a distribution of oxymethylene and oxyethylene units was

the basis of a successful polymer electrolyte with the salt LiCF3S03 [23], Foos

and Erker [24] and Armand and co-workers [25] prepared polydioxolane,

(-CH2CH20CH20-)n , by chemical and electrochemical polymerisation, and found

conductivities with lithium triflate and lithium imide salts to be comparable with

those reported for PEO.

As can be seen from the structures given above, polydioxolane (PDXL) has the

same (-CH2CH20-) repeat unit as PEO, interspersed by a (-CH20-) unit. As a

result of this the solvating properties of PDXL would be expected to be the same
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as, or better than, PEO, and indeed Alamgir and co-workers found that

(PDXL)nLiC104 electrolytes has higher conductivities than their PEO analogues

for n between 4 and 16 [26], Those authors concluded that the enhanced

conductivity of the (PDXL)nLiC104 electrolytes could be attributed to the higher

degree of amorphous character of the polymer, with the presence of the

interspersing (-CPEO-) unit significantly reducing the crystallinity of the

(PDXL)nLiC104 polymer electrolyte.

The early work which concluded that poly(methyleneoxide), POM, was

unsuitable for use as a polymer electrolyte was carried out using sodium salts.

Since the lithium ion is generally more easily solvated than the larger sodium ion

it was decided to try to re-evaluate the suitability of this polyformal for the

formation of polymer electrolytes using lithium salts. Due to the fact that the

lithium ion is smaller than the sodium ion, and therefore has a greater

concentration of charge, it was thought that perhaps this would allow the lithium

ion to become solvated by POM where the larger sodium ion was not.

Combined with further investigation into the polymer electrolyte formation

capabilities of PDXL, this led to the idea of synthesising a range of copolymers

containing POM and PDXL blocks. Giles et.al. [23] carried out a similar

synthesis using trioxane, 1,3-dioxolane and boron trifluoride etherate as the

initiator and obtained a product which was a viscous melt at room temperature.

Using a different synthetic route it was hoped that material with more desirable

mechanical properties might be obtained.
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1.4 Aims of the Thesis

Identifying and characterising new polymers for use in polymer electrolyte

formation is a complicated task and the work presented in this thesis attempts to

elucidate the factors involved in evaluating a new material. The synthesis and

characterisation of a range of novel copolymers of 1,3-dioxolane and 1,3,5-

trioxane is reported.

The conductivity of the complexes of these copolymers and the polydioxolane

homopolymer with lithium bis-trifluoromethansulfonimide (lithium imide) and

lithium trifluoromethanesulfonate (lithium triflate) salts has been studied, and the

results related to the physical characteristics of the polymers (e.g. the glass

transition temperature, Tg).
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CHAPTER 2

Electrochemical Theory and Methods

2.1 Conductivity Measurements

The conductivity of a polymer intended for an electrochemical application is a

parameter of obvious importance, but its measurement is not simple. The

reliability of any conductivity measurement is dependent not only on the polymer

under study but on the complete measuring cell - the two measuring electrodes as

well as the test material sandwiched between them. The characteristics of the

electrodes themselves rarely affect the measurements, but the electrode/electrolyte

interfaces often do, for several reasons:

• Charge transfer occurs at the interfaces

The current is carried through the electrodes and the external circuit by

electrons, but the current will be carried through the sample electrolyte by

ions. The charge transfer reaction taking place at the electrode surface can

impede the rapid flow of current and thus affect the measurements.

• The electrodes can be blocking or non-blocking

An electrode is said to be 'non-blocking' if it is made of atoms that can be

transformed electrochemically, either by oxidation or reduction, into the

conducting ions. In the case of 'blocking' electrodes the conducting ions
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cannot cross the electrode/electrolyte interface or be 'plated' out on the

electrode surface. In all electrode systems a double layer capacitance is

formed at the interface before any reaction can take place - with blocking

electrodes this double layer is formed with no subsequent electrochemical

transformation taking place. In either case, blocking or non-blocking

electrodes, the measurement is affected.

• There may be incomplete electrode contact

In the typical case of an electrical contact between two solids there is

rarely 100% contact since both surfaces will not be perfectly flat.

Polishing can reduce the problem of irregularities on the electrode surface,

and also reduce the possibility of it being coated with a resistive layer of

an impurity. Heating the polymer when in contact with the electrodes can

also facilitate greater electrical contact by increasing the likelihood of

plastic deformation of the polymer around any imperfections on the

electrode surface. Applying pressure to the electrodes has also been used

successfully to increase electrode contact.

2.2 DC versus AC measurements

DC measurements of conductivity involve applying a DC voltage to the cell under

study and measuring the current passed with time. The application of the DC

voltage leads to a chemical-potential driven migration of the conducting ionic

species, giving rise to polarisation problems. In a cell with blocking electrodes

DC conductivity measurements are complicated to carry out, and after a period of
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time a concentration gradient is built up across the cell. The ionic motion

conducting charge through the electrolyte is then opposed by a chemical-potential

gradient and net conduction stops. This can, however, be used to positive

advantage for the determination of the electronic conductivity of the electrolyte;

for polymer electrolytes this conductivity is normally very small.

AC measurements largely overcome the problems of polarisation inherent in DC

measurements, since in the first half of the AC cycle the ions are driven one way,

and in the second half of the cycle they are driven the other. This means that as

long as the cycle length is short compared to the diffusion rate of the conducting

ions through the polymer there will be no net build up or depletion of ions at the

electrodes. AC techniques therefore have the advantage of being non-destructive

to the material under test, as long as the magnitude of the applied perturbation is

small. An important point arises here in that if the frequency of change applied is

faster than the relaxation times of the polymer the observed conductivity should

decrease.

2.3 AC Impedance Spectroscopy

AC impedance spectroscopy is a useful technique for the characterisation of

polymer electrolytes. Alternating current techniques have a long and well-

documented history within electrochemistry [1,2,3]. The technique involves the

application of a sinusoidal voltage of small amplitude across the cell and the

measurement of the sinusoidal current passing through the cell as a result of this

perturbation. In the AC experiment two parameters are required to relate the
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current flow with the applied potential. The first represents the resistance to the

flow of charge (Enmx / Imax ), where Emax and 1max are the voltage and current

maxima respectively. The second is the phase angle, 6, between the voltage and

current. Combining these two parameters gives the impedance, Z, of the cell. For

an electrochemical cell, in general, the magnitude of the impedance IZI = Emax/lmax

and its phase angle 6 are functions of the applied frequency. The AC impedance

experiment involves measuring the impedance of the cell as a function of the

frequency of the applied signal over a wide frequency range, typically 1Hz to

1MHz. Since the impedance response is frequency dependent information can be

extracted about the various electrochemical properties of the cell.

The impedance of a cell is a vector quantity, possessing both magnitude and

phase, and can be represented as a point on a vector diagram (Fig 2-1). Thus, the

vector can be described in three ways (a) by its magnitude IZI and phase angle 0 ,

(b) by its x and y components (IZIcos6> and IZIsinf? respectively), or (c) by a

complex number, Z* = Z' - jZ". Z' comprises the resistive components of a system

whereas Z" comprises the reactive (capacitive, inductive) components.
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Figure 2-1 Representation of the impedance of a cell on a vector (Argand)

diagram.

During the course of an AC experiment the complex impedance of a cell is

determined as a function of frequency and generally presented as a complex

impedance plot. An intrinsic difficulty in the AC experiment is the interpretation

of the complex impedance plot in terms of the electrical processes occurring in the

cell. By modelling equivalent circuits generally comprising of resistors and

capacitors it is possible to extract values for individual components. These can

then be related to the fundamental electrochemical properties of the cell. The

simplest circuits consist of the individual components themselves.
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Resistor. Since a sinusoidal voltage applied across a resistor is always in phase

with the current passing through it (i.e. 0 = 0) the impedance response of a resistor

is independent of frequency and has a magnitude equal to the resistance : Z = R.

Therefore the complex impedance plot for a resistor is shown as a point at a

distance R along the real axis for all frequencies (Fig 2-2).

R

-Z"

Figure 2-2 The complex impedance plot for a resistor.

Capacitor. For a capacitor of capacitance C the charge stored, q, is related to the

potential difference, E, across the capacitor by the expression q = CE. Thus, the

current passing any point is given by:

J = dq_ = cdE 21
dt dt
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A sinusoidal voltage of amplitude/?,,,^ can be represented as

E = E>naxs\n(Ot 2-2

where the angular frequency co = 2nfand/is the signal frequency in Hz. Thus,

I = Einax(oCcoscot = EltuacoCsm(cot + nil) 2-3

From eqn. 2-3 it can be seen that the voltage lags behind the current by 90°, i.e. 6

= -nil. The magnitude of the impedance is therefore frequency dependent: IZI =

McoC. The complex impedance plot for a capacitor defines a vertical spike

coincident with the imaginary axis (Fig 2-3).

CO

Z'

Figure 2-3 The complex impedance plot for a capacitor.
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2.3.1 Simple Systems

Having determined the impedance response of the individual components of a

circuit, it is now possible to calculate the impedance of systems containing

combinations of resistors and capacitors. The rules for combining circuit elements

are summed in the same way as for resistors. Thus, the total impedance for a set of

components connected in series is simply the sum of the individual impedances:

Z total = Z 1 + Z 2 + z 3 .... 2-4

This can be shown by a capacitor and a resistor in series, where the total

impedance is simply given by:

/' 2"57 — /? —^ total ~ lX ^coC

This defines a vertical spike displaced a distance R along the real axis on a

complex plane impedance plot (Fig 2-4). As the frequency is increased the

impedance of the capacitor is reduced, with a corresponding reduction in the

contribution of the imaginary component to the total impedance.
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R

11

CO

V •

R
Z'

Figure 2-4 The complex impedance plot for a resistor and capacitor in series.

When components are connected in parallel the total impedance is found not by

the summation of the individual impedances but of their inverses, Y* - 1/Z*,

known as complex admittances:

Y*totai = Y*1 + Y*2 + Y*3 + ... 2-6

It is trivial to obtain equations for the conversion of impedance to admittance:

Y* = Y' + jY" = 1/(Z' -jZ") 2-7
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Thus

F = Z'/fZ'2 + Z"2) and Y" = Z"/(Z'2 + Z"2) 2-8

The admittance of a resistor and capacitor are therefore MR and jcoC respectively,

and the total admittance for a parallel combination of resistor and capacitor is

given by:

Y*to,ai = MR + jcoC 2-9

which rearranges to give the total impedance:

»
_ 1 R-jcoCR-Ztotal ~"

2-10

1 /R + jcaC l + (coCR)

R jcoCR2
~

1 + ((OCR)2 1 + {(OCR)2

— Z'— jZ"

In the complex impedance plane this defines a semicircle with a diameter R along

the real axis, providing the Z' and Z" scales are equal (Fig 2-5).
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R

w

Figure 2-5 The complex impedance plot for a resistor and capacitor in parallel.

At the frequency representing the maximum of the semicircle, (0nmx, the magnitude

of the impedance of the resistor and capacitor are equal, i.e. R = l/(0)maxC), thus

co,mxRC = 1. This allows both the resistance, R, and the capacitance, C, to be

determined from the complex impedance plot.

2.3.2 A Cell with Blocking Electrodes

An electrode is said to be blocking when the mobile species in the electrolyte do

not participate in any finite electrode reactions. The simplest case would be an

electrolyte solution separating two stainless-steel blocking electrodes. When an

AC voltage of varying frequency is applied to the cell the electrodes become

alternately positively and negatively charged resulting in the ions of the
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electrolyte migrating back and forth in phase with the voltage. This ion migration

can be represented by a bulk resistance, R/„ in an equivalent circuit. At the same

time the immobile solvent also becomes polarised in phase with the alternating

field, resulting in a bulk capacitance, C/,. As the ions move in the alternating field

they are alternately accumulated and depleted in the region near the surface of

each electrode, building up an ionic charge which is balanced by an equal and

opposite electronic charge formed on the electrodes themselves. The

electrode/electrolyte interface therefore behaves like a parallel-plate capacitor and

can be represented by a double layer capacitance Cdi■ Since the polarisation of the

solvent and ionic migration occur physically in parallel their respective

components, Rb and Cb, are connected in parallel in the equivalent circuit

modelling the system. This parallel combination is in series with the electrode

capacitance, Cdi- In a cell where the two electrodes are identical these capacitors

can be combined into a single element representing the overall electrode response,

1 !Cdi= \/Cdi(i)+ \ICdi(2).

