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ABSTRACT

The AsF6
- anion, in the crystalline polymer electrolyte PEO6:LiAsF6, was replaced 

with the larger N(SO2CF3)2
- anion. This produced an increase in the room temperature ionic 

conductivity of 1.5 orders of magnitude. It is believed that the enhancement is the result of 

the disruption of the electrostatic field around the lithium ions. The presence of the large 

and asymmetrical N(SO2CF3)2
-  ion creates a greater number of defects and thus enhances 

conductivity. These results demonstrate for the first time the enhancement lithium ion 

conductivity in a crystalline polymer electrolyte by isovalent doping.

XF6
- anions, in the crystalline polymer electrolyte system PEO6:LiXF6, were replaced 

by another anion of similar size and shape. A continuous solid solution was obtained for 

PEO6:(LiAsF6)1-x(LiSbF6)x. These results represent the first continuous solid solution 

demonstrated in the field of crystalline polymer electrolytes. They also show for the first 

time an enhancement of conductivity caused only by the size of the dopant anion.  The 

enhancement is believed to originate from changes in the length of the crystal axis and 

changes in the potential landscape around the lithium ions.

The structures of the glyme complexes monoglyme:LiAsF6, hexaglyme:LiAsF6,

octaglyme:LiAsF6, undecaglyme:LiAsF6 and dodecaglyme:LiAsF6 have been solved. There 

structures are discussed and compared to that of PEO6:LiAsF6. The properties of these 

complexes together with those of diglyme:LiAsF6, triglyme:LiAsF6 and tetraglyme:LiAsF6

were investigated. Triglyme:LiAsF6  has been shown to demonstrate high ionic conductivity 



of  10-5.5 Scm-1 at 30oC as well as a high transport number of 0.8. These complexes 

demonstrate the control that crystal structure has over ionic conductivity. These complexes 

are neither ceramic nor polymeric. A number of the complexes show plastic crystal like 

solid-solid phase transitions. 

  .
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1. INTRODUCTION

1.1 ENERGY AND MATERIALS

Some of the greatest scientific and technological challenges presently facing 

mankind concern our energy supply: how we get it and how we use it. The strategies 

adopted now will have substantial global implications for generations to come. Most of 

our energy is currently derived from fossil fuels. The resulting emission of carbon 

dioxide into the atmosphere is causing the world’s temperature to rise. The consequences 

are potentially grave; with rapid climate change and environmental destruction predicted

1. To prevent such climate change it is necessary to reduce the quantities of carbon 

dioxide in our atmosphere. This is at present the major issue; however it is not the only

disadvantage of fossil fuels. They are a finite resource and are being consumed ever more 

quickly. Obtaining our energy from increasingly scarce and remote reserves will increase 

the price of fossil fuels, particularly oil. The economics of this situation will in turn drive 

the development of alternative energy sources.

Knowledge of chemistry will be key in the development of alternative energy 

technologies. Chemistry is important in the reprocessing of nuclear fuels as well as in 

issues of nuclear waste storage. Materials are key to renewable energy with strong, 

durable and light weight components required for many technologies. New electronic 

materials will also have to be developed for applications such as solar power. The 

hydrogen economy will require sophisticated hydrogen storage materials in order to store 

large quantities of the gas in a small space safely. New fuel cell materials will also be

needed. If there is to be a change in how we obtain and use our energy it is clear that 

chemistry and specifically materials chemistry must be at the forefront of that change 2. 

An important facet of all this is the storage of electricity and this most often means 
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batteries. Li-ion cells have often been described as the green battery. This is because they

use non-toxic materials (they contain no Pb or Cd). The rechargeable lithium ion battery 

can also store up to three times the energy density per unit mass and volume in 

comparison with other rechargeable batteries. Rechargeable lithium ion batteries have 

become a $6 billion industry that dominates portable electronic devices 3,4. The work 

presented here concerns the understanding of crystalline polymer electrolytes for 

potential application in advanced lithium ion batteries.

1.2 HISTORICAL VIEW OF LITHIUM ION TECHNOLOGY

The first rechargeable lithium batteries were developed by Exxon corp. and 

utilised lithium metal and TiS2 as electrodes. These cells were dangerous because of the 

reactive nature of the lithium metal. Lithium dendrites formed as the metal was plated on

to the electrode surface. The dendrites could penetrate the porous separator and cause

short circuits and even fires. This problem was overcome by the development of 

insertion electrodes. First suggested by B.Scrosati 6, these new materials would eliminate

the need for phase nucleation at electrodes and hence lead to facile electrode processes.

The first commercial cells using this technology were produced by Sony and utilised a 

LiCoO2 anode material and a carbon based cathode 5. However, rechargeable lithium 

batteries continued to use liquid electrolytes and these have a couple of significant 

disadvantages. The solvents used in such systems are toxic, flammable and volatile; and 

as such present health, safety and environmental risks. When used with intercalation 

electrodes the solvent can penetrate the electrode and cause additional expansion, indeed 

in the case of lamellar electrodes it can cause exfoliation 6. This in turn leads to poor cell 

performance.
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Advanced electrolytes in high energy density batteries will have to address these 

problems. It is apparent that using a solid electrolyte to form an all solid state cell would 

eliminate these problems.  Solid electrolytes are involatile and less flammable. Solid 

electrolytes would also have a simplifying effect on cell construction; removing the need 

for a porous separator.  It is possible to imagine that more stable all solid state cells 

would offer much improved performance as the interface between materials would be 

less reactive. The battery could potentially be almost any shape allowing it to be 

integrated into the device in any free space. From the perspective of device 

miniaturisation an all solid state battery would be a huge advantage.

A polymer electrolyte would be ideally suited to the role of solid electrolyte for a 

rechargeable lithium ion battery. Composed simply of a lithium salt dissolved in a 

polymer matrix; a current can pass via the transport of the dissolved ions. Polymer 

electrolytes also offer advantages over inorganic solids in this role. They are more easily 

processed and can form thin films allowing greater power densities. Their malleability 

also allows them to cope with stresses placed on them by insertion electrodes. Insertion 

electrodes expand and contract upon insertion and de-insertion of lithium cations. The

size of a LiAl electrode varies by 50% 6. An inorganic electrolyte would be too brittle; 

crumbling when placed under stress resulting in poor cell performance.

First discussed by P.V.Wright in 1973 , the first use of poly(ethylene oxide) as a 

basis for a solid polymer electrolyte came in 1978 6. These were the first solvent free 

polymer electrolytes to have been reported. Since then the largest part of research into 

ionically conducting polymers has been devoted to ethylene oxide based systems. The 

idea is a simple one; a salt is dissolved into the polymer matrix with the ether oxygen 

providing the donor electron density.  The thinking at the time was that the lithium ions 



4

were only mobile in the amorphous phase of the polymer. The ions were believed to 

move when assisted by the polymer’s segmental motion. Thus the crystalline phase was 

thought to be an insulator and the drive was to produce novel amorphous electrolytes. 

However it has been recently demonstrated that significant conduction occurs in the 

crystalline phase 7. This has led to a change in our understanding of how high ionic 

conductivity in polymers may be achieved.

1.3 POLY(ETHYLENE OXIDE) – PEO

A number of host polymers have been used to prepare polymer electrolytes. 

Generally there are two requirements for the host polymer. Firstly they must contain a 

functional group capable of donating electron density to the cation. So polyethers,

polyimides and polythiols are all good candidates. The second requirement is that 

electron donating atoms can pack around the cation. In a liquid solvent this is related to 

how many molecules will fit. However, for a polymer the chelate effect means that the 

cation is most likely to be co-ordinated by donors from the same molecule. Thus it is 

favourable if this can occur without introducing strain into the polymer molecule. Of the 

polyether solvents this is most easily achieved with poly(ethylene oxide); -(CH2CH2O)n-. 

PEO is prepared via a ring opening reaction of ethylene oxide. The 

polymerisation is initiated by a strong basic anion. There is no intrinsic termination step 

so the reaction is usually halted by impurities or by adding a source of active hydrogen. If 

the reaction is not stopped the chain will continue to grow until the monomer is 

exhausted. Low molecular weight (~20 000 Daltons) materials can be prepared with a 

narrow polydispersivity of 1.05-1.20; however larger molecular weight (5106 Daltons) 

materials typically have a larger polydispersivity (~2). The polymer chain adopts a helical 
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conformation with seven monomer units and a thread of 1.93nm per unit quadratic cell 

9(Fig 1.1). This linear structure allows for a high degree of crystallinity ~70-85%. 

Fig. 1.1 The helical structure of PEO 6, 9.

The crystal structure is greatly dependent on the crystallisation temperature and 

time, especially for low molecular weight materials. The melting point of the crystalline 

phase has been reported at 65oC and the glass transition of the amorphous phase at 

~ -60oC.  The entanglement limit for PEO is around 3200 Daltons 10. Dipole-Dipole 

interactions are thought to be responsible for the difference in glass transition between 

PEO and poly(ethylene) (Tg = -90oC) though the dielectric constant is still relatively low 

(~5) 6. Neat PEO is very slightly conducting; it seems that ions present from the 

synthesis can migrate in the amorphous phase carrying charge through the material.

1.4 FORMATION OF POLYMER ELECTROLYTES

The dissolution of a salt into a polymer host is governed by the same 

thermodynamic equation as all processes (Eqn. 1).  For any event to take place the 

change in Gibbs free energy must be negative. The factors influencing the enthalpy term 

are related to the energy required to break up starting materials and the energy gained on 

creation of the complex. The enthalpy term comes from the lattice energies of the 

pristine polymer and salt plus the solvation and lattice energies of the complex. The 

smaller or more negative this term the more likely is the formation of a solution. There 
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has been research that indicated the upper lattice enthalpy for dissolution of the salt is 

~850 kJ mol-1 11.

STHG  (1)

1.4.1 The Hard Soft Acid Base Concept

The solvation enthalpy of the salt is determined by the cation-polymer 

interaction. This can be understood in terms of the acid-base interaction between the 

solvent and the solute. This is known as the hard/soft acid/base principle (HSAB). A 

hard acid is a small cation with no easily removed or polarised valence electrons e.g.

alkaline earth metal ions Mg2+. A soft acid is a large cation with easily distorted or 

removed valence electrons e.g. partially filled d orbitals Hg2+. Bases can also be hard or 

soft; a hard base is a non-polarisable ligand with electrostatic forces primarily responsible 

for bonding e.g. oxygen in ether. A soft base contains polarisable groups and orbital 

overlap is primarily responsible for bonding. e.g. sulphur in thioether. A strong 

interaction, and hence large solvation enthalpy, is produced when a hard-hard or soft-

soft interaction occurs 12. For hard cations the best donors are;

-O- > -NH- >> -S-

For a soft cation the order is not simply reversed because the interactions are no 

longer simply dominated by electrostatics 13.

-NH- > -S- > -O-



7

PEO is capable of solvating most cations including alkaline, alkaline earth and 

transition metals. In this respect it is very similar to water. However, unlike water, PEO

cannot solvate anions.

1.4.2 Anion Solubility

Anions in aqueous solution are stabilised by hydrogen bonds but they can still 

enter solutions in its absence. In less polar solvents, such as polyethers and acetonitrile, 

the stability of the anion in solution is dependent on the charge dispersion on the anion. 

Large delocalised anions require little solvation. The most effective anions for the 

formation of a polymer electrolyte with PEO would be expected to follow the order 

below.

AsF6
- ~ BF4

- > CF3SO3
- ~ ClO4

- > SCN-~ I- > Cl- >> F-

This series also represents the Li+ salt solubility in polyether with AsF6
- forming 

the most soluble lattice. This opens the door to a number of different coordination 

chemistries. Soft/Soft salts such as AgI are totally insoluble in PEO. When preparing a 

polymer electrolyte the selection of large monovalent anions with delocalised charge is 

necessary. The low lattice energies of these salts are easily overcome by the enthalpy of 

solvation and the positive change in entropy. The most commonly studied anions are 

ClO4
-, CF3SO3

-, (CF3SO2)N
-, BPh4

-, BF4
-, SCN- and XF6

- (X = P, As and Sb.) 8. Recent 

modelling work has investigated “non-coordinating anions” for a number of applications. 

Some of these are suitable for electrochemical applications and are interesting in this 

context e.g. tris(pentafluoroethyl)trifluorophosphate, [F3P(C2F5)3]
-. Most of these anions 

are only presently available as ionic liquids 16. 
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The entropy term is determined by the spacing of the polymer oxygen atoms 

around the lithium ion. The entropy term is minimised for polyethers,  -(CH2)n-O-, when 

n=2. For both n=1 and n=3 the solubility of the salt is reduced. This is because large 

values of n prevent many oxygen atoms coordinating the same cation, the large regions 

of backbone providing steric hindrance. On the other hand for n=1 strain is introduced 

into the polymer preventing easy coordination of the cation. This is counter-intuitive as 

you may think more oxygen atoms would mean more opportunity for coordination. Thus 

n=2 offers the optimum spacing for Li+ solvation.

1.5 MOBILITY OF IONS

1.5.1 Segmental Motion and Ion Transport

For the last 30 years it has been believed that only the amorphous phase in 

polymer electrolytes  was capable of conduction and even then only above the glass 

transition. The idea was that the segmental motion of the polymer continuously created 

and destroyed free volume. When free volume was formed next to an ion this created an 

opportunity for the ion to move. Thus, the ions in such a solution are always mobile but 

by applying an electric field, a net migration of ions through the bulk polymer can occur.

In 1983 an NMR study by Berthier et al confirmed the validity of this approach 17.

1.5.1.1 The Vogel-Tamman-Fulcher Equation 6, 18, 19, 20,21

 This model of electrolyte conductivity has led to the Vogel-Tamman-Fulcher or 

VTF equation being adopted to describe the variation of conductivity with temperature.
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exp  


















o
oTT

B
(2)

Where  is the conductivity at temperature T, o is the conductivity at the 

equilibrium glass transition temperature, To, B is a constant. The VTF equation describes 

the diffusion of uncharged molecules through a disordered media such as an amorphous 

polymer. There are a couple of problems with this. Firstly, ions are charged and so ion-

pairing can occur. This reduces the number of charge carriers and also introduces the 

possibility of agglomerate formation. Secondly, the VTF equation describes the motion 

of the polymer and although the ion diffusion may be linked to this it is not the same 

thing. Electrostatic forces are also important for ion migration.

1.5.2 A New Concept – Crystalline Polymer Electrolytes

This model of conduction drove research towards more and more amorphous 

materials.  Block co-polymers 22, branched comb polymers 23, plasticizers 24, large anions

25 nano-composites 26 and supercritical carbon dioxide 27 have all been used to produce 

amorphous electrolytes with low glass transition temperatures. Despite these efforts over 

the last 30 years the best room temperature conductivities were around 10-4Scm-1 (Fig. 

1.2) 8. Gels were also prepared in an attempt to harness the high conductivities of liquid 

electrolytes while gaining the advantages associated with solid materials. Unfortunately

gels have largely the same leakage and exfoliation problems as liquids. Each of the 

approaches tried still relied on the motion of the matrix to allow ion conduction. Soon it 

became apparent that the segmental motion of the polymer represented an intrinsic limit 

on the motion of ions.
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While polymer chemists struggled with this problem, solid materials with high 

lithium conductivities were already known. Ceramic materials with high lithium 

conductivity have been known since the sixties 28. Lithium lanthanum titanate is the best 

lithium fast ion conductor known (Fig. 1.2) 29. While ceramic materials cannot be used in 

Li-ion cells, for reasons already outlined (page 3), they do demonstrate that crystalline 

phases can conduct.

