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Abstract

1,3-methylalkylimidazolium and N,N-methylethylpyrrolidinium salts are two organic
electrolyte systems based on cyclic ammonium structures. These salts have been
found to exhibit exceptional ionic conductivities in both the solid and liquid staies,
making them possible electrolytes for altemative energy sources. In this work, ionic
diffusion coefficients have been measured using the Fringe Field Gradient (FFG) and
Pulsed Field Gradient (PFG) techniques in order to establish an ionic transport
mechanism for these systems. In particular, the effect of chemical structure, as well

as binary formation, on the transport properties was investigated.

The effect of the anion on the diffusion behaviour was examined for 1,3-
methylethylimidazolium salts with bromide, iodide, trifluoromethanesulfonate
(triflate) and bis(trifluoromethanesulfonyl)amide (amide) anions. Cation diffusion
coefficients for the halide salts were significantly lower than those for the fluorinated
salts, which was attributed to the higher halide salt viscosities. Despite the
differences in the diffusion coefficients, the melt conductivities wers very similar for
all four electrolytes. The halide salts have a greater charge carrier concentration per
unit volume, as determined by the density. Therefore, the combination of more ions
with lower diffusion coefficients for the halide salts results in the same conductivity

as the more diffusive but less concentrated fluorinated salts.

Combining the imidazolium triflate and amide salts to form binary mixtures resulted
in enhanced conductivities compared to the pure components. By contrast, no
appreciable differences in ionic diffusion coefficients were observed for the binaries.
Formation of a binary was thought to promote the dissociation of ion aggregates,

thereby increasing in the charge carrier concentration and the conductivity

accordingly.
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The imidazolium bromide and iodide salts are both solids at room temperature with

melting points of 352 and 351K respectively. Diffusion was measured in the solid
state and found to be considerably higher than diffusion in the supercooled liquid. A
difference in the diffusion mechanism accounts for this behaviour; diffusion in tihe
solid is likely to occur via a vacancy mechanism while liquid state diffusion involves
cooperative rearrangements of small sections of the material. Conductivity in the
solid is lower than that in the liquid due to fewer mobile charge carriers, as confirmed
by the NMR signal intensities. Conductivities were calculated from the diffusion
coefficients and NMR signal intensities using the Nernst-Einstein equation.
Reasonable agreement between the calculated and measured values was obtained if it

was assumed that only the cations contribute to the conduction mechanism.

[onic transport in the imidazolium salts was also affected by the substitution of
different alkyl groups onto the imidazolium ring. Increasing the length of the alkyl
group was found to decrease the conductivity. Similar behaviour was also observed
for the cation diffusion coefficients at 298K. At a higher temperature however, a
maximum diffusion coefficient was obtained when the alkyl group consisted of three
carbons. This maximum corresponds to the salt with the lowest viscosity. The
subsequent decrease in both conductivity and diffusion was attributed to the size of

the cation, with the larger ions experiencing siower diffusion.

For N,N-methylethylpyrrolidinium bis(trifluoromethanesulfonyl)amide, the addition
of a small amount of the analogous lithium salt (lithium amide) forms a solid solution
such that the lithium salt is incorporated into the pyrrolidinium salt lattice. Both the
pyrrolidinium and amide diffusion coefficients were found to increase with increasing
lithium salt content up to 4.8mol%. Higher lithium amide concentrations resulted in a
decrease in the melting point and the detection of lower diffusion coefficients. The
differences in diffusion behaviour were again attributed to different transport

mechanisms, Vacancy diffusion was assumed to occur in the solid materials while

vii
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liquid state diffusion was thought to involve the cooperative rearrangements within

the material.

In contrast to this diffusion behaviour, an increase in the lithium salt content, up to
33mol%, resulted in o steady increase in conductivity. A difference in the
concentration of available charge carriers was again thought to be responsible for the
observed conductivity behaviour. It was proposed that the addition of small
amounts of lithium amide distorts the crystal lattice, thus creating vacancies. The
higher vacancy concentration enables more ions to move, resulting in an increase in
conductivity. More lithium amide results in the formation of a liquid phase.
Although diffusion is slower in this phase, the concentration of mobile ions is

considerably greater, resulting in a further increase in conductivity.

Despite the similarity in structure, the properties of the imidazolium and
pyrrolidinium salts are remarkably different. Although similar diffusion coefficients
were measured for these salts in the melt, overall the imidazolium salts displayed
lower melting points, higher conductivities, higher ionic diffusion coefficients and
higher charge carrier concentrations. This contrasting behaviour was related to the
ionic interaction strength. The imidazolium salt is aromatic and the charge is
therefore delocalised between the nitrogen atoms within the ring. This distribution of

charge weakens the ionic interactions, thus resulting in a more mobile system.
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Chapter One

Introduction

1.1 The Importance of Electrolytes

We are at the mercy of technology; reliant on cars, computers, mobile phones and the
like for our everyday needs. This lifestyle however, necessitates energy, with
impending technological advances likely to utilise more energy. Can the current
energy sources cope with such demands? Ouy main energy supply is from fossil
fuels. Although currently in plentiful supply, fossil fuels are a finite resource.
Furthermore, environmental concerns over greenhouse gas emissions have imposed
restrictions on fossil fuels consumption. Consequently, if we are to muaintain our

current standard of living, alternative energy sources need to be investigated.

A number of possibie energy sources have been considered in recent years, including
batieries, fuel cells and photoelectrochemical cells. Each of these devices is based on
an electrochemical cell, consisting of two electrodes separated by an ionically
conducting electrolyte (Figure 1-1). The cell functions by transporting ions from one
electrode to the other across the electrolyte while electrons are transported through
the extenal circuit, The overall ceil efficiency is largely governed by the rate of ion

transport through the electrolyte; thus it is imporiant that these materials exhibit

excellent ionic conductivities.




anode  electrolyte cathode

Figure [-1 A schematic of an electrochemical cell.

In the simplest sense, ionic conductivity, ¢, is dependent on the concentration of

ions, 11, with a given charge, ¢, and mobility, i, as shown by the following equation:!

0= nqi;

Equation 1-1

An appropriate clectrolyte will, therefore, consist of a large number of active charge
carriers (those involved in the cell reactions) with high mobilities. There arc a range
of different electrolyte materials that have been considered for electrochemical cells.?
Some glasses and ceramics have been found to be excellent solid state ionic
conductors. The high conductivity observed in these materials is a result of a high
concentration of mobile ions and a low activation energy for ion motion.2 The brittle
nature of these materials however, is often detrimental to their implementation in
electrochemical cells. Liquid electrolytes exhibit high ionic mobilities, but can be
volatile and corrosive. Polymer electrolytes have generated considerable interest in
recent years as they are flexible materials with liquid-like conduction mechanisms.

The conductivity, however, is limited by low salt solubilities and restricted ion




motion. The desired physical properties of an electrolyte will depend on the type of

application. Therefore, there is an on-going need for novel ion conducting materials.

The systems that are the focus of this thesis have evolved from this search for new
elecirolytes for electrochemical devices. The materials arc based on simple organic
salts that bave been tound to be conductive in both the solid and liquid states.3-¢ The
major aim of this research was to characlerise the nature of the ion transport
mechanism in such organic salts. An understanding of these conduction mechanisms

will assist in the development of more efficient electrochemical cells.

1.2 The Conductivity-Diffusion Relationship

The nature of the charge carriers within an electrolyte is largely determined upon
synthesis of the material. The mechanism by which the ions move throughout the
electrolyte, however, can not be controlled so easily. In order to characterise ionic
conduction mechanisms, a number of experiments can be employed. lonic
conductivities are typically measured by alternating current (AC) impedance
methods. Although one may gauge the overall mobility of a system from such
measurements, it is difficult to elucidate the individual contribution from each ionic
component. Such information can be obtained more readily by measuring the
mobility of each ionic species independently via Nuclear Magnetic Resonance

{(NMR) methods.

Fifty-five years ago, two independent teams, led by Professor F. Bloch and Professor
E. M. Purcell, detected proton magnetic resonance absorption signals in bulk
materials.”? For this discovery, they were jointly awarded the Nobel Prize in 1952,
Since these first NMR experiments, both the instrumentation and methodology have
advanced significantly. The advent of pulsed Fourier transform experiments

provided an efficient means for spectral acquisition. Moreover, chemical structure




and molecular motions can be monitored independently through manipulation of the
pulse sequences. As a consequence, NMR spectroscopy has become one of the most

important analytical techniques for material characterisation.

NMR has shown particular prominence in the study of material dynamics, olfering a
number of experimental methods {or the detection of atomic mobility. Linewidth and
relaxation measurements can reveal information about the tocal motions within a
material, but are not always indicative of the trunslational motions related to
conduction.  Nevertheless, diffusion, which is closely associated with ionic
conductivity, can be measured directly by the Fringe Field Gradient (FFG) and
Pulsed Field Gradient (PFG) NMR techniques. These techniques provide a
relatively simple, non-destructive method (compared to radiotracer methods) for
obtaining diffusion coefficients for individual species.® In this research, NMR
diffusion techniques were employed to study ion diffusion within electrolytes. The

experimental details of these NMR techniques can be found in Chapter 2.

The relationship between conductivity and diffusion is apparent when Equation 1-1

is expressed using the more detailed Nernst-Einstein equation:?

Dqg’c
kT

Equation 1-2

where D is the diffusion coefficient of the solute (the sum of the cation and anion
diffusion coefficients, D, and D)}, g is the charge on each carrier, ¢ is the
concentration of ions, & is the Boltzmann constant, and 7 is temperature. [t can be

seen that an increase in the ionic diffusion coefficient results in an increase in

conductivity.




For an electrolyte of known concentration, it is possible to model the conduction
mechanisms from the measured diffusion coefficients witlt the help of Equation 1-2,
The Nernst-Einstein equation, however, was originally developed in the context of
dilute solutions where ionic interactions were expected to be minimal?®
Consequently, the conductivities predicted by this equation for concentrated liquid
electrolytes and solids are often higher than the measured values. There are three
factors that may account for this discrepancy: drag effects, correlated motions (in the
case of tracer measurements) and uncharged species. A drag effect results if the ions
experience friction as they move past one another. Such interference effects are well
recognised in gas phase diffusion, but the consequence of such effects on diffusion in
a liquid phase has yet to be identified.>!® In many cases, interference effects are
probably overshadowed by the other limiting factors. It has been proposed that
tracer diffusion in the solid state is not a random process, but that the ion mobility is
correlated to the previous position.!® Consequently, the ion would experience a
more direct path through the material rather than a random waik process. The result
of this correlated motion, however, would actually result in a lower calculated

conductivity value than the measured value, contrary to what is commonty observed.

The final factor which can influence the validity of the Nernst-Einstein equation is
the concentration effect. In using Equation 1-2, it is assumed that there is complete
ion dissociation in the electrolyte and that all the ions will be available for conduction.
This will be the case in dilute solutions where ion interactions are limited, but, for
more concentrated electrolytes, ion pairs and larger aggregates may form. While the
diffusion measurements do not discriminate between charged and uncharged species
in the electrolyte, it is only the charged species that will contribute to the
conductivity. Therefore, the calculated conductivity from the diffusion coefficients is
often significantly higher than the measured value. Moreover, this concentration term
does not take into consideration any temperature dependence. For example, the
decrease in density of a molten salt with increasing temperature will result in a

reduction in the number of charge catriers per unit volume. Similarly, ion association




tends to occur to a greater extent as the temperature increases, which would again

alter the number of available charge carriers.!!

As the nature of the transport mechanisms within an electrolyte is dependent on the
chemistry and morphe ogy of the system, one would expect the conduction in a solid
electrolyte to differ considerably from that in a hiquid. A number of possible
transport mechanisms have already been identified and are summarised below with

reference to relevant examples.

1.3 Diffusion Mechanisms

1.3.1 Solid State Transport Mechanisms

In crystalline solids there are a number of possible ion transport mechanisms.
Conductior: which involves self-diffusion of the host material will generally occur via
a vacancy mechanism.'213 In a crystal lattice, vacancies are the sites where an atom
or ion is absent. Vacancy diffusion therefore occurs via the migration of an atom
from its own lattice site to an adjacent vacant lattice site (Figure 1-2). The formation
of vacancies is a thermally activated process described by the following equation:!