Having constructed an appropriate equivalent circuit it is now possible to

determine the complex impedance plot arising from it. Since Cdi is in series with

the parallel combination RbCb the total impedance of the system is given by [4]:

Ru
J total

\+(wCtR„f
coCh Rh

^ 1
\ + (coChRj coCdl

2-11

which predicts the complex impedance plot shown in Fig 2-6.
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Figure 2-6 The complex impedance plot for a cell with two blocking

electrodes.

This full equivalent circuit can be simplified over limited frequency ranges as a

result of the frequency-dependent impedance of capacitors. At high frequencies

1 /coCb ~ Rb and the impedances of the bulk resistance and capacitance are of the

same magnitude. Therefore the RbCb parallel element contributes greatly to the

overall impedance, allowing the equivalent circuit to be simplified to one defining

a semicircle in the complex impedance plane. At low frequencies the contribution

of Cb to the impedance is negligible since 1 tcoCb »Rb and the equivalent circuit

can be reduced to the series combination RbCdi, defining a vertical spike at

distance Rb along the real axis. At very low frequencies the equivalent circuit

becomes simply the electrode capacitance, Q/. Thus, high frequencies generally

yield the value of Rb, allowing Cb to be calculated from (OinaxRbCb = 1, and low
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frequencies give information on the electrode/electrolyte interface. Overall, the

magnitude of all the fundamental electrical properties of the cell may be obtained

from the complete impedance data.

2.4 Conductance and Conductivity

From a practical viewpoint the dc conductivity g(T) is the most important

property of a solid electrolyte and because of this most experimental and

theoretical studies of polymer electrolytes have focussed on o(T). Conductance

measurements of various electrolyte systems have been recorded over the last

century [5,6,7,8,9] and such measurements can be taken with a high degree of

precision.

2.4.1 Definitions

The electrical resistance, R, of a uniform conductor measured in Ohms, Q, is

defined as:

R = p
f T \

2-12

where L is the length of the conductor and A is the cross-sectional area and the

proportionality constant, p, is the specific resistance. If we take
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1
a = —

P
2-13

then by comparing eqns 2-12 and 2-13 we get

a =

2-14

R

which defines <7, the specific conductivity, in units Scm"1. The reciprocal of

resistance {MR) is known as the specific conductance. Reducing the conductivity

to a unit scale gives

1000(7 . a
Ac= or Am = 2-15

c m

where Ac and c are the molar conductivity and molar concentration and Am and m

are the corresponding molal quantities. The ratio (L/A), in units of cm'1, is the cell

constant and is easily determined.

2.4.2 Empirical Models of Conduction

In general terms the conductivity of a polymer electrolyte can be expressed in the

form

o(T) = nqp 2-16
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where n is the number of charge carriers, q is the charge and /i is the mobility. By

assuming that the number of charge carriers is constant and that they carry a unit

charge the mobility of the charged species can be related directly to the

conductivity. This allows the development of models that describe the

conductivity solely in terms of solvent fluidity. Following the initial work by

Armand, Berthier and others [9,10,11] the temperature dependence of ionic

conductivity in polymer electrolytes has been examined with the essentially

empirical Vogel-Tamman-Fulcher (VTF) or Williams-Landel-Ferry (WLF) type

relationships. The VTF equation, developed initially to deal with the viscosity

properties of supercooled liquids [12], was adapted by Armand et.al. [9] to give

the form to which the conductivity, o, in polymer electrolytes is often fitted:

o = <70exp[- B/(T -T0)\ 2-17

where Go is a pre-exponential factor which is a function of the number of charge

carriers in the system, T0 is an empirical fitting factor which we will see later is

related to the Tg of the polymer complex and B is a pseudo-activation energy term

related to the fluctuations in the electrolyte matrix which facilitate ion migration.

A similar empirical relationship arose in the study of the fluidity of liquid

hydrocarbons. Here a general definition of an average free volume per molecule,

Of, can be defined as:
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where v is the average volume per molecule in a sample and Do is the van-der-

waals volume. Doolittle [13] found empirically that the viscosity of hydrocarbon

liquids could be represented in the form

77 = Aexp(b0v0/vf) 2-19

with b0 a constant of unity. Williams, Landel and Ferry [14] applied this to

relaxation processes in polymers and defined a shift constant, ar■ ar is the ratio of

any mechanical relaxation process at a temperature T to its value at some

reference temperature Tref. The analytical form of the WLF relationship is

written:

where Cj and C2 are constants that can be obtained experimentally. It can be

noted that eqns. 2-17 and 2-20 are equivalent if we take C/ = B/(T-Tref) and

It should also be noted that, whilst the WLF relationship has no free-volume basis,

the constants Cj and C2 may be given significance in terms of free volume theory

[15]. Nevertheless, the WLF and VTF relationships are purely empirical in their

derivation and do not require free volume, or indeed any other, theory.

log a
2-20

C2 - Tref- To-
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In various attempts to move from these empirical equations to theories of ionic

conduction which have some physical meaning or sense in terms of the actual

conduction mechanism several models have been proposed. These can be broadly

split into two groups: macroscopic models, dealing with macroscopic properties

such as viscosity and diffusion, and microscopic models based on molecular

properties such as relaxation times and ion hopping rates.

2.4.3 Macroscopic Models

A: The free-volume model

A clear description of free-volume theory was first given by Cohen and Turnbull

[16] in 1959 and has served as the basis for more detailed treatments. The model

deals with dynamic properties of the polymer rather than those of the ions, and

assumes that motion is not a thermally activated process but rather occurs as the

result of distribution of free volume. Molecules are assumed to be confined to

rigid 'cages' of neighbouring atoms except when a hole is opened which exceeds

a critical volume, D*, allowing the molecule to move. This assumption leads to an

expression of the diffusion coefficient in the form

D=r,D(v)p(v)dv 2-21
Jv

with p(v) the probability of observing the free volume u between v and v+dv and

D(ty) the diffusion coefficient for a molecule in a cage of free volume v. By
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maximising the number of ways of distributing the free volume p(v) can be

written

p(v) = —exp[-yu/u, ] 2-22
vf

where y is a Lagrange parameter which allows for the overlap of free volume.

Eventually this leads to an expression of the viscosity in the form

ri = A'exp[yv*/vf] 2-23

where A' is a constant. By assuming a linear expansion of free volume with

temperature and a fully dissociated electrolyte a free volume expression for

conductivity can be written in the VTF form

o =<J0exp[-B/(T-T0)\ 2-24

with To being the temperature at which the free volume reduces to zero and

n yv
2-25

av

with a being the thermal expansivity. As can be readily seen eqns 2-17 and 2-24

are equivalent, although the constant B in 2-24 no longer represents a simple

activation barrier.
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Several extensions to the basic model have been proposed, for example Miyamoto

and Shibayama [17] added terms which accounted for the energy requirements of

ionic motion relative to both counterions and the polymer host. This was

expanded by Cheradame et.al.[ 18,19] for use in describing ionic conductivity in

networked polymer electrolytes and led to an expression which combined

Arrhenius and free-volume behaviours:

a = cr0 exp
yv* AE

vf RT
2-26

with the activation energy, AE, given as

AE = Ej+W/2e 2-27

where Ej is the potential energy barrier for cooperative ion transfer between

polymer segments, W is the dissociation energy of the salt and e is the dielectric

constant.

The free volume model and its extensions have often been used to fit cr(T), and

often the fits are good. However, despite this apparent success, there are

weaknesses in the model, for example

(i) The model ignores kinetic effects associated with macromolecules.

(ii) Ionic motions themselves may contribute to the conductivity, rather than

just being carried along by segmental motions of the polymer.
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(iii) The salts may not be fully dissociated, especially in polymer hosts with

low dielectric constants (although Cheradames Arrhenius term does

attempt to take this into account)

(iv) The model does not relate to a specific microscopic description of ionic

conductivity.

(v) The model assumes that only one type of ion is 'jumping'.

B: The Configurational Entropy Model

Like the free volume models, the configurational entropy model put forward by

Gibbs et.al. [20,21] discusses the properties of the polymer host rather than those

of the polymer:salt complex. This model assumes that the transport mechanism is

group co-operative rearrangement of polymer chains, with the average probability

of a rearrangement given by

W = A exp
-aus;
KTS

2-28

where S*c is the minimum configurational entropy required for rearrangement,

often taken as S* = xTn2 > Sc is the configurational entropy at temperature T

and Afl is the free energy barrier per mole which hinders the rearrangement. Due

to the increase in molecular relaxation times as a system is cooled the

configurational entropy Sc becomes very small at the glass transition temperature,

Tg. Eventually the configurational entropy will become zero at a temperature T0,

usually approximately 50K below Tg.
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If W is related to the inverse relaxation time and assuming that ACP, the heat

capacity difference between liquid and glass, is independent of temperature, a

relationship of the WLF form can be derived from the entropy model:

- log ar
(r-T,)

("2+t-tJ 2-29

where a\ and a2 are defined as

2.303A/dS*c
~

ACrKTMT, IT0)

T, in(r, /r„)
=

1 + In(r,/T0)

with a2 slightly temperature dependant. Further, if we assume ln(T/T0) ~ (T-

T0)/To and T/T0 ~ 1 it is possible to write a VTF form of the equation:

W = Aexp
T-Tn

2-30

where

K„ =
aI#:
kAC„

2-31
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By assuming that ACP = B/T, where B is a constant, Papke et.al. [22] showed that

o(T) = Aexp[- Kct /{T - T0)] 2-32

where

Ko
kB

o 2-33

Thus, the assumption of temperature independence of ACP and an experimentally

based result both lead to VTF forms, although they differ slightly in the values of

Ka, the apparent activation energies. Therefore, this model allows the derivation

of WTF-like relationships for the rate of polymer rearrangement and from there

the conductivity, but like the free volume model it defines a property of the

polymer host and does not actually describe the precise mechanism of ionic

conduction.

2.4.4 Microscopic Models

While macroscopic models based on free volume or configurational entropy

theories, together with the empirical VTF and WLF equations, can adequately

describe the temperature dependence of some transport properties of polymer

electrolytes, including viscosity, conductivity and diffusivity, they do not have

any basis in a microscopic treatment and so lack any mechanistic interpretation.
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One microscopic model, the dynamic bond percolation model, was developed by

Druger et.al.[23] to describe the transport mechanism of ionic conduction in

polymer electrolytes. As a starting point this model takes static percolation

theory, used successfully to model ionic motion in glassy framework solid

electrolytes. The static percolation model involves ions hopping between sites in

an immobile lattice with the moving species following a hopping type equation

/• -- V (/'U /'H i 2-34

with Pi being the probability of finding a mobile species at site i and Wjj = Wj_>i is

the probability rate of a particle hopping from site j to site i. It is assumed that

hopping can only occur between neighbouring sites, such that

ws={
w probability = f 2 35
0 probability = l-f

where /represents the fraction of links between sites at which ions may be found

that are open, while (\-f) is the fraction that are closed.

However, this model is only relevant to a host material that is static. At

temperatures T>Tg this concept is no longer valid for a polymer electrolyte since

segmental motion of the polymer chains means that the 'lattice' we are

considering is disordered dynamically. This can be accounted for by assuming

that the rate at which open and closed links change is X. That is, the hopping

probabilities renew their values on a timescale xr = 1/A., the renewal time being

determined by segmental motions of the polymer.

40



This leads to the model in which the Wy values are determined by the hopping

rate between neighbouring sites, w, the fraction of available bonds, /, and the

renewal time, xr. Several results follow from this model:

(i) At any value f>0 and for an observation time x0bs » T » \lw the system

will be diffusive.

(ii) For very fast renewal times, 1/w » Tr, motion corresponds to hopping in a

homogenous, or non-percolating, system, with an effective hopping rate of

wf. For very slow renewal times, 1/w « t0bs < xr, the observed motion is

that of the static bond percolation model and the system is no longer

diffusive.

(iii) The diffusion coefficient of a species undergoing dynamic percolation can

be related to the diffusion coefficient of static percolation in the same

lattice by the expression

Djo>)=D„(co-a) 2-36

where to is frequency. This implies that frequency-dependant properties

such as spectroscopic behaviour, dielectric relaxation and frequency-

dependant conductivity can be described by the DBP model.

Looking at the three characteristic parameters of the DBP model, fw and X, we

can gain an appreciation of their significance in the physical sense, w represents

the hopping rate between adjacent sites. For cations this relates to the changing of
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the co-ordination shell by breaking of some bonds and the formation of others.

For anion motion the hopping rate is the inverse of the typical time taken for the

anion to move from one available site to another. As a rough approximation this

means that the hopping rate for anions may be an order of magnitude greater than

that for cations[15].