Fig. 1.2 Conductivity vs. temperature for some selected polymer electrolytes 8. The conductivity of the 

ceramic lithium conductor lithium lanthanum titanate is included for comparison.

These realisations led to the investigation of crystalline polymer electrolytes as 

lithium conductors. In order to understand ionic conductivity in the crystalline phase 

knowledge of structure is of critical importance.  This led Bruce et al to develop the 

technique of Simulated Annealing in order to solve complex crystal structures from 

powder diffraction data 30. The method was used to resolve the structure of 

PEO6:LiAsF6
31, 32. This represented the first demonstration of lithium conductivity in the 

crystalline phase; with a log conductivity of 10-7 Scm-1 at room temperature 33.
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This demonstration of conduction in the crystalline phase opened up a new route 

to ionic conductivity in polymers and towards trying to understand the mechanisms of 

conduction in crystalline materials. This new concept represented a step change in the 

approach to polymer electrolytes. Freeing lithium ions from the limitations imposed by 

piggy backing on polymer segmental motion and promising a prospective new route to 

high room temperature conductivity. Other researchers have also realised the importance 

of a structural understanding to conductivity. 

Work by Wright and co-workers demonstrated the importance of 

supramolecular ordering within crystal structures. Crystalline electrolytes were found to 

conduct better than similar amorphous analogues; thanks to the channels formed within 

the structure. It was shown that smectic ordering of the molecules, in order to align the 

ion channels normal to the electrodes, could further enhance the conductivity 34.

Further efforts have been made by Golodnitsky and co-workers to create 

materials in which tunnels are aligned in one dimension in order to enhance crystalline 

conductivity. The alignment was achieved by both stretching the polymer electrolyte and 

casting a film in a strong magnetic field (the latter if ferromagnetic particles are 

distributed into the polymer) 35, 36, 37.

Plastic crystals constitute an interesting class of compound with potential for 

exploitation as electrolytes 38, 39, 40. They differ from conventional crystalline solids in that 

there is considerable dynamic disorder present in the lattice. Unlike a liquid electrolyte 

the solvating molecules are not free to move by translation. Rather they rotate around 

there centres of gravity while maintaining their positions in the crystal lattice. This 

mobility presents an opportunity for lithium ion conduction. Conductivities of 10-3 Scm-1
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have been achieved at 30oC using the lithium salt LiN(SO2CF3)2 dissolved in the 

electrically neutral matrix succinonotrile 39.

1.6 CRYSTALLINE POLYMER ELECTROLYTES BASED ON PEO6:LiXF6

WHERE X = P, As AND Sb

Fig. 1.3 The structure of PEO6:LiAsF6. The left hand image is the view along the a axis.  The colours are as 

follows Li; Blue, Carbon; Green, Oxygen; Red, Phosphorus; Pink and Arsenic; White. The Li+ occupies a 

5-coordinated site with a distorted square pyramidal geometry.

Simulated annealing allowed the structural solution of the crystalline electrolytes 

PEO6:LiXF6 (X=P, As and Sb) 31, 32. The subscript 6 on PEO refers to the number of 

ether oxygen atoms per equivalent of lithium (Fig. 1.3). The crystalline structures, solved 

in this manner, have created significant interest. Their unique feature is that the lithium 

ions occupy polymer tunnels. The lithium ions are arranged in rows within a cylinder 

defined by two polymer chains. Each chain defines a non-helical half cylinder, each 
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related to the other by a centre of symmetry. The lithium ion is coordinated by two 

oxygen donors from one polymer chain and three from the other. The coordination 

geometry around the lithium is a distorted square pyramid with the sixth oxygen not 

involved in coordination. Each oxygen atom is only involved in one coordinate bond. 

The anions are not coordinated to the cations but are instead arranged between the 

tunnels. This means that the contact ion pair is totally separated. The structure suggests 

the possibility that the lithium ions may move in a similar manner to ceramic fast ion 

conductors. It is easy to imagine the lithium ions hopping from one site to another along 

the tunnels. Such a mechanism would decouple ionic migration from polymer segmental 

motion.

Although the structures involving all three salts (LiXF6, X=P, As and Sb) are 

similar there are a number of differences. The cross-section of the cylinder for the P and 

As complexes can be roughly described by a circle however the cross-section of the Sb 

complex is better described as a rectangle. The Li-Li distances along the tunnels are as 

follows P 7.4Å and 4.4Å, As 6.5Å and 5.5Å, Sb 7.1Å and 5Å.                                    

It was the idea that the Li+ ions could hop along the pre-existing channel that was so 

seductive about these structures and this concept has provided the inspiration for much 

of the work contained in this thesis.

1.6.1 Lithium Transport

Greater conductivity in the crystalline phase versus the amorphous phase was 

demonstrated by measuring the conductivity of phase pure samples. 7Li NMR confirmed 

the phase structure of the samples; a narrow peak produced by crystalline material and a 

broader peak by amorphous material. Evidence from 7Li NMR was also used to show 
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that a high proportion of charge is carried by the cation, an advantage in solid-state 

lithium batteries. As temperature was increased the line-width of the 7Li NMR fell 

however the line-width in the 31P NMR remained constant. This demonstrates that on

heating the lithium ions are able to move whereas the anions are not. Hence the majority 

of the charge is likely to be carried by the cations 33. However, MD simulations of such 

compounds suggest a value lower than unity. 

1.6.2 Factors Influencing Conductivity

As these samples are prepared with poly(ethylene oxide)  of only 22 repeat units 

(~1000 Da) it is apparent that the position and nature of the chain ends should be 

important. The typical crystallite size is 2000 Å this is much longer than the 40 Å of the 

polymer chain. This means that each crystallite contains many chain ends and it has been 

shown that this is important to conductivity. A sample prepared with mono-dispersed 

PEO must have both PEO chains in the complex beginning and ending at the same 

point. This is not the case for a poly-disperse sample. This means that a poly-disperse

sample must contain more defects than a mono-disperse one. Indeed, samples prepared 

with poly-disperse PEO have a higher conductivity than those prepared with mono-

disperse. This implies that defects are important to lithium conductivity. This view has 

been further reinforced by the discovery that varying the chain ends of the PEO can be 

used to enhance conductivity 41.
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1.7 AIMS

The main obstacle crystalline polymer electrolytes have to overcome in order to 

fulfil their potential is their low conductivity. Thus it is the aim of this thesis to 

investigate means of enhancing the lithium conductivity in the crystalline polymer 

electrolyte system PEO6 : LiXF6 where x = P, As and Sb. The method chosen to achieve 

this goal is that of isovalent doping. A second aim is to investigate a new class of 

electrolyte based on discrete low molecular weight ligands.
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2. THEORY AND EXPERIMENT 

 

Due to the hydrophilic nature of the reactants and products all the samples were 

prepared in a dry MBraun glove box under argon. Measurements made outside the box 

were done so in sealed containers under argon. 

 

2.1 THE PREPARATION OF CRYSTALLINE POLYMER ELECTROLYTES  

 
2.1.1 Solvent Casting 
 
 

The polymer was dried at room temperature under a high vacuum for four days. 

The salts were used as received. A list of the salts used and their suppliers can be seen in 

table 2.1. The required masses of each component were weighed into separate vials. Each 

component was then dissolved in acetonitrile (Aldrich, anhydrous 99.8%) until a clear 

solution was formed. The contents of the vials were then added together and mixed. The 

resulting solution was then decanted into glass casting vials and the solvent was allowed 

to evaporate slowly in a desiccator. The desiccator was equipped with a diaphragm pump 

to constantly circulate argon over the samples. Care was taken to ensure that each sample 

did not spend longer in the desiccators than was necessary. Each sample was removed as 

soon as a solid film had formed. Once the sample was removed from the desiccator it 

was further dried overnight under high vacuum. This method was used to prepare the 

vast majority of samples discussed in this thesis. 
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LiPF6 (99.99%) Stella 
LiAsF6 (99.9%) ABCR 
LiSbF6 (99%) Fluorochem 
LiN(SO2CF3)2 or LiTFSI  3M 
Monoglyme (99.9%) Aldrich 
Diglyme (99.9%) Aldrich 
Triglyme (99%) Aldrich 
Tetraglyme (99+%) Aldrich 
Hexaglycol (99%) Fluka 
Octaglycol (99%) Fluka 
Undecaglyme Poly Pure 
Dodecaglyme Poly Pure 
Poly(ethylene oxide), MWt. = 1000 Daltons Fluka 

 

Table 2.1 Chemicals used in electrolyte preparation and there suppliers. 

 

2.1.2 Direct Dissolution 

 

Samples were also prepared via a solvent-free synthesis. The required 

components were weighed into the same glass vial in appropriate quantities. The vial was 

then heated to a temperature slightly greater than the melting temperature of the desired 

complex. The vial was held at this temperature until a homogeneous melt was formed. 

The melt was slowly cooled until the product crystallised out. The samples were 

subsequently characterised via XRD and DSC measurements. 

 

2.2 THE END-CAPPING OF POLY(ETHYLENE OXIDE) AND GLYMES 1,2, 3 

 

 Whenever possible, poly(ethylene) oxide was purchased with an existing methoxy 

end-cap. The methoxy end-cap ensures the chemical homogeneity of the ligand; hydroxyl 

oxygen atoms often form stronger bonds to lithium ions than ether oxygen atoms. 

However, oligomers were often supplied as glycols, with hydroxyl end-caps. Thus it was 
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necessary to replace the hydroxyl functional group with a methoxy group. The synthesis 

used is outlined below with the end-capping of tetraglyme used as an example. 

 

The reaction is a Williamson synthesis (Reaction 1). In the presence of a β-

hydrogen the reaction can be accompanied by an elimination reaction. 

 

RO- + R”X → ROR” + X Reaction 1 

 

The reaction proceeds via an SN2 mechanism. Protic solvents form hydrogen 

bonds to the nucleophile thereby lowering the energy of the nucleophile and increasing 

∆G”. This in turn reduces the reaction rate. ∆G” represents the energy difference 

between the nucleophile in solution and the SN2 transition state, effectively the activation 

energy for the rate determining step. Polar aprotic solvents surround the accompanying 

cation but not the nucleophilic anion thereby raising the energy of the nucleophile and 

decreasing ∆G”. This increases the reaction rate. Further to this an excess of base is used 

to drive the reaction and an excess of the alkyl halide to ensure complete capping of the 

polymer. 

 

~25g of KOH (Fischer Scientific) was ball milled for 2 minutes. This was stored 

in a schott jar to avoid contact with moisture. 50ml of chlorobenzene (Acros Organics) 

were measured into a conical flask that already contained 25g of the milled KOH. The 

resulting Slurry was allowed to mix overnight. Tetraglyme (2.91g, 0.015moles) was 

dissolved in ~20ml chlorobenzene and added to the alkaline slurry. This was left to mix 

for 2hours. The slurry was then purged with dry N2 for 15 minutes and cooled. The 

iodomethane (Fluka, 12.9g, 5.6ml, 0.091moles) was dissolved in 40ml chlorobenzene. 
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The alkyl halide solution was then added to the slurry drop-wise over 15 minutes. 

Chlorobenzene was then added to the reaction mixture to allow reasonable mixing. The 

reaction was left to proceed overnight.  

 

The residual solids were removed by filtering through a glass sinter and washed 

with solvent. The filtrate was then rotary evaporated at ~40oC for 4 hours. The product 

was then dissolved in the minimum amount of warm toluene (Riedel de Häen). Iso-

octane (800ml, Riedel de Häen) was then added to precipitate out the product. Cooling 

the solution aided precipitation. The product was filtered off. A silver nitrate test was 

performed and the precipitation repeated until no more alkyl halide was detected. The 

product was dissolved in the minimum amount of DCM (~80ml, Riedel de Häen). This 

was then washed with an aqueous solution of 10% NaCO3 (Fischer Scientific) until 

neutral. The resulting solution was then rotary evaporated to isolate the product. The 

quality of the product was verified by MALDI mass spectroscopy. 

 

2.2.1 MALDI Mass Spectrometry 4 

 

 MALDI stands for Matrix Assisted Laser Desorption Ionisation and is a laser 

based soft ionisation method. The sample is embedded in a vast molar excess of a 

chemical matrix. The purpose of the matrix is to absorb laser light and cause a small part 

of the sample to vaporize. This method improves the production of intact gas phase ions 

from large, non-volatile and thermally sensitive components. MALDI is commonly used 

in the analysis and identification of biomolecules but is also ideally suited for synthetic 

polymers.  
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 MALDI-TOF mass spectrometry was obtained from a Micromass TofSpec-2E 

spectrometer. The system utilised a 337nm laser in reflection mode. The sample was 

incorporated into the matrix via an aqueous solution. 

 

2.3 X-RAY DIFFRACTION (XRD) 

 
2.3.1 Powder X-ray Diffraction 
 

Diffraction is the only direct method for structural determination of most 

materials and polymer electrolytes are no different. The recent advances in powder x-ray 

diffraction techniques allow us to determine the complex structures of polymer 

electrolytes 5,6. However, as far as the scope of this thesis is concerned, powder 

diffraction has most often been used for qualitative phase analysis 7.  

 

 X-rays are electromagnetic radiation with a wavelength, λ ~ 10-10 m. Significantly, 

this value is comparable to interatomic distance in crystalline materials. When the 

technique of X-ray diffraction was in its infancy lattice planes where regarded as mirror 

surfaces and hence a crystal was thought of as a stack of mirrors (Fig. 2.1). This is also 

the origin of the term reflection for a peak in XRD spectra. 
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Fig. 2.1 The conventional derivation of the Bragg Law treats each lattice plane as reflecting the radiation. 

The difference in the path length of adjacent waves is dependent on the glancing angle, θ, and the lattice 

plane separation, d 8. 

 

For constructive interference to occur the difference in path length of the 

incident and reflected beams must be equal to a whole number of wavelengths. Hence, 

the Bragg law states: 

 

θλ dSinn 2=  (3) 

 

Where n is an integer; λ is the wavelength of the radiation; d is the lattice spacing and θ 

is the glancing angle. An intense reflection will be observed where this law is satisfied. 

The type of unit cell present in a sample can be worked out by an analysis of the 

presence or absence of a series of reflections. Knowledge of both the type of unit cell 

and d can allow the calculation of the lattice parameters. 
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Fig. 2.2 The differing orientations of crystallites in the powder around the incident beam give diffraction 

reflections that lie on a cone 8. 

 

The original Von Laue method involved generating a broad band beam of x-rays 

and directing them at a single crystal. The thinking behind this was that the crystal may 

not be oriented correctly for a single wavelength but Bragg’s law would be satisfied for at 

least one wavelength in the range. However, now the Debye-Sherrer or powder method 

is most often used. Here monochromatic radiation is directed at a powdered sample. 

Although there is only one wavelength present, there will be crystals that are correctly 

oriented to satisfy the Bragg law. These crystals will lay at all possible angles around the 

beam. In this case constructive interference will produce a cone (Fig. 2.2) of more 

intense x-rays with a half angle of 2θ. Other crystals will be oriented with different lattice 

planes satisfying Bragg’s law and hence a cone of differing half angle will be produced. 