N, = Nex #,_Q"
p{ RT

Equation 1-3

where N, is the number of vacancies, &V is the total number of atomic sites, @, is the
activation energy (vibrational energy) for vacancy formation, R is the gas constant

and T is temperature. In the presence of a large quantity of vacancies, self-diffusion

should occur readily.
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Figure 1-2 Vacancy diffusion.

lon transport in the solid state can also involve an interstitial diffusion process.i2.13
Interstitial sites are the voids that are not normally occupied in the crystal lattice and
diffusion therefore occurs when ions migrate from one interstitial site to another
available site (Figure 1-3). In some materials, the interstitials can form 1-, 2~ or 3-
dimensional channcls through which ton transport occurs.2 This diffusion mechanism
usually involves small atoms or molecules, as they are able to fit easily into these
voids. Larger atoms, including the host atoms, are unlikely to undergo such diffusion
as they are not normally found at interstitial sites. Interstitial diffusion should be
more rapid than vacancy diffusion since the diffusing particles are smaller and there
are more avatlable interstitial sites than vacancies. The preferred mechanism -
vacancy or interstitial - will depend on the structure and chemical nature of the

electrolyte.

OO0O00O0
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Figure 1-3 Interstitial diffusion.




A variation on the interstitial diffusion process is the interstitialcy mechanism.12.13
An interstitial atom moves to a normal lattice site, displacing the atom that was there
by pushing it into a neighbouring interstitial site. The transport of atoms in this
diffusion process is by /2 jumps (Figure 1-4). However, for each diffusive jump the
charge is displaced by @. The conductivity calculaled from the diffusion coefficients

measured for this process will therefore be underestimated by a factor of 2.13

O O O

Figure 1-4 Interstitialcy diffusion.

1.3.1.1 Examples of Solid State lonic Conductors

Two of the more common solid state ionic conductors are sodium F-alumina and

NASICON ceramics. Falumina exists as two polymorphs, £ and 5", of which " is

a metastable material and the better conductor.>®'

Sodium ion transport occurs
within 2-dimensional "conduction planes” that separate the spinel layers. The
conduction mechanism has been described by Ingram'” as a “concerted migration of

interstitial pairs', a claim supported by conductivity and dielectric measuremerts.
NMR spin-lattice relaxation has been studied for ’Al and **Na in this material'®!?
(for experimental details, see Chapter 2). 7 for 77Al is sensitive to the diffusion of
the sodium cations whereas electric field gradient inhomogeneities are responsible
for Na T; relaxation. For both materials, asymmetric T versus 1/T curves were
observed and adequately modelled assuming the conduction mechanism mentioned

above, thus providing further evidence for such ion transport.




The NASICON family of ceramics are based on non-stoichiometric
zirconophosphosilicate materials, which consist of a 3-dimensional network structure
through which the conducting ions can move.2 The conductivity, however, is very
sensitive to the chemical composition. Sodium magic angle spinning (MAS) NMR
spectra for the analogous Na, 4M, Ing 4(PO4); ceramics, where M is cither Ti, Sn, Hf
or Zr, display a difference in sodium mobility.!13 Broad signals were detected for Ti
and Sn containing compounds, whereas the spectra for the Hf and Zr materials were
much narrower. The differcnces in spectral linewidth suggest that sodium diffusion
occurs more readily in the Hf and Zr ceramics, which is also supported by the
conductivities and activation energies for these materials. The sodium mobility is
dependent on the structure of the ceramic. The radii of the metallic ions increases

according to;
Ti<Sn<Hf<Zr

with the unit cell for these NASICON compounds increasing in a similar manner. In
the case of these materials, increasing the unit cell opens up the pathways for

diffusion, which therefore increases the sodium ion mobility.!3

The effect of chemical composition is apparent in the analogous LISICON materials,
consisting of Li;Si0, and Li;GaSi,Oy solid solutions.!4 A 50:50 solid solution of
these two materials has a conductivity that is four orders of magnitude greater than
for the pure ceramics. The conduction mechanisms in these materials are thought to
involve the interstitial sites, which provide a 3-dimensional pathway for lithium ion

transport,2.14

These transport mechanisms are not only limited to crystalline materials. There is
some evidence that similar mechanisms occur in glasses despite the irregularity of the
structure.!® 1In alkali silicate glasses, the silicate network forms channels through

which ion transport is thought to occur.2® A similar mechanism has also been



et it it it et R N R

observed in alkali aluminosilicate glasses.2! The actual nature of the conduction

mechanism in such materials, however, is still a point of contention.

A novel group of matenials, referred to as plastic crystals, have been found to exhibit
high conductivities in the solid state. The soft, “plastic” nature of these materials is
the result of jon reorientation in the solid, which 1s also thought to facilitale ion
diffusion. Sodium orthophosphate exhibits dynamic rotational disorder of the anion
along with significant cation diffusion.?2 It has been proposed that the cation
transport is associated with the anion rotation via a mechanisim reminiscent ol a
"paddle-wheel" motion. It is not certain, however, whether this mechanism is typical
for all plastic crystals. More information on the properties of plastic crystals can be

found in Chapter 4.

1.3.2 Liquid State Theories

In a suitable solvent, a solute will dissociate into ionic constituents that are then
capable of carrying charge throughout the electrolyte. In the most dilute solutions,
the ions are completely solvated by the solvent molecules and are therefore
electrically isolated from one another. The Debye-Hiickel model, which proposes
that ions are discrete particles that move in a dielectric continuum, is appropriate for
modelling the behaviour of dilute solutions up to concentrations of 1x10mol.dm™.23
In this case, ion mobility is facilitaied by Brownian motions that are biased in the

direction of an applied field.>*

As the solute concentration increases, however, two interionic effects begin to hinder
ion transport: the electrophoretic effect and the relaxation effect.23.24  The
electrophoretic effect occurs when ions, moving under an applied electric field, drag
solvent molecules along in the same direction. Counter ions diffusing in the opposite

direction will therefore be moving against the stream of solvent molecules. The result

10




is a reduction in the ionic mobility and hence the overall conductivity. The refaxation
effect is the result of unbalanced charge distribution. In the absence of an eleetric
field, the ions are positioned symmetrically in selution in order to maintain the charge
balance. Upon the application of an electric field, the ions will be attracted towards
the appropriate elecirode, resulting in a distortion of this ionic equilibrium. To
counteract this effect, a small restoring force occurs in the opposite direction, which

again retards the ionic mobility.

Further increases in solute concentration result in a breakdown of the solvation

sheath, allowing ionic interactions to occur. The behaviour can no longer be

adequately modelled by the Debye-Hiickel theory as the ion interactions form

uncharged pairs and larger complex ions, reducing the overall number of charge

carriers and therefore the conductivity. A slight modification of this theory, by

means of an ionic association parameter, can extend the model to concentrations of
3

Imolem™. However, the validity of this modified model is dependent on the

electrolyte.?5

In the absence of any solvent, as is the case for ionic liquids (aka molten salts), a
whole new approach is required to formulate an appropriate theory. lon motion in
these materials is not facilitated by any solvent motion and does not involve
individual ton migration. Instead, it is thought that ion motion occurs via the
cooperative motion of volume elements within the liquid.26 A number of models

have been proposed to describe the properties of ionic liquids, as summarised below.

1.3.2.1 Ionic Liquid Models

The simplest model to describe the transport mechanism in ionic liquids is the
Quasilatiice or Vacancy model developed by Frenkel?? and Bresler.28 This model

assumes that a crystal lattice structure is maintained in the liquid state, but with an

I1



excess ol vacancies to account for the absence of long range order. The vacancies may
form tunnels through which the ions can be transported. There are two main
criticisms of this model with respect to ion transport. The activation volume (the
volume for forming a hole and for making the jump®) for diffusion in liquids is small
compared to solids, and therefore holes that are the size of lons are incapable of
diffusing. Also, this mode! can not describe the deviations from linearity ofien
observed in the diffusion data near a thermal transition.? Similar behaviour is
predicted by the Transition State theory,2%30 where the liquid forms a regular
structure and the particles osctilate in a cage formed by the neighbouring atoms. A
particle can jump from one equilibrium site to another once a minimum energy of
activation is exceeded. The theory predicts that each individual jump should be
distinguishable from the particle oscillations and occur through a relatively static
matrix.  Fluid, high temperature ionic liquids are unlikely to exhibit these

characteristics, precluding the use of this theory for such materials.23

The Hole model, from the work of Altar3! and Fiirth,32 also proposes the existence
of unoccupied cavities in the liquid state, but unlike vacancy defects (as in the
quasilattice model), these unoccupied cavities are randomly distributed throughout
the material.® These 'holes' are able to congregate to form larger holes via behaviour
reminiscent of Brownian motion.»2 lonic mobility is therefore facilitated by jumping
to adjacent holes. According to Fiirth32, the average hole volume, v, is dependent on
temperature as described by the following equation:
4 kr)"’

v=—mr = 0.6§ —
3 YL

Equation 1-4

where r is the hole radius, & is the Boltzmann constant, T is temperature and ¥, is the

surface tension of the liquid. In ionic liquids, however, the activation volumes for




conduction do not concur with this equation.2? Also, this model assumes that the
energy (o form holes is much larger than the energy associated with the jump, which

is often contrary to what is actually observed.??

The Crystallite model3? is based on the presence of defects in solids. Schottky-type
defects diffuse to the dislocation lines forming sheets of vacanctes. As the
temperature increases, these sheets are the first to melt, thus creating a liquid with
"islands" of solid particles. Such behaviour has been used to explain the iceberg
phenomenon observed by Bockris™ in liquid silicate systems. However, the Stokes-
Einstein equation, which relates diffusion to the viscosity and has been found to be

applicable in many ionic liquids, is not supported by this model.?

The Significant Structure model3? is related to the vacancy and crystallite models. It
implies that a liquid consists of regions of holes or vacancies that exhibit gas-like
behaviour, interspersed amongst regular close-packed solid-like particles. It is
therefore the motion of the vacancies in these materials that gives the material
fluidity. The Polyhedra model36.37 suggests that molecular rearrangement is irregular
in the ltiquid. The particles aggregate to form polyhedra with anomalous symmetry,
which are incapable of forming a close-packed structure, thus creating holes. The
structure is, of course, dynamic and is therefore constantly changing, enabling

diffusion to occur.

The Free Volume model comes in two forms: the Cell Free Volume model38 and the
Liquid Free Volume model.3® In the Cell Free Volume model, molecules are
considered to reside in cells that exhibit a certain free volume, taken to be the
difference between the size of the cell and the volume of the particle it contains. In
this case, the free volume is not dynamic but confined to each individual cell. The

Liquid Free Volume model, however, suggests that the free volume is not associated




with individual cells but is randomly dispersed throughout the liquid. Therefore, the

free volume can be easily redistributed in the liquid, giving rise to ion mobility.

The Configurational Entropy theory of Adam and Gibbs*? suggests that motions in a
material are governed by collective rearrangements of small sections of the liquid.
The extent of these rearrangements is dependent upon the amount of material
involved and the accompanying configurational entropy. This theory also predicts a
decrease in the transport properties as the configurational entropy approaches zero.
Adam and Gibbs4? found that this theory adequately models the behaviour of a
number of glass forming liquids. It has since been applied to many liquid

electrolytes.

1.3.2.2 Examples of Liquid State Ionic Conductors

Liquid electrolytes are simply formed upon the dissolution of a salt within a solvent,
which can be achieved readily for a wide range of materials. As menttoned above, the
Debye-Hiickel model can adequately describe the behaviour of dilute solutions, while
deviations are observed as the salt concentration increases. Examples of liquid

electrolyte behaviour can be found in the book by Stuart L. Smedley. 2

The conduction mechanisms in ionic liquids are far more complicated. Angell and
Moynihan4! have studied the transport processes in molien salts and suggested that
mass transport is dependent on the Coulombic potential. As the absolute glass
transition temperature, Ty, is approached (upon cooling the sample), the attractive
and repulsive forces between ions become stronger. The result is a non-linear

temperature dependence for the transport properties. This departure from linearity

can be modelled with the Vogel-Tammann-Fulcher (VTF) equation:
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Equation 1-5

where o is the conductivity, gy is the limiting conductivity, & is a pseudo activation
energy and T is the temperature. Although this is an empirical equation, il has also
been derived from both the free volume model and configurational entropy theory.
Angell and Moynihan showed that the conductivity behaviour of some metal nitrate
melts supported this proposal. A detailed discussion of other ionic liquids can be

found in Chapter 3.