The segmental motion of the polymer is characterised by the renewal time Tr =

MX. This is actually an average renewal time, since clearly there will be a

distribution of such times corresponding to various orientational and

configurational changes. By relating xr to free-volume theories the renewal time

can be written

f \ ( * \
as v. -1exp/

s

V
\ J /

where as, fj.s and v* are the spacing, velocity and the critical free volume of

segments respectively and /is an overlap factor for the free volume.

The third parameter,/, being the fraction of available 'bonds', can be related to the

availability of critical free volume for transport:

f = exp(-yv* /vf) 2-38

Therefore / increases with decreasing density or increasing temperature, i.e.

increasing free volume, in the polymer electrolyte.
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Since the renewal time can be related to the free volume model, and if we assume

that the renewal time is slow compared to the hopping time for ions, we can relate

the transport of ions via segmental motion to the free volume model, leading [24]

to an expression for the diffusion coefficient in the form

with v the mean segmental volume and a the thermal expansivity. By

assuming the Nernst-Einstein equation and the equipartition value for /i the

temperature dependance of a becomes

which is again the VTF expression for conductivity.

Thus the microscopic DBP theory can be used to describe the ionic conduction

mechanism in polymer electrolytes by identifying the three parameters, w,f and A,

with the actual behaviour of the system under study. The very important

temperature dependence given by the VTF equation can be deduced from the DBP

model by describing the polymer motions in terms of the free volume theory.

However, the model does have its faults. Firstly, it was developed from a static

percolation model in which a lattice is immobile. Despite the fact that a renewal

process for this lattice is introduced in the DBP model, it is still necessary to use a

lattice. Given that at temperatures above the Tg the segmental motion of an

2-39

a = V*exp[-K„/(r-r0)] 2-40
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amorphous polymer electrolyte is liquid-like this assumption may not hold well.

Secondly, the use of a hopping model, which assumes that the time between

jumps is much greater than the time taken to execute one jump, is dubious. This

model holds well for cations but not for anions, which may interact only weakly

with the polymer, meaning the overall conductivity may not be well described by

the hopping model. The hopping model also assumes that there is only one type

of ion moving, and neglects any contribution from ionic aggregates which may

conduct some proportion of the total charge. Finally, there is a lack of

information on how to correlate the parameters to specific properties of the system

under study.

44



REFERENCES

1 D.C.Grahame, J.Electrochem.Soc., 99, 3700 (1952)

2 M.Sluyters-Rehback and J.H.Sluyters in Electroanalytical Chemistry,

Vol.4, ed. A.J.Bard, Marcel Dekker, New York, 1970

3 J.Ross MacDonald, J.Chem.Phys., 61, 3977 (1974)

4 P.G.Bruce in Polymer Electrolyte Reviews Vol.1, ed. J.R.MacCallum and

C.A.Vincent, Elsevier Applied Science, London and New York, 1987

5 M.A.Ratner and A.Nitzen, Faraday Discucc. Chem. Soc., 88, 19-42 (1989)

6 P.G.Bruce and C.A.Vincent, J. Chem. Soc. Faraday Trans., 89(17), 3187-

3203 (1993)

7 K.M.Abraham and M.Alamgir, J. Electrochem. Soc., 137(5), 1657 (1990)

8 O. Bohnke, G. Frand, M. Rezrazi, C. Rousselot and C. Truche, Solid State

Ionics, 66, 97-104 (1993); 66, 105-112 (1993)

9 M.B. Armand, J.M. Chabagno, M.J. Duclot in Fast-Ion Transport in Solids,

ed. P. Vashishta, J.N. Mundy and G. Shenoy, North-Holland, Amsterdam,

1979, p.131

10 M.B. Armand, J.M. Chabagno, M.J. Duclot, Second. Int. Conference on

Solid Electrolytes, St. Andrews, 1978, Extended Abstracts

11 C. Berthier, W. Gorecki, M. Minier, M.B. Armand, J.M Chabagno and P.

Rigaud, Solid State Ionics, 11, 91 (1983)

12 H. Vogel, Phys. Z, 22, 645 (1921); G. Tamman and W. Hesse, Z Anorg.

Allg. Chem., 156, 245 (1926); G.S. Fulcher, J. Amer. Ceram. Soc., 8, 339

(1925)

45



13 A.K. Doolittle, J. Appl. Phys., 22, 1471 (1951)

14 M.L. Williams, R.F. Landel and J.D. Ferry, J. Amer. Chem. Soc., 77, 3701

(1955)

15 M. Ratner in Polymer Electrolyte Reviews vol. 1, ed. J.R. MacCallum and

C.A. Vincent, Elsevier Applied Science, London, (1987), p. 173

16 M.H. Cohen and D. Turnbull, J. Chem. Phys., 31, 1164 (1959)

17 T. Miyamota and K. Shibayama, J. Appl. Phys., 44, 5372 (1973)

18 H. Cheradame and J.F. LeNest in Polymer Electrolyte Reviews vol. 1, ed.

J.R. MacCallum and C.A. Vincent, Elsevier Applied Science, London,

(1987), p. 103

19 A. Killis, J.F. LeNest, A. Gandini and H. Cheradame, Macromolecules, 17,

63(1984)

20 J.H. Gibbs and E.A. Di Marzio, J. Chem. Phys., 28, 373 (1958)

21 G. Adams and J.El. Gibbs, J. Chem. Phys., 43, 139 (1965)

22 B.L. Papke, M.A. Ratner and D.F. Shriver, J. Electrochem. Soc., 129, 1694

(1982)

23 S.D. Druger, A. Nitzen and M.A. Ratner, J. Chem. Phys., 79, 3133 (1983)

24 S.D. Druger, A. Nitzen and M.A. Ratner, Solid State Ionics, 9/10, 1115

(1983)

46



CHAPTER 3

Experimental Methods

3.1 Salt Preparation and Purification

3.1.1 Lithium Triflouromethanesulfonate (lithium triflate)

2 HCF3SO3 + L12CO3 ► H2O + CO2 + 2 L1CF3SO3

Trifluoromethanesulfonic acid (triflic acid) (lOg, 98%, Aldrich) was diluted to

100 cm" with distilled water. Lithium carbonate (2.2g, 99.5%, Aldrich) was

dissolved in distilled water (50 cm ) and the triflic acid was added dropwise to

this solution at a rate of 1 drop s" . The solution was then stirred for 3 hours to

allow all the carbonate to be digested by the triflic acid. The resulting solution

was filtered through a fine glass sinter and the bulk of the water removed by

rotary evaporation to leave the hydrated salt. The anhydrous salt was obtained by

heating the sample at 150°C for 24 hours under dynamic vacuum. After cooling,

the dry sample was transferred to an mBraun argon filled glove box for storage.
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3.1.2 Lithium trifluoromethanesulfonimide (lithium imide)

Lithium trifluoromethanesulfonimide (LiN(CF3S02)2) was dried by heating at

150°C for 48 hours under dynamic vacuum. After cooling, the dry sample was

transferred to an mBraun argon filled glove box for storage.

3.2 Reagent and Solvent Purification

3.2.1 Acetonitrile

Small traces of water remaining in the as received solvent (CH3CN, Aldrich,

anhydrous, 99+%) was removed by storing over molecular sieves for 24 hours.

The sieves had been dried at 150°C for 96 hours before being cooled and

transferred to a glove box.

3.2.2 Acetyl Chloride

Acetyl chloride (CH3COCl, Aldrich, bp. 52°C) was purified by distillation under

an oxygen free nitrogen atmosphere retaining the middle 60% cut.
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3.2.3 1,2-dichloroethane

1.2-dichloroethane (99%, Aldrich) was refluxed over phosphorous pentoxide

for.at least one hour before distillation to ensure dryness. The middle 60% cut was

kept for use.

3.2.4 1,3-dioxolane

1.3-dioxolane (Aldrich, 99%, inhibited with 75ppm butylated hydroxytoluene)

was refluxed over calcium hydroxide for five hours then distilled under an oxygen

free nitrogen atmosphere. The middle 60% cut (bp. 74 - 75°C) was retained.

3.2.5 1,3,5-trioxane (s-trioxan)

1,3,5-trioxane (98%, Avocado) was refluxed over 5 wt% calcium hydride for 20

hours followed by subsequent distillation, taking care to prevent solidification of

s-trioxan (mp. 64°C) in the condenser. The middle 60% cut (bp. 110-112°C) was

retained.
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3.3 Synthesis and Purification of Polymers

3.3.1 Polydioxolane (PDXL)

Co Oa

O, ,C4 Zinc Chloride
Acetyl Chloride _ +

*"■ R O—C—C—O—C2

r c:

This reaction has been shown to proceed only by scission of the Oi-C2 bond.[l]

Zinc chloride (0.00021 moles, 0.029g) was dried at 100°C for 15 minutes then

placed in a glass tube to which was added 1,3-dioxolane (0.429 moles, 30.0 cm3)

ensuring the zinc chloride was washed down to the bottom of the tube. Acetyl
-3

chloride (0.00086 moles, 0.061 cm ) was added to the mixture then the tube was

stoppered and shaken vigorously. The mixture was degassed, sealed under

vacuum, and placed in a fridge at ~4°C for 7 days. The polymer was extracted

from the tube, broken into pieces and any catalyst residue decomposed by

addition of 5% aqueous sodium bicarbonate. The polymer was dissolved in the

minimum volume of methylene chloride and precipitated by pouring into a large

volume of petroleum ether (-500 cm ). The polymer was then dried under

vacuum for 48 hours. A white waxy material was obtained with a yield of

approximately 40%.
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3.3.2 Poly(methylene oxide) (POM)

BF3.Et20
o-c-o-c-o-c-

H2 H2 H2
n

Pure anhydrous s-trioxan (0.333 moles, 30.Og) and 1,2-dichloroethane (0.762

moles, 60.0 cm3) were placed in a 500 cm3 round bottomed flask equipped with a

serum stopper and calcium chloride guard tube. Boron trifluoride diethyletherate

(0.0003 moles, 0.03 cm3, Aldrich) was injected into the flask through the serum

stopper and the reaction mixture shaken vigorously before immersion in an oil

bath at 45°C. After 1 hour sufficient acetone was added to the reaction to form a

slurry which was then filtered on a fine glass sinter and washed with acetone (3

aliquots of 30 cm3). Catalyst residue was removed by refluxing the resulting

material for 30 minutes with 300 cm3 of diethyl ether containing tributylamine (2

wt%).

A sample of the polymer from the previous step (2.5g) was mixed with

dimethylformamide (3.23 moles, 250 cm3), pure acetic anhydride (1.06 moles,

100 cm3) and tributylamine (0.084 moles, 20.0 cm3) in a round bottomed flask

equipped with a reflux condenser and a calcium chloride guard tube. The polymer

was dissolved by stirring while the flask was immersed in an oil bath at 145°C.

The reaction mixture was left in the oil bath at 140°C for 30 minutes and on

cooling a white powder was precipitated. The product was filtered, washed with
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acetone then refluxed with 200 cm3 of fresh acetone for 30 minutes before drying

to yield 2.24g of acetylated polymer.

3.4. Preparation of Polymer Electrolytes

All operations, unless otherwise stated, were performed in an argon filled glove

box where levels of H20 and 02 were maintained below 5 ppm.

3.4.1 Solvent Casting

Appropriate amounts of salt and polymer were dissolved in the minimum volume

of a co-solvent (acetonitrile in this case). The solution was stirred for 24 hours to

ensure homogeneity. The solution was then cast either into a teflon pot or into a

glass ring installed directly onto the electrode surface. The casting solvent was

then allowed to evaporate at ambient temperature for 96 hours under argon before

a vacuum was applied for a further 24 hours.

3.4.2 Cryogrinding [2]

Appropriate amounts of polymer and salt were weighed into a steel test tube

containing small ball bearings. The tube was then sealed with a rubber bung and

steel retaining plate and removed from the glove box. The whole assembly was

then immersed up to, but not over, the neck in liquid nitrogen and shaken
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vigorously for 20 minutes (Fig 3.1). At liquid nitrogen temperatures the polymer

and salts become brittle and crumble under the action of the ball bearings, giving

an homogenous mixture of polymer and salt. After grinding is complete the

assembly was rinsed with acetone, dried in air, and allowed to equilibrate to room

temperature before being transferred back into the glove box.

3.4.3 Hot Pressing

A small sample of an intimate, cryoground mixture (approx. 100 mg) was pressed

in a 13 mm stainless steel pellet press to a pressure of 5 tons for 30 seconds. The

sample was then heated above its melting point using a band heater under no

applied pressure for at least 3 hours. After the period of heating the sample was

allowed to cool to its melting point whereupon a 2 ton pressure was applied and

the sample was allowed to cool to room temperature overnight. Films produced by

this method were about 0.4 mm thick, although varying the sample weight in the

first instance can alter the thickness.