 

All measurements were made using a Stoe STADI/P high-resolution 

diffractometer with a Cu Kα1 radiation source. In most cases a 0.7mm capillary was used. 

 

2.3.2 Single Crystal Structure Determination 8 

 

 The diffraction pattern is collected from a single crystal by rotating the crystal in 

an X-ray beam.  The diffraction pattern takes the form of a series of spots of different 

intensity arranged in a grid (Fig. 2.3). The symmetry and geometry of the diffraction 
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pattern reveals the geometry of the unit cell and some information about the symmetry 

of the molecules within the unit cell. From the intensities of the diffraction pattern it is 

possible to mathematically reconstruct the positions of the atoms in the unit cell. The 

main barrier to this reconstruction is that the phases of the diffracted X-rays are not 

recorded. This problem has to be overcome by adopting a particular strategy in order to 

determine the correct crystal structure. One such strategy is called a Patterson synthesis. 

This works by setting all the phases to zero in order to produce a Patterson map. A 

Patterson map represents the vectors between atoms and allows heavier elements to be 

located. From this information the rest of the structure can be built up.  

 

There are another set of techniques built around a different strategy known as 

Direct Methods. For these methods it is important to remember two things. Firstly it is 

important that each wave has a positive portion, around the peak, and a negative portion, 

around the trough. And secondly one must remember that the electron density is always 

positive and is concentrated around nuclei. So the waves must be added together with a 

set of phases which produce such a result. Direct Methods usually involve selecting the 

most important reflections and estimating the phases. Usually a number of different sets 

of phases are tried. A Fourier transform is carried out on the most promising sets of 

reflections. The Fourier Transforms are then examined for recognisable molecular 

features. The phases can then be refined to try to improve the determined structure. 

Usually a series of trial structures and refinements are required. 
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Fig. 2.3 An ideal single crystal diffraction pattern 8. 

 

 Diffraction data were collected on a Bruker SMART diffractometer equipped 

with a fine focus sealed tube, a graphite monochromator, a CCD detector and VariMax 

optics. For most glyme:LiAsF6 complexes a Mo Kα Micro Max 007 source was used. For 

the undecaglyme:LiAsF6 sample a Cu Kα Micro Max 007 source was used. 

 

2.4 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

 

 DSC is a technique that involves comparing thermal properties of a polymer 

sample to those of a reference. The heat flow required to increase the temperature at a 

given rate is monitored. If the sample requires a different amount of energy than the 

reference to maintain the temperature increase then some phase change must be 

occurring.  
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The crystalline portion of a polymer sample will cause a melting peak in the DSC 

trace. At the melting point the polymer will absorb heat but the temperature will not rise. 

A latent heat has to be supplied to the sample in order to continue raising the 

temperature. The heat capacity of the material is higher after the melting point than 

before. Polymer melting is a first order transition. The glass transition involves a similar 

change in heat capacity however the temperature of the sample will continue to rise as 

heat is supplied. The glass transition is a second order transition and is only associated 

with the amorphous phase. The magnitude of the glass transition depends on a 

difference in heat capacities. The difference in heat capacities reflects the difficulty of 

producing motion in the polymer chains.  

 

 All measurements were made on a Netzsch DSC 204 Pheonix. Approximately  

2 mg of sample were weighed into a sealed aluminium test pan under an argon 

atmosphere. The measurement involved heating the sample from -130oC to melting at 

10oC/min. The sample was then held for 10 minutes before cooling at 5oC/min back to 

 -130oC and again held for 10 minutes. The heating step was then repeated. 

 

2.5 ELECTROCHEMICAL MEASUREMENTS 

 
2.5.1 AC Impedance Spectroscopy 9 
 

Alternating current methods offer certain advantages over DC methods; a simple 

cell employing inert blocking electrodes can be used to provide information not only on 

ion migration but also polarisation phenomena. However both the theory and equipment 

for this technique are complex.  Here we will consider cells with two electrodes although 

the use of three or four can have advantages.  
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Fig. 2.4 Plots of the sinusoidal voltage and current, at a given frequency associated with a cell. V= voltage, 

I=current, θ= phase difference 9. 

 

The initial premise of the experiment is that a sinusoidal voltage is applied to the 

sample and the resultant current oscillation measured (Fig. 2.4). In a purely direct current 

experiment the relationship between voltage and current is simply Ohm’s Law (V=IR). 

However in an alternating current system two parameters are required to relate voltage to 

current. The first parameter represents the opposition to the flow of charge and is analogous to 

resistance. It is given by the ratio of the maximum voltage to the maximum current 

(Vmax/Imax). The second parameter is the phase difference θ between the two waves. The 

combination of these two parameters corresponds to the impedance, Z of the cell. In an 

electrochemical cell both the magnitude and phase angle of the impedance are dependent 

on the applied frequency. The technique used here involves monitoring the impedance as 

the AC frequency is swept (typically from 1mHz to 1MHz). 
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Fig. 2.5 A vector diagram of the impedance Z of a cell. This diagram is analogous to a representation of a 

complex number and so Z’ and Z’’ are referred to as the real and imaginary components of complex 

impedance 9. 

 

 Impedance is a vector quantity as it has both size and direction; this is a feature 

that it shares with complex numbers. Thinking of impedance in terms of complex 

numbers allows the rules of complex algebra to be used in order to calculate the 

impedance of a circuit from the impedance of its components. An impedance, Z, can 

therefore be written as Z=Z’-jZ”. This is known as the standard form of a complex 

number and can be plotted on a vector diagram (Fig. 2.5) where the y-axis is the complex 

dimension and the x-axis is the real dimension. 

 

When an impedance measurement is made a “model” circuit diagram can be used 

to interpret the response. In order to do this it is important to first understand the 

response of the individual components of the diagram. 

 

 For a single resistor the current and voltage oscillations will be in phase, θ=0. 

Thus there will be no imaginary component in the impedance and hence its modulus will 

simply equal the resistance, Z=R. This is represented on the vector diagram as a line 
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of length R along the real axis. It is also the case that this value is independent of 

frequency. 

 

 For a single capacitor voltage lags behind the current by 90o, so the phase angle is 

written –π/2. In this case the impedance has no real component and is dependent on 

both the size of the capacitance and the frequency, Z=1/ωC. This is represented in a 

vector diagram as a line or spike along the imaginary axis. The magnitude of this line will 

vary with frequency. 

 

 When these components are connected in series, their impedances can simply be 

summed to give the over all impedance for the circuit. So for a single resistor and 

capacitor in series Z*=R-j/ωC. In the vector diagram the spike (that for a lone capacitor 

overlaps the imaginary axis) is displaced along the real axis by R. 

 

 When the components are connected in parallel it is necessary to sum the 

admittances (reciprocal of impedance) in order to calculate the total impedance of the 

circuit. So  

 

Y*=1/Z*  (4) 

 

and 

 

Y∗ = Y∗
1+ Y

∗
2 + Y

∗
3+……. (5) 
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Also 

 

1
Y* = Y' + jY'' = 

(Z'-jZ'')
 (6) 

 

Thus 
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  (7 and 8) 

 

The admittance of a resistor and a capacitor are 1/R and jωC respectively so the 

equation for a resistor and a capacitor connected in parallel would be; 

 

Cj
R

Ytotal ω+= 1  (9) 

 

So the impedance is simply the reciprocal of this; 
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This last equation defines a semicircle in the complex plane with a diameter R. At 

the frequency corresponding to the semicircle maximum, the impedance of both the 

capacitor and the resistor are equal. 
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 The simplest model circuit that provides an explanation of the typical response of 

these systems is that of a resistor and capacitor in parallel with each other but in series 

with a capacitor (Fig. 2.6). 

 

Fig.2.6 A blocking electrode cell and the model circuit 9. 

 

 This describes a sample of polymer electrolyte sandwiched between two blocking 

electrodes. As the electrodes become alternately positively and negatively charged under 

the effect of the alternating current the mobile ions in the electrolyte migrate in the 

applied electric field. A resistance Rb opposes the migration of the ions. In the electric 

field the polymer component of the electrolyte will remain immobile but will polarise, a 

capacitance Cb represents this in the circuit.  The capacitance Ce is associated with the 

formation of a double layer when the ions reach the blocking electrode. The effect 

occurs at both electrodes and hence is represented twice in the model circuit diagram. 
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However the term can be considered as a single capacitance. The representation of the 

double layer only holds where the ion concentration is large (>1M), at low 

concentrations thermal effects smear the double layer. Rb and Cb occur physically in 

parallel to each other and so are in parallel in the model circuit. The electrode capacitance 

is in series to both these effects.  

 

 The polymer polarisation capacitance, Cb, is related to the dielectric constant of 

the polymer via; 

 

l

A
Cb

εε 0=   (15) 

 

 Where A is the electrode area, l is the electrode separation, ε is the dielectric 

constant of the polymer and ε0 is the vacuum permittivity (8.85x10-14 Fcm-1). The 

resistance of the polymer, Rb, varies with temperature and time.  As the capacitance, Ce, 

occurs in series with the bulk capacitance and resistance the impedance of the whole 

circuit is obtained by simply adding the impedance associated with Ce to that of the RC 

portion of the model circuit. 

 

(16) 

 

This equation describes the shape below (Fig. 2.7). This is the shape most often 

observed for an AC impedance measurement of a polymer electrolyte.  
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Fig. 2.7 An ideal AC impedance trace for a polymer electrolyte 9. 

 

Among the information that can be obtained from this curve is the bulk 

resistance. This in turn allows the calculation of the specific conductivity, σ / Scm−1, of a 

sample. 







=
A

l

Rb

1σ  (17) 

 

 Where l /cm is the electrode separation and A /cm2 is the contact area of one of 

the electrodes.  

 The behaviour of a capacitor is frequency dependent so at extremes of frequency 

simplifications can be made. At high frequency the resistance associated with the 

capacitor (1/ωCb) is of a similar size to Rb. This means that the contribution from the 

electrode capacitance is very small (See Eqn. 16). Thus the equivalent circuit reduces to a 

parallel combination of a resistor and a capacitor. The AC impedance trace will be a 

simple semicircle. A similar simplification can be made at low frequencies. Here the 

resistance associated with the capacitor is much higher than the bulk resistance. Thus the 

contribution to impedance made by the bulk capacitance is small. The equivalent circuit 

reduces to a series combination of the bulk resistance and the electrode capacitance. The 

trace will be a vertical line displaced horizontally by the value of the bulk resistance. 
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 For the impedance experiments run in this thesis this description is adequate. 

However a number of phenomena may lead to complications. Any kind of interaction of 

the mobile species with the electrodes produces systems with more complex equivalent 

circuits and hence impedance plots. A further influence on the measurement may be the 

contact between the electrode and the sample. As the two surfaces at the interface are 

unlikely to be flat the contact between the layers is likely to be incomplete. This can be 

improved by heating the sample to encourage plastic deformation around the 

irregularities of the electrode surface or indeed by simply polishing the electrodes. The 

application of pressure to the electrodes can also increase the electrode contact area. It is 

the interactions between the electrode and polymer that cause the spike in the plot to 

become non-vertical. Furthermore dielectric relaxation, ion-ion interactions and 

inhomogenities in the polymer electrolyte can all cause the semi-circle portion of the plot 

to broaden. 

 

  

Here AC impedance spectroscopy was used to measure the conductivity of the 

polymer electrolyte as the temperature was swept. The measurement utilised a Solatron 

1255 frequency response analyser as well as a Solatron 1287 electrochemical interface. 

The cells were constructed using stainless steel electrode disks to sandwich the sample. 

These disks were pressed together under 5 tonnes before insertion into a spring loaded 

Teflon holder. This was in turn placed into a metal can and sealed under argon. The 

conductivity was measured at each temperature after one-hour equilibration time in an oil 

bath. Measurements made on soft samples or samples that underwent a phase change in 

the temperature range of interest were carried out using a fixed geometry cell. The cell 

was composed of a Teflon body and featured a cylindrical void between two stainless 
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steel electrodes at a fixed separation. Samples were simply packed into the void using a 

spatula. 

 

2.5.2 DC Polarisation 

 

DC polarisation can be used to measure the transport number of a fully 

dissociated ideal binary polymer electrolyte 10, 11, 12, 13. It employs a two electrode cell in 

which the electrode material (e.g. Lithium) is non-blocking to the cation but blocking to 

the anion.  Applying a small fixed DC potential causes a current to flow. This current is 

initially carried by both cation and anions. The cation is continually consumed and 

replaced at either electrode. The anion however cannot interact with the electrode and 

hence a concentration gradient builds across the whole sample. Once the system has 

reached a steady state the rate of anion diffusion is equal and opposite to any anion 

migration. Thus any current that continues to flow must be carried solely by the 

migration and diffusion of the cation.  It would be expected therefore that the current 

should decay to a steady state value after an initial peak (Fig. 2.8). The transport number 

can then be calculated by dividing the initial peak current, i0, by the steady state current, 

is. In an electrolyte where significant ion pairing occurs, the migration of the anions must 

be balanced by diffusion of both anions and ion-pairs. This means that the steady state 

current includes components related to the migration and diffusion of the cations as well 

as the diffusion of the ion pairs. In the interpretation of transport numbers it has been 

assumed that this effect is negligible and that little ion pairing occurs in crystalline 

electrolytes. 
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Fig. 2.8 The current versus time plot for a DC polarisation measurement on undecaglyme:LiAsF6 . The red 

line represents the corrected current and the black line the observed current.  

 

 Complications arise due to the formation of passivating layers on the electrodes 

(whether or not a current is passed.) and the changing resistance of the electrolyte upon 

the formation of concentration gradients 14. This means that the observed current, iobs, 

should be corrected to account for the voltage lost across the passivating layer as well as 

any increase in the resistance of the bulk material during the measurement. This can be 

done by monitoring the AC impedance response of the cell both before and during the 

DC polarisation. A typical AC response should produce two semicircles. The first high 

frequency semicircle corresponds to the bulk electrolyte; from this the bulk resistance, 

Rb, can be calculated. The second low frequency semicircle corresponds to the interfacial 

electrode resistance; from this an interfacial resistance can be calculated. Re. A typical AC 

impedance response is shown in figure 2.9 below. 
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Fig. 2.9 An ideal AC  response from a Li(M)|Li+ X- Polymer Electrolyte| Li(M) cell. 

 

The observed current is then corrected by rescaling to account for the potential 

drop across the interfacial layer. 

 

RiV obs intint =  (18) 

 

 Where Vint is the voltage dropped across the interfacial layer, Rint, is the interfacial 

electrode resistance. The effective voltage across the film, Vb, can then be described as: 

 

VVV b int−∆=  (19)  

 

The current correction can then be described as follows: 
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The transport number can then be calculated from the ratio is/i0 using the 

corrected currents (Fig. 2.8). The initial current should be calculated from the applied 

voltage and initial resistances as the output from the potentiostat changes rapidly when 

the DC polarisation is applied.  

 

 

( )RR

V
i

b int

0

+
∆

=   (21) 

 

 An additional correction has to be made to the observed current for any 

change in the bulk resistance during the measurement.  
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The transport number can then be calculated from: 
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Where the symbols have there usual meanings with the superscript 0 denoting an 

initial value and s denotes a steady state value. 