Polymer electrolytes, although inherently solid, actually exhibit a conduction
mechanism that is reminiscent of liquid-like behaviour. Despite almost 30 years of
research, however, the nature of ion transport in polymer electrolytes is still a
contentious issue. The most common polymer elecirolytes are based on
poly(ethylene oxide) (PEQ), which is a semi-crystalline material with melting and
glass transition temperatures of 338 and 213K respectively.2 Ionic conductivity in
these electrolytes was originaily thought to involve ion hopping through tunnels
created by the crystalline helices.2 However, an NMR study by Berthier er al.42
indicated higher conductivity in the elastomeric amorphous phase. 1t has since been
conceded that the segmental motions of the polymer are largely responsible for ion
transport, analogous to a localised liquid-like environment2  However, the
conduction mechanism is further complicated by ion-ion interactions resulting in ion
pair and/or aggregate formation.2 It is most likely that the reorientation of the

polymer chains enables the ions to transfer from one suitable site to another, whether

such a site exists on the polymer chain or on an ionic cluster.
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1.4 Specific Aims and Thesis Qutline

in the field of electrolytes, organic salts, with melting points ranging from 200 to
450K, have occasioned considerable interest.  With evidence of conduction in both
the solid and liquid states, these materials are favourable candidates for
electrochemical cells, in particular solar ceits. In the absence of any solvent, these
salts form concentrated tonic liquids that, when coupled with significant ion mobility,
form a highly conductive matenal. Good conduction in the solid state suggests a fast
ion conduction mechanism, where a proportion of the ions are mobile in what is a
largely immobile crystal lattice. The precise mechanism of 1on transport in these
materials has not been revealed, hence a study of diffusion in these systems is

warranted.

The aim of this research was to investigate the ionic transport mechanisms in (wo
organic salt systems based on 1,3-dialkylin.idazolimn salts and N,N-
dialkylpyrrolidinium salts. In the case of the imidazolium salts, the effect of the
chemical structure on the diffusion characteristics was examined with particular
reference to the role of the anion and the effect of alkyl chain length. For the
pyrrolidinium salts, the effect of adding an analogous lithium salt in quantities ranging
from 0.9mol% to 50mol% was investigated. NMR diffusion measurements were
conducted in order to characterise the transport properties in these systems. Where
possible, the fringe field gradient (FFG) and pulsed field gradient (PFG) diffusion
methods were employed to measure the anion and catton diffusion coefficients.
Through independent characterisation of the anion and cation diffusion in each
system, in conjunction with previously reported conductivilies, an appropriate

model for conduction was proposed.

This dissertation 1s comprised of two major chapters (Chapters 3 and 4}, one each on
the imidazolium and pyrrolidinium salts. Each chapter provides a brief account of

the appropriate literature, followed by a detailed analysis and discussion of the

16




i e

diffusion and related conductivity behaviour of the salt. Chapter S then compares
and conirasts the two salt systems before the main findings are summarised in
Chapter 6. Possible avenues for future research are also outiined in this chapter. A
detailed discussion of NMR theory associated with these measurements, along with a
description of he diffusion methodology, can be found in Chapter 2. Although
diffusion in organic salts was the focus of this thesis, another electrolyte system
based on polyvinyl alcohol (PVA) was also considered. A preliminary investigation
of the transport mechanisms in PVA electrolytes involved NMR linewidth and
relaxation measurements. However, equipment limitations impeded the study of
diffusion. The publications associated with this work and the research presented in

this dissertation can be found in Appendix 1.
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Chapter Two

The Theory and Methodology of Nuclear

Magnetic Resonance Techniques

2.1 Nuclear Magnetic Resonance Theory

Over 75% of the elements in the periodic table have a Nuclear Magnetic Resonance
(NMR) active isotope, making NMR spectroscopy a valuable technique for
analysing a multitude of materials. The versatility of this technique enables structural
and dynamic properties to be analysed and makes NMR particularly advantageous
for the study of electrolytes, where transport mechanisms are of interest. However,
the concept of NMR, is not trivial and an explanation of the fundamental principles
is best done using an approach that combines classical and quantum mechanical
perspectives. The theory of NMR has been thoroughly discussed in many excellent
texts,!-7 and these references have been used in this chapter to provide a summary of

the experiments employed in the characterisation of mobility in electrolyte systems.

2.1.1 The Resonance Phenomenon

Nucieons (protons and neutrons) possess an intrinsic rotation known as spin.®
Within a nucleus, spins of opposite sign but of the same nucleon are paired (protons
will not pair with neutrons). If all the nucleons are paired, the overall nucleus will
have no spin (/=0 where [ is the spin quantum number). However, the presence of
any unpaired spins will result in a net nuclear spin (f#0) or angular momentum, J

(J=Ih where h is the reduced Planck's constant /i/2m).2 Associated with the angular

momentum is a magnetic moment, i




p=yJ

Equation 2-1

where the proportionality constant, ¥, known as the gyromagnetic ratio, is an

inherent property of the nucleus of a particular isotope. In the absence of any
appreciable magnetic field, there will be a random orientation of these magnetic
moments. However, upon applying a large magnelic field, By, to the system, the
nuclei will adopt a particular orientation and precess around the direction of the
applied magnetic field (often defined as the z-direction) (Figure 2-1). The rate of

precession is related to the field strength and is defined as the Larmor frequency, w;:
®;, =YB,

Equation 2-2

Figure 2-1 Precession of a nucicus around a magnetic field, By, at the Larmor

frequency.6

The orientation of the spins in a magnetic field is limited to a particular number of

possible configurations or energy states. The energy states available result from a
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discrete set ol integer or half-integer possibilities as given by 21+1 (Z, I-1...-1+1, -D).}
For example, "Hand '"F have a spin number of 1/2 and therefore two possible encrgy
states (1/2, -1/2), whereas 'Li has a spin number of 3/2 and consequently four
possible energy states (3/2, 1/2, -1/2, -3/2) (Figure 2-2). The terminology is such that
172 is the lower energy state corresponding to spin orientation parallel to the applied
magnetic field and -1/2 is the higher energy state or antiparallel orientation. The
formation of discrete energy states in the presence of a magnetic field is known as

Zeeman splitting.

BO‘ -3/2
l -172 l -172
YiB, YiB,
[ 1/2 T 1/2

3/2

Figure 2-2 Spin distribution (as indicated by the heavy lines) in discrete

energy levels.3

The distribution of spins between the energy levels is given by the Boltzmann

function? (Equation 2-3 shown for I=1/2):

—-AE
N =N,,expl —
-1/2 142 P[ KT ]

Equation 2-3

where NV;, and N_;,; are the populations of the lower and upper levels respectively,
AE is the energy difference between the two levels, & is the Boltzmann constant and

T is temperature. There is a slight excess of spins in the lower energy state that

22



results in a net positive angular momentum or magnetisation in the z-direction of the

applied magnetic field, The separation of the energy levels, AE, is given by:

AE =yhB, = hw|

Equation 2-4

Therefore, promotion of spins from the lower to the higher energy state requircs a
photon with an energy proportional to the Larmor frequency, w;. Photons in the

radiofrequency (/) range possess the correct energy for such excitation to occur and

this 1s exploited in NMR experiments.

2.1.2 Spin Manipulation and Signal Acquisition

As mentioned above, the disparity in spin population results in a net magnetisation
in the direction of the applied magnetic field, B,. Applying an »f puise can alter this
population distribution and therefore affect the net magnetisation. From a classical
perspective, the rf pulse generates a magnetic field, B;, perpendicular to B, that
perturbs the magnetisation from the z-direction (Figure 2-3). The effect is to tip the

magnetisation through an angle, 8, given by the angular frequency, , (equal to ¥B;)

and duration of the pulse, f (Equation 2-5). 3

0=t

Equation 2-5

Rotation of the magnetisation through any angle can be achieved by altering the length

of the r/pulse. A 90° (7/2) pulse will result in a net maximum magnetisation in the

x-y plane whereas a 180° (n) pulse will invert the magnetisation.
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Figure 2-3 Perturbation of magnetisation,?

[t is necessary to digress for a moment and introduce the frame of reference concept.
There are two frames of reference that are used to describe the spin behaviour during
an NMR experiment. The laboratory frame is a stationary frame of reference where
the axes, x, y and z, are fixed and the applied magnetic field, By, is in the z-direction.
The magnetisation in this frame would be seen to be precessing around the z-axis at

the Larmor frequency, ;. In the rotating frame, the x-y plane is now also rotating

around the z-axis at the Larmor frequency. From the point of view of this rotating x-
y plane, the precessing magnetisation appears stationary. To distinguish the rotating
frame from the laboratory framc, the notation X', y' and 2z' is used for the axes in the
rotating frame. The magnetisation perturbation shown in Figure 2-3 has been
reproduced in Figure 2-4 to highlight the difference between the lavorutory and
rotating frames. Nutation of the mag- “tisation is observed in the laboratory frame as
the magnetisation precesses aroun ot only the applied magnetic field, By, but the rf
field, B;. In the rotating frame, however, this appears as a simple tipping of the
magnetisation around the B; field. Typically, the magnetisation diagrams are
presented in the rotating frame, although it is common practice to interchange

between the two frames of reference.
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Figure 2-4 Magnetisation behaviour in the laboratory and rotating frames.3

A zceiver coil in the x-y plane is used to detect the NMR signal. Immediately after
an rf pulse, any magnetisation in the x-y plane will induce a current in the coil. The
strength of this current is dependent on the magnitude of the magnetisation. As the
magnetisation returns to equilibrium (the z-direction), the x-y component will
exponentially decay away to zero with a time constant characteristic of the material
(further discussion in section 2.1.4). The detected signal is known as a free induction
decay (FID) and is 2 measure of the magnetisation (current) as a function of time. Via
a Fourier Transform (FT), the same data can be converted to the frequency domain
where the signal appears as a peak. Converting the data from the time domain to the
frequency domain allows individual peak positions and intensities to be observed,

hence the frequency domain is the common domain for signal analysis.

Numerous sequences of #f pulses have been developed to study the structure and
dynamics of materials (see Fukushima and Roeder,® Shaw® and Callaghan3 for
example) and the foilowing is a discussion of the some of the more common NMR

experiments used in studying nuclear mobility.




2.1.3 Linewidths and Second Moments

2.1.3.1 Factors Influencing Lineshape

The interactions experienced by nuclei within a material can be very simply
characterised by studying the NMR linewidth. If all the nuclei behaved in an
identical fashion and experienced exactly the same environment, then a single narrow
peak would be observed. In an actual NMR experiment, the observed peaks are of

finite widths ranging from a few hertz to megahertz.

The shape of NMR spectra is govemed by magnetic field inhomogeneities and the
generation of local magnetic fields within the sample through dipolar and quadrupolar
interactions, chemical shift anisotropy, spin rotation and scalar coupling.3® The field
inhomogeneities are a characteristic of the magnet and therefore an intrinsic limitation
of the apparatus. The result of this inhomogeneity is a slight broadening of the NMR
linewidth. In the case of large NMR linewidths, the source of the broadening is the
nuclear interactions. Dipolar interactions occurring between neighbouring nuclei
generate a local dipolar magnetic field of the order of’

u
B, =%
fo 1'3

Equation 2-6

Quadrupolar interactions are experienced by non-spherical nuclei (/>1/2) that
possess a quadrupolar moment. The quadrupolar moment interacts with electric field
gradients that are generated by electrons and surrounding nuclei. Depending on the
strength of these interactions, different nuclei will experience slightly different
magnetic fields, resulting in a distribution of precession frequencies and a broadening
of the NMR line. However, motion in the material will modulate these interactions,

resulting in motional narrowing of the NMR linewidths.”
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2.1.3.2 The Linewidth-Mobilitv Relationship

Strong internuclear interactions are observed in solid materials with limited intemal
mobility, and the measured linewidth (at full width half maximum, FWHM, of the
peak) can range from kiloheriz to megahertz. Such behaviour is observed at low
temperatures and is often defined as the rigid lattice due to the relative immobility of
the nuclei. As the nuclet begin to move within the material, some of the interactions
are averaged and the line begins to narrow. This occurs upon heating of a material,
with further heating resulting in further narrowing. Ultimately, the spectral line will
narrow to a finite width determined by the limitations of the spectrometer (magnetic
field inhomogeneities). The temperature dependence is sigmoidal in shape and an
example is shown in Figure 2-5. Narrowing of the linewidth will only occur when the
frequency of motion is greater than the internuclear interactions (defined by the
linewidth) at the rid lattice limit. The onset of narrowing can be obtained from an
extrapolation of the linear region of the sigmoidal plot to the rigid lattice limit (see

Figure 2-5).
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Figure 2-5 A typical linewidth versus temperature plot.
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The temperature dependence of narrowing can be modelled with the following

formula:!?