3.5 Instrumentation

3.5.1 Polymer Cell Design

A two electrode cell of novel design was used for electrochemical measurements

on the solid polymer electrolytes (Fig 3-2). This cell was designed to allow rapid

heat transfer to the electrodes and was constructed of finned aluminium electrodes
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fitted into a "Macor" cell body. The two halves of the cell were separated by a

teflon spacer and a rubber O-ring to give a gas tight seal. Cell thicknesses were

measured by micrometer for each experiment.

3.5.2 Electrode Polishing

The electrodes were polished between each experiment using alumina of

decreasing sizes (lpm, 0.3pm and 0.05pm) suspended in water on a polishing

cloth (Beuhler), followed by rinsing in distilled water and thorough drying.

3.5.3 Conductivities

All conductance measurements were made by the AC impedance method. AC

experiments were performed using a Solartron 1255 Frequency Response

Analyser coupled to a Solartron 1286 Electrochemical Interface driven by an IBM

compatible PC under software control.

Temperature control of the experiments was achieved by immersing the

conductivity cell in a bath of silicone oil fitted with a Haake DC5 heating unit

driven by an IBM compatible PC under software control. The oil bath was also

fitted with a Haake EK30 cooling unit.
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3.5.4 NMR Spectroscopy

Solution nuclear magnetic resonance spectroscopy was carried out on a 300 MHz

Varian Gemini 2000 spectrometer running under the control of VNMR software.

Samples were dissolved in CDCI3 and chemical shifts measured with respect to an

internal tetramethylsilane (TMS) reference at zero.

3.5.5 Thermal Analysis

Simultaneous thermogravimetric analysis (TGA) and differential thermal analysis

(DTA) was carried out on a TA Instruments SDT 2960 Simultaneous DTA-TGA

instrument under PC control. Analysis was carried out under an N2 atmosphere

over an appropriate temperature range at a heating rate of 10°C/min unless

otherwise stated using silica as a reference.

3.5.6 Differential Scanning Calorimetry

All DSC scans were performed on a Perkin Elmer DSC7 differential scanning

calorimeter fitted with a liquid nitrogen cooling accessory under PC control.

Samples of material under investigation were sealed in aluminium pans in an

argon filled glove box. Heating and Cooling cycles over an appropriate

temperature range were applied at a scan rate of 10°C/min unless otherwise stated.
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An empty sample pan was hermetically sealed inside and argon filled glove box

and used as a reference.

3.5.7 X-ray Diffraction

Powder X-ray diffraction data were obtained using a Stoe Darmstadt Stadi/p high

resolution Xray powder diffractometer utilising Ge-monochromatised Cu Ka]

radiation and a small angle, position sensitive detector.

3.5.8 Gel Permeation Chromatography

GPC was carried out by RAPRA Technology Ltd. using a standard procedure.

Samples were prepared by dissolving 20 mg of sample in 10ml of solvent before

adding a small amount of 1,2-dichlorobenzene as an internal marker and

thoroughly mixing the solutions. The solutions were filtered through a 0.2 micron

polyamide membrane prior to the chromatography.

Chromatographic Conditions

Columns: PLgel 2 x mixed bed-D, 30 cm, 5 microns

Solvent: chloroform

Flow-rate: 1 .Oml/min (nominal)

Temperature: 40°C

Detector: refractive index
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The data was acquired and processed using Viscotek Trisec 3.0 software and

single solutions for each sample were run in duplicate. The GPC system used for

this work was calibrated with polystyrene and the results are therefore expressed

as 'polystyrene equivalent' molecular weights.
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CHAPTER 4

Synthesis of Homo- and Co-polymers Based on PDXL

4.1 Cationic Ring-opening Polymerisation

Cationic polymerisation is a technique that has been known about for the last 200

years, and has been extensively investigated by a number of authors [1,2,3]. The

technique involves the conversion of low molecular weight monomeric molecules

into high molecular weight polymeric ones via a mechanism involving stepwise

growth at an electrophilic centre. Typically this is a carbonium (RaC+),

carboxonium (RO+=CR2), oxonium (RaO+), sulphonium (RaS+) or immoniun

(R2N+=CR2) ion. Whitmore [4] is credited with first recognising the carbonium

ion as an intermediate in the acid-catalysed polymerisation of olefins.

There are two main types of monomer susceptible to polymerisation by this

method : vinyl monomers and cyclic monomers, including heterocycles. Cationic

ring-opening polymerisation can be applied to most types of heterocyclic

monomers (e.g. Figure 4-1) and thus polyacetals, polyamides, polyesters,

polyethers, polysiloxanes, etc. can be produced from the corresponding

monomers.
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Figure 4-1 Monomers polymerisable by cationic ring-opening

Common initiators for cationic polymerisation reactions are protonic acids,

Friedel-Crafts catalysts (Lewis acids) or ionising radiation. In spite of the large

variety of cyclic monomers involved in cationic ring-opening polymerisation

there are only two mechanisms that are currently considered to be valid in most

cases. The first proceeds by a monomer attacking an active centre situated at the

end of a growing chain, via an SN" mechanism :

*+~~-hr0 + O —" —x+^Lrx(J to
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The second, more recently studied mechanism, is the activated monomer

mechanism where the active centre is formed on the monomer and not the

polymer chain, leading to a polymerisation in which the growing chain end is

neutral and a positively charged species is released :

The polymerisability of heterocyclic compounds is influenced by the extent of

ring strain and by the existence of a suitable mechanism for the ring opening

process. Thus it is a thermodynamic factor which determines the relative stability

of the ring or linear structures, and therefore the polymerisability of any particular

ring. During cationic ring opening polymerisations the main thermodynamic

factor influencing the reaction is the gain in enthalpy arising from the reduction of

this ring strain during the propagation step. Ring strain is caused by forcing

angular distortion in the bonds between atoms in the ring, although steric

interactions between ring substituents also have some contribution. The most

reactive monomers are usually those containing three or four membered rings,

since these contain the greatest tension (60 - 90 kJmol"1), and rings of this size are

always polymerisable from a thermodynamic standpoint. With seven membered

or larger rings transannular interactions provide the thermodynamic favourability

for ring opening. Monomers with five or six atoms have relatively little angle

strain, and are not always polymerisable. Where these rings are polymerisable

there is often a rather low temperature ceiling above which the polymersation

becomes thermodynamically limited. The incorporation of heteroatoms into any

(2)
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of these rings does not change the structure of the ring greatly, although ring

stability is sometimes influenced in ways that are not always predictable.

Several industrially important polymers are produced by cationic ring-opening

polymerisation, inluding polyformaldehyde (Delrin®, Celcon®, Hostaform®)

produced from trioxane, a cyclic trimer of formaldehyde, and polytetrahydrofuran

(Biomer®, Hytrel®, Arnitel®). The cationic polymerisation products of cyclic

amines, lactams and cyclic siloxanes also have industrial applications.

As stated previously the propagation reaction is of an SN2 type, where the cyclic

onium ion is the electrophile and the heteroatom of the monomer is the

nucleophile. Sometimes other nucleophilic entities can cause ring opening at the

active centre on the chain ends, leading to transfer and termination reactions.

There are two main reactions of this type :

a) reactions with the counterion

b) reactions with the polymer chains.

a) Reaction of the growing species with the counterion :

A counterion which is more nucleophilic than the monomer will give rise to

covalent, possibly unreactive, species. It is possible to reduce the possibility of
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this termination reaction by choosing counterions which have little or no

nucleophilic character, such as SbF6", AsF6", PF6" or BF4\

b) Reaction of the propagating species with the polymer :

Heteroatoms within the polymer chain are nucleophilic and are able to react with

the active centre at the chain ends, competing with the monomer :

^ < y
+ :X ■ -) + :X . - ^X+ (4)

The unstrained cross-chain onium ion is not able to propagate, but can eventually

reform a cyclic ion by reaction with the monomer :

+ x^) ► + x^ (5)

or by intramolecular nucleophilic attack :

jj~J y
^^-X X+ >-- v^^x+ ) + X (^)

\ ^\

If the monocyclic onium ion can reform a strained propagating centre then the

polymer is known as 'dormant' and eventually polymerisation will lead to

complete conversion. If the cyclic ion is not reformed then the polymer is 'dead',

real termination having occurred. This transfer reaction is called transalkylation,
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transacetylisation or transesterification depending on the nature of the reacting

species and is important in the production of copolymers because it establishes a

mechanism for the redistribution of monomer units throughout the chain.

The active species can also attack the heteroatoms of its own polymer chain

leading to the formation of cyclic oligomers :

This type of reaction is often called 'back-biting' and the competition between

this and propogation depends again on the relative nucleophilicities of the

monomer and polymer units. These cyclic oligomers are an important by-product

of many cationic polymerisations of heterocycles. The cyclisation process is

almost independent of monomer concentration, in contrast to propagation which is

monomer concentration dependent, and therefore the formation of cyclic

oligomers will be favoured by decreasing initial monomer concentrations. The

size of the cyclic oligomers produced is dependent upon ring strain.

4.2 Cationic ring-opening polymerisation of 1,3-dioxolane

Cyclic formals are monomers possessing a minimum of one unit of two oxygen

atoms separated by a carbon atom. They can be regarded as co-dimers of

formaldehyde and cyclic ethers and have the general structure:

(7)
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Table 4-1 Names of cyclic formals

R in (1) Ring Size Name

(ch2)2

(ch2)3

(ch2)4

(ch2)5

ch2och2

ch2och2ch2

ch2ch2och2ch2

5

6

7

8

6

7

8

1,3-Dioxolane

1,3-Dioxane

1,3-Dioxepane

1,3-Dioxocane

1,3,5-Trioxane

1.3.5-Trioxepane

1.3.6-Trioxocane

The acetal group is very reactive and these rings open easily in the presence of

cationic catalysts to yield a product corresponding to the alternating copolymer of

aldehyde and cyclic ether :

/
P ch2

\

o-

(ch2)n

o-

-0ch20(ch2)n- (B)

Cyclic formals have relatively low ring strain and all cyclic formals except some

of those with six-membered rings are polymerisable. The polymerisation is

reversible, and an equilibrium between monomer and active centres is established.
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This reversible polymerisation is characterised by two parameters: the

concentration of the monomer at equilibrium at a given temperature, and the

ceiling temperature of the reaction. The ceiling temperature is defined as that

temperature at which the Gibbs free energy of the reaction is 0, and therefore

Tc = AH/AS. Best yields of polymer are given with high initial monomer

concentrations and low reaction temperatures.

4.2.1 Initiation

To facilitate the formation of stable active species it is best to use an initiator with

a more stable, that is to say less nucleophilic, counter ion, such as SbF6~ or BF3.

Kubisa and Penzeck[5] studied the initiation of dioxolane polymerisation by an

oxycarbonium salt :

Initiation can also occur by transfer of a hydrogen ion :

H

(10)

Both types of initiation can exist in the same system [6].
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4.2.2 Propagation

Propagation proceeds via ring opening of the cyclic cation by a monomer

molecule and the production of a new cyclic oxonium ion :

(|)CO-+0 X> 6 + o o (j)CO</ \) +p^ SbFe (11)

Studies on a model system reported by Szymanski et.al. [7] showed that

carbonium ions, previously discounted by other authors, exist in equilibrium with

cyclic oxonium ions during propagation :

-r~\
^OCH2O. .O SbFg" ^QCH2+SbF6- + J \ (12)

In a previous study of the reaction of CH30CH2+ with dimethoxymethane Penzcek

and Szymanski [8] determined that the tertiary oxonium ion was the main active

species, with respect to both the proportion of a given active species and its

contribution to chain growth:

.ch,

O,

ch3och2+a" + \>h2
V

ch,

ch3och2+o
\̂
/
°\

ch3

ch2

ch,

A" d3)
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Replacing dimethoxymethane in the model system with 1,3-dioxolane, Szymanski

and Penczek [9] observed that a 7-membered cyclic oxonium ion predominated :

' \ rN.nrw.n . n

ch3och2+o o ch3och2o <o - ch3 o
h2+c

-On

-o'

4

(14)

In their model system Penczek and Szymanski [8] also determined rate constants

for propagation on the carboxonium and oxonium ions, and found unexpectedly

that the carboxonium ion was only 100 times more reactive than the tertiary

oxonium ions. Since in the set of equilibria detailed in scheme (14) the ratio

[2]/[3]/[4] is approximately 0.3/0.0003/99.7 the oxonium ion, 4, can be considered

to be the main propagating agent. A separate study on the kinetic isotope effect in

the cationic polymerisation of some oxygen containing heterocycles, including

1,3-dioxolane, also concluded that the oxonium method of chain propagation

predominated [10].