 

Most DC polarisation measurements were made with a polarisation of 25 mV on 

a circular sample pellet of approximate thickness 0.5 mm and area 1.307 cm2. The 

measurement utilised a Solatron 1255 frequency response analyser as well as a Solatron 

1287 electrochemical interface.  The measurements were made at 50oC. The current was 
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monitored as a function of time until it changed by less than 0.5% in 30 minutes 13; 

typically this was after 3-4 days. The measurement on the hexaglyme:LiAsF6 sample was 

made at 40oC. 

 

2.5.3 Cyclic Voltammetry 15, 16 

 

 Cyclic voltammetry provides information on the reactions occurring at a given 

electrode/electrolyte interface. This is achieved by monitoring the variation of current 

density as the potential scanned. Potential is typically scanned at a fixed rate, between an 

upper and lower limit, starting and ending at the open circuit voltage. 

 

 Consider the electrochemical reaction: 

 

  

 

  

The potential of the working electrode is swept negatively from a value where 

species A cannot undergo reduction to a value where electron transport is driven rapidly. 

Initially no current passes as the applied potential is not great enough. When the 

potential of the working electrode reaches a potential capable of reducing A a current 

starts to flow. As the potential is swept more negative the rate constant, kred, becomes 

greater and the current rises with potential. 

 

 However as the potential is swept more negatively the concentration of A 

steadily decreases as it is consumed. The current flowing is a balance between the rate of 

A + e- B 

kred 

kox 
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reaction and the decreasing surface concentration. The peak current is reached when the 

reaction rate is controlled by the rate at which A can diffuse to the surface of the 

electrode. The eventual fall in the current is caused by the increase in the thickness of the 

diffusion layer. The more negative the potential sweeps the thicker the diffusion layer 

becomes. A then has to diffuse further and the rate of reaction is slowed.  A slow 

reaction means a lower current. At potentials before the peak current the reaction is 

under kinetic control but at potentials after peak current the reaction is under diffusion 

control. 

 

 Voltammetry measurements were undertaken using a PC controlled Autolab 

potentiostat. The measurements were controlled by GPES software supplied by Autolab. 

Experiments were conducted under argon in an airtight can at 50oC. The body of the 

electrochemical cells were composed of Teflon with a stainless steel contact. A lithium 

metal disk and wire were used as the counter and reference electrodes respectively; the 

working electrode was composed of stainless steel. The cell was assembled by pressing 

two polymer electrolyte pellets of ~ 0.4mm thickness. The pellets were used to sandwich 

the lithium reference wire. A small quantity of powdered sample was used to fill the 

space around the wire. The working and counter electrodes where then attached and the 

whole assembly placed in the can. 

 

 Solution phase voltammetry measurements were made using a similar set up. 

However in place of the electrolyte pellets a carbon fibre disk soaked with the 

appropriate solution was used.  
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3. INCREASING THE CONDUCTIVITY IN THE CRYSTALINE POLYMER 

ELECTROLYTE PEO6: LiAsF6 BY LiIMIDE DOPING

The discovery of ionic conductivity in crystalline polymer electrolytes 1,2  has 

opened up a new direction in polymer electrolyte research. The present conductivity level 

of the electrolyte PEO6:LiXF6, where X = P, As or Sb, is around 10-7Scm-1 at room 

temperature. However this is insufficient for most applications. The challenge was to 

raise the conductivity to a higher level. Taking inspiration from crystalline inorganic 

analogues has led to the suggestion that doping could improve conductivity. Here 

replacing the AsF6
- anion, in PEO6:LiAsF6, with the larger N(SO2CF3)2

- ion is described.

By altering the energy landscape around the lithium ion the ionic conductivity is raised by 

1.5 orders of magnitude.

3.1 DOPING PEO6:LiAsF6 WITH LiIMIDE

 For inorganic crystalline conductors the conductivity can often be tailored via 

chemical doping 3. Doping is capable of increasing conductivity by several orders of 

magnitude. The introduction of vacancies and interstitials boosts the conductivity by 

introducing more charge carriers. The charge carrier concentration is optimised by either 

creating vacancies in normally occupied sites or inserting interstitial ions in normally 

vacant sites. In the former case sites are created into which lattice ions may migrate. In 

the latter case extra charge carriers are introduced; enhancing conductivity. It is apparent 

by considering the extreme cases of either strategy that there will be an optimum level of 

doping.  There is also a third and less obvious doping strategy; the introduction of an 

isovalent dopant. Here the added ion is usually of a different size and shape (although 
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the same charge) to the ion it replaces. This strategy can be seen in the ionic conductor 

AgBr(x)I(1-x)
3.  It is this final strategy that has been adopted here.

Lithium bis(trifluoromethanesulphonyl)imide or LiTFSI was chosen as the 

dopant because of its larger size and differing charge distribution when compared to 

LiAsF6. LiTFSI may also have a platicising effect due to its ability to “wiggle” around the 

nitrogen atom. It was not; however, simply a case of selecting the lithium salt with the 

largest anion. The dopant species should also have a reasonable chance of fitting into the 

existing crystal structure (Fig 3.1). The introduction of the imide alters the energy 

landscape around the lithium ion and hence the energies associated with defect creation 

and/or ion mobility.

Fig. 3.1 Fragment of the crystal structure of PEO6:(LiAsF6)1-x(LiTFSI)x. Figure shows the substitution of 

the AsF6- anion with TFSI-. Light blue, Lithium; white arsenic; purple, fluorine; dark blue, nitrogen; yellow, 

sulphur; green, carbon; red, oxygen.
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A series of complexes were prepared with a proportion of the LiXF6 salt replaced 

with LiTFSI. The 6:1 ether-oxygen to lithium ratio, observed in the pure PEO6:LiXF6

compounds, was maintained. This created a set of samples with the following formula; 

PEO6:(LiAsF6)1-x(LiTFSI)x where 0 < x < 1.  Preparation was carried out using the 

solvent casting method. As usual methoxy end-capped poly(ethylene)oxide with an

average molecular weight of 1000 Daltons was used to ensure a high degree of 

crystallinity. The appropriate mol% of LiAsF6 (ABCR, 99.8%) and LiN(CF3SO3)2 (3M, 

99.98%) were weighed into separate vials. The salts were then dissolved separately in 

acetonitrile before mixing with the polymer solution. The remainder of the synthesis was 

carried out as described in section 2.1.1. The new samples were characterised as follows:

3.2 AC IMPEDANCE SPECTROSCOPY MEASUREMENTS

Conductivity isotherms can be seen in Fig. 3.2 these show how the conductivity 

varies with the content of lithium imide. The variation of conductivity with temperature 

for each formulation can be seen in Fig. 3.3. The conductivity isotherms show two clear 

regions of behaviour; labelled A and B. In region A there is an increase of conductivity of 

around one and a half orders of magnitude. This corresponds to the change from an 

undoped PEO6:LiAsF6 complex to a material containing around 5 mol% lithium imide. 

In the second region, B, the behaviour is different. Here the conductivity increases much 

more slowly to a value where the lithium arsenate has been entirely replaced by the 

lithium imide (i.e. x = 1). At this stage it should be made clear that, despite its high 

conductivity, the PEO6:LiTFSI electrolyte cannot be used as a solid separator in lithium 

batteries. This is because at polymer molecular weight in question (1000 Daltons) the 

electrolyte is a viscous liquid. This is in contrast to lithium imide electrolytes prepared 

with higher molecular weight polymers 4. In order to explain the very different 
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behaviours in regions A and B it is necessary to understand the changes in phase 

distribution as the material is doped.

Fig. 3.2 The conductivity of PEO6:(LiAsF6)1-x(LiTFSI)x as a function of x.

Fig. 3.3 Ionic conductivity as a function of temperature; x is given in the plot in mol%. Solid lines 

represent the best least square fits for each data set.
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3.3 X-RAY DIFFRACTION DATA

Powder x-ray diffraction patterns for the various compositions are shown in 

figure 3.4. The most striking feature in this figure is that at x = 1 the electrolyte is totally 

amorphous. On closer inspection it is also clear that, for all compositions, there is no 

excess salt. The main salt peak would be expected at around 19o – 20o in 2.  Further, it 

is clear that there is no change in either the intensities or positions of the reflections up 

to x = 0.5. This indicates that if the lithium imide is incorporated into the PEO6:LiAsF6

crystal structure then the level of incorporation is below that at which the change in 

lattice parameters would result in a detectable shift in the peak positions. The two 

regions A and B in figure 3.2 can now be understood. Region A corresponds to the 

replacement of AsF6
- by N(CF3SO3)2

- in the PEO6:LiAsF6 crystal structure up to a 

solubility limit of 5 mol%. Region B correspond to the coexistence of the doped 

PEO6:LiAsF6 complex and the amorphous PEO6:LiTFSI. Incorporation of imide up to a

solubility limit of around x = 0.05 results in a sharp rise in conductivity. The subsequent 

gentle rise in region B being due to the increasing replacement of the crystalline solid by 

liquid PEO6:LiTFSI.
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Fig 3.4 The x-ray diffraction patterns of PEO6:(LiAsF6)1-x(LiTFSI)x.

1 0 2 0 3 0 4 0 5 0 6 0

2 

0%

3%

5%

30%

50%

100%



51

3.4 DIFFERENTIAL SCANNING CALORIMETRY

Selected compositions were analysed using DSC, the results are presented in 

figures 3.5 and 3.6. At compositions above x = 0.05 a glass transition is clearly visible; 

indicating the presence of amorphous material. The change in heat capacities (Cp) 

through the glass transition was extracted using software supplied by Netzch. Cp gives 

an indication of the quantity of amorphous phase present and in this case it can be clearly 

seen that above x = 0.05, Cp increases linearly with x. This is consistent with the idea 

that above x = 0.05 a two phase mixture exists between the doped crystalline phase and 

the amorphous lithium imide. At x = 0.05 the glass transition temperature, Tg, drops to a 

lower value than previously observed (Fig. 3.7). This behaviour is consistent with what 

one might expect when an amorphous phase becomes depleted in salt. The polymer is 

no longer constrained by electrostatic interactions with salt. As a result less energy is 

required to create segmental motion and the Tg drops. The results of the DSC study 

allow us to say that the lithium imide is initially incorporated into the PEO6:LiAsF6

crystal structure up to a limit of around x =0.05. This results in a sharp increase in 

conductivity.  Beyond the solubility limit a two phase mixture exists consisting of the 

doped crystalline phase surrounded by the highly conducting amorphous liquid 

PEO6:LiTFSI. As a greater ratio of the lithium imide is used the conductivity increases as 

the proportion of the liquid phase also increases.
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Fig. 3.5 Selected DSC of PEO6:(LiAsF6)1-x(LiTFSI)x with x marked in mol%. The panel on the right hand 

is a 5x magnification of the contents of the dashed box.

Fig. 3.6 A plot of change in heat capacity versus composition for the glass transitions of 

PEO6:(LiAsF6)1-x(LiTFSI)x.

-90 -80 -70 -60 -50 -40 -30 -20 -10 0

T in °C

-60 -50 -40 -30
T in °C

5%

×5

100%

50%

30%

5%

0 20 40 60 80 100
0.0

0.1

0.2

0.3

0.4

0.5

% of LiTFSI in PEO
6
:LiAsF

6

D
el

ta
 C

p 
/ 

 J
g-1

K
-1



53

Fig. 3.7 A plot of glass transition temperatures overlaying conductivity isotherms.

3.5 ION HOPPING

A closer examination of the conductivity data in region A yields further evidence 

in support of an ion hopping mechanism. The black lines plotted in figure 3.3 represent 

the best least squares fit to equations describing the motion of the ions. For the data 

corresponding to 0%, 1% and 3% doping the best fit is to the Arrhenius expression. 

Fitting this equation to the experimental data yields lines corresponding to activation 

energies of   55 kJmol-1, 83 kJmol-1 and 70kJmol-1. The straight lines thus described are 

consistent with ion migration via a site to site hopping mechanism. The sample doped 

with 5% imide is better described by the Vogel-Tamman-Fulcher equation (Ch. 1). It 

should, however, be noted that the VTF equation contains an extra variable than the 

Arrhenius equation, and taking this into account, the difference in the fit is small. The 

VTF equation is associated with ion migration via the segmental motion of an 

amorphous polymer. That the 5% sample gives a slightly more curved conductivity line is 
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consistent with a sample on the border between region A, where ion hopping dominates, 

and region B where segmental motion in the liquid PEO6:LiTFSI phase dominates. For 

the compositions greater than 5 mol% the lines are more curved and are best described 

by the VTF equation. The VTF was fitted using the non-linear least squares method, the 

equilibrium glass transition temperatures, T0, were held at the values obtained from the 

DSC measurements (when all the parameters were allowed to vary freely unrealistic T0

values were obtained).  This reinforces the view that in region B the conductivity is 

dominated by the amorphous phase.

The increases in conductivity in the crystalline phase PEO6:(LiAsF6)1-x(LiTFSI)x, 

where  x < 0.05, can be understood by analogy with the crystalline ionic conductor 

-AgI. The ionic conductivity of AgI can be increased by two orders of magnitude by 

replacing the I- ion with the smaller Br- ion 3. The smaller Br- ion alters the energy 

landscape around the Ag+ cation. This affects both the energetics of defect creation and 

cation mobility resulting in a conductivity increase. A similar situation arises on doping 

PEO6:LiAsF6 with LiTFSI. The larger N(CF3SO3)2
- anion alters the energy landscape 

around the Li+ cation.  The conductivity of such a system can be described by equation 

24 below provided the number of charge carriers is independent of temperature.







 

RT
Enq aexp0 (24)

Where Ea represents the activation energy, n the number of charge 

carriers, q the charge of the active species and 0 is related to the mobility of the charge 

carriers. The activation energy depends on both the mobility and the concentration of 

the charge carriers. The conductivity is sensitive to the concentration of both thermally 
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created defects and those introduced with the dopant. The gradient of the conductivity 

lines changes when the dopant is initially added (Fig. 3.3). This indicates that either the 

activation energy for cation migration and/or for defect creation has changed. As the 

doping level in the crystalline phase increases further the conductivity increases but the 

gradient of the lines remain the same. This implies that the activation energy does not 

change on further doping but rather the number of charge carriers does.

3.6 CYCLIC VOLTAMMETRY

A cyclic voltammogram was collected for PEO6:(LiAsF6)0.95(LiTFSI)0.05 to 

investigate the electrochemical stability window of the electrolyte. The anodic limits of 

electrolyte materials are important in defining the maximum potential that a battery 

cathode could have if used along with a particular electrolyte. Like-wise cathodic 

reactions are important in defining the stability in contact with the anode (Fig. 3.8).

Fig. 3.8 A single cycle of PEO6:(LiAsF6)0.95(LiTFSI)0.05 made at a scan rate of 100 Vs-1 at 50oC.
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The measurement was made in a three electrode cell with a stainless steel 

working electrode, a lithium counter electrode and a lithium wire as the reference. 

Further details can be found in chapter 2. The peaks to the left of the 0.4V dotted line

correspond to the classic picture of under potential deposition plating and stripping of

lithium. The region above 4.9 V is associated with the oxidative decomposition of the 

polymer 5. By examining similar measurements made on 0.5M LiAsF6 in propylene 

carbonate and PEO6:Imide (Figs. 3.9 and 3.10) it is apparent that the remaining peaks do 

not involve the reaction of the PEO.