2
§v? =dug = tan”'[0dvrt, |
T

Equation 2-7

where 0v and vy are the narrowed and rigid lattice linewidths respectively, ¢ is a
constant approximately equal to unity and 7, is the correlation time, which can be
assumed to have an Arrhenius temperature dependence (Equation 2-8):!

a

RT

T, = T,, €XP

Equation 2-8

In this equation, 7, is the limiting correlation time, E, is the activation energy, R is
the gas constant and 7 is temperature. The correlation time, 7, 1S a common

parameter found in many NMR experiments and has a number of definitions. In
essence, it is the time taken for a nucleus to have no memory of its previous
environment.? Therefore, it can also be known as the time taken to move from one
site to another or the time a nucleus resides in one position. The correlation time

characterises the mobility in the system, whether it be rotation or translation.

Temperature dependent linewidth analysis does have some limitations. In mobile
systems, it is almost impossible to isolate the motion of particular nuclei. A nucleus
moving through an immobile substrate will have the same effect as a mobile substrate
around a stationary nucleus. In either case, the interactions between the nuclei of
interest and the surroundings are averaged by the motion and line narrowing occurs.

Only by performing other experiments, such as diffusion measurements, can the
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absolute mobility of the specific nuclei be characterised. Moreover, while Equation
2-7 is a valid model for the temperature dependence of the linewidth, it fails to
indicate the interactions involved and the shape of the peak. Such information can be
obtained from second moment (as discussed below) and relaxation experiments (see

section 2.1.4).

2.1.3.3 Second Moments

Moments can be used to approximate the lineshape of an NMR spectrum without
having to find the eigenstates of the dipolar Hamiltonian.! The s#th moment, M, of

an NMR line can be calculated from the nommalised shape function, f{ew), with a

maximum frequency of wy, using the following equation:
. n
M, = [(@-0y)"f(@)w

Equation 2-9

In the case of a Gaussian curve, the normalised shaped function is given by:1.10

~(w "‘00)2

f(w)= A2

exp

1
A\2T

Equation 2-10

where A is the mean deviation of the frequency from the Larmor value. For a

Lorentzian curve, however, the shape function is given by:!




o |
- f(w)=— 3
1= (©) T8 +{w-w,)

Equation 2-11

where & is the half width at half maximum intensity. If ffa) is symmetric with

1 respect to @y, then all the odd moments (17 is odd) are equal to zero, leaving only the

eveir moments. The second moment for a Gaussian line can be calculated by

substituting Equation 2-10 into Equation 2-9, which results in the following:

M, = A’

Equation 2-12

The half width at half maximum intensity, §, which can also be determined from the

shape factor, is given by:
5=A\2log2 =1.18A

- Equation 2-13

which indicates that M, can be approximated by the linewidth. For Lorentzian lines,
the second moment cannot be calculated from the shape factor as the integrals
I diverge.! If the extremities of the Lorentzian line are excluded such that the shape

factor is calculated within the interval la)-w0|5a with a»é, the second moment can

J be approximated to:
200
| M, = A* =
b
Equation 2-14
e

30




R rna i da s S

hence A, can be estimated from the Lorentzian linewidth.

Van Vieck!10 used a quantum mechanical approach to calculate the second moment,

which resulted in the following equation for homonuclear interactions:

( -3cos’ BJ,\)

M, 3 7KL+ 1)2

1Jk

Equation 2-15

where ¥ is the gyromagnetic ratio, 7 is the spin number and r is the distance between
the interacting nuclei. If the nuclei are randomly oriented in the material, the term (1-

300326jk)2 is averaged over all directions such that M, becomes:

—y'n’ 1(1+1)Z =

_;k

Equation 2-16

For heteronuclzar interactions, the second moment is given by:

(I 3005 8 )

gmsh S(S+1)2

j]\

Equation 2-17

where [ and § refer to the interacting hetcronuclei. This equatton also reduces to:
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Equation 2-18

when the spins are randomly oriented. Through the measurement of second moments
and implementation of these equations, it is therefore possible to determine the

nature of the interactions that are responsible for the broadening of the NMR line.

2.1.4 Relaxation

The equilibrium condition in an NMR magnet is one of a net non-zero magnetisation
in the z-direction and a netl zero magnetisation in the x-y plane. In performing an
NMR experiment, the magnetisation is perturbed from this equilibrium, changing
both the z and x-y components. Before the experiment can be repeated, equilibrium
must once again be achieved and the return to equilibrium occurs via processes known

as relaxation.

Restoration of the net magnetisation in the z-direction (along the direction of the
applied field) is known as longitudinal retaxation and is defined by a characteristic
time constant T;. As energy is transferred from the spins to the surroundings during
longitudinal relaxation, ihis relaxation process is also often referred to as spin-lattice
relaxation. The transverse relaxation process restores equilibrium in the x-y plane
(zero net magnetisation) and is defined by the characteristic time constant 75, In this
case, the relaxation process involves a transfer of energy from one spin to another,
hence the alternative name, spin-spin relaxation. Longitudinal relaxation is also
possible in the rotating frame. The magnetisation is "locked” in the x-y plane such
that the magnetisation and the applied field, B,, rotate together. In the rotating frame,

the B, field is fixed and therefore analogous to the B, field in the laboratory frame.
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The relaxation process occurs in the direction of B,, (hence the name spin-lattice

relaxation in the rotating frame), and is characterised by the time constant T,

The transfer of energy involved in these relaxation processes is stimulated by
fluctuations in the local magnetic field generated by dipolar and quadrupolar
interactions, chemical shift apisotropy, spin rotation and scalar coupling. Efficient
relaxation occurs when there are many local magnetic fields (spectral density, J(w))
fluctuating at the Larmor frequency, @y, for the observed nuclei as represented by the
equation shown below.

)= T

Equation 2-19

This equation suggests that the spectral density at a given Larmor frequency, wy, is
dependent upon the correlation time, 7, which is assumed to exhibit an Arrhenius

temperature dependence (see Equation 2-8). Figure 2-6 shows the spectral densities

for short, intermediate and long 7, values. A short correlation time results in a large

distribution of fluctuating fields, albeit limited in abundance. In contrast, a high

probability of low frequency motions will occur when 7, is long, with the higher
frequency motions essentially non-existent. In the case of intermediate 7. values, a
maximum in the spectral density occurs when w;7~1 thus providing the most

efficient means for relaxation.
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Figure 2-6 Spectral density as a function of frequency.

2.1.4.1 Relaxation Mechanisms

As mentioned abovz, the fluctuations in local magnetic field that facilitate relaxation
are generated by dipolar and quadrupolar interactions, chemical shift anisotropy, spin
rotation and scalar coupling. Relaxation in most materials is caused predominantly
by the dipolar and/or quadrupolar mechanisms. The following is a discussion of

these relaxation mechanisms.

Dipolar Relaxation

Dipolar interactions are the result of a nucleus experiencing the local magnetic fields

of neighbouring nuclei. The strength of the interaction is dependent upon the nature
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of the interacting muclei (as given by the gyromagnetic ratios, y), the distance
separating them, r, and the relative orientation. Any meotion within the system will
alter these factors and consequently the strength of the dipolar interaction, thereby
causing relaxation. The manner and rate of the fluctuations in the dipolar intcraction
are given by the spectral density equation (Equation 2-19). Assuming the theory of
Bloembergen, Purcell and Pound (BPP theory),%? the T;, T> and T, relaxation times
for nuclei experiencing homonuclear dipolar interactions are given by Equation 2-20,

Equation 2-21 and Equation 2-22 respectively:

! 2R+ 1) |
(i)hom:(z_g : I5rf” o)+ 420, )}

Equation 2-20

! Tyt 4]
(——]hom = (‘Eﬁ} V—’—-Sr(-g———){y(o) +51() +21(20, )}

T,

Equation 2-21

| 2y R+ 1
s z(%] X___(T._I.—_).{3J(UJI)+5J((DL)+2J(2@L)}

)
to hom r

Equation 2-22

where 1 is the permeability of a vacuum, # is the reduced Planck's constant and J is

the spin number of the nuclei of interest. While all three relaxation processes are
dependent on local magnetic field fluctuations (as given by the spectral densities,

J(wp)), T is also sensitive to static fields. T, is also dependent on moti »¢ ocurring
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at the rotational frequency, @, in the B, field. However, as «; tends to zero, then

T, will approach 7.

A plot of these relaxation times as a function of correlation time is shown in Figure 2-
7. A similar plot is expected if the relaxation times are plotied as a function of

temperature. At short correlation times, when the material is extremely mobile, all
three relaxation times are the same. As the correlation time increases, T; and 77, both
go through a minimum while 7, steadily decreases. At the T, and T;, minima, Wt is
approximately equal to one and relaxation is most efficient. The position of the
minima are different as T is dependent on fluctuations at the Larmor frequency, w;,
whereas T, is sensitive to fluctuations at the precession frequency in the B; field, w,.
From this plot, it can be seen that T, relaxation probes fast motions, as expected from
molecular rotations, while T, relaxation detccts slower motions, which are often
associated with translational motions such as diffusion. The belaviour of T;, is

somewhere in between T; and T5. The mobility of a material can be fully

characterised through the measurement of these relaxation processes.

Relaxation time

Figure 2-7 T, T; and T,, homonuclear dipolar relaxation as a function of

correlation time,
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Equation 2-20, Equation 2-21 and Equation 2-22 are applicable for modelling
relaxation via homonuclear interactions. However, relaxation may also involve
heteronuclear interactions, for which another set of equations exist. Equation 2-23
and Equation 2-24 show the T, and T, relaxation times for nuclei experiencing

heteronuclear dipolar interactions.

[_l]hm = 2C{3{w, ~ wg) + 33{0, ) + 63{0w, + )}

T

Equation 2-23

(L] = c{41(0)+ (o, - wg)+31(0 )+ 63{w) + 6(w, +ay)}

2

Equation 2-24

The notation I and S refer to the observed nuclei and the relaxing nuclei respectively.

The constant C is the same in each case and consists of the gyromagnetic ratios, ¥
and ¥, the separation distance, r, for the interacting nuclei and the spin number of

the relaxing nucleus, §, as shown in Equation 2-25.

o[t Py is(s + 1)
4n 15¢¢

Equation 2-25

Figure 2-8 shows the T; and T, heteronuclear dipolar relaxation times as a function of
correlation time. The relaxation behaviour calculated from the heteronuclear
equations is similar to what was observed in the homonuclear case (Figure 2-7). Ina
material, a nucleus can experience both homo- and heteronuclear interactions. The

more effective relaxation mechanism will depend somewhat on the nature of the
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interacting nuclei and the distance between them. Figure 2-9 compares the Ty
relaxation mechanisms for carbon equidistant from three nuclei: another carbon atom,
a hydrogen atom and a silicon atuoin. In this case, the heteronuclear interactions
dominate the relaxation mechanism. However, the nature of the relaxation

mechanisis will vary for diiferent materials.

Relaxation time

Figure 2-8 T, and T, heteronuclear dipolar relaxation as a function of

correlation time,

Figure 2-9 T, relaxation behaviour for homonuclear C-C interactions and

heteronuclear C-H and C-Si interactions.
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In using the BPP theory, a number of limitations need to be considered.!! For T
relaxation, the theory predicts a symmetric curve with a single correlation time over
the entire temperature range and the same activalion energy on either side of the
minimum. For a number of materials, in particular electrolytes, asymmetry has been
observed and has been attributed to a distribution of correlation times.!!

Furthermore, the values obtained for the inverse of the limiting correlation time, /7,

may be invalid.!! Activation energies obtained from relaxation measurements also
tend to disagree with other mobility measurements, such as conductivity.tt  This
discrepancy has been attributed to a difference in the motion being detected, with
welaxation measuring more localised motions.!!  Such anomalies may lead to

ambiguous interpretation of the data.