Where initiation is by transfer of a hydrogen ion propagation only occurs via the

mechanism:

,0 A" + C>
rA H

,o

t
H

O

\

/COCH2CH2—+0. O A" (15)
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4.2.3 Transfer/Termination

The active species in the polymerisation of cyclic aetals are in rapid dynamic

equilibrium with other species, for example intramolecular 'backbiting' reactions

can lead to the formation of macrocycles :

These reactions can lead to the redistribution of linear fragments along the

polymer chain (transacetylisation) and are possible because of the higher basicity

of the oxygen atom in the polymer chain compared to those in the monomer. This

is a general characteristic of polyacetals, whereas the opposite is the case in

polyethers; in the polymerisation of tetrahydrofuran (THF) the THF monomer is

slightly more basic than the ether oxygen in the poly-THF chain.

The formation of macrocyclic oxonium ions by chain transfer (scheme (16)) can

also lead to the formation of macrocycles in the final product:

(16)

or the formation of branched oxonium ions in the middle of a chain :

(17)
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Indeed, whenever the active species in a growing polymer can react with any unit

in a chain and close a macrocycle, i.e. when the equilibrium

—Mn+m Cyclic-M„ + —M— (19)

holds, the total polymer will always contain a certain proportion of cyclic-M„.

For 1,3-dioxolane the equilibrium concentrations of macrocycles and linear chains

have been calculated according to the Jacobson-Stockmayer theory ;

[cyclic-M„] = An"572 (20)

where A is a constant for a given polymer provided that DPn of the linear fraction

is sufficiently high. These values were also confirmed by GLC measurements

made on a real system [11],

The Jacobson-Stockmayer theory shows that because of equilibrium dynamics it

is impossible to produce a totally linear polymer, and that the sum of the

concentrations of all rings, [cyclic -M«], is independent of reaction

conditions, including starting monomer concentrations. Therefore there will be a

critical concentration at or below which all of the polymer produced should be

cyclic. From this it follows that the higher the total concentration of polymer at
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equilibrium the lower the proportion of cyclics. Every polymer giving rise to a

ring-chain equilibrium has its own characteristic total concentration of cyclics and

for poly-l,3-dioxolane this is approximately 0.8 mol dm"3 expressed in terms of

initial monomer concentration ([M]o). This value is significant because it means

that the lowest attainable proportion of cyclics in the final polymer product is

approximately 100 x 0.8/13.5 = 6 mol%, assuming complete conversion of

[M]0(bulk) = 13.5 mol dm"3 [7], At lower [M]0 the polyacetals produced will

contain a higher proportion of cyclic oligomers.

Transacetylisation, or intermolecular chain transfer (scheme (18)), produces

branched structures that also lead to the redistribution of polymer segments. This

is a fast reaction leading to the continuous transfer of monomer units or longer

sequences between chains. Cyclic acetal copolymers are industrially important,

with two thirds of the production of acetal resins coming from the cationic

copolymerisation of trioxane with ethylene oxide. The process begins with

polymerisation of the ethylene oxide but transacetylisation reactions lead to the

formation of a random copolymer. Similarly in the copolymerisation of 1,3,5-

trioxane with 1,3-dioxolane the dioxolane is polymerised first due to differing

reactivities but the final copolymer is statistical [12]. This shows that the initial

poly-dioxolane sequences undergo rapid and facile recombination with poly-

trioxane units.
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Penczek and Kubisa [12] also showed that in the absence of impurities, e.g. water,

and using stable counterions such as BF3" and SbF6~ the polymerisation of 1,3-

dioxolane proceeds without termination.

4.3 Cationic polymerisation of 1,3,5-trioxane

Trioxane is a stable cyclic trimer of formaldehyde that is capable of polymerising

under suitable conditions to yield polyoxymethylene, having the same structure as

polyformaldehyde :

In the presence of a catalyst such as BF3OEt2, FeCl3, SbF6, etc. trioxane in

solution has been shown to polymerise rapidly [13,14]. The mechanism is similar

to that for the cationic polymerisation of ordinary cyclic ethers. Calorimetric

measurement of the heats of reaction by Leese et.al. [14] showed that the BF3-

etherate catalysed polymerisation in ethylene dicholoride proceeded through three

stages: endothermal, athermal and exothermal. The endothermal stage,

corresponding to an initiation period, involves trioxane in solution being

converted to formaldehyde together with linear, low molecular weight polymer.

The second, athermal stage, corresponds to the formation of a soluble oligomer

cation and the third, exothermal, stage is the main stage, in which soluble polymer

n

(21)
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grows and deposits solid polymer. A similar mechanism was proposed by Kern

and Jaacks [13].

4.4 Copolymerisation of 1,3-dioxolane and 1,3,5-trioxane

Polyoxymethylene obtained by cationic polymerisation is generally a very

crystalline material but it is vulnerable to acid catalysis and undergoes

spontaneous depropagation. End-capping can halt this unzipping process but

chain scission, e.g. as a result of oxidation, can generate new sites from which

unzipping can start. Thermally unstable polyacetals such as polyoxymethylene

can be copolymerised with a monomer having at least one carbon-carbon bond in

the backbone which is capable of converting the acetal linkage into a more stable

ether linkage. This can give rise to macromolecules in which the unzipping stops

when a comonomer unit is reached, providing that unzipping involving the

comonomer is thermodynamically unfavourable [15,16] :

^^OCH2-OCH2CH2-OCH2-OCH2-OCH2-OH ►

(22)

^~OCH2-OCH2CH2-OH + 3 CH2O

In contrast to the highly crystalline nature of polyoxymethylene the products of

the cationic polymerisation of 1,3-dioxolane are often waxy solids or viscous

melts at room temperature. It was thought that perhaps the copolymerisation with

trioxane would improve the physical characteristics of the resulting material.

Giles et.al. [17] used boron trifluoride etherate as an initiator in the
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copolymerisation reaction and obtained a product which was a viscous melt with a

molecular weight of around 23000. Using a different synthetic route we hoped to

obtain higher molecular weight materials with more desirable mechanical

properties. The ultimate aim of the work presented in this thesis was to produce a

whole series of copolymers of 1,3,-dioxolane and 1,3,5-trioxane in order to

evaluate the effects of the added polyoxymethylene fractions on the polydioxolane

host polymer. Hopefully this would lead to the formation of a polymer with good

mechanical properties combined with an ability to coordinate salts and form

amorphous polymer electrolyte films with a reasonable conductivity at room

temperature.

4.5 Synthesis and Characterisation of PDXL

The aim of this work was to synthesise reasonably large quantities of

polydioxolane (PDXL) for use in the formation of polymer electrolyte materials.

To this end the synthesis detailed by Okada et.al. [ 18] was utilised with several

adaptations. In their original work they showed that a zinc chloride/acetyl chloride

catalyst in concentrations of 0.05 and 0.2 mole-% respectively resulted in a

polymer with the highest molecular weight and reasonable yield, and so this

catalyst was chosen for the current work. Polymerisations were carried out in

bulk in sealed glass tubes, according to the method given previously in Section

3.3.1. Typical yields from a starting amount of 30g of monomer were

approximately 20g of purified polymer (65%).
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4.5.1 Characterisation by GPC ofaverage molecular masses

GPC measurements were carried out by RAPRA Technology Ltd. using the

method detailed in Section 3.5.8. The GPC system used for the work was

calibrated with polystyrene and the results are therefore expressed as the

"polystyrene equivalent" molecular weights. It should be noted that there could

be a considerable difference between these polystyrene equivalents and the actual

molecular weights of the samples.

Table 4-1 Results of GPC analysis for PDXL

Sample Mw Mn Polydispersity

PDXL 20,800 9,150 2.3

LogM

Figure 4-1 Computed Molecular Weight Distributions for PDXL
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4.5.2 Characterisation by DSC

The polymer prepared was characterised by Differential Scanning Calorimetry

(DSC). The principles of these measurements and the method used were detailed

in Section 3.5.6. Measurements were taken in four stages :

(1) Rapid quenching from room temperature to -90°C

(2) An initial heating cycle to about 120°C at a heating rate of 10°C/min

(3) A cooling cycle back to the initial temperature

(4) A second heating cycle under the same conditions as step (2)

DSC analysis gives us information on several different transition temperatures for

semi-crystalline polymers, such as:

Tg - The temperature of the glass/amorphous phase transition

Tf - The fusion temperature of crystalline phases

Tc - The crystallisation temperature of the polymer

Polydioxolane is a very crystalline polymer and work by Prud'Homme[19] has

shown that when the polymer is allowed to crystallise with low values of

supercooling, i.e. at or around room temperature, degrees of crystallinity greater

than 50% are obtained. Because of this increased amount of crystallisation, it is

not always easy to observe the glass transition. Nevertheless, a value for the Tg of

-57°C was obtained from our sample. This value was taken from the inflexion

point of the curve to permit comparison with literature results.
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Archambault and Prud'Homme [20] measured a Tg of -55°C at the point of

inflexion for a PDXL sample of molecular mass 10,000, using a heating rate of

10°C/min. This is in reasonable agreement with the result obtained in the course

of this work, but an exact comparison is not possible without knowing which

crystalline phases were present in their sample. These same authors carried out a

systematic study of the crystallisation of polydioxolane samples with molecular

masses of between 10,000 and 30,000 and found that the crystallisation process

for this polymer was complex. Alamo et.al.[21] and Sasaki et.al.[22] also studied

the crystallisation of this polyformal and reached the same general conclusions,

viz. poly(l,3-dioxolane) can crystallise in three modifications.

At crystallisation temperatures below 21°C a single phase consisting of regular

two-dimensional spherulites is formed. This phase was called Modification II by

Sasaki et.al. [22] and was shown by Prud'Homme[23] to be the most

thermodynamically stable form. This is surprising but has also been observed in

other materials[24,25].

At crystallisation temperatures above 21°C two crystalline morphologies are

formed :

• A central hedrite phase with a higher melting point, called

Modification III by Sasaki et.al. [22]

• A spherulitic phase external to the hedrite.
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Table 4-2 Results of DSC Analysis for PDXL

Sample Mn Tf[2]' (°C) Tc[3] (°C) Tf[4] (°C)

PDXL 9,150 41,56 -9 32

i - [2],[3] and [4] correspond to the stages in the DSC experiment described

previously.

These results show that in the initial polymer sample, obtained by recrystallisation

at room temperature, both the spherulitic and hedritic phases proposed by

Prud'Homme are present. During the rapid cooling phase of the DSC experiment

only a single exothermic event occurs, at approximately -9°C, leading to the

formation of the single, most thermodynamically stable, form. This is confirmed

by the presence of only a single endothermic peak in stage 4 of the DSC

experiment, the second heating cycle.

4.6 Synthesis and Characterisation of Polyoxymethylene(POM)

and POM/PDXL copolymers

4.6.1 Synthesis of Polyoxymethylene

To prepare samples of pure polyoxymethylene the method detailed in Section

3.3.2 was used. The highly crystalline material (as shown by powder X-ray

diffraction) produced from this synthesis was found to be insoluble in any
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common solvent, precluding its use as an endpoint in the series of copolymers to

be investigated.

4.6.2 Synthesis ofPOM/PDXL Copolymers

As stated previously Giles et.al. [17] used boron trifluoride etherate as an initiator

to obtain a copolymer of 1,3-dioxolane and trioxane which was a viscous melt at

room temperature and had a relatively low molecular weight. Since the acetyl

chloride / zinc chloride initiator system used in the synthesis of the 1,3-dioxolane

homopolymer appeared to give better results than borontrifluoride etherate it was

decided to use the mixed initiator as the basis of the synthetic method for the

production of the copolymers.

1,3,5-trioxane was dissolved in 1,3-dioxolane in the ratios detailed in Table 4-3.

Zinc chloride was placed in a glass tube followed by the trioxane/dioxolane

solution. Acetyl chloride was then added and the tube was stoppered and shaken

vigorously. The mixture was degassed, sealed under vacuum and held at ~4°C for

6 days. The resulting polymer was rinsed in a 5% aqueous sodium bicarbonate

solution to decompose any remaining catalyst, then dissolved in the minimum

volume of THF and precipitated by pouring into a large volume of hexane. The

product obtained was a white waxy solid.
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Table 4-3 Initial monomer concentrations for selected copolymerisations

Sample 1,3,5-Trioxane 1,3-Dioxolane

SBP001 5% 95%

SBP002 10% 90%

SBP003 15% 85%

SBP007 35% 65%

SBP010 50% 50%

4.6.3 Characterisation by GPC

GPC measurements were carried out by RAPRA Technology Ltd. using the

method detailed in Section 3.5.8. The results are expressed as "polystyrene

equivalent" molecular weights.