Fig. 3.9 A single cycle of 0.5M LiAsF6 in propylene carbonate at a scan rate of 10 mVs-1 at 50oC.
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Fig. 3.10 A single cycle of PEO6:Imide at a scan rate of 10mVs-1 at 50oC.

The presence of peaks A, B and C in both figures 3.9 and 3.10 implies that these 

peaks are caused by reactions undergone by both anion species. Although peak D is 

apparently absent in the PEO6:Imide scan it may simply be that the relative intensity is 

too small in comparison to the lithium plating and stripping to be detected. 

Peak E has been seen before in a cyclic voltammetry study of LiTFSI based 

electrolytes 6. There it was suggested that Peak E (4.2V) corresponded to reversible 

dissociation of the N(CF3SO2)
2- anion. Peak F (3.5V) can be associated with the reverse 

reaction. Peaks B (0.7V) and C (1.0V) have been linked to the formation and stripping of 

a lithium alloy with stainless steel 6. Reduction peaks at around 1V have been assigned to 

reactions of the anion AsF6
- 6, 7.  Peak A (1.2V) is the reduction of both anionic species. 
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Peak D (2.0V) has no obvious assignment although it presumably indicates at least partial 

reversibility of the anion reductions.

3.7 CONCLUSIONS

These results demonstrate for the first time the enhancement of lithium ion 

conductivity in a crystalline polymer electrolyte by isovalent doping. It is believed that the 

enhancement is the result of the disruption of the electrostatic field around the lithium 

ions. The presence of the large and asymmetrical TFSI- ion creates a greater number of 

defects and thus enhances conductivity. These effects are reflected in equation 24 by an 

increase in n and activation energy.  This doping strategy may prove useful when 

extended to other crystalline polymer electrolytes.
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4. ISOVALENT MIXED ANION DOPING IN THE SYSTEM  

PEO6:(LiAsF6)1-x(LiSbF6)x 

 

 An improvement, of one order of magnitude, in the conductivity of the PEO6:LiXF6 

system was accomplished. A simple doping method was used involving the replacement of 

one XF6
- anion by another of the same shape and charge. A continuous solid solution was 

obtained for PEO6:(LiAsF6)1-x(LiSbF6)x. The increase in conductivity with solid solution 

formation is believed to originate from changes in the length of the crystal axis and changes 

in the potential landscape around the lithium ions. 

   

4.1 ISOVALENT MIXED ANION DOPING 

  

 The conductivity of inorganic crystalline ionic conductors can be enhanced by the 

substitution of differently sized anions into one of their sub-lattices 1. Indeed this principle 

has already been demonstrated as effective in crystalline polymer electrolytes (Ch.3) 2. 

However a solubility limit was reached for the significantly larger and differently shaped 

dopant anion. Based on these results it was decided to investigate doping with an anion of 

the same shape, charge and similar size. 

 

 The system PEO6:(LiAsF6)1-x(LiSbF6)x was chosen because of the similarity of the 

anion shapes. They do however differ in size with bond lengths of, AsF6
- 167pm and SbF6

- 

182pm. The LiPF6 salt was avoided because experiments showed that the addition of 1 

mole% of either of the larger anions was sufficient to destroy the crystal structure. Samples 

were prepared by solvent casting from acetonitrile using methoxy end-capped PEO of an 
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average molar mass of 1000 Daltons. The selected compositions were synthesised while 

maintaining the oxygen to lithium ratio at 6:1. Further details of the synthesis can be found 

in chapter 2. The resultant electrolytes formed as white films and could be crushed into a 

fine white powder for characterisation. 

 

4.2 X-RAY DIFFRACTION DATA 

 

 Samples with the compositions PEO6:(LiAsF6)1-x(LiSbF6)x where x = 0.0, 0.1, 0.3, 0.5, 

0.7, 0.9 and 1.0 were prepared. Each sample produced a diffraction pattern similar to the 

undoped complex (Fig. 4.1). There are two polymorphic structures of PEO6:LiXF6. Only the 

α-polymorph was prepared here 3, 4, 5.  The β-polymorph displays a lower conductivity than 

the α 5. 

 

 It was obvious upon comparison of the diffraction patterns that a continuous peak 

shift occurs on moving from PEO6: LiAsF6 to PEO6:LiSbF6 (Fig. 4.1). This indicates that a 

continuous solid solution exists across the entire composition range. The d-spacing increases 

as the larger SbF6
- anion is incorporated into the structure. There was no evidence of any 

excess salts or PEO. While it is only possible to detect crystalline PEO it is expected that any 

unreacted PEO would be semi-crystalline and hence produce peaks. 
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Fig. 4.1 X-ray diffraction patterns of PEO6:(LiAsF6)1-x(LiSbF6)x. The dashed lines mark the positions of the 

strongest reflections of PEO6:LiSbF6. 
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4.3 AC IMPEDANCE SPECTROSCOPY MEASUREMENTS 

  

Conductivity was measured in a blocking electrode cell in the usual manner (Ch.2) by 

varying the frequency from 1Hz to 1MHz. A single semicircle and spike were produced; the 

bulk capacitance calculated from the semicircle was typically ~2 pFcm-1 (Fig. 4.2). This 

indicates that there was no grain boundary resistance and that the bulk material is 

responsible for ionic conductivity. This is consistent with previous observations on similar 

samples. 

Fig. 4.2 A typical spike and semicircle from an ac impedance measurement on PEO6:(LiAsF6)1-x(LiSbF6)x. 

 

 Conductivity plots of two temperatures (25 oC and 45oC) are presented as a function 

of composition, x, in figure 4.3. The conductivity shows a remarkably symmetrical variation 
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with composition, rising dramatically from the neat (x=0 and 1) samples and peaking at  

x = 0.1 and 0.9. The conductivity then falls to a broad trough centred at around x = 0.5. In 

all cases the conductivity is greater than either of the undoped compounds. 

 

Fig. 4.3 The conductivity isotherms of  PEO6:(LiAsF6)1-x(LiSbF6)x. 

 

The temperature dependence of the conductivities is shown in figure 4.4. In all cases 

the Arrhenius plots are linear, consistent with ion hopping occurring in a crystalline phase 

where the ions can hop in a more or less rigid framework. In contrast, conduction in the 

amorphous phase would be expected to produce a curved line shape (As described by the 

VTF equation, Ch.1). The mixing of anions tends to cause a drop in activation energy 

compared with the end members, x = 0 and 1. The lowest activation energies are found at  

x = 0.1 and 0.9.  
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Fig. 4.4 The variation of conductivity with temperature for PEO6:(LiAsF6)1-x(LiSbF6)x and the associated 

activation energies. 
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Past attempts to enhanced conductivity in the 6:1 complexes have involved doping 

with an anion that is significantly different in either size and shape, N(SO2CF3)2
-  substituting 

for AsF6
- or charge, SiF6

2- replacing SbF6
- 2,6. Imide creates local disorder and disrupts the 

potential field around the lithium ion. Li2SiF6 introduces additional lithium ions in interstitial 

sites to balance the extra charge on the anion. In the present case both anions, AsF6
- and 

SbF6
-, have the same charge and shape. However they do have a different size and it has 

been shown in ceramic fast ion conductors that this is sufficient to cause an increase in 

conductivity 1. The ionic conductivity of AgI was shown to increase by ~3 orders of 

magnitude upon 20 mol% doping with Br-. The conductivity increase was in this case 

attributed to the strain introduced in the structure by the smaller Br- ion. Similarly the 

replacement of one ion by another in PEO6:(LiAsF6)1-x(LiSbF6)x will be sufficient to change 

the energy landscape around the lithium due to strain. If this interpretation of the 

conductivity increase is true then x = 0.1 and x = 0.9 must represent the points at which 

most disruption occurs. If more than 10 mol% of the anions are substituted then the 

conductivity does not increase further.  

 

4.4 LATTICE PARAMETERS 

 

 The monoclinic lattice parameters were calculated and show a remarkable correlation 

to conductivity (Fig. 4.5). The b and c parameter show the increase expected on the inclusion 

of the larger anion but the a parameter is the most revealing.  The a-axis runs parallel to the 

tunnels containing the lithium ions and is at its shortest when the conductivity is at its 

maximum. This means that the conductivity increases when the lithium ions have on average 

a shorter distance to hop.  
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Fig. 4.5 The variation of lattice parameters in the system PEO6:(LiAsF6)1-x(LiSbF6)x.  Dashed line represents the 

linear variation of the a lattice parameter with composition as described by Vergard’s law. 
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Why is a shortened at x = 0.1 and x = 0.9 and why is there a peak at intermediate 

values, around x = 0.5? For an explanation we have to consider Vergard’s Law. Vergard’s 

Law states that the random replacement of an ion in a solid solution, by one of a different 

size, leads to a linear variation of the lattice parameters with composition 7. This behaviour is 

represented by a dashed line in figure 4.5. Originally developed to describe behaviour in 

ceramic solids Vergard’s law has been extended to molecular materials 8.  The observed 

deviations from the law can be explained by considering the packing of the ions. A negative 

deviation reflects the non-random packing of the ions; AsF6
- is more likely to be surrounded 

by SbF6
- and vice versa. A positive deviation is associated with segregation of the ions; AsF6

- 

and SbF6
- are more likely to pack into domains with their own kind. The increases in 

conductivity in the regions x < 0.1 and x > 0.9 may be due to favourable mixing of the two 

anions. This causes a contraction in the distances that the lithium ion has to hop and in turn 

an increase in conductivity. The minimum around x = 0.5 may be explained by the poor 

mixing of the two anions in the solid solution. Although insufficient to cause a phase 

separation it does cause an expansion in the average distances between lithium ions. This in 

turn causes a decrease in conductivity below the maxima observed. 

  

4.5 DIFFERENTIAL SCANNING CALORIMETRY 

 

The idea that the XF6
- ions fail to mix well in the region 0.1 < x < 0.9 is further 

supported by examining the DSC data (Fig. 4.6). A phase change from the low temperature 

α  to the high temperature β phase occurs at around 90oC for both of the pure compounds; 

x = 0 and x = 1.  The temperature at which this transition occurs is lowered in the region 

where conductivity dips. This is consistent with the idea that there is a less optimised 
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arrangement of anions at these compositions and hence a melting point depression is 

observed. Further, after the phase transition an additional peak is observed before the 

melting of the β-phase. This may indicate that the segregation of anions before the phase 

transition becomes a phase separation on formation of the β-phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 DSC traces of PEO6:(LiAsF6)1-x(LiSbF6)x heating at 5K/min. The dashed lines indicate the temperature 

of the phase transition and melting peaks for PEO6:LiSbF6 or x = 1. 
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4.6 ACTIVATION ENERGY 

 

 Having established the correlation between conductivity, activation energy and lattice 

parameters, and the implication that intimate mixing of different XF6
- anions induces high 

conductivity and low activation energy; where segregation leads to low conductivity and high 

activation energy, the question arises as to why this is so. 

 

 Conductivity, σ, is given by σ = nqµ where n is the number of charge carriers, q is 

the charge on each charge carrier and µ is the mobility of the charge carrier. In the simplest 

case activation energy, Ea, is related to the mobility and concentration of defects (charge 

carriers). Activation energy is related to conductivity by: 

 









−

=
RT

E
nq

a
exp
0

µσ   (24) 

 

 The contraction of a could result in the lowering of the barrier height to conduction 

and hence a lowering of activation energy and higher conductivity. Alternatively if the 

concentration of charge carriers is temperature dependent then introducing a different XF6
- 

anion can for every ten of the other XF6
- anions induce more charge carriers. This is because 

of the disruption around the lithium ion site in the region of the dopant anion. This would 

influence the enthalpy of defect formation, ∆H, and hence the concentration of charge 

carriers. Enthalpy appears in the temperature dependent term (Eqn. 24) and influences 

activation energy. Activation energy would therefore change on doping. 
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4.7 CONCLUSION 

 

 These results represent the first continuous solid solution demonstrated in the field 

of crystalline polymer electrolytes. They also show for the first time an enhancement of 

conductivity caused only by the size of the dopant anion.  The increase in conductivity with 

solid solution formation is believed to originate from changes in the length of the crystal axis 

and changes in the potential landscape around the lithium ion. This strategy for the 

enhancement of conductivity may be extended to other crystalline polymer electrolyte 

systems. 
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5. STRUCTURE OF OLIGOMERIC COMPLEXES WITH LiAsF6 

  

 Past studies of crystalline polymer electrolytes demonstrated that conductivity 

increased with decreasing molecular weight 1. They also showed that polydispersivity led to a 

higher conductivity than the equivalent monodispersed samples 2. These results suggested it 

would be interesting to reduce the molecular weight further into the oligomeric region where 

monodisperse molecules are the norm. It may also be interesting to consider at what 

molecular weight the structure of the polymeric 6:1 complexes change to the oligomeric 

complexes. A range of oligomeric electrolytes based on LiAsF6 and various glyme molecules 

have been prepared and their structures investigated as explained in this chapter. 