Quadrupolar Relaxation

Non-spherical nuclei (#>1/2) possess a quadrupolar moment that can interact with
electric field gradients, thereby undergoing relaxation. Relaxation dominated by
quadrupolar interactions can be modelled by equations similar to those shown above
(but with the addition of a quadrupolar coupling constant). For example, Equation 2-

26 shows the Ty behaviour for quadrupolar relaxation. |

1 3 2043 2 %V :
W T ¥ e KSR A Y

quad

Equation 2-26

In this equation, 1 is an asymmetry factor, @ 1s the quadrupole moment and FV/R”?
is a component of the electric field gradient tensor.2 A similar equation also exists for
T, quadrupolar relaxation. The quadrupolar relaxation mechanism is more effective
when the electric field gradient is large or as the quadrupolar moment increases. As

many energy levels exist for quadrupolar nuclei (as given by 2I+1), a number of
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relaxation processes can occur between the different levels for the same nucleus.S
Consequently, relaxation via a quadrupolar mechanism may vield multiple Ty and 7,

relaxation times, depending upon the nature of the system.

2.1.4.2 The Linewidth-Transverse Relaxation Relationship

There is some correlation between the T, relaxation time and the NMR linewidih, w

(angular frequency). The same nuclear interactions are responsible for both and a

reciprocal refationship exists between them, as shown in Equation 2-27.5

=L = L ¥ABy

T, T, 2

-

Equation 2-27

A broad NMR line that results from strong nuclear interactions corresponds to a
short T, relaxation time. Since the linewidth measurement is also sensitive to
magnetic field inhomogeneities, inverting the measured linewidth will actually
underestimate the value of T, referred to as 7,*. A linewidth measurement, however,

can still be used to approximate 7.

2.1.5 Diffusion Measurements

Diffusion coefficients, D, can be indirectly obtained from the correlation time, 7,

determined from relaxation experiments such that:!




Equation 2-28

where r is the jump distance of the diffusing nuclet. However, this method assumes
that the relaxation process is related to translational motion, which may not be the
case.'? More direct methods for measuring diffusion involve monitoring the
dephasing of nuclear spins as the nuclei undergo translational motion in the presence
of a magnetic field gradient. Such behaviour forms the basis of the Fringe Field
Gradient (FFG) and Pulsed Field Gradient (PFG) methods employed in this study.

The following is a brief account of the development of these diffusion techniques.

2.1.5.1 The Development of Diffusion Techniques

In a study of spin-echo formation, E. L. Hahni3 concluded that the signal was not
only dependent on T; and T, but also affected by the self-diffusion of molecules
experiencing magnetic field inhomogeneities. This theory was furthe: developed by
Carr and Purcell,’ who also provided appropriate pulse sequences in order to
measure diffusion coefficients. Based on these seminal papers, McCall, Douglass and
Anderson!s studied self-diffusion with a steady-gradient method in a number of
organic materials. In a concluding statement, they commented that the decay time in
the presence of the steady field gradient must be shorter than the decay time in a
uniform field, 2y*G*De 2t/ T, in order to study diffusion by this method. Therefore,
in the presence of a short T and small D, the field gradient, G, must be increased,
necessitating larger »fpulses. They proposed, however, that this limitation could be
overcome through the use of alternating field gradients where the gradient is small
during the rf pulse. The mathematical analysis of such pulsed gradient experiments

was provided by Siejskal and Tanner,!' and subsequently formed the basis of the
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pulsed field gradient technique. The theory behkind NMR diffusion experiments is

discusseu below.

In an homogenous field, By, nuclei with a given gyromagnetic ratio, ¥, will precess at
the Larmor frequency, &, (as given by Equation 2-2). The application of a magnetic

[teld gradient, g, however, resulis in a spatial dependence of w as shown below:!2
weﬁ(n, r) = n(u)o + Y(g.r))

Equation 2-29

where g is given by:

JB JB B
=VBy = —zi+ T2 j+ ek
8 O 9 ay ) 0z

Equation 2-30

with /, j and & the unit vectors of the laboratory frame of reference. In the case of
imaging experiments, the gradient is applied along the x, y and z directions.!2 For
diffusion measurements, however, the gradient is generally oriented along the z-axis,
parallel to B,. Thus the magnitude of the gradient in the z-direction, G, is a function
of the position, %, such that G = g.k. The position of a spin within a sample is

therefore labelied by the magnetic field gradient.

The diffusion experiment monitors the change in precession frequency, and the
resulting phase shift, of a nucleus as it moves from an original position to one where
the field is slightly different.!4 In a steady gradient experiment, the magnetic field
gradient is "on" throughout the entire measurement and a spin-echo sequence is

commonly employed (Figure 2-10). A 90° pulse tips the magnetisation onto the x-y
P gn
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plane. A waiting period, referred to as a vanable delay time, 7, follows. If diffusion

occurs during this time, the nuciei will experience a phase shift that is given by the

following equation:
0(t) = yBot + yj'; G )e(t" )

Equation 2-31

where 7 is the duration of the gradient (which in this case is the same as 7). The first

term corresponds to the phase shift due to the static field while the second term
relates to the applied gradient. The phase shift is seen as a spreading of the signal
{(defocussing), the extent of which is dependent upon the nature of the nucleus, ¥, the
strength of the gradient, G, the duration of the gradient, £, and the displacement of the
spin along the direction of the gradient.!2 A 180° pulse is then applied, keeping the
magnetisation in the x~y plane but reversing the precession frequency. After a second
equivalent variable delay time period, nuclei that have not experienced any diffusion
will refocus and the resultant signal may be detected. The signal intensity is therefore
the average of the phase shifts resulting from diffusion for all the nucler. The result is
an attenuated signal compared to that which would be obtained in the absence of
diffusion. For small magnetic field gradients, the change in magnetic environmerit -
experienced by a diffusing nucleus is relatively small, thereby causing only limited
signal attenuation. For larger gradients, the change will be significantly greater,
resulting in a greater phase shift and reduced signal intensity. The same effect will

also result if diffusion is faster.!?
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Figure 2-10 The steady-gradient spin-echo diffusion experiment.

For a steady-gradient experiment, the echo attenuation as a function of 7 is modelled

with the following equation: 1>

Af2r)= A(O)exp[—_%{) exp(—-i—yszD'f)

Equation 2-32

where A(0) and A(27) are the echo amplitudes initially and after 27 respectively, T; is
the spin-spin relaxation time, ¥ is the gyromagnetic ratio, G is the field gradient

strength and D is the diffusion coefficient. This equation indicates that the echo
amplitude attenuation is dependent on both the diffusion process and T, relaxation.
In order to keep the T contribution constant, the pulsed field gradient method can be

employed. As the name suggests, the field gradients are applied as pulses after the

90° and 180° #f pulses (Figure 2-11). There are three possible variables with this
experiment: the time between the gradient pulses, 4, the gradient strength, G, and the
gradient pulse length, 8. By varying either the strength or duration of the gradient

pulse, the effect of T, relaxation is kept constant throughout the entire experiment




and the observed echo attenuation is solely due to diffusion. In this case, the signal

intensity can be modelled with the following equation:!6

() e -viros{ a3

Equation 2-33

where A(0) and 4(G) are the initial and attenuated echo amplitudes respectively, ¥ is
the gyromagnetic ratio, G is the maximum gradient strength, D is the diffusion
coefficient, 6 is the gradient pulse length and A is the time between the gradient

pulses. Both steady gradient (fringe field gradient) and pulsed field gradient methods

have been employed in this work as each has advantages, as outlined below.

90, 180,
-t - - -

A

Figure 2-11 The pulsed field gradient spin-echo diffusion experiment.

2.1.5.2 Fringe Field Gradient Diffusion

The fringe field gradient (FFG) diffusion technique takes advantage of the large static
gradient associated with an NMR superconducting magnet. The NMR probe is
positioned a certain distance from the centre of the magnet where the field strength is
no longer constant, but the change in the field, ie. the gradient, is constant. The fringe
field technique has several advantages over other NMR diffusion methods.!’-1? The
gradient is very stable, avoiding the problems associated with imbalanced gradient

pulses, eddy currents and mechanical shocks. The gradient strength is extremely large
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and greater than any of the other techniques, allowing diffusion coefficients as low as
10"°m’.s"! to be observed. The purchase of other accessories is not necessary and
only minor modification of the existing equipment is required in order to fix the probe
in the field gradient. Calibration of the gradient is simply performed on a sample of

known diffusion coefficient.

The disadvantages of this technique are as follows. The poor sensitivity associated
with the lower magnetic field strength results in a reduced signal intensity. This is of
particular concem for nuclei with low gyromagnetic ratios and/or low abundance.
Since only a thin section of the sample will be excited by the rf puise, there will be a
further reduction in sensitivity. The inhomogeneity of the field results in an
extremely broad signal, requiring a spectrometer with a suitably large sweepwidth for
signal observation. The broad peak also eliminates the possibility of any chemical
shift analysis, making it impossible to observe different diffusion processes for
individual species. Consequently, the diffusion coefficients measured are an average
of all possible moving nuclei of a particular isotope. Possibly the greatest limitation
of the fringe field gradient technique is the inability to measure diffusion independent
of the T, relaxation time. The effect of T, on the diffusion measurement is discussed

below.

The Effect of T, on the Fringe Field Gradient Experiment

Equation 2-32 consists of a transverse relaxation (T) component and a diffusion
component. The decay in signal intensity measured in a diffusion experiment may
depend on one or both components. If 7 is large with respect to the 7 values used in
the experiment, the 7, component can be ignored and the signal will be solely
representative of the diffusion behaviour. However, as T relaxation decreases, it will
begin to encroach on the signal intensity. To demonstrate this effect, some

theoretical simulations have been performed using Equation 2-32.
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For a typical proton diffusion measurement, 7 ranges from 1x10° to 1x107s, the

gradient strength is 46.8T.m"' and the gyromagnetic ratio for protons is
26.752x107rad. T".s™.  Figure 2-12 shows the effect of five 75 values (I1x107%,
1x107s, 0.01s, 0.1s and Is) on the signal intensity for a constant proton diffusion
coefficient of 1x107'°m?s™. This diffusion coefficient value was chosen as it is a
typical room temperature value for the materials in this study. For comparison, the
signal intensity for an infinitely large T3 has also been caiculated. The two largest T,
values (0.1s and 1s) have almost tdentical behaviour to the infinite 7, data and only a
slight decrease in signal intensity is observed fora T; of 0.01s. For the other two T,
values, there is a significant decrease in signal intensity resulting from 7, relaxation,
and this could be misconstrued as a larger dillusion coefficient. Therefore, as long as

T, exceeds the largest tau value by at least an order of magnitude, the signal observed

will be characteristic of diftusion.

What is obvious from these simulations is that the data that is relatively unaffected
by the T, relaxation time exhibits an “S” shaped curve when plotted as shown in
Figure 2-12. Consequently, the T affected data was identified by the absence of the
“S” shaped curve. In this work, a numcer of diffusion measurements were affected
by the T relaxation time, particularly for some of the solid samples where diffusion
was assumed to be limited. An example of a T affected diffusion curve for a proton
measurement is shown in Figure 2-13. For comparison, a diffusion measurement
where T had no influence is also shown. There is a very distinct difference between

the two sets of data, thus enabling the T affected data to be easily differentiated

from the unaffected measurements.

47




. » T,=0.0001s
° « & T,=0.001s
g 08y % © o T,=001s .
.M . : o T,=0.1s
| =
...WJ " x ._.mu._m
= 06 oo s Tminfinite -
[F )
=
& . X
= o
[V
a
S 0.4 ¢ . . ]
Rz o
e ]
= %
=) ., ©
= 0.2 | i
Z. .
Fal
L L)
A @ L]
u W
0t baassnrnasBuliaenna
1 | | H 1 1

0 0.0002 0.0004 0.0006 0.0008 0.001
Tau/s

Figure 2-12 The effect of different T, values in the fringe field gradient

equation.
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Figure 2-13 Actual proton diffusion measurements highlighting the effect of

T, relaxation on the signal intensity versus tau.