Table 4-4 Results of GPC analysis for selected POM/PDXL copolymers

Sample Mw Mn Polydispersity

SBP001 10,000 4,980 lo

SBP002 4,470 2,360 1.9

SBP003 10,000 3,120 3.2
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Log M

Figure 4-2 Molecular Weight Distributions for Selected Copolymers

From Figure 4-2 it can be seen that there are several distinct peaks in the

molecular weight distributions of the copolymers. The two monomers used are

likely to have different reactivities in the polymerisation reaction, leading one to

question whether a copolymer been formed, or merely a mixture of

homopolymers. The solubility of the polymerisation products is an indication that

it is unlikely there is any pure polyoxymethylene in the sample. *H NMR data

detailed below further supports this, and it is therefore a reasonable conclusion

that a copolymer of trioxane/dioxolane has indeed been formed.
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4.6.4 Characterisation by Thermal Analysis

Simultaneous TGA/DTA was carried out between 30 and 250°C for all samples at

a ramp rate of 10°C/min under an N2 atmosphere. TGA results indicated that all

of the polymer samples were thermally stable at temperatures below 250°C, with

an average weight loss of only 1% by the end of the experiment. Endothermic

peaks obtained by DTA are detailed below in Table 4-5 alongside the DSC data.

DSC measurements were carried out using the stages detailed in Section 4.5.2 and

the results are presented in Table 4-5.

Table 4-5 Results of Thermal Analysis on Selected Copolymer Samples

Sample Tf[DTA] (°C) T,[2]' (°C) Tc[3] (°C) Tf[4] (°C)

SBP001 50 45 0 34

SBP002 47 42 6 33

SBP003 48 43 3 35

SBP004 48 41 7 34

i - [2],[3] and [4] correspond to the stages in the DSC experiment described

previously.
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In the DSC measurements for all samples a single endothermic peak was observed

during stage 2, the first heating cycle, between 41 and 45°C. On the cooling

cycle, stage 3, a single sharp exothermic peak was observed as the polymer

resolidified. Subsequent heating in stage 4 again gave rise to a single endothermic

peak, but shifted to lower temperature - approximately 34°C. A possible

explanation is that the copolymer produced can form two phases on crystallising.

Phase I, with a melting point of around 43°C, being formed at relatively low

values of undercooling and Phase II, with a melting point of 34°C, being formed

at high values of undercooling, such as is experienced during the DSC

experiment. This explanation is consistent with the known crystallisation

behaviours of both the polyoxymethylene and polydioxolane homopolymers.

4.6.5 Characterisation by 'H NMR

'id NMR spectroscopy was carried out on a solution of the polymer in CDCI3 with

added tetramethylsilane as a reference, using the method detailed in section 3.5.4.

The spectrum of the polydioxolane homopolymer gives rise to two signals, at

8 = 3.7 ppm and 8 = 4.75 ppm corresponding to the protons a and b respectively:

O—CH2 O—CH2—CH2'
n

b a
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For trioxane a single peak at 5 = 5.2 ppm is observed, since all the protons are

equivalent:

HoC
CX

"CH;

o
c
H2

O

In the H NMR spectra obtained from the various copolymer samples three peaks

of interest were observed, at 8 = 3.72 ppm, 8 = 4.76 ppm and 8 = 4.82 ppm. All

three peaks appeared to be singlets and were assigned to the protons d, e, and /

respectively:

O CHo O CHp—CH;
n

-o—CH5

/

m

The relative proportion of methyleneoxide units in the various copolymer chains

was calculated from the integrals of the peaks corresponding to protons e andf A

comparison of these results with the initial monomer concentrations of trioxane

and 1,3-dioxolane are presented in Table 4-7.
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Table 4-7 Results of the relative compositions of selected POM/PDXL

copolymers obtained by 'H NMR

Initial Concentrations Calculated Compositions

Sample Trioxane % Dioxolane % OM % DXL %

SBP001 5 95 41 59

SBP002 10 90 31 69

SBP003 15 85 36 64

SBP007 35 65 24 76

SBP010 50 50 25 75

Examination of these results shows that there is not a straightforward correlation

of initial monomer concentrations with the relative amounts of each monomer in

the copolymer produced. Nevertheless, several copolymers were produced with

oxymethylene contents spaced evenly over a range sufficient to allow a

meaningful comparison of electrochemical results. Unfortunately further

investigation into the specifics of the polymerisation reaction was beyond the

scope of this work.
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CHAPTER 5

Conductivity Studies of Polymer Electrolytes Based on

PDXL

5.1 Introduction

Two methods were initially used for the measurement of the ionic conductivity of

the polymer electrolytes prepared during the course of this work. These methods

differed in the cell used for the measurement, the system used to control the

temperature of the cell, and the system used to measure the impedance of the

material under test. A brief description of the salient features of the two methods

is given below, followed by a comparison of their relative merits and drawbacks.

Method 1 - The method used in this laboratory for the past several years,

consisting of:

• A two-electrode ceramic cell housing two identical 10mm diameter stainless

steel electrodes, one side of the cell having a 0.33mm deep groove in it to act

as a compartment for the polymer electrolyte film when the cell is assembled.

• A gas tight, evacuable stainless steel can in which the measuring cell can be

placed and maintained under an Argon atmosphere. BNC electrical
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breakthroughs in the head of the can allow an electrical connection between

the cell and the instrumentation to be effected.

• A Buchi TO-51 furnace in which the can is placed, the set temperature being

changed by a manual dial control and the actual temperature of the cell being

monitored by a K-type thermocouple running through the inside of the can.

Thermal equilibration times of greater than 1 hour are necessary using this

method.

• AC measurements were performed using a Solartron 1255 frequency response

analyser (FRA) coupled to a Solartron 1286 potentiostat driven by an IBM

compatible PC under commercial software control. Operator intervention was

necessary after each equilibration period to initiate the impedance

measurement.

Method 2 : This method, developed while this investigation was in progress by

Dr. A. Christie of this laboratory, comprises:

• The gas-tight two electrode cell shown previously in Figure 3-2, designed to

allow rapid heat transfer to the electrode surfaces.

• An oil bath filled with silicone oil and fitted with a Haake DC5 heating unit

and a Haake EK30 cooling unit. Together these allow computer control of the

temperature between -20 and 120°C with an accuracy of -0.1 °C. Thermal
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equilibration times of less than twenty minutes for both heating and cooling

were achieved.

• AC measurements were performed using a Solartron 1255 FRA coupled to a

Solartron 1286 potentiostat driven by an IBM compatible PC running a

customised software program. This permitted impedance measurements to be

taken automatically once each preset temperature had been reached and a

preset equilibration time had passed.

Unless otherwise stated, all conductivity measurements presented in this thesis

were obtained using Method 2, which has the following advantages over

Method 1:

• More accurate temperature control is achievable

• Sub-ambient temperatures can be reached

• The experiment can proceed without user intervention

• Temperature regimes involving more than one heating or cooling cycle

can be easily and accurately programmed

Method 2 does, however, have a few disadvantages when compared to Method 1,

although these were not relevant to the work being carried out:

• Temperatures above 120°C are not easily achieved without changing

the heat transfer liquid in the oil bath

• The cell constant varies from experiment to experiment
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In the course of this work a number of experimental problems were identified that

bring into question the reproducibility of the results obtained. To understand

these better, further work was carried out to determine the influence of certain

parameters on the conductivity curves obtained.

5.1.1 Influence of Thermal History

Conductivity measurements were generally taken both on the heating and cooling

cycles of the cell. The two different methods of conducting the experiment led to

differing results.

Using Method 1 the cell was placed in the Buchi furnace and heated from room

temperature to a selected upper limit. Once this limit had been reached the cell

was then allowed to cool back down from the upper limit to room temperature.

Due to the long thermal equilibration times necessary, measurements were

generally taken approximately every 10°C.

Using Method 2 an initial temperature was chosen, generally between 0 and 30°C

and then the sample was heated to 100°C. Once this temperature had been reached

the sample was then cooled from 100°C back to the initial temperature. Because

of the shorter thermal equilibration times and automation available with this

method, measurements were generally taken every 5°C, or occasionally every

2°C. The lower temperature limit at which a meaningful impedance result could

be obtained differed between samples, believed to be governed by the degree of
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crystallinity of the sample. For highly crystalline samples with high impedance

values (R > 1 MQ) the impedance between the cell and the instmmentation

becomes significant, and the measurements are distorted.

With both methods it was found that, for semi-crystalline samples, the

conductivity results obtained during the heating and cooling phases of the

experiment were significantly different, sometimes by several orders of magnitude

(See Figure 5-1). This is a result of the slow rate of crystallisation of the samples,

allowing the measurement of the impedance of the amorphous phases of the

polymer electrolyte which do not have time to recrystallise during the time scale

of the experiment. This phenomenon gives another reason to use method 2 over

method 1, since the shorter equilibration times allow measurements to be taken

more rapidly. It should be noted that conductivity results reported in the literature

are generally obtained on the cooling cycle.
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5.1.2 Influence of the cell constant measurement

In electrochemical studies of solid polymer electrolytes the cell constant is

generally calculated by simply measuring the dimensions of the cell, and is equal

to l/A - the thickness of the film under study / the surface area of the electrode.

With the cell used in Method 1 a groove for holding the electrolyte is cut into the

face of one half of the cell. The thickness of the film can therefore be assumed to

be the same for each electrolyte, and the cell constant will not change from one set

of measurements to the next. The cell used in Method 2, however, allows

electrolyte films of varying thicknesses to be measured.

In the case of Method 2 the thickness of the film under study is calculated by

measuring the thickness of the entire cell at various points around its

circumference and then subtracting the thickness of the empty cell from these

values. In order to estimate the errors inherent in this method of calculating the

cell constant two polymer electrolyte films of the same composition were

prepared. Impedance measurements were then carried out on these films using the

same cell, at the same temperatures. The conductivity results are presented in

Figure 5-2. From Figure 5-2 the results obtained for the two electrolytes are

observed to be in good agreement. Similar results were obtained for other

duplicate measurements, and the reproducibility of the results was better than

±15%.
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Figure 5-2 Temperature dependence of conductivity for PDXL/Lilmide 12:1

5.2 Conductivity results for PDXL systems

The aim of this section is to present the results of the conductivity measurements

carried out on PDXL based electrolytes. Some information is given on the two

salts used in the preparation of the polymer electrolytes - lithium triflate

[LiCF3S03] and lithium imide [Li(CF3S02)2N]. The conductivity measurements

are analysed in relation to the DSC results, and compared with results in the

literature for similar systems.
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5.2.1 The Lithium Salts LiCF^SOs and Li(CFsSOjIiN

When working with polymer electrolytes the concentration of salt is most often

expressed as the ratio of 0:Li, denoted n. The concentrations most studied in this

work are close to n = 12, corresponding to a very concentrated solution, since the

peak conductivity values in the systems under study were found to be at or near

this concentration. To give a clear understanding of the significance of the values

of n used Table 5-1 below gives the values of n for the PDXL/LiTriflate system

with the corresponding fraction by weight.

Table 5-1 n and the corresponding weight-% for PDXL/LiTriflate

n 200 100 80 60 40 30 20 16 14 12 10 8 6 4

w% 2 4 5 6.6 9.5 12.3 17.4 20.8 23.1 26 29.7 34.5 41.3 51.3

molality 0.14 0.27 0.34 0.45 0.68 0.9 1.35 1.69 1.93 2.25 2.7 3.38 4.5 6.75

Lithium triflate is known to form crystalline complexes with high molecular

weight Poly(ethylene oxide) and the phase diagram of this system has been widely

studied [1,2,3]. These authors postulate a eutectic composition between 50:1 and

100:1 with a melting temperature of ~ 60°C. As a consequence the use of this salt

with PEO for the formation of polymer electrolytes is limited to temperatures

above this melting point. With PDXL an analogous crystallinity problem has

been observed by some authors [4] but not by others [5], Goulart et.al. attribute
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the difference to the molecular weight of the PDXL used, with higher molecular

weight polydioxolane being more prone to forming crystalline complexes.

Armand et.al. [6] discovered that the low lattice-energy salt Li(CF3S02)2N,

lithium imide, apparently acted as a plasticizing agent when added to PEO,

rendering the resulting complexes amorphous over a wide range of salt

concentrations. This imide anion has several interesting characteristics that make

it suitable for use in producing amorphous polymer electrolytes:

• Two electronegative centres contribute to the delocalization of charge, which

is favourable for complex formation.