 

5.1 THE STRUCTURES OF GLYME COMPLEXES WITH LiAsF6 

 

 The great advantage of examining the structures of glyme complexes, as opposed to 

polymer complexes, is that single crystals can be grown. This means that the structure can be 

resolved relatively easily by single crystal methods, thus avoiding the need for more complex 

powder diffraction methods. What follows is a description of the known structures of the 

LiAsF6 glyme complexes either solved by single crystal diffraction, at low temperatures, or 

taken from the literature. The single crystal structure resolution was carried out by Dr Alex 

Slawin.  A summary of the crystallographic data for each structure is given immediately 

below (Tables 5.1 and 5. 2). 
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Complex Monoglyme:LiAsF6 Diglyme:LiSbF6
3 Triglyme:LiAsF6 Tetraglyme:LiAsF6 

Empirical Formula C8 H20 O4 Li F6 As 
C12 H28 O6 Li F6 

Sb 
C8 H18 O4 Li F6 As C10 H22 O5 Li F6 As 

Crystal Size / mm 0.10 x 0.10 x 0.01 0.38 x 0.36 x 0.32 0.30 x 0.20 x 0.01 0.15 x 0.10 x 0.01 
Formula Weight / 
gmol-1 

376.10 511.04 374.05 418.14 

Wavelength / Å 0.71073 0.71073 0.71073 0.71073 
Crystal System Monoclinic Orthorhombic Monoclinic Orthorhombic 
Space Group P21/n Pccn P21/n Pbcn 
a / Å 8.7394(16) 11.318(3) 6.2042(17) 12.348(2) 
b / Å 14.132(3) 12.196(4) 12.660(3) 22.369(4) 
c / Å 12.618(2) 14.837(4) 18.427(5) 12.314(2) 
α / degrees 90 90 90 90 

β / degrees 100.522(7) 90 95.546(5) 90 

γ / degrees 90 90 90 90 
Volume / Å3 1532.2(5) 2048(1) 1440.5(7) 3401.2(11) 
Z 4 4 4 8 
Calculated Density 
/ mgm-3 

1.630 1.657 1.725 1.633 

Absorption 
Coefficient / mm-1 

2.288 - 2.434 2.075 

Temperature / K 93 153 125 125 
Reflections 
Collected/Unique 

8422/2643 /1788 8765/2570 20068/3063 

Goodness-of-Fit 
on F2 

1.066  1.011 1.017 

R[I>2σ (I)] 0.0530 0.0530 0.0720 0.0315 
Rw 0.1276 0.148 0.1616 0.0739 
R (all data) 0.0575  0.1108 0.0542 
Rw 0.1319  0.1811 0.0819 

 

Table 5.1 A summary of the crystallographic data for each crystal structure. The data were collected using Mo 

Kα radiation on a Bruker SMART diffractometer equipped with a fine focus sealed tube, a graphite 

monochromator and a CCD detector. The data for diglyme:LiSbF6 was taken from the literature 3. 
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Complex Hexaglyme:LiAsF6 Octaglyme:LiAsF6 
Undecaglyme: 

LiAsF6 
Dodecaglyme: 

LiAsF6 

Empirical Formula C14 H30 As F6 Li O7 
C18 H38 As2 F12 Li2 

O9 
C24 H50 As2 F12 Li2 

O12 
C26 H54 As2 F12 Li2 

O13 
Crystal Size / mm 0.10 x 0.10 x 0.01 0.01 x 0.10 x 0.10 0.10 x 0.10 x 0.01 0.15 x 0.10 x 0.01 
Formula Weight / 
gmol-1 

506.24 790.19 922.36 966.41 

Wavelength / Å 0.71073 0.71073 1.54178 0.71073 
Crystal System Triclinic Monoclinic Triclinic Triclinic 
Space Group P-1 P2(1)/c P-1 P-1 
a / Å 8.9236(19) 16.394(3) 9.399(3) 12.3091(19) 
b / Å 9.696(2) 11.3514(17) 9.498(3) 12.9354(16) 
c / Å 12.913(3) 17.215(3) 11.832(4) 13.5584(19) 
α / degrees 76.937(7) 90 104.518(15) 87.196(9) 

β / degrees 76.696(7) 108.251(5) 111.092(13) 73.571(9) 

γ / degrees 88.007(9) 90 91.857(17) 74.149(8) 
Volume / Å3 1059.0(4) 3042.5(8) 945.2(6) 1991.0(5) 
Z 2 4 1 2 
Calculated Density 
/ mgm-3 

1.588 1.725 1.620 1.612 

Absorption 
Coefficient / mm-1 

1.688 2.312 3.217 1.790 

Temperature / K 93 93 173 93 
Reflections 
Collected/Unique 

6212/3570 17327/5173 4594/1416 12029/6423 

Goodness-of-Fit 
on F2 

1.101 1.055 1.494 1.110 

R[I>2σ (I)] 0.0357 0.0437 0.1379 0.1073 
Rw 0.0819 0.1035 0.3351 0.2284 
R (all data) 0.0439 0.0590 0.1418 0.1242 
Rw 0.0868 0.1126 0.3439 0.2393 

 

Table 5.2 A summary of the crystallographic data for each crystal structure. The data were collected using Mo 

Kα radiation on a Bruker SMART diffractometer equipped with a fine focus sealed tube, a graphite 

monochromator and a CCD detector. The undecaglyme:LiAsF6 data were collected using a Cu Kα source. 
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5.1.1 Monoglyme 

 

 Attempts to prepare a solid monoglyme complex were initially fruitless; only soft 

gelatinous materials were obtained. However, DSC experiments revealed an endothermic 

peak at approximately room temperature. By preparing the complex in a low temperature 

environment it was eventually possible to produce single crystals sufficient for structural 

determination. 

  

 The lithium solvation sphere can be seen in figure 5.1. The oxygen to lithium ratio is 

4:1 and the lithium has distorted trigonal bipyramidal geometry. The lithium is coordinated 

by four oxygen atoms; two each from two different monoglyme molecules. The lithium to 

oxygen distances fall in the range 1.98 -2.12 Å; typical for these compounds. The fifth donor 

is a fluorine atom from the adjacent anion. Its distance is 1.93 Å from the cation; again a 

typical value.  

 

  

 

 

 

 

 

 

Fig 5.1 The coordination sphere of the complex monoglyme:LiAsF6. The colours are as follows Lithium; Pale 

Blue, Carbon; Green, Oxygen; Red, Arsenic; White, and Fluorine; Purple. Coordinating atoms are connected to 

the lithium by thin lines. 
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 The unit shown in figure 5.1 is stacked into columns. These columns are then tiled 

together in the manner shown in figure 5.2. 

 

 

Fig 5.2 The structure of the complex monoglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, 

Carbon; Green, Oxygen; Red, Arsenic; White, and Fluorine; Purple. 
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5.1.2 Diglyme 3 

 

 The structure of diglyme:LiSbF6 was solved by Seneviratne and co-workers 
3 and it is 

that structure that is presented here for discussion. Our sample of diglyme:LiAsF6 was 

prepared in the usual manner and its powder diffraction pattern measured. A calculated 

powder pattern was produced by replacing the antimony atoms in the structure with those of 

arsenic. The measured and calculated patterns of diglyme:LiAsF6 were identical; 

demonstrating that the two complexes are isostructural. 

 

A dimeric solvate forms with octahedral geometry (Fig. 5.3). The oxygen to lithium 

ratio is 6:1 and each diglyme molecule is symmetrically equivalent. There is no anion 

coordination of the lithium ion. The oxygen to lithium distances are typical for this series of 

compounds (2.07 - 2.20 Å). 

 

 

 

 

 

 

 

 

Fig 5.3 The structure of the complex diglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; 

Green, Oxygen; Red. Coordinating atoms are connected to the lithium by thin lines. 
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The solvation spheres are stacked together in columns (Fig. 5.4). These columns 

when viewed from above bear a striking resemblance to the tunnels formed in α-

PEO6:LiAsF6. The intra-column Li-Li distance is 6.77 Å; compared to 5.5 Å and 6.5 Å in the 

polymeric complex. Within the polymeric complex there is a potential interstitial site 

between the lithium ions. There is no such site in the discontinuous diglyme:LiAsF6 

columns. On average the column is longer than an equivalent tunnel. 

 

The inter-column Li-Li distance is 8.35 Å in the diglyme complex compared to 9.21 

Å in the polymer complex. The columns are packed together more tightly than the tunnels in 

PEO:LiAsF6. It is also apparent from figure 5.4 that at the temperature at which the 

structure determination was made (-120oC) the anions were slightly disordered. Either the 

anions are rotating around one axis or they are statically disordered.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.4 The structure of the complex diglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; 

Green, Oxygen; Red, Arsenic; White, and Fluorine; Purple.  
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5.1.3 Triglyme 4 

 

 A complex with the oxygen to lithium ratio of 4:1 was discovered by Henderson et al 

in 2003 4.  A close examination of the coordination sphere, (Fig. 5.5) reveals that the lithium 

ion is five coordinate with trigonal bipyramidal geometry. Each lithium ion is coordinated by 

four oxygen atoms, two each from two different triglyme molecules, and one donor fluorine 

from an AsF6
- anion. The triglyme molecules are arranged in an overlapping fashion such 

that each molecule can coordinate two lithium ions. The overlapping of triglyme molecules 

results in a continuous chain. These chains pack together in an alternating fashion as shown 

in figure 5.6. 

 

 

 

Fig 5.5 The coordination sphere of the complex triglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, 

Carbon; Green, Oxygen; Red, Arsenic; Pink, and Fluorine; White. Coordinating atoms are connected to the 

lithium by thin lines. 
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Fig 5.6 The packing of chains in triglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; 

Green, Oxygen; Red, Arsenic; Pink, and Fluorine; White. Coordinating atoms are connected to the lithium by 

thin lines. 

 

 The Li-O distances all fall within the range 1.93-2.00 Å; typical of these compounds. 

The oxygen lithium distances at either end of the glyme are slightly shorter than those 

involving the central oxygen atoms.  The distance between lithium ions along the channel is 

6.20 Å. This distance is similar to those found in PEO6:LiAsF6; the gap is alternately 6.5 Å 

and 5.5 Å. However it should be noted that there is no interstitial site between lithium ions 

such as the one present in the polymeric structure. The coordinating fluorine is 1.99 Å away 

from the cation and 1.74 Å from the arsenic atom. This last distance is slightly extended 

when compared to the non-coordinating fluorine-arsenic distances (1.70-1.71 Å).   The 
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adjacent arsenic atoms in a channel are 6.20 Å apart the same separation as the lithium ions. 

The separation between the two closest fluorine atoms on adjacent anions is 3.51 Å. The 

channels in this structure are packed more efficiently than in PEO6:LiAsF6. This is reflected 

in the distances between lithium ions in adjacent channels; 9.21 Å and 7.55 Å.  

 

 5.1.4 Tetraglyme 5 

 

 Henderson et al have also reported the structure of the tetraglyme:LiAsF6 complex 5. 

The oxygen to lithium ratio is 5:1 and there is no anion coordination (Fig. 5.7). It should be 

noted, however, that one of the anions is disordered. Each lithium ion is coordinated by two 

different tetraglyme molecules. Each tetraglyme molecule wraps itself around two lithium 

ions. Its four end-most oxygen atoms on either side coordinate two different lithium ions. 

The final, central, oxygen atom bridges the two cations. The two tetraglyme molecules 

solvating each pair of lithium atoms are symmetrically equivalent. The coordination of both 

lithium ions is symmetrical; however each lithium ion is crystallographically distinct from the 

other.  Pairs of cations and anions are arranged in a checkerboard fashion within each plane 

(Fig. 5.7). These planes are then stacked in an alternating manner.  
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Fig. 5.7 The coordination sphere of the complex tetraglyme:LiAsF6. The colours are as follows Lithium; Pale 

Blue, Carbon; Green, Oxygen; Red, Arsenic; Pink, and Fluorine; Purple. Coordinating atoms are connected to 

the lithium ions by thin lines. 

 

The O-Li distances are 2.07 and 1.98 Å for the symmetrically equivalent end most 

oxygen donors. The central oxygen atom is located 2.50 Å from either lithium cation. 

Although this last value seems long for a coordination distance it is likely that the oxygen 

donates some electron density to both cations. Otherwise the lithium ions would have only 

four donor atoms and such coordination has never been observed before in similar 

compounds. The distance between the lithium ions is much shorter that in PEO6:LiAsF6; 

3.69 Å versus 6.5 Å and 5.5 Å. This is consistent with the idea that the central oxygen 

coordinates both cations. There are no interstitial sites for the lithium ion, as there is in the 

polymeric complex, nor is there a continuous tunnel which could support cation migration. 
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The distance between adjacent arsenic atoms is 5.95 Å. The As-F bonds are all of similar 

length 1.69-1.74 Å. The distances between adjacent pairs of lithium ions, such that they 

describe a square around the anions, are 9.43 Å; this is similar to the 9.21 Å between the 

tunnels in PEO6:LiAsF6. 

 

The tetraglyme:LiAsF6 complex bears a resemblance to PEO6:LiAsF6. However there 

are important differences. The continuous tunnels no longer exist, instead the solvated 

lithium dimers are curtailed at either end by the anions. Further, there are no potential 

interstitial sites for the lithium ions as in PEO6:LiAsF6. 

 

5.1.5 Hexaglyme 

 

 The structure of hexaglyme:LiAsF6 (Fig. 5.8) has an oxygen to lithium ratio of 7:1. 

The lithium ions are six coordinate with three oxygen donor atoms coming from each of a 

pair of hexaglyme molecules. Lithium to oxygen distances are typically 2.04 – 2.25 Å. Again, 

like tetraglyme:LiAsF6, a pair of glyme molecules coordinates a pair of lithium ions. The 

central oxygen atom in each glyme does not act as a ligand. The distance separating this 

oxygen from the nearest cation is 4.43 Å.   Similar to the PEO and tetraglyme complexes, 

there is no anion coordination. As-F distances are typically 1.72-1.73 Å. The lithium ions 

within the dimer are separated by 7.48 Å; this value is longer than those found in 

tetraglyme:LiAsF6 (3.69 Å) and PEO6:LiAsF6 (5.5 and 6.5 Å). Again, there are no obvious 

interstitial sites between the lithium ions but the spare oxygen donor offers at the least the 

possibility of some cation movement. The uncoordinated oxygen atoms may also give the 
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solvation moiety some extra flexibility in comparison to those of the shorter glyme 

complexes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.8 The coordination sphere of the complex hexaglyme:LiAsF6. The colours are as follows Lithium; Pale 

Blue, Carbon; Green, Oxygen; Red, Arsenic; Pink, and Fluorine; Purple. Coordinating atoms are connected to 

the lithium ions by thin lines. 

 

Figure 5.9 highlights channels along which anions may migrate. It also shows that 

columns are formed by the stacked lithium solvates. Within this structure there are a number 

of potential channels for anion migration. The columns are not continuous but rather are 

formed by the dimers stacked end on end. The distance between lithium ions in neighboring 
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dimers, within a column, is 8.07 Å. The distances between adjacent columns are 13.90 Å and 

14.29 Å; this is much larger that the 9.21 Å observed for the polymer complex. 

 

Fig 5.9 Columns in the complex hexaglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; 

Green, Oxygen; Red, Arsenic; Pink, and Fluorine; Purple.  

 

5.1.6 Octaglyme 

 

 Octaglyme:LiAsF6 forms an interesting structure with two crystallographically distinct 

lithium ions in two different solvation spheres (Fig. 5.10). Both lithium ions are solvated by 

the same octaglyme molecule. One lithium ion is solvated by the three end-most oxygen 

atoms from both ends of the glyme molecule. The three central oxygen atoms coordinate the 

second lithium ion. This cation is also coordinated by a fluorine atom from an adjacent 
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anion. One oxygen atom appears to donate electron density to both cations; although it is 

closer to the anion coordinated lithium ion (2.59 Å versus 2.17 Å). The separation between 

lithium ions within the solvate is short at 3.86 Å; this is consistent with the presence of a 

bridging oxygen ligand and similar to the same distance found in tetraglyme:LiAsF6. The 

separation between lithium ions, in different solvates, on moving down the column axis is 

7.70 Å. The oxygen to lithium distances are in the range 2.01 – 2.17 Å; typical for these 

compounds. The lithium to fluorine distance is 1.92 Å; this is similar to the same bond in the 

triglyme:LiAsF6 complex.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.10 The coordination sphere of the complex octaglyme:LiAsF6. The colours are as follows Lithium; Pale 

Blue, Carbon; Green, Oxygen; Red, Arsenic; White, and Fluorine; Purple. Coordinating atoms are connected to 

the lithium ions by thin lines. 

 

There are columns formed by the cation solvates (Fig. 5.11 and Fig. 5.12).  These 

columns are separated by two distinct types of anions. One column comprising the anions 

that coordinate the lithium ions and another comprising charge separated anions. The 
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distances between the lithium ions in neighbouring columns take the approximate values 

8.76 Å, 9.23 Å and 11.72 Å. The narrowest dimension is short in comparison to the 9.21 Å 

separations of the tunnels in PEO6:LiAsF6. 

 

The separations of arsenic atoms from their nearest neighbours, moving down the 

column, are 5.79 Å for the uncoordinated anions and in a zigzag pattern 7.70 Å and 5.98 Å 

for the coordinated anions (Fig. 5.12). 