Demcol? has recognised this problem and has developed a method for measuring
diffusion where T, has no contribution to the signal attenuation. Two stimulated-
echo experiments are conducted and the intensities are multiplied together. By doing
this, the T, contribution is kept constant and the diffusion process is responsible for

the echo attenuation. The specific details of the experimental procedure can be found
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elsewhere.!? If the T, relaxation time is not an issue, the spin-echo method is

preferred as it is less time consuming,

2.1.5.3 Pulsed Field Gradient Diffusion

The pulsed field gradient (PFG) method for measuring diffusion utilises a separate
coil (positioned around the #f coil) in which the gradient pulses are generated by a
power supply. As mentioned earlier, the gradients are pulsed with finite lengths and
it is the ability to switch the pulses that gives this technique some advantages over
the fringe field method. 21717 With three possible variables - the time between the
gradient pulses, 4, the gradient strength, G, and the gradient pulse length, § - it is
possible to conduct a measurement that keeps the effect of T, constant. The PFG
experiment is also performed in the homogeneous field and therefore the problems
with the fringe field experiment (poor sensitivity and broad signal) are also no ionger
an issue. Moreover, it is possible to observed chemical shift behaviour with the PFG
technique and analyse the diffusion coefficients for nuclei in different environments

(different species).

The PFG method does have its limitations.!”1® The technique requires a suitable -
probe and gradient power supply that must be purchased or constructed. The
gradient strength is also lower than that of the fringe field gradient method (2 to
5T.m™), although gradients as large as 20T.m"' can be achieved.!2 Lower gradients
mean that measurable diffusion coefficients are limited to values greater than
10¥m%s™. Problems can also arise if the puises are not perfectly square or are
improperly balanced, with both conditions lcading to faster echo attenuation. The
switching of the gradients can also cause mechanical shocks that may result in
movement of the sample. Eddy currents and localised heating will also have

detrimental effects on the observed signal.
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2.1.5.4 A Comment on Spin Diffusion

Through dipolar interactions, two like spins can undergo a "flip-flop" transition such
that the direction of each spin is reversed simultaneously while the energy is
conserved.”? In the case of a collection of dipolarly coupled spins, a succession of
spin flips may occur which is referred to as spin diffusion.2® The "flip-flop" process
results in a loss of phase coherence, analogous to the phase shifts observed during the
seif-diffusion measurements mentioned above. Spin diffusion can therefore be
detected by a similar measurement and for many systems,2? the spin diffusion
coefficients are of the order of 107 to 10 m%s!. As the diffusion coefficients
reported in this thesis are considerably higher (the smaliest being 107 to 10?m?.s™),
it would seem that these coefficients reflect a self-diffusion process and not spin

diffusion.

2.2 Experimental Method

2.2.1 Fringe Field Gradient NMR Measurements

2.2.1.1 Fringe Field Gradient NMR Probe Holder

In order to conduct fringe field gradient NMR experiments, a suitable method is
necessary for positioning the probe at the desired location in the magnet. The holder
should accurately fix the probe in the same position for every experiment, but enable
fine adjustments for the measurement of samples of different sizes or different
observed nuclei. The probe should also be securely held in position so that it is not
susceptible to vibrations or motion. A specific holder was designed so that all these
criteria could be accommodated. A diagram of the device is shown in Figure 2-14.
The holder is permanently attached to one leg of the magnet at approximately the
right height, but has a winding mechanism that allows for fine adjustment of the

probe position. The swinging arm allows for easy installation and removal of the




probe and two screws hold the probe securely in place, The coil within the probe is

positioned in the field gradient at a distance of 24.5¢m from the centre of the magnet.

ANy magnet leg
i probe N
rests A
e 1
l|_| / ‘\
/ Cg . [
, :_ - swinging
fastening I | .
SCrews N
fine i pivot point
adjustment

Figure 2-14 Fringe field gradient probe holder
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2.2.1.2 Fringe Field Gradient NMR Methodology

Proton and {luorine fringe field diffusion experiments were performed on a modified
Bruker CXP300 with a 7T Oxford superconducting magnet. The field gradient was
mapped using a Bell 610 Gaussmeter with a 10T axial probe, with the results of
shown in Figure 2-15. The probe was positioned in a region of constant field gradient
(24.5cm from the centre of the magnet) at a field strength of 2.7T. The gradient was
calibrated with water (diffusion coefficient of 2.299x10°m>.s™ at 298K?!), and was
found to be 46.8T.m". The 'H resonance frequency at this field is 116MHz.
Fluorine resonates at the same frequency when the sample is moved a further 4mm
towards the centre of the magnet when compared with the positioning for the proton

measurements.

Diffusion coefficients were measured using the spin-echo sequence (Figure 2-10) in
a probe with a 5mm coil that had a 90° pulse length of 2.1us. As the NMR line is
broadened by the inhomogeneous field, these finite pulse lengths will only excite
some fraction of the nuclei. To ensure that there is sufficient excitation, the pulse
lengths were kept to a minimum and combined with a fast digitizer over a sweep
width of +500,000Hz and a filter width of 1,000,000Hz. The sample size was also
kept small to minimise the resultant NMR linewidth. The echo attenuation as a
function of r was fitted with Equation 2-32. The samples were sealed in capillary
tubes in order to prevent uptake of water. Measurements were made over the
temperature range 273 to 403K. Subambient temperatures were achieved with liquid
nitrogen, while heated dry air was used for measurements above room temperature.

Samples were left to equilibrate at a given temperature for at least 30 minutes.
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Figure 2-15 Mapping of the fringe field.

2.2.2 Pulsed Field Gradient NMR Measuremeits

2.2.2.1 Measurements at the University of Queensland

Proton diffusion coefficients were measured using the z-gradient of a microimaging

set on a Bruker AMX300 spectrometer with a 7T magnet. The gradient was
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calibrated with water and found fo have a maximum strength of 1.66T.m".
Measurements were made using a stimulated-echo pulse sequence (Figure 2-16) with
a Smm probe that had a 90° pulse length of 7.5us. The first rf pulse tips the
magnetisation through 90°, after which the first gradient pulse is applied. A second
90° rf pulse tips the magnetisation to the negative z-direction, where it is "stored" for
a defined duration (77). A third and final 90° pulse followed by the second gradient
puise refocusses the magnetisation and the resultant signal is detected. For materials
in which T> is very short, the stimulated-echo experiment is particularly
advantageous as it is limited by the length of T, instead of T {contrary to the case in

the spin-echo experiment).

In this experiment, a 2ms gradient puise was applied after the first and third #f puises
and the echo attenuation was measured as a function of gradient strength, G. The
time between the second and third #f pulses (storage time, 7>) was adjusted for each
temperature while all other delay times were kept constant. The signal intensity was
modelled using Equation 2-33. To limit exposure of the sample tc the atmosphere,
the samples were sealed in Smm tubes. Measurements were conducted as a function

of temperature from 278 to 373K in a similar routine to the fringe field experiments.

r, 90, ¢ 90

X X
- > -— 1
! - , ] | -

A

Figure 2-16 Stimulated-echo puise sequence.
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2.2.2.2 Measurements at Umed University

Puised field gradient proton diffusion coefficients were also measured at Umed

University on two Varian CMX Infinity spectrometers (100 and 400MHz) equipped

with a 2.3 and 9.4T magnet respectively. Measurements were again made using a

stimulated-echo pulse sequence (Figure 2-16), the details of which are provided in

Table 2.2-1. During each measurement, either the gradient strength or duration was

varied while the other parameters were kept constant, The signal attenuation was

once again modelled with Equation 2-33. Diffusion coefficients were studied for

temperatures ranging from 293 to 353K. The temperature was controlled to within

10.5K by a heated airstream passing over the sample.

Table 2.2-1 Experimental parameters for the stimulated-echo diffusion

experiments conducted at Umed University.

Spectrometer | 7)/ms &/ms G/T.m’! T/ms  A/ms  90°%/us
CMX100 20 0.5-10 or 0.477 or 20 40 5
0.5-15 or 0.954 50 70
0.3-9 100 120
(temperature 500 520
dependent)

CMX400 25 2 0.28-11.3 2.5 5 6.5
2.5 2 0.113-3.39 47.5 50
10 2 0.113-3.39 40 50
10 2 0.028-1.13 490 500
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2.2.3 Error Analysis

In order to ensure reproducibility of the diffusion coefficients, at least two
measurements were made at each temperature. Experiments were also conducted on
muitiple samples to limit any effect of material inhomogeneity. The errors quoted for
the diflusion coefficients are taken from the least-squares fitting of appropriate
equations (Equation 2-32 or Equation 2-33) for each measurement using the program
KaleidaGraph™. It is assumed that these errors provide a reasonable estimate of the
uncertainties apparent in each experiment. Errors for other fitted parameters were
obtained in a similar manner. The temperatures for each measurement are assumed

accurate to within 1K
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Chapter Three

Imidazolium Salts

3.1 Introduction

Jonic liquids, or molten salts, are extremely versatile solvents for clean synthesis and
catalytic processes.! Being the most concentrated of all electrolytes, they also have
potential in many electiolytic applications, particularly solar cells.2  The
dialkylimidazolium series of salts have generated much interest due to their
impressive electrochemical and physical properties.2-28 All of these materials have a
common structure based on the imidazolium ring, shown in Figure 3-1, with different
alkyl substituents and anions used to alter the material properties. The names of
these imidazolium salts are often long and complex, hence, for simplicity, the salts
will be abbreviated according to the main components of the salt, eg. 1-methyl-3-
butylimidazolium iodide is referred to as MeBulml. The following is an historical

account of the research into dialkylimidazolium salts as novel tonic liquids.

Figure 3-1 The structure of 1,3-dialkylimidazolium salts.
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3.1.1 The Dialkylimidazolinm/Aluminium Halide Systems

In 1982, the synthesis route and properties of a new family of ionic liquids were
published by John S. Wilkes er al.7 When dialkylimidazolium chlorides were mixed
with aluminium chloride, the compound was found to be liquid at room temperature
and to have improved electrochemical and physical properties over other salts. This
revelation prompted exhaustive investigations of such systems by Wilkes and

coworkers?7 and Hussey$-16 among others.17-22

Of the 1-methyl-3-ethylimidazolium  halide/aluminium  halide  systems
(MeEtImX/AlX;3), the chloride and bromide are the most commonly studied.>.7.13.14
The pure imidazolium salts melt around 353K, although the chloride sait has a higher
melting point than the bromide salt as the result of stronger ionic interactions,>13
Addition of the corresponding aluminium halide (AlX;) to form a binary system
fowers the melting point and at certain compositions suppresses it completely.>.13.14
The binary is neutral at an aluminium halide mole fraction of 0.5, while lower AlX;
mole fractions are basic and higher AlX; mole fractions are acidic.® The nature of the
anions in the melt depends on the binary composition. The addition of the
aluminium halide results in a decrease in free halide ion concentration and an
accompanying formation of AlX,. Upon exceeding an aluminium halide mole
fraction of 0.5, there are no free halide 10ns and AL, X; forms at the expense of AlX,"
The ionic complexes as a function of AlX; concentration are shown in Figure 3-2.6
Structural analysis from x-ray?® and NMR%2% measurements reveals extensive
hydrogen bonding in the basic binary systems, which is reduced as the amount of the
aluminium halide increases. In the basic melts, modeliing of the proton chemical
shifts as a function of AICI; mole fraction suggests that the cation interacts with two
or more anions to form oligomeric chains.® 'H NMR relaxation in the ternary
0.35AIC1;/0.4MeEtImCI/0.25EtAICl, melt also supports the notion of ionic

interaction between the imidazolium cation and AICl, 2!




Anion fraction

0.00 = : 4

0 0.16 0.32 0.48
AlX, mole fraction

Figure 3-2 Anion mole fraction as a function of AlX; meole fraction (from

Fannin®).