• Interactions between alkali metals and nitrogen are weaker than with oxygen

• The X-N-X structure is mechanically flexible, giving rise to a plasticizing

effect.

Goulart et.al.[4] carried out preliminary investigations of PDXL/Lilmide polymer

electrolytes using semi-crystalline PDXL with molecular weights around 30,000.

These authors found that an amorphous polymer electrolyte at room temperature

was obtained for some salt concentrations, centered around n - 12, giving

conductivities comparable to those obtained for PEO (g25°c = 3 x 10"6 Scm"1).

5.2.2 Conductivity Results for PDXULiTriflate

Conductivity as a function of temperature for compositions n = 20, 14, 12 and 10

in the PDXL/LiTriflate system was measured (Figure 5-3). A plot of conductivity
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as a function of salt concentration was also prepared (Figure 5-4). Low

conductivities were obtained for the samples under study, reaching a maximum

for the composition n = 12 of 2 x 10~8 Scmf1 at 40°C.
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Figure 5-3 Temperature dependence of conductivity for PDXL/LiTriflate

99



Figure 5-4 Conductivity isotherm as a function of salt concentration for

PDXL/LiTriflate at 50°C

Table 5-2 DSC analysis results for PDXL/LiTriflate

n Tf[2]' (°C) Tf[4] (°C)

20 57 37,53

16 48, 55, 105 42, 53

12 56 51

8 47,53 43, 55

4 51, 110 44

i : [2] and [4] correspond to the stages in the DSC experiment previously

described.
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As noted previously, during stage 2 of the DSC experiment pure polydioxolane

presents two distinct endothermic peaks corresponding to two distinct crystalline

phases. For the PDXL/LiTriflate system two peaks of different intensities are also

observed, appearing between 35 and 55°C, approximately the same region as the

fusion peaks for PDXL. During this first heating cycle a wide peak at a higher

temperature can also be observed. This is characteristic of the melting of a

discrete compound, therefore suggesting the presence of at least two different

complexes in the system under study. In stage 4 there is a peak at about 53°C,

close to one of the characteristic peaks of the pure PDXL. For n = 4 this peak is

negligible, and grows at the expense of the peak around 41°C as n increases from

4 to 12. At n = 16 the lower temperature peak reappears strongly.

The results of the DSC experiments suggest the presence of one or more

crystalline phases in the polymer electrolytes formed and this is almost certainly

responsible, at least in part, for the low values of ionic conductivity obtained.

However the presence of crystalline phases alone cannot explain fully the

conductivity values obtained. It is possible that the salt is not fully dissolved in

the polydioxolane host polymer, since lithium triflate has a reasonably high lattice

energy, of the same order as that for lithium perchlorate, but further experiments

would need to be carried out to determine if this was indeed the case.

During the course of this work it also became apparent that the molecular weight

of the polydioxolane used had a significant impact on the conductivity values

obtained. The polydioxolane sample used to obtain the results presented in this
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thesis was of relatively low molecular weight, allowing a fairer comparison with

the copolymers under study that had molecular weights of the same order of

magnitude. Silva et.al. [7] reported conductivity values as high as 7 x 10"5 Scm"1

for PDXL/LiTriflate electrolytes at 27°C using material of significantly higher

molecular weight. These same authors also presented Raman and X-ray evidence

in support of a crystalline polymer/salt complex, confirming the conclusion drawn

from the DSC results presented here that a new crystalline phase is present in the

polymer electrolyte samples.

5.2.3 Conductivity Results for PDXULilmide

The results obtained for this system are presented in two parts, corresponding to a

distinct change in behaviour noted in the results. Conductivity results for

concentrated samples, i.e. with n between 20 and 6, are presented in Figure 5-5.
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Figure 5-5 Temperature dependence of conductivity for concentrated

PDXL/Lilmide samples.

It was found during the course of these experiments that the conductivity curves

obtained on heating and cooling were identical within experimental limits for the

samples with the highest salt concentrations, e.g. n = 6 or 10. The

superimposability of the conductivity curves irrespective of thermal history is an

indication of the greater degree of amorphous character shown by these

electrolytes. Samples with salt concentrations between n = 12 and 20 showed the

characteristic behaviour of semi-crystalline systems upon heating, as detailed

previously in Figure 5-1. However, recrystallisation in this system is slow

compared to the timescale of the experiment, allowing the measurement of the

conductivity of the amorphous phase during the cooling cycle of the experiment.
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DSC measurements on samples having composition n = 4 to 10 demonstrate that

these samples have very little crystalline character, a general characteristic of

polymer electrolytes prepared with lithium imide salt, and is a result of the

plasticizing effect that this salt has on semi-crystalline polymers such as

polydioxolane. The results of the DSC analysis are presented in Table 5-3,

although fusion endotherms were not present for all samples.

Table 5-3 DSC analysis results for concentrated PDXL/Lilmide systems

n Tgra'co Tf[2] (°C) Tg[4] (°C) Tf[4] (°C)

20 -27 59 -26 45

16 -23 58 -34 39

14 -23 54 -28 -

12 -25 55 -22 -

10 -18 - -17 -

6 -12 49 -5 -

i : [2] and [4] correspond to the stages in the DSC experiment previously

described.

A plot of Tg measured in step 4 as a function of composition (Figure 5-6)

indicates a straightforward correlation between Tg and n in the range n = 6 to 16.

The slope of this line given by linear regression analysis is -2.88 K/unit n.
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Figure 5-6 Tg as a function of salt concentration for PDXL/Lilmide

When a salt dissolves in a polymer the cation becomes solvated by the oxygen

atoms of the macromolecular chains, reducing the degrees of freedom of the

polymer and increasing rigidity. This phenomenon is known as 'transient cross-

linking'. Armand et.al. [6] obtained a value of -3.6 K/unit n in a study of the

PEO/Lilmide system, the difference between the values for the PDXL and PEO

systems seeming to show that polydioxolane is less affected by the dissolution of

the salt. These results could be interpreted as showing that lithium is less strongly

solvated by PDXL than PEO.

Conductivity results for more dilute samples, i.e. with n between 200 and 30, are

presented in Figure 5-7. All measurements presented were taken during the

cooling cycle of the experiment, and results are not reported for temperatures
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below 30°C. Below this temperature inconsistencies in the impedance plots

obtained, such as a significant distortion of the regular semi-circle, hindered

accurate determination of the conductivity values.
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Figure 5-7 Temperature dependence of conductivity for dilute PDXL/Lilmide

samples.
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Figure 5-8 Conductivity isotherms as a function of salt concentration for the

PDXL/Lilmide system

DSC analysis on the dilute PDXL/Lilmide system gave results that were

characteristic of the pure polymer (Table 5-4), with two endothermic peaks during

stage 2, between 39 and 58°C. A single exotherm is observed during the cooling

step and a single subsequent melting peak between 45 and 55°C during stage 4.

Table 5-4 DSC analysis results for dilute PDXL/Lilmide systems

n Tf[2]' (°C) T,[4] (°C)

200 43,58 53

100 42 52

50 42,56 47

40 40, 56 44

30 39,55 46
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5.3 Conductivity Results for Copolymer Systems

In order to prepare polymer electrolytes that were predominantly amorphous a

range of polydioxolane/polyoxymethylene copolymers were synthesised, as

detailed in Section 4.6.2. Although these copolymers did not appear to be

amorphous when the DSC results were analysed (Section 4.6.4) the endothermic

peaks assigned to two 'crystalline' phases were noted to be significantly broader

than the equivalent peaks in the pure PDXL samples, and of lower intensity.

Therefore it was decided to continue with the conductivity studies for a range of

these copolymers. Measurements were taken at temperatures of 75°C or below.

Above this temperature and at higher salt concentrations the quality of the data

obtained dropped considerably and the conductivities measured also decreased.

This decrease in conductivity was believed to be due to breakdown of the

copolymer caused by residual acid in the salts, and was more evident for

copolymers with a greater total percentage of oxymethylene. TGA analysis was

carried out on a sample of SBP001 :LiImide with n = 6 and degradation was

observed to begin at 70°C. This copolymer has an oxymethylene content of 41%

as determined by 'H NMR.
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Figure 5-18 Conductivity isotherms as a function of lithium imide salt

concentration at 50°C for SBP007 (24% oxymethylene), SBP002

(31% oxymethylene), SBP003 (36% oxymethylene), SBP001 (41%

oxymethylene) and PDXL

It was observed that the copolymer/LiTriflate systems all show a maximum in the

conductivity isotherms when n = 10. DSC analysis carried out on samples of

copolymer : lithium triflate in the range 6 < n < 20 indicated that the complexes

were almost completely amorphous, with the endothermic peaks shown in the

pure copolymer samples not present in the salt:polymer mixtures. The

conductivities achieved in the copolymer/LiTriflate systems are significantly

higher than those presented for PDXL/LiTriflate in this thesis. However, the

conductivity falls below that achieved by Silva et.al. [7] with higher molecular

weight polydioxolane as reported previously.
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A plot of conductivity at 50°C for copolymer/LiTriflate samples with n = 10

against the fraction of oxymethylene in the copolymer is given in Figure 5-19. A

peak in conductivity at a copolymer composition of 36% oxymethylene as

measured by 'H NMR can be observed.
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Figure 5-19 Conductivity as a function of copolymer composition using
LiTriflate salt, n = 10, T = 50°C

For the copolymer/Lilmide system a maximum in the conductivity isotherm is

observed for n = 14, analogous to the polydioxolane homopolymer with this salt.

DSC analysis again indicated that the samples were almost completely

amorphous, with no significant melting peaks observed. It has so far not been
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possible to measure Tg's for these samples, although small aberrations in the DSC

traces are certainly observed.

The conductivities obtained for the copolymer:LiImide system are of the same

order of magnitude as those obtained for the polydioxolane homopolymer (Figure

5-18). A plot of conductivity at 50°C for copolymenLilmide samples with n = 14

(Figure 5-20) demonstrates that within the salt concentration range studied the

conductivity increases almost linearly as a function of oxymethylene content in

the copolymer.

-7.4 -

-7.6-

-7.8 -

-8.0 -

-8.2-

-8.4-

-8.6-

-I i | i | i | i | i 1 1 | 1 1 1 1 1 1 1 1-

22 24 26 28 30 32 34 36 38 40 42

Copolymer Composition (%oxymethylene)

Figure 5-20 Conductivity as a function of copolymer composition using

Lilmide salt, n - 14, T = 50°C
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5.4 Comparison With PEO-based Electrolytes

In order to evaluate the potential of the polymer electrolyte materials prepared

during the course of this work it is necessary to compare them to the most studied

of polymer electrolytes - those based on PEO. For PEO complexes with lithium

imide Armand et.al. [6] found that the values of conductivity were almost

independent of salt concentration, although the sample with n = 8 appeared to give

slightly higher conductivity values.
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Figure 5-21 A comparison of conductivity as a function of temperature for

several polymers with lithium imide salt

■ PEO/Lilmide 8:1

• PDXL/Lilmide 14:1
^ SBP001/Lilmide 14:1
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The conductivities for polydioxolane and the copolymer SBP001 are an order of

magnitude greater than those obtained for the best conducting PEO:LiImide

complex. This enhanced conductivity is an indication of the greater amorphous

character of the polymers produced during the course of this work. The

copolymers produced are particularly interesting with regard to their increased

conductivity, even over polydioxolane. However, all of the copolymers and their

complexes have poor dimensional stability, and as a consequence the casting of

free-standing thin films from acetonitrile is difficult. Cryogrinding was also

found to be unsuitable for preparation of copolymer/salt complexes because the

waxy nature of the copolymer resulted in the agglomeration of particles in the

grinding vessel, even at liquid nitrogen temperatures. Therefore the results

presented in this thesis were obtained by casting a solution of the polymer and salt

directly onto one electrode.

5.5 Apparent Activation Energies of Conduction

The conductivity data obtained for the various polymer electrolyte systems under

study were fitted to the Arrhenius equation,

(J = A exp (-EJRT) (5-1)

where A is a pre-exponential factor, Ea is activation energy, R is the universal gas

constant and T is the temperature of measurement. Linear regression analysis

using the method of least squares was carried out on the linear portions of the

temperature dependence of conductivity plots and the values for A and Ea
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obtained are reported in Tables 5-5 to 5-14. Correlation coefficients of 0.996 or

better were obtained for the linear fits.