 

Fig. 5.11 Columns in the complex octaglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; 

Green, Oxygen; Red, Arsenic; White, and Fluorine; Purple.  
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Fig. 5.12 Colums in the complex octaglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; 

Green, Oxygen; Red, Arsenic; White, and Fluorine; Purple.  

 

5.1.7 Undecaglyme 

 

 Undecaglyme:LiAsF6 has an oxygen to lithium ratio of 6:1. Unlike some of the 

structures involving shorter glymes, and that for PEO, each lithium ion is only coordinated 

by one glyme molecule. Each undecaglyme molecule acts as a ligand for two different 

lithium ions. The oxygen to lithium distances fall within the range 2.01 – 2.42 Å (Fig. 5.13). 

The upper limit of this range seems a little high when compared to the same distances in 

other glyme compounds. The slight increase in distance may be due to the electrostatic 

influence of the anions. The fluorine atoms, from the anions, are 5.85 and 5.56 Å away from 

the two closest lithium ions. The relevant As-F bonds are also distorted from the normal; by 
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as much as 14o. The As-F distances fall in the region 1.65-1.82 Å. This too is a little distorted 

when compared to the other glyme complexes. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.13 Solvation of undecaglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; Green, 

Oxygen; Red. Coordinating atoms are connected to the lithium ions by thin lines. 

 

 It can be seen from figure 5.14 that the glyme molecules are not well aligned as for 

the diglyme complex. Rather the “columns” are on a slant. The distance between lithium 

ions in adjacent solvates, moving down the axis of a “column”, is long at 8.10 Å. The 

separation between “columns” is 9.40 and 9.50 Å; this is similar to PEO6:LiAsF6 where the 

separation is 9.21 Å. It should be noted that while there are no obvious pathways for cation 

migration there are a number of potential routes for anion migration.  
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Fig 5.14 Structure of undecaglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; Green, 

Oxygen; Red, Arsenic; Pink, and Fluorine; Purple.  
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5.1.8 Dodecaglyme 

 

 The structure of dodecaglyme:LiAsF6 (Fig. 5.15) is similar to that of the undecaglyme 

complex. Each glyme molecule coordinates two lithium ions and each cation is coordinated 

by six oxygen atoms. The remaining central oxygen atom is non-coordinating. The anions do 

not coordinate the cations. The oxygen to lithium distances fall in the range  

2.06 - 2.25 Å. The main difference from the undecaglyme complex is that two solvated 

moieties are able to interlock, as shown in figure 5.15. 

 

Fig. 5.15 Structure of dodecaglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; Green, 

Oxygen; Red. Coordinating atoms are connected to the lithium ions by thin lines. 

 

 The solvation moieties are again able to stack is such a way as to form columns  

(Fig. 5.16). The lithium-lithium distances on moving down a column are 6.60 Å and 6.63 Å; 

these distances zigzag between lithium ions in different interlocking solvate moieties on 
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moving down the column. While there is an extra oxygen donor atom between the solvated 

lithium ions there is no obvious interstitial site. The distance between columns is 12.94 Å 

this is larger than the inter tunnel distance within the polymeric complex 9.21 Å. 

  

Fig. 5.16 Structure of dodecaglyme:LiAsF6. The colours are as follows Lithium; Pale Blue, Carbon; Green, 

Oxygen; Red, Arsenic; White, and Fluorine; Purple.  

 

5.2 CONCLUSION 

 

 The structures of a number of glyme complexes have been solved. A summary is 

presented in table 5.3. Some of them bear a passing resemblance to that of PEO6:LiAsF6. 

Common features are the apparent formation of a channel and the absence, in most cases, of 

anion co-ordination. However in most instances what appears at first inspection to be a 

potential lithium channel turns out to be more like a discontinuous stacking arrangement. 

Triglyme:LiAsF6 is the only complex which appears to feature a continuous channel for 

lithium ion migration. At the same time, this complex differs from PEO6:LiAsF6 in that the 

cation is coordinated by the anion. The lowest molecular weight glyme that is iso-structural 
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with PEO:LiAsF6 has not yet been identified.  For the complexes thus far examined anion 

coordination is associated with a low cation coordination number (~5) and hence a distorted 

trigonal bipyramidal geometry. 

 

Complex Solved O:Li 
Anion 

Coordination 

Lithium 
Coordination 
Number 

Number of 
Different 
Ligands 

Coordinating 
Lithium 

Coordination 
Geometry 

Monoglyme:LiAsF6 
Single 
Crystal 

4:1 Yes 5 3 
Trigonal 

Bipyramidal 

Diglyme:LiAsF6
3 

Single 
Crystal 

6:1 No 6 2 Octahedral 

Triglyme:LiAsF6
4 

Single 
Crystal 

4:1 Yes 5 3 
Trigonal 

Bipyramidal 

Tetraglyme:LiAsF6
5 

Single 
Crystal 

5:1 No 6 2 Octahedral 

Hexaglyme:LiAsF6 
Single 
Crystal 

7:1 No 6 2 Octahedral 

Octaglyme:LiAsF6 
Single 
Crystal 

4.5:1 Yes / No 5 / 6 1 and 2 
Octahedral 
and Trigonal 
bipyramidal 

Undecaglyme:LiAsF6 
Single 
Crystal 

6:1 No 6 1 Octahedral 

Dodecaglyme:LiAsF6 
Single 
Crystal 

6.5:1 No 6 1 Octahedral 

PEO:LiAsF6 
Simulated 
Annealing 

6:1 No 5 2 
Distorted 
Square 
Pyramid 

 

Table 5.3 A summary of some structural features of glyme:LiAsF6 complexes. 
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6. PROPERTIES OF NEW SOLID CRYSTALLINE OLIGOMERIC 

ELECTROLYTES WITH LiAsF6 

 

Past work with PEO6:LiAsF6 showed that conductivity increased as the molecular 

weight of the polymer was reduced 1. It was also revealed that polydispersivity had a 

significant impact on conductivity 2. These results led to the idea that the structure and 

properties of oligomeric complexes might be of some interest. Solving the structures of the 

glyme:LiAsF6 complexes (Ch. 5) created an opportunity to investigate the structural origins 

of ionic motion. However, it soon became apparent that the complexes had potential as solid 

crystalline electrolytes in their own right; with most exhibiting good ionic conductivities and 

similar mechanical properties to the polymer complexes. 

 

What follows is a discussion of the properties of each glyme:LiAsF6 complex with 

particular regard paid to their lithium ion conductivity. The complexes are separated into 

high and low conductivity groups and presented in order of their room temperature (30oC) 

conductivity; lowest to highest.  The ionic conductivities were measured using a pressed 

pellet as outlined in chapter 2. 

 

6.1 LOW CONDUCTIVITY COMPLEXES 

 

6.1.1 Diglyme:LiAsF6 

 

The conductivity of diglyme:LiAsF6 (Fig. 6.1) is 10-8.6 Scm-1 at 30oC. This is ~ 1.5 

orders of magnitude lower that PEO6(1k):LiAsF6. This difference in conductivity occurs 
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despite an apparently similar tubular structure to the polymeric complex (Ch5 pp 77-78). 

There are, however, some important differences between the glyme and polymer complexes. 

Firstly, the solvated lithium ions are not contained within tunnels formed by continuous 

molecules but are discrete solvates arranged in columns. The columns are formed by the 

stacking of the solvated lithium ions. The columns also appear to be more tightly packed 

together than the tunnels of PEO6:LiAsF6; the lithium–lithium distances between the 

columns are 8.35 Å versus 9.21 Å. This is likely to limit the ability of the anions to migrate 

relative to those in the polymeric complex. In the polymer complex the lithium cation can 

rest in two possible sites with coordination by ether oxygen atoms 1 through 5 or 2 through 

6. Only one such arrangement is possible at a given time but the ability to switch from one 

to the other may be important to ion transport.  The diglyme complex offers no alternative 

sites for the lithium ion to occupy and so its migration is likely to be restricted. 

 

 At low temperatures a linear line-shape is apparent in the log conductivity vs 

reciprocal temperature plot (Fig. 6.1). This is consistent with an ionic hopping mechanism. 

In this temperature region the structure still corresponds to that solved at -125oC (Ch 5 pp 

77-78), featuring rotationally disordered anions. However, it is also clear from this plot that 

there is a discontinuity at around 25oC above which the conductivity line becomes more 

curved. The DSC data for this sample (Fig. 6.8 pp 110) show an endotherm at 25oC. This 

endotherm is likely to correspond to a solid-solid phase transition in which additional 

disorder is introduced into the structure. It may be the case that either the anions become 

further disordered or that the cation solvates themselves become disordered. A temperature 

dependent X-ray study of the sample showed the powder pattern changing from that 

expected from the structure described in chapter 5 to a different pattern with fewer 
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reflections. However no information regarding the symmetry of the high temperature phase 

was obtained. The curved nature of the log conductivity vs reciprocal temperature plot 

above the phase transition can be linked to motion within the structure. Segmental motion in 

polymers and rotator phases in inorganic crystalline electrolytes have been shown to have 

this effect 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1 The conductivity of diglyme:LiAsF6 and PEO6(1k):LiAsF6 presented as a function of temperature. The 

solid lines represent the best least squares fit for each data set. 

 

Diglyme:LiAsF6 displays both a high melting temperature and enthalpy, relative to 

the other complexes, indicating that it is a stable complex (Fig. 6.7 and Table 6.2 pp 110-

111). This can be related to it’s structure. It features a six coordinate lithium cation with 
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short lithium to oxygen bonds and a regular octahedral geometry. The complete solvation 

sphere as well as the relative lack of strain in the glyme backbone makes this complex stable. 

The stability of the solvation sphere, along with the absence of a continuous channel for the 

cation and the lack of space for anion migration, explain why the ionic conductivity of this 

sample is so low.  The conductivity was too low for a t+ measurement. 

 

6.1.2 Octaglyme:LiAsF6 

 

 The ionic conductivity of octaglyme:LiAsF6 overlays that of PEO6(1k):LiAsF6  

(Fig. 6.2). The similarities in the conductivity measurements are interesting considering the 

very different structures of the two materials. The Octaglyme:LiAsF6 structure  is composed 

of discrete solvates, each containing one glyme molecule and two crystallographically distinct 

lithium ions. Each lithium ion occupies a different solvation sphere, with one octahedrally 

coordinated and the other in trigonal bipyramidal geometry. The octahedrally solvated cation 

is only coordinated by ether ligands, however the bipyramidally solvated cation is 

coordinated by one anion as well as ether oxygen atoms (Ch. 5 pp 85-88). There are two 

distinct anions one is charge separated and the other coordinates a cation. Each distinct 

anion is arranged in such a way as to form a separate channel through the lattice.    

 

The conductivity vs reciprocal temperature plot is linear and is best described by the 

Arrhenius equation, indicating an ionic hopping mechanism. The solvates offer no obvious 

alternative site for lithium ions to migrate into; with all the potential oxygen ligands involved 

in coordinate bonds. If the lithium ion does migrate it must do so with some cooperative 

motion from the anion or glyme. While there is no obvious route for lithium hopping to 
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occur there are clear channels for the anions. The second charge separated anion is located 

in a channel with a limiting dimension of 8.76 Å between lithium ions. This compares to a 

length of 9.21 Å for a similar dimension in PEO6:LiAsF6. There is no evidence for any 

significant disordering occurring in this sample from the temperature at which the structure 

was solved (-185oC) until an endothermic peak in the DSC immediately (Fig. 6.8 pp 110) 

before melting.  There is no transport number data for this sample as a stable steady state 

current was not reached. Hence there is no indication of the proportion of charge carried by 

each ionic species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2 The conductivity of octaglyme:LiAsF6 presented as a function of temperature. The conductivity of 

PEO6(1k):LiAsF6 is included for comparison. The solid lines represent the best least squares fit for each data 

set. 
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6.2 HIGHER CONDUCTIVITY COMPLEXES 

 

 Samples with a higher conductivity than PEO6(1k):LiAsF6 were selected for transport 

number, t+, determination. Those samples were triglyme:LiAsF6, tetraglyme:LiAsF6, 

hexaglyme:LiAsF6, undecaglyme:LiAsF6 and dodecaglyme:LiAsF6.   The measurements were 

made via a DC polarisation of each sample; the experimental details are outlined in chapter 

2. The resulting curves and t+ values are presented below (Fig 6.3 and Table 6.1). These 

results are again presented in order of room temperature (30oC) conductivity; lowest to 

highest. Transport number measurements were used to give an indication of the proportion 

of charge carried by the cation. It was assumed that there is negligible ion-pairing in these 

compounds (Ch. 2, page 37). 

 

Fig. 6.3 The corrected current versus time plots for the DC polarisation measurement on selected glyme 

complexes. 
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Complex Transport Number 
Triglyme:LiAsF6 0.8 

Tetraglyme:LiAsF6 0.1 

Hexaglyme:LiAsF6 0.1 
Undecaglyme:LiAsF6 0.3 
Dodecaglyme:LiAsF6 0.4 

 

Table 6.1 The transport number, t+, as calculated for the curves shown in figure 6.3. 

 

6.2.1 Dodecaglyme:LiAsF6 

 

 Dodecaglyme:LiAsF6 has a log conductivity ~0.8 orders of magnitude higher than 

PEO(1k)6:LiAsF6 (Fig. 6.5). The conductivity-temperature plot is linear implying an ionic 

hopping mechanism. The transport number was measured at 0.4; meaning that the majority 

of the charge is carried by the anions. Cation migration is significant. 

 

A close examination of the structure reveals that the most likely route for anion 

migration is within the space between the solvate moieties. The lithium-lithium distance 

between solvate columns is narrowest at 9.71 Å. This represents a likely bottleneck for anion 

migrations and is slightly larger than the similar bottleneck of 9.21 Å in PEO6:LiAsF6. 

 

 The relatively high proportion of the charge carried by the cation is difficult to 

explain on examination of the crystal structure (Ch5 pp 91-92). Although the lithium ions are 

octahedrally coordinated; it is possible to imagine them escaping their co-ordination sphere. 

There is an extra non-coordinating oxygen atom available on the dodecaglyme molecule. 

This should give the solvation moiety extra flexibility in comparison to the other glyme 

complexes. Pairs of lithium solvates are also very close together, ~6.6 Å. The proximity of 
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the lithium ions, together with the additional flexibility of the solvate backbone, and the 

availability of an extra oxygen ligand may combine to produce a migration pathway for the 

lithium ion. 

 

6.2.2 Undecaglyme:LiAsF6 

 

A lithium ion transport number of 0.3 was determined for this sample. This 

demonstrates that the bulk of the charge is in fact carried via anion migration.  This is not 

surprising as the crystal structure of this complex offers no clear channels for lithium 

migration (Ch 5 pp 88-90). The distance between lithium ions in neighbouring solvates, 

along a “column”, is large at 8.10 Å compared to ~6 Å in the PEO complex. Any migration 

of the lithium ion would require some cooperative motion by the anions and glyme 

molecules. 