Despite a local maximum in melting point, the neutral melt exhibits the highest
conductivity.>!3 The temperature dependence for conductivity and viscosity does
not show Arrhenius behaviour, but is adequately modelled by the VTF equation. To
understand the conduction mechanism, external and internal transport numbers were
calculated for these binary melts. %11 The difference between these two transport
numbers is the frame of refereance used for the calculation. External transport
numbers are a measure of ion transport with respect to a fixed component (for
example, the porous membrane used in the cell), whereas internal transport numbers
indicate ion transport relative to another component of the electrolyte (typically the
bromide or chloride ions). The experimental method, similar to the Hittorf process,”
involves passing a known charge through a cell divided by a porous membrane, and
measuring the change in concentration and weight in each compartment. The results

suggest that the transport number for the cation is largely independent of the binary
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composition over the range of alununium halide mole fractions from 0.33 to 0.67.
The external transport numbers for the cation were .71 and 0.76 for the chloride and
bromide sysiems respectively. The slightly higher value lor die bromide system may
be the result of weaker ionic interactions. The average internal cationic transport
numbers were 1 for both salts, which suggests that the cation is the dominant charge
carrier, However, some small deviations from a transport number of | were observed
for the bromide salt, which may indicate an association between the cation and the
bromide ions . The internal transport number of 0 for the aluminium ions confirms

that they are coordinated to the halide tons and move as complex anions.

An NMR relaxation and diffusion study of acidic chioroalmninate melts by Carper
and co-workers!® compared the cation diffusion coefficients and correlation times
with the viscosities and conductivities, At 303K, cation diffusion in the neutral melt
was found to be 1.27x10"°m”.s”', whereas the acidic melt (2:1 AIC1;-MeEtImCl) had
a slightly higher diffusion coefficient of 1.44x107'%n%s™. In accordance with this
behaviour, the viscosity and the correlation time for the neutral melt were both higher
than the acidic melt. It was stated earlier, however, that the neutral melt exhibited the
highest conductivity of all the binary compositions.® This disparity between the
transport properties suggests that the mechanism goveming diffusion and viscosity
may not be that govering the conductivity. Carper!? concluded that either the molar
mass or molar volume of the salt - not the structure of the ions - influences the
transport mechanisms in these materiais. Similar behaviour has been observed in an

analogous system where the AICl; is replaced by ethylaluminium dichloride

(EtAICI,)?2 and also in binary tetraalkylammonium-tetraalkytboride salts.30
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3.1.2 Hydrophobic Imidazolium Salts

3.1.2.1 Altering the Anion

The 1-methyl-3-ethylimidazolivm/aluminium halide binary systems consist of
extremely basic anions with a strong affinity to water. In an attempt to resolve this
probleni, considerable research has been focussed into finding alternative
hydrophobic forms of the imidazolivm salts. Larger ions, where the charge is
delocalised, are weak bases or neutral and are less likely to undergo hydrogen
bonding. Substituting the halide ions for tetrafluoroborate (BF,7),2426
hexafluorophosphate (PF;),23.26 triflucromethanesuifonate (also referred to as
triflate, CF3SO5°, Tf),225 bis(trifluoromethanesulfonyl)amide (also referred to as
amide, (CF3S0,),N", NTf;,7)25-27 or bis(perfluoroethylsulfonyl)amide {(C,FsSO;).N",
Beti’)26 anions results in relatively hydrophobic salts. Crystal structure analysis of
I-methyl-3-ethylimidazolium  bhexafluorophosphate? and  [-ethyl-2-methyl-3-
benzylimidazolium amide?” confirmed that only weak inieractions exist in these
materials. The anion-cation attraction is responsible for maintaining the crystal
structures with hydrogen bonding absent in both cases. The extent of hydrogen
bonding has also been examined through 'H NMR chemical shift analysis.25 The
chemical shift is anion dependent and an increase in anion basicity results in a greater
shift in the signal for the protons on the imidazolium ring. In other words, the NTfy
salt effectively produces no change to the proton chemical shift in contrast to the

effect of a water soluble acetate anion.

The ionic volume for these anions increases according to:26
BFsy < PFy < Tf < NTfy” < Beti”

and it is expected that the decrease in the ionic strength follows the same order. Not
ail the properties of these saits, however, appear to correlate with this series, 2526 as
shown in Table 3-1. MeEtImPF, salt has the highest melting point at 335K, whereas

the MeEUmNT, salt has the lowest melting point at 258K. MeEtImBF,; and




MeEtImBeti exhibit the highest and lowest conductivities respectively. MeEtimPFg,
however, has a very low conductivity, which is probably due, in part, to the higher
melting point of the material. A slight curvature was observed in the conductivity
and viscosity data when plotted as a function of temperature, indicative of VTF
behaviour. Ignoring MeEUmPF,, the conductivity decreases with increasing ionic
size, while the viscosity reflecls the behaviour observed for the melting points. In
the case of the aluminium halide binary salts, the conductivity and viscosity
behaviours reported are thought to be dependent on the molar mass or molar volume
and not due to the nature of the ions. Perhaps the same applies for the hydrophobic

systems.

Table 3-1 Properties of imidazolium salts.25:26

MeEtimX BF, PF; Tf NTf; Beti
MW/g.mol 198 256 260 391 491
Anion volume/A® 48 68 80 143 189
Concentration/M 6.5 5.7 53 3.9 32
Tw/K 284 335 264 258 272
o/mS.cm”’ at 269K 13 52 9.2 8.4 3.4
n/cP at 299K 43 15t 38 28 61
1This value at 353K..

3.1.2.2 Altering the Cation

Both McEwen26 and Bonhote?® have examined the effect of ion size on the viscosity
of these saits. In keeping the anion the same, but increasing the size of the cation
(from I-metkyl-3-ethylimidazolium amide, MeEtImNTf, to 1,2-dimethyl-3-n-
propylimidazolium amide, MeMePrimNTf;) the viscosity doubles.26 Bonhdte? has

observed a similar effect upon increasing the length of the alkyl substituents, and also
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when changing the conformation of the chain from linear to branched (butyl (o
isobutyl). Increased Van der Waals interactions as well as decreased rotational
freedom are thought to be responsible for such behaviour. While these cffects are
observed upon altering the cation, the same behaviour was alsv seen when the anion
is changed from NTf; to Beti.26 Although there is a strong correlation between
viscosity and conductivity, the viscosity alone does not always account for the
conductivity behaviour. For example, MeE{ImTf and BuEtImNTf> have similar
viscosities and densities, but the former salt is twice as conductive.?> To quote P.
Bonhdte:23 "In the search for highly conducting ionic liquids, one must not focus on

viscostty only, bul keep in mind the importance of ionic size."

3.1.2.3 Binary Systems

Mixing the salts to form binary systems has a pronounced effect on the resultant
material properties. MeHxIml has a reasonably high viscosity and a correspondingly
low conductivity.? However, adding MeHxIm! to MeBuImTf to form a binary
results in an increase in conductivity relative to the pure MeHxIml. Diffusion
measurements as a function of MeHxImI show an initial sudden decrease upon adding
25wt% MeHxIml, after which adding more MeHxIml only results in a small change
in the diffusion coefficients. The viscosity measurements tend to reflect the diffusion
data, although there is a steady increase in viscosity upon further addition of
MeHxIiml (>25wt%). The reason for the increase in conductivity in the binary
system is unclear, although it is thonght to be the result of either changing the ion

solvation or changing the transport mechanism.

3.1.3 The Research of A, G. Bishop

A comprehensive study of the dialkylimidazolium salt family was also conducted by
a colleague, Dr. Andrea Bishop, in the Department of Chemistry at Monash

University as a part of her doctoral thesis.2® The emphasis of Bishop's work was
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the characterisation of the pure dialkylimidazolium saits. A series of iodide salts was
synthesised with different alkyl chains increasing in length from methy! through to a
tinear heptyl chain.  Anion exchange was also possible, allowing bromide,
trifluvoromethanesulfonate (referred to as triflate) and bis(trifluoromethanesulfonyl)
amide (referred to as amide) salts to be studied. The effect of combining these pure
salts i0 form binary systems was also analysed. The rescarch for this thesis was
conducted in conjunction with Dr. Bishop and, in many cases, her data will be
reproduced to support the observations in this work. The following is a summary of

the main findings.

3.1.3.1 The Alkyl Chain Length Effect

MeMelml and MeEtImI are both solids at room femperature, melting at 368K and
351K respectively. No glass transition is observed upon quenching these materials
from the melt and conducting thermal analysis from 153K. Increasing the length of
the alkyl substituent, from propyl through to heptyl, results in glass forming
materials with giass transitions around 203K. No crystallisation could be induced in
these glasses. 'H NMR in solution and infrared analysis both suggest that the longer
alkyl chains increase the aromaticity of the imidazolium ring. This has been
attributed to the inductive effects of the chains. There was evidence of hydrogen
bonding in both measurements and it appears to occur more readily in the salts with
longer alkyl chains. Bishop has suggested thal this behaviour may be due to

intramolecular interactions between the alkyi chain and the imidazolium ring.

MeMelm! and MeEtIml display solid state conductivity which were slightly lower
than the liquid state conductivity for these salts. A discontinuity accompanies the
transition from solid to liquid state conductivity and occurs close to the melting point
in each case. Only liquid state conductivity was measured for the other salts in this

series. The nature of the conduction mechanism also appears to change with alkyl
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substituent; MeMelml and MeEtlml displayed Arrhenius behaviour, while the other
salts exhibited a slight curvature in their temperature dependence, implying VTF
behaviour. Upon measuring the conductivity as a function of alkyl chain length,
MeMelm! and MeEtlml had the highest conductivities for this series of salts and
increasing the length of the alkyl chain resuits in a decrease in the conductivity.
Compiementary to this behaviour, the activation energies for conduction in
MeMelm! and MekEtIml were also the same and an increase in the alky! chain length

increased the activation energy.

3.1.3.2 The Anion Effect

Four salts with the same cation but different antons were also studied. MeEtImBr
and MeEtIml have similar melting points, well above room temperature, whereas
MeEtimNT(; and MeEtImTT salts are colourless liquids with subambient melting
points. While IR analysis indicated extensive hydrogen bonding for the iodide salt,
MeEtImTf showed a weaker interaction and hydrogen bonding was absent in
MeEtImNTYf,. Both solid and hquid state conductivities were observed for
MeEtlmBr and MeEtIml and the data was adequately modeliled with the Arrhenius
equation. An interesting observation is the apparent ease with which ion transport
occurs in the crystalline materials, as indicated by very high solid state conductivity
and lfow activation energy. Conductivities for MeEtImTf and MeEtImNT{, are
remarkably similar, with only slight deviations occurring at lower temperatures.
There is an obvious curvature to the MeEtImNTY, data, which could imply VTF
conductivity behaviour. The same curvature is not as obvious in the MeEtimTf data,
but there does seem to be a slight deviation from linearity. At high temperatures, all
four saits show remarkably similar conductivities, which may suggest a similar

conduction mechanism in the melts.
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3.1.3.3 Binary Systems

A number of binary systems were formed by combining the pure salts (Table 3-2).
These binary combinations cnabled the elfect of like anions and like cations, as well
as mixed ion systemns, to be analysed. In most cases, the binary mixtures exhibited a
lower melting point, or one that was often suppressed altogether. Moreover, the
binary system conductivities were often greater than expected from a simple rule of
mixtures. This was attributed to a combination of factors: an increase in the number
of charge carriers available for conduction because of a reduction in the degree of ionic
association; an increase in ion mobility as a result of an increase in the free volume of
the matenial; or both. Where binary formation lowers the melting point, one might
expect the increase in conductivity to be attributed to an increase in the ion mobility.
However, if the pure materials are already fluid liquids, the enhanced conductivity

upon forming the binary is probably the result of decreased ionic interactions.

Table 3-2 Binary systems,

MeMelml MeEtIml  MePriml MeEtImTf  MeEtImNTf,
MeEtIm] v - v v vV
MeEtImTf v v v - v
MeEHmNTS, - v v v -

3.2 Research Objective

The dialkylimidazolium/aluminium halide systems have been well characterised using
thermal analysis, conductivity, viscosity and electrochemical techniques. The main
limitation of these materials is their affinity for water, particularly at low AlX;
contents where the salts are very basic. More recently however, a range of

dialkylimidazolium salts, in which the anion is larger and the charge is delocalised,
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have been synthesised. This anion substitution has been found to produce
hydrophobic salts that are also liquids at room temperature, offering promising
materials for electrolytic applications.  Characterisation of these materials has
included si-uctural analysis, thermal analysis, conductivity, viscosity and
electrochemical measurements. However, the nature of the ion transport mechanism
in these hydrophobic salts is a contentious issue. There docs not appear o be any
obvious correlation between the structure of the salt and the resultant conductivity.
[n an attempt to resolve this conundrum, Bishop conducted a methodical and
thorough investigation ol the dialkylimidazolium salt family. The main factors
explored were the effects of alkyl chain length and anion substitution, as well as the
combination of two pure salts to form a binary system. It was shown that increasing
the alkyl chain length decreases the melting point, but also the conductivity. In
keeping the cation structure constant, but substituting the anion, the melting point
also decreases but the conductivity in the melt is remarkably similar. The
conductivity was also found to be greater than expected from a simple law of mixing
in the binary systems. From these observations, one can speculate as to the
conduction mechanisms in these materials and several hypotheses can be proposed to

explain this behaviour:

1. The decrease in conductivity, which accompanies the increase in alkyl chain

length, is due to limited mobility of the larger cation;
2. Anion substitution does not effect cation mobility in the meit; and

3. lon mobility in the MeEtImT{/MeEtImNTf, binary is constant and the enhanced

conductivity is the result of a decrease in the 1onic association.