5.5.7 Results for PDXL-based polymer electrolytes

Table 5-5 Parameters to equation 5-1 for PDXL/Lithium triflate

n A (Scm"1) Ea (kj mol"1)

10 32 144

12 28 119

14 29 122

20 35 152

Table 5-6 Parameters to equation 5-1 for PDXL/Lithium imide

n A (Scm"1) Ea (kj mol"1)

6 29 112

10 15 70

14 25 88

20 23 85

30 11 54

40 10 52

50 14 64

100 8 53

200 4 46
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It can be seen that the apparent activation energies for the complexes with lithium

triflate salt are significantly higher at equivalent salt concentrations than those for

complexes with lithium imide. There is a general trend for the activation energy

to decrease with increasing n (decreasing salt concentration). This is possibly due

to the fact that increasing salt concentration will increase the number of transient

cross-links in the polymer:salt system, restricting free motion of the polymer. The

large difference in the apparent activation energies between the salts might be due

to the increased degree of crystallinity in the PDXL/lithium triflate complexes, as

shown earlier in the DSC analysis. The activation energies for the lithium triflate

complexes are significantly higher than those seen for PEO/lithium triflate

polymer electrolytes, where typical activation energies of 40 to 50 kJ mol"1 are

observed.

5.5.2 Results for Copolymer Based Polymer Electrolytes

Table 5-7 Parameters to equation 5-1 for SBP007/Lithium triflate

n A (Scm"1) Ea (kJ mol1)

6 8 56

10 8 56

20 10 64

50 9 64
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Table 5-8 Parameters to equation 5-1 for SBP003/Lithium triflate

n A (Scm'1) Ea (kj mol"1)

~6 12 65

10 16 75

20 13 68

50 11 66

Table 5-9 Parameters to equation 5-1 for SBP002/Lithium triflate

n A (Scm'1) Ea (kj mol'1)

6 9 58

10 9 58

20 7 55

50 12 71

Table 5-10 Parameters to equation 5-1 for SBP001/Lithium triflate

n A (Scm"1) Ea (kj mol"1)

~6 10 61

10 11 63

20 6 52

50 8 58
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Table 5-11 Parameters to equation 5-1 for SBP007/Lithium Imide

n A (Scm"1) Ea (kj mol"1)

6 22 95

10 30 111

14 22 83

20 30 108

Table 5-12 Parameters to equation 5-1 for SBP003/Lithium Imide

n A (Scm"1) Ea (kj mol"1)

6 27 105

10 23 87

14 24 86

20 24 88

Table 5-13 Parameters to equation 5-1 for SBP002/Lithium Imide

n A (Scm"1) Ea (kj mol"1)

6 21 90

10 29 109

14 24 87

20 25 96
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Table 5-14 Parameters to equation 5-1 for SBP001/Lithium Imide

n A (Scm'1) Ea (kJ mol"1)

6 22 90

10 23 88

14 25 87

20 22 82

In contrast to the results found with PDXL it is observed that the lithium imide

complexes have higher apparent activation energies than the lithium triflate

complexes when the polymer electrolytes are based on the copolymers

synthesised in the course of this work. The activation energy appears to be salt

dependent rather than matrix dependent within the range of copolymers studied.

There also appears to be no simple correlation between salt concentration and

activation energy, activation energies for complexes with lithium triflate being

between 55 and 75 kJ mol"1 and those with lithium imide being between 86 and

111 kJmol"1.

It should be noted that fitting to the Arrhenius equation implies a mechanism for

conduction involving a single, thermally activated process. Although most of the

data showed Arrhenius behaviour over the full temperature range measured it can

be seen that for copolymer complexes with lithium imide salt, and for copolymer

sample SBP003 in particular, the plots of ln(a) against 1000/T show distinct

curvature in the higher temperature regions. This would tend to imply that there

is more than one process for conduction and perhaps the VTF equation, or the
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sum of two exponentials, would better fit these data. Armand [6] found a similar

curvature in the initial report of the PEO/lithium imide system, and claimed that it

indicated an amorphous phase regime in the whole temperature range.

Nevertheless, the results obtained by fitting to the Arrhenius equation over the

linear portion of these plots is reported for the purposes of comparison with the

other systems under study.
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CHAPTER 6

General Conclusions

6.1 Concluding Remarks

A succesful synthesis has been developed for the preparation of novel polymer

solvents, by the homo- and co- polymerisation of dioxolane and trioxane.

Whereas the polydioxolane homopolymer and the copolymers were able to

dissolve lithium salts and therefore act as polymer electrolytes it was not possible

to form polymer electrolytes from the poly(oxymethylene) homopolymer due to

its insolubility in any common solvent. Although the mechanism of cationic ring-

opening polymerisation was not the primary area of study in this work some

aspects of the copolymerisation reaction have been commented on.

The copolymerisation of dioxolane with trioxane indeed led to a noticeable

decrease in the crystallinity of the polymers obtained when compared to

polydioxolane. However, because the copolymers produced were of low

molecular weight, Mn of the order of 3000 as measured by GPC, the mechanical

properties of these materials were less than desirable. Even for high salt

concentrations, where it might be expected that cross-linking effects might lead to

increased rigidity, the copolymer samples were still for the most part waxy

materials. These physical characteristics caused problems in the production of
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polymer electrolyte films, and a method of casting the electrolyte directly onto

one electrode of the cell used for the impedance measurement was developed.

The conductivities of polymer electrolytes prepared from the polydioxolane

homopolymer were similar to those obtained for analagous PEO-based

electrolytes at temperatures above 60°C when the salt used was lithium imide. At

ambient temperatures the conductivities for polydioxolane-based electrolytes were

generally better than those for PEO. The physical properties of the PDXL based

polymer electrolytes were less desirable than those of PEO-based electrolytes,

being friable and prone to cracking.

Conductivities of polymer electrolytes prepared from the copolymer materials

synthesised in the course of this work exhibited good conductivities, of an order

of magnitude higher than for equivalent PEO systems. This is believed to be a

consequence of the reduced degree of crystallinity in the copolymers, introduced

by the oxymethylene units in the polymer backbone. For polymer electrolytes

prepared with the lithium imide salt conductivity increases in proportion to the

oxymethylene content of the host copolymer over the range of copolymers

studied. It is reasonable to assume that those copolymers with a higher

oxymethylene content experience more disruption to the formation of the regular

PDXL structure and therefore show more amorphous character. Conductivities in

the order of 4 x 10"5 Scm"1 at 25°C and 3 x 10~3 Scm"1 at 75°C were obtained for

the most conductive copolymer:salt complex.
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Apparent activation energies of conduction were calculated for both lithium salts

with all polymer hosts, and were found to be higher than those typically obtained

for PEO based systems. A clear dependence of activation energy with salt used

was found when considering complexes with the same polymer host. A

dependence of activation energy on polymer host was also found, when

considering polydioxolane against the copolymers. The activation energies and

conductivities for those complexes with the copolymer hosts is believed to be

dominated by the physical characteristics of the polymer electrolytes formed

rather than the chemical characteristics of the host polymer.

6.2 Further Work

A wider range of salts should be studied with these copolymers, including LiCKAt,

salts with larger cations, such as sodium triflate, and divalent cations. The salts

chosen for the work presented in this thesis were known to form highly

conductive electrolytes with several polymers. It would be interesting to observe

the conductivity behaviour with different cations, especially as a function of

oxymethylene content.

An attempt should also be made to widen the range of these copolymers which

have been synthesised, to higher oxymethylene contents. 41% as measured by 'H

NMR was the highest oxymethylene content achieved with the synthesis method

presented here. It would also be beneficial if copolymers of higher molecular

weight could be produced, perhaps using an oxycarbonium salt as a catalyst for

the copolymerisation reaction since this family of catalysts is known to produce
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high molecular weight polydioxolane homopolymers. It would also be interesting

to carry out the polymerisation reactions in the presence of the salt to be studied,

although ensuring that the salt is evenly distributed throughout the reaction vessel

would not be easy.

Further studies should also be carried out on the copolymer systems detailed in

this thesis with a view to obtaining more information on the fundamental

properties of these new polymer electrolytes, such as phase diagrams, transport

number determination and electrochemical stability.
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APPENDIX 1

Poly(oxymethylene):Salt Complexes

As stated previously, the early work which concluded that poly(oxymethylene) was

not suitable for use as a polymer electrolyte was carried out using sodium salts. Since

poly(oxymethylene) (POM) was found to be insoluble in any common solvent, it was

not possible to form polymer electrolyte films by the normal solvent casting method.

This appendix therefore presents an investigation into the complex-forming abilities

of this polymer independently of the main body of this thesis.

Al.l Experimental

Al.1.1 Lithium Perchlorate

Lithium perchlorate (LiC104, Aldrich 99%+) was dried by heating at 160°C for 48

hours under dynamic vacuum. After cooling the dry sample was transferred to an

argon filled glove box for storage.

A 1.1.2 Lith ium Trifluoromethanesulfonate (lithium triflcite)

Preparation of this salt was as detailed in Section 3.1.1
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A 1.1.3 Preparation ofPOM. LiX complexes

A mixture of appropriate amounts of POM and either LiC104 or LiCF3S03 were

placed in a stainless-steel tube for cryogrinding, such that an 0:Li ratio of 5:1 was

obtained.

A1.2 Results

Al.2.1 (P0M)5LiCl04

DSC analysis was carried out on the intimate mixture of P0M:LiC104 using the same

method as detailed previously, with the exception that the heating steps were extended

to 170°C. A sample of LiC104 was also analysed under the same conditions and the

results are presented in Table A1-1.

Table Al-1 DSC results for (P0M)5LiC104

Sample Tf[2]' (°C) Tc[3] (°C) Tf[4] (°C)

LiC104 131, 148 124, 138 129, 146

(P0M)5LiC104 106, 140 124, 150 130, 146

i - [2],[3] and [4] correspond to the stages in the DSC experiment

These thermal analysis results suggest that some form of complex is formed with a

melting point of 106°C during stage 2. The other peaks observed for the

135



P0M:LiC104 sample in stage 4 can be attributed to residual lithium perchlorate, by

virtue of their position and significantly lower intensities.

A sample of the cryoground powder was sealed into a 0.5mm glass capillary and

annealed at 70°C for 25 hours before an X-ray diffraction pattern was taken

(Fig Al-1). When compared to an unheated sample it can be seen that the pattern

obtained is significantly different. Peaks due to the lithium perchlorate salt have

decreased in intensity and several new peaks appear to have been generated. These

peaks did not appear when LiC104 salt itself was analysed in the same way, and

together with the DSC analysis could be interpreted as showing that a new crystalline

phase involving POM and LiC104 is formed on heating an intimate mixture of

(P0M)5LiC104

A 1.2.2 (P0M)5LiCF3S03

DSC analysis was carried out on the intimate mixture of POM:LiCF3S03 using the

same method as detailed previously, with the exception that the heating steps were

extended to 190°C (Table A1-2)

Table A1 -2 DSC results for (P0M)5LiCF3S03

Sample Tf[2]' (°C) Tc[3] (°C) Tf[4] (°C)

(P0M)5LiCF3S03 169 45 173

i - [2],[3] and [4] correspond to the stages in the DSC experiment
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Samples of the cryoground powder were sealed into 0.5mm glass capillaries and

subjected to different heating regimes before X-ray diffraction patterns were taken

(Fig A1-2). Sample 1 was left unheated, sample 2 was annealed at 120°C for 23

hours and sample 3 was annealed at 185°C for 20 minutes. Sample 2 showed little

difference over sample one, except for the sharpening of several peaks. Sample 3

showed the reduction in intensity of several peaks due to the polymer, and the

appearance of peaks that were not observed in the unheated sample. A sample of

lithium triflate salt was analysed under the same conditions as sample 3 and although

minor differences between heated and unheated salts could be seen in the X-ray

diffraction pattern these did not account for the extra peaks given by sample 3. The

presence of these peaks could indicate that a new crystalline complex involving POM

and UCF3SO3 has been formed.

A1.3 Conclusions

Thermal and X-ray diffraction analysis of poly(oxymethylene):lithium salt mixtures

indicate that there is a new crystalline phase formed when mixtures with an 0:Li ratio

of 5:1 are heated. These phases appear to be formed after heating at or near the

melting point of the polymer for a short time, or by heating the mixture at

intermediate temperatures for a longer time. These results are interesting from a

theoretical point of view although poly(oxymethylene) is unlikely to become a

candidate for use as a polymer electrolyte due to its poor solubility and high

crystallinity. IR or solid-state NMR would be useful for ascertaining if the lithium

ions are actually co-ordinated to the ether oxygens or not.
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Figure A1 -1 X-ray Powder Diffraction Patterns for (POM)5LiC104 : top

sample, bottom - sample annealed at 70°C for 25 hours.
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Figure Al-1 X-ray Powder Diffraction Patterns for (P0M)5LiCF3S03 : top -

unheated sample, middle - sample annaled at 120°C for 23 hours,
bottom - sample annealed at 185°C for 20 minutes.
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