 

The most striking property of undecaglyme:LiAsF6 is its ionic conductivity. At 30oC 

the glyme complex has an ionic conductivity one order of magnitude higher than that of the 

PEO complex (Fig 6.4).  The crystal structure seems to offer a number of possible paths for 

anion migration. It is also interesting to note that the conductivity-temperature plot is 

noticeably curved. This has been linked, by Tärneberg and Mellander, with conduction via 

the rotary motion of anions 3. However, the DSC (Fig 6.8 page 110) shows no endotherm 

associated with the onset of disorder and there is none apparent in the crystal structure. The 

anions in this complex, while not forming a coordinating bond, seem to interact with the 

cations. As evidenced by the distortion of the anion bond angles. This coordination is likely 

to be significant in any migration of the cation.  
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Fig. 6.4 The conductivity the glyme complexes dodecaglyme:LiAsF6 (blue) , undecaglyme:LiAsF6, 

tetraglyme:LiAsF6 and hexaglyme:LiAsF6 (red) complexes presented as a function of temperature. The 

conductivity of PEO(1k)6:LiAsF6 is also presented for comparison. The solid lines represent the best least 

squares fit for each data set. 

 

6.2.3 Hexaglyme:LiAsF6 

 

The hexaglyme complex has a room temperature conductivity 1.2 orders of 

magnitude greater than that of PEO6(1k):LiAsF6 (Fig. 6.4). It is also apparent from the 

conductivity-reciprocal temperature plots that the ionic conductivity of the sample has 

significantly different activation energy from the other glyme complexes. This implies that a 
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different mechanism is responsible for conductivity.  The transport number, t+, was 

determined and was found to be 0.1. This shows that the majority of the charge is carried by 

anion migration. 

 

These observations can be justified by examining the crystal structure. There are 

channels for anion migration in all three dimensions. The cross sectional area of these 

channels can be used to describe a bottleneck to anion migration. The distances between 

lithium ions within the solvates can be used to approximate the dimensions of the channel. 

The dimensions of a pair of such bottlenecks are 9.70 Å by 12.91 Å and 13.46 Å by 8.92 Å. 

The area of these bottlenecks is large in comparison to the characteristic square of 9.21 Å 

present in PEO6:LiAsF6. Not only are there more potential pathways for anion motion but 

those pathways are larger. It is also significant that there are no clear pathways for the 

lithium ion. The lithium ion is octahedrally solvated and there are two oxygen atoms that do 

not coordinate the cations. This suggests the possibility of some movement of the cation 

within each solvate, similar to the two possible sites for the lithium ion in PEO6:LiAsF6. 

However, the distances between the closest lithium ions in adjacent solvates are large at  

8.07 Å.  Any migration of the cation must again involve significant cooperative motion for 

the anions and glyme molecules. The absence of any significant restrictions to anion 

migration explains the relatively high ionic conductivity.  The lack of opportunity for cation 

motion provides an explanation for the low transport number. 

 

 It is difficult to account for the apparent difference in activation energy from the 

other glyme complexes. It seems that conduction should occur via a different mechanism, 
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however the conductivity–reciprocal temperature plot is linear, pointing towards ionic 

hopping.  

 

6.2.4 Tetraglyme:LiAsF6 

 

 Tetraglyme:LiAsF6 has a conductivity 1.25 orders of magnitude higher that that of 

PEO6(1k):LiAsF6 at 30oC (Fig. 6.4). The straight line in the Arrhenius plot is indicative of an 

ion hopping mechanism. A transport number measurement on this sample yielded a value of 

0.1; demonstrating that the majority of the charge is carried by anion migration. 

  

 These observations can again be rationalised by an examination of the crystal 

structure (Ch5 pp 81-83). There are no continuous channels that could support a lithium ion 

hopping mechanism. The lithium ions are again coordinated by 6 oxygen atoms in an 

enveloping fashion with no alternative lithium sites. The shortest distance between lithium 

ions in adjacent solvates is 9.71 Å.; a relatively large distance for an ion to hop. It therefore 

seems to be the case that it is the anions that hop between adjacent sites.  

 

 The structure determined at -153oC shows some rotational disorder of the anions. 

This disorder may be static or dynamic. However the DSC (Fig. 6.8 page 110) shows no 

endothermic feature until around 62oC. This endotherm is likely to be the result of the onset 

of further disorder of either the anions or the solvates. 
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6.2.5 Triglyme:LiAsF6 

 

Triglyme:LiAsF6 has a high room temperature conductivity; 1.25 orders of magnitude 

higher than that of PEO6(1k):LiAsF6 (Fig. 6.5) . It also has the highest t+ value at 0.8. These 

two properties together make triglyme:LiAsF6 the most promising of these complexes for 

use as an electrolyte in a lithium cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5 The conductivity of triglyme:LiAsF6 is presented as a function of temperature. The conductivity of 

PEO6(1k):LiAsF6 is also presented for comparison. The solid lines represent the best least squares fit for each 

data set. 
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existence of continuous channels for cation migration. These channels are different in nature 

to those of the PEO complex in that they offer no alternative site for the lithium cation. 

However they still provide a pre-existing site into which the cations can hop. It seems from 

the linearity of the conductivity-reciprocal temperature plot that ionic migration does occur 

via a hopping mechanism (Fig. 6.5). 

 

  Crystal defects are important to conductivity. If all the lithium sites are ideally 

occupied then ionic conduction can not occur as there will be no space for the ions to move 

into. The lattice must feature defects above -273oC and these must be important in allowing 

lithium migration by providing space into which lithium ions can move.   

 

 

Fig. 6.6 The coordination sphere of the complex triglyme:LiAsF6. The colours are as follows Lithium; Pale 

Blue, Carbon; Green, Oxygen; Red, Arsenic; Pink, and Fluorine; White. Coordinating atoms are connected to 

the lithium by thin lines.  
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The lithium in this compound is only five coordinate (Fig. 6.6). This too might 

increase the possibility of the lithium ion hopping as it is not enclosed by the glyme molecule 

as in the other complexes. The coordination of the lithium ions by the anions implies that 

the anions must also have an important role in cation migration.  It seems likely that the 

lithium ion in this sample migrates assisted by the motion of the co-ordinated anions; the 

linearity of the conductivity-temperature plot implies a mechanism involving ion hopping 

rather than rotary motion.  

 

The DSC of triglyme:LiAsF6 shows an endotherm at around 75oC (Fig. 6.8 page 

110). This endotherm represents a solid–solid phase transition associated with the onset of 

either anion or solvate disorder. A temperature dependent X-ray made on heating through 

this transition showed the powder pattern associated with the crystal structure giving way to 

a different pattern with fewer reflections. No information regarding the structure of the high 

temperature phase was obtained from its powder diffraction pattern. The conductivity of the 

sample was measured on heating through its solid-solid phase transition. The results are 

presented in figure 6.7. It can be seen here that there is no discontinuity in the conductivity 

on heating through the phase transition. The conductivity line remains linear over the whole 

temperature range. This indicates a conduction mechanism in which ion hopping continues 

to be important despite the disordering of the crystal structure. 

 

 

 

 

 



  

 108 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.7 The conductivity of triglyme:LiAsF6 and PEO6(1k):LiAsF6  presented as a function of temperature. The 

conductivity of triglyme:LiAsF6 was monitored on heating through a phase transition at ~75oC. A fixed 

geometry cell was used for this measurement (Ch 2). The solid lines represent the best least squares fit for each 

data set. 

 

The solvated moieties in the triglyme structure are packed together well. This is 

reflected in the distance between lithium ions in neighbouring channels, 7.55 Å. This 

distance is shorter than similar distances in any of the other complexes studied. The lack of 

space will hinder the migration of the anions. This may explain why the transport number is 

relatively high in comparison to the other glyme complexes 
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6.2 THERMAL PROPERTIES OF GLYME:LiAsF6 COMPLEXES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.8 A summary of the DSC results from the glyme complexes. Samples were heated at 5 Kmin-1. The data 

labels correspond to the glymes used in the complex e.g. monoglyme:LiAsF6 is labelled G1. 
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The DSC results for each of the discussed complexes are summarised in figure 6.8 

and table 6.2. Other than the lack of a glass transition, indicating the absence of an 

amorphous phase, there are no obvious trends; however there is a common feature. Each 

glyme complex up to octaglyme displays an endothermic feature before melting. It has been 

suggested that this peak is due the disordering of either the anion or the lithium solvates 4, 

some disordering is also a feature of plastic crystalline phases 5.  It is interesting to note that 

the higher molecular weight complexes do not have this phase transition. It is also apparent 

that as the molecular weight of the glymes increase the difference between the phase 

transition temperature and the melting temperature narrows. 

 

Complex Tm / 
oC 

∆∆∆∆Hm / 
kJmol-1 

T1 / 
oC 

∆∆∆∆H1 / 
kJmol-1 

T2 / 
oC 

∆∆∆∆H2 / 
kJmol-1 

∆∆∆∆HTot / 
kJmol-1 

Monoglyme:LiAsF6 69.1 21.7 40.9 0.9 12.6 3.8 26.4 
Diglyme:LiAsF6 151.9 49.8 27.8 27.1 - - 76.9 
Triglyme:LiAsF6 130.6 38.9 72.3 79.1 - - 43.5 
Tetraglyme:LiAsF6 94.9 5.7 62.3 19.5 - - 25.2 
Hexaglyme:LiAsF6 76.1 8.2 55.7 24.1 - - 32.4 
Octaglyme:LiAsF6

* 111.5 - 91.1 - - - 65.7* 
Undecaglyme:LiAsF6 124.1 62.9 - - - - 62.9 
Dodecaglyme:LiAsF6 86.1 48.1 - - - - 48.1 
 
 
Table 6.2 A summary of the DSC data for the glyme:LiAsF6 complexes showing the melting temperature, Tm, 

the enthalpy of melting, ∆Hm, the temperature of the solid-solid phase transitions, T1, the enthalpy of the solid-

solid phase transitions, ∆H1, and the total enthalpy before melting, ∆Htot. * The phase change and melting 

peaks could not be resolved sufficiently to make an estimate of ∆H. 

 

Figure 6.1 (page 97) shows the effect of the phase transition on ionic conductivity 

for diglyme:LiAsF6. Below the phase transition the Arrhenius plot remains linear. This kind 

of behaviour is associated with conduction by ionic hopping. Above the transition 
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temperature the plot becomes more curved. This behaviour is associated with ionic 

migration assisted by polymer segmental motion or a rotator phase. Similar discontinuities 

have been seen in measurements made on plastic crystals 7. Interestingly on heating 

triglyme:LiAsF6 through its phase transition the line remained linear (Fig. 6.7 page 109). This 

may be evidence for a different conduction mechanism where ion hopping continues to be 

important despite the disordering of the crystal structure. 

 

 Diglyme:LiAsF6 displays both the highest melting temperature and enthalpy 

indicating that it is the most stable of the complexes. This can be related to the structure of 

the complex. It features a six coordinate lithium cation with short lithium to oxygen bonds 

and a regular octahedral geometry. The complete solvation sphere as well as the relative lack 

of strain in the glyme backbone makes this complex the most stable. The lower melting 

temperatures and enthalpies of the other glyme complexes may reflect additional strain in 

their glyme backbones. The relatively low stability of the monoglyme:LiAsF6 can be 

accounted for by the absence of the extra stability afforded by the chelate effect 4. Given the 

similar coordination geometry in the monoglyme:LiAsF6 and triglyme:LiAsF6 complexes it is 

a little surprising that the triglyme complex is so much more stable. It is also interesting to 

note that the solid-solid phase transition in the triglyme complex occurs at approximately the 

same temperature as the melting of the monoglyme complex. As the two samples have a 

very similar coordination sphere it seems likely that the onset of the same type of disorder is 

sufficient to melt monoglyme:LiAsF6 but not triglyme:LiAsF6. 

 

X-ray diffraction measurements were made on both diglyme:LiAsF6 and triglyme: 

LiAsF6 above and below their solid-solid phase transitions. In both cases the result was 
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similar with the lower temperature powder pattern corresponding to that generated from the 

single crystal structures. The diffraction patterns above the solid-solid phase transitions were 

much simpler with very few reflections. No new information about the symmetry of the high 

temperature phases was obtained from these measurements. 

 

6.3 CYCLIC VOLTAMMETRY  

 

 As the most promising of the glyme complexes, a CV sweep was made of 

triglyme:LiAsF6 in order to establish its electrochemical stability window (Fig. 6.9). The 

measurement was made in a three electrode cell with a stainless steel working electrode, a 

lithium counter electrode and a lithium wire as the reference (Ch 2). The peaks to the left of 

the dotted line at 0.3V correspond to under potential platting and stripping of lithium. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9 A single sweep cyclic voltammogram of triglyme:LiAsF6 made at a scan rate of 100 µVs-1 at 50oC. 
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Peaks A, B, C, D and E (Fig. 6.9) were also present in a similar measurement made 

on 0.5 M LiAsF6 in propylene carbonate (Fig. 6.10). These peaks therefore do not 

correspond to any reactions involving the glyme molecules. Peaks C and D have been linked 

with the formation and stripping of a lithium alloy with stainless steel 8. Peaks A, B, and E 

are likely to be due to reactions involving the anion.  Reduction peaks at around 1 V have 

been assigned to reactions involving AsF6
- 8,9. Peak E represents the oxidation of the 

reduction products from the anion. This was tested by cycling the scan in the opposite 

direction between 2 V and 4V. Peak E did not appear until after the first cycle. 

Fig. 6.10 A single cycle of 0.5M LiAsF6 in propylene carbonate at a scan rate of 10 mVs-1 at 50oC. 
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oxidation of a reduction product from an earlier cycle. The anodic limit was estimated to be  

4.6 V. 

Fig. 6.11 Anodic decomposition of triglyme:LiAsF6 polymer electrolyte at 50oC on a stainless steel working 

electrode. Scan rate 100 µVs-1. 

 

6.4 CONCLUSIONS 

 

 A series of solid glyme:LiAsF6 complexes have been presented. They have been 

shown to demonstrate high ionic conductivity of up to 10-5.5 Scm-1 at 30oC. These complexes 

demonstrate the control that crystal structure has over both the level of ionic conductivity 

and the mechanism of conduction. These complexes are neither ceramic nor polymeric. A 

number of the complexes show plastic crystal like solid-solid phase transitions. This phase 

transition is most likely due to the onset dynamic disorder of either the anions or the 

solvates themselves.  
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 For all of the glyme complexes anion migration has been shown to be important to 

conductivity. However, triglyme:LiAsF6 has demonstrated that it is possible to prepare a 

complex with a high transport number. Some information has been gleaned about the 

mechanisms of conduction. For the majority of the complexes the conductivity curves 

indicate an ionic hopping mechanism. The presence of defects must be important in such a 

mechanism to provide space for ions to move into. The existence of pathways for both 

anions and cations are important if migration is to occur. 

 

  The anions will migrate if the structure provides enough room for them to do so. 

The packing of the solvates around the anion affects the space available for anion migration. 

Anion migration seems to be favoured by structures with discrete solvates that are well 

separated.  For the migration of the cation, two different pathways have been observed. In 

the cases of Triglyme:LiAsF6 and PEO6:LiAsF6 continuous molecular channels are present. 

In the cases of dodecaglyme:LiAsF6 and undecaglyme:LiAsF6 the pathway seems to require 

some cooperative motion from the solvation sphere. The proximity of the solvates, the 

glyme backbone flexibility, an available oxygen ligand and the motion of the anion may all be 

important in this regard. While a coordination number of 6 does not preclude cation 

migration the majority of known 6 coordinate structures are anion conductors. 
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