The objective of the research presented here was to test these hypotheses by
measuring the ionic diffusion coefficients for the 1.3-methylalkylimidazolium salts
using NMR techniques. The effect of the salt structure on the diffusion properties
was examined by altering the anion or the length of the alky! chain. The ion diffusion
in the MeEtimT{/MeEtImNTT; binary system was also studied. The measurements

were correlated with the conductivity data in order to elucidate the conduction
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mechanisms in these materials. Cation diffusion was studied as a function of alkyl
chain length using the pulsed field gradient method. The anion substitution and the
binary systems were studied using the fringe field gradient technique. The results
will be discussed in the context of the previous work performed on these materials, in

parlicular with reference to the work of Bishop.

3.3 Results

Imidazolivm Sait Systems

Preparation of the 1,3-methylalkylimidazolium iomc liquid family involves reacting
1-methylimidazole with an appropriate alkyl halide (for example, ethyl iodide) as
described elsewhere.”-1328  For this thesis, the jodide salts were prepared first,
mainly due to the ease of synthesis.2®¢ From the iodides, an appropriate acid and
Ag>O were used to form bromide (Br?), trifluoromethanesulfonate (CF:8047, also
known as triflate or Tf) and bis{trifluoromethanesulfonyl)amide (N{CF350,),, also
known as amide or NTf,") saits.?® The imidazolium ring consists of two alkyl
substituents; a constant methyl group and a vanable alkyl substituent. Different
alkyl chains were substituted onto the imidazolium ring by altering the alkyl hahde
used in the reaction. Asg discussed earlier, the complex chemical nomenclature has
been simplified according to the main components of the salt, eg. 1-methyl-3-
ethylimidazolium bromide is referred to as MeEtImBr. Occasionally, a collective
term, namely the halide salts (MeEtImBr and MeEtiml) or the fluorinated salts
(MeEtImTf and MeEtImNTL,) will also be used when discussing a group of similar
salts. MeEtImBr, MeEtIml, MeEtImTf and MeEtImNTf, were employed to
analyse the effect of the anion on transport properties. The effect of the alkyl chain
length (methyl through to heptyl) on the transport properties was siudied with a
series of iodide salts, Mixtures of MeEtimTf and MeEtImNT{; were also prepared

in order to study the ion transport in a binary system.
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The Anion Effect

The role of the anion in the imidazolium salt transport mechanisms was investigated
for MeEtIml, MeEtImBr, MeEtInTf and MeEtInNTf, using the fringe ficld
diffusion techmique. Cation diffusion coefficients were obtained for all four salts
from proton fringe field measurements, while the anion diffusion coefficients for
MeEtImTf and MeEtImNTS; were obtained from fluorine fringe field measurements.
The cation diffusion coefficients, D, as a function of reciprocal temperature, 1/T, are
shown for all four salts in Figure 3-3, Figure 3-4, Figure 3-5 and Figure 3-6.
MeEtImI and MeEtImBr cation diffusion coefficients exhibit two diffusion processes
that are dependent on the thermal history of the sample. Measurements made upon
cooling the salt showed a steady decrease in diffusion with decreasing temperature,
even below the DSC melting point of the material. Such behaviour is indicative of
supercooling, and this was confirmed by inspection of the quenched material.
Measurements made during heating from room temperature resulted initially in
higher diffusion coefficients than those observed in the supercooled state. The DSC
melting point corresponds to a change in the transport mechanism. Close inspection
of the supercooled halide salts and the fluorinated salts reveals a slight curvature in
the data, implying a deviation from simple Arrhenius behaviour. Anion diffusion
coefficients were measured for MeEtImT{ and MeEtImNT(; and are shown in Figure
3-7 and Figure 3-8. The anion and cation diffusion coefficients of each fluorinated
salt are compared in Figure 3-9 and Figure 3-10. In general, the diffusion

coefficients of the anion are slightlv lowe than those of the cation.
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Figure 3-10 A comparison of the ionic diffusion coefficients for MeEtImNTL,.

The Alkyl Chain Length Effect

The effect of the alkyl substituent on the imidazolium ring was studied with the
iodide series of salts using the proton pulsed field gradient NMRK method. Only
cation diffusion coefficients were measured as there was no equipment available to
study the iodide behaviour. MeMelml and MeEtiml are both solids and melt at
368K and 351K respectively. MePrlml, MeBulml, MePtiml, MeHxIml and
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MeHpiml couid not be crystallised but form glasses around 203K. The proton
diffusion coefficients for all seven salts, shown in Figure 3-11, indicate that there is a
decrease in diffusion coefficient as the length of the alkyl chain increases. The slight
curvature in the diffusion data for the glass forming salts is once again suggestive of a

deviation from simple Arrhenius behaviour.
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Figure 3-11 A comparison of the proton diffusien coefficients for MeRImi.

Lines are to guide the eye.
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Binary Mixtures of MeEtImT{ and MeEtImNTf;

In the work of Bishop,831 the conduclivity of a binary mixture of MeEtImT{ and
MeEUIMNTY, was greater than for either of the pure components. In order to
understand this binary behaviour, the cation and anion diffusion coefficients were
measured as a function of MeEtImTf mole fraction at 293K {Figure 3-12) and 363K
(Figure 3-13). In both cases, the cation diffusion coefficients are greater than those

for the anion and the behaviour seems to follow a simple law of mixtures.
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Figure 3-12 Proton and fluorine  diffusion  coefficients in

MeEtImTI/McEtImNTS; binary at 293K. Lines are to guide the eye.
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Figure 3-13 Proton and fluorine  diflusion  coefficients in

MeEtmT{/MeEtImNT{, binary at 363K. Lines are to guide the eye.

In the following sections, the differences in diffusion behaviour in these salts are
discussed in an attempt to reveal the transport mechanisms involved in the diffusion

and conduction processes.
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3.4 Discussion

3.4.1 The Anion Effect

The diffusion coefficients for the halide salts have been measured in both the liguid
(supercooled) and solid states, but the initial discussion will be limited to the liquids
so that comparisons can be drawn between all four salts. Analysis of the solid state

behaviour can be found in section 3.4.4.

The proton diffusion coefficients for all four saits are compared in Figure 3-14.
Although MeEtImBr has slightly lower diffusion coefficients than MeEtIml, the
temperature dependence is similar. At higher temperatures, the proton diffusion
coefficients for the tluorinated salts are alimost identical but MeEtImNT{, shows a
greater decrease in diffusivity at the lowest temperatures. The proton diffusion
coefficients for the fluorinated salts are over two times greater than those of the
halide salis. .The fluorine diffusion coefficients have also been compared for the
fluorinated salts, as shown in Figure 3-15. In accordance with the proton diffusion
data, the fluorine diffusion coefficients are also remarkably s—ilar for these salts,
albeit slightly lower than the cation diffusion coefficients (Figui 3-9 and Figure 3-
10). On the basis of this diffusion behaviour, the conductivities for the fluorinated
salts would be expected to be greater than the halide salts (reproduced from Bishop?®
and shown in Figure 3-16). Although the conductivity behaviour does show a slight
variation between the different anions, it does not reflect the disparity seen in the
diffusion data. In particular at the high temperatures, where there was an obvious
ditference in the diffusion data, all four salts exhibit the same conductivity, Although
the conductivity is directly related to the diffusion coefficiens, it is also dependent
on the concentration of the charge carriers. The disparity in the diffusion coefficients
will be addressed initially, followed by an examination of the effect of charge carrier

concentration on the transport properties.
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Figure 3-14 A comparison of proton diffesion coefficients for MeEtImX.
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Figure 3-16  Temperature dependent conductivity data for MeEtImX
(reproduced from Bishop?3),

3.4.1.1 The Role of the Medium on the Transport Properties

Diffusion will be hindered if the size of the diffusing species increases, the pathways
{or diffusion are restricted, or where both of these factors combine.32 Given that
MeEtiml, MeEtlmBr, MeEtImTl and MeEtImNTf, have the same cation, the

| disparity in the cation diffusion coefficients between the halide and the fluorinated _‘
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salts must thercfore reflect a difference in the diffusion pathways. That is, the
diffusion pathways in the halide salts are more restricted than in the fluorinated salts,
Since all four salts are in the liquid state, this difference is possibly due to dilfering
viscosities. According to the Stokes-Einstein equalion,’? diftusion is inversely

proportional to the viscosity, 1, of the medium:

D= kT
Frina

Equation 3-1

In this equation, & is the Boltzmann constant, 7" is temperature and « is the radius of
the diffusing element, The factor, F, varies from 3 to 6 depending on the nature of
the system and the inferactions experienced by the solute.!9.34 The viscosities of the
fluorinated salts have been measured at 348K25.26 and were reported to be
approximately 11cP and 7 to 9cP for MeEtImTf and MeEtImNT{; respectively.
The viscosity of MeEtImBr at the same temperature has been obtained from
extrapolation of the data for a MeEtImBr/AlBr; binary system to zero AlBr,
content!3 and was found to be 93¢P, considerably higher than the values obtained for
the fluorinated salts. Since MeEtImBr is actually a solid at this temperature, this
viscosity would only be expected under supercooled conditions. Although no
viscosity measurements have been made for MeEtIml, it was assumed that the
viscosity would be similar to MeEtImBr. From these values and the assumption that
F and g are the same for all four salts, the following behaviour is predicted: the
diffusion coefficients for the cation in the two fluorinated salts should be almost the
same, while the cation diffusion coefficients for the halide salts should be
considerably lower. This agrecs with the experimental diffusion data and
consequently, the differences in the cation diffusion coefficients may be related to the

differences in viscosity.
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This conclusion is fairly rudimentary as it only involves a qualitative analysis. There
arc a number of theories, however, that relate the viscosity of a material to the fice
volume.3333.36 The Batschinski theory35 suggests that the fluidity, @, {which is the
reciprocal of the viscosity) is directly proportional to the free volume as given by the

following equation:

Equation 3-2

where v is the molar volume of a liquid and v, is the limiting volume at zero fluidity
such that the free volume, vy, is equal to v-vy. Doolittle,3¢ however, proposed a

different theory:

~bv,

p=Aex
Ve

Equation 3-3
where b is a conotant approximately equal to 1. This equation predicts a sudden

decrease in fluidity upon approaching a small free volume. Williams, Landel and

Ferry37 have related the free volume to the glass transition temperature such that:

ve =v,[0.025+ (T - T,)]

Equation 3-4

where v, is the volume at the glass transition temperature, 7, and « is the difference

between the thermal expansion coefficients of the liquid and the glass. Cohien and
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Turnbull33 have highlighted the relationship between diffusion and free volume as

described by the following equation:

D = g(a*)uexp v E
Vo T = Ty)

Equation 3-5

where g is a geometric factor, a* is approximately the molecular diameter, # is the gas

kinetic velocity, y is a numerical factor introduced to correct for overlap of free

volume, v* is the critical volume for diffusion, v,, is the average molecular volume, &

is the average thermal expansion coefficient, T is temperature and T is the ideal glass
transition temperature (taken to be 7,-50K). Free volume theory has been criticised
due to the ambiguous definition of free volume and the inability to adequately model
experimental data.8.3? Adam and Gibbs?® have derived an analogous equation based
on the configurational entropy theory, where small sections of the material undergo
cooperative rearrangements. In either case, these equations highlight the relationship
between transport properties, such as viscosity or ditfusion, and the absolute glass
transition temperature, T,. Consequently, a plot of diffusion versus I/T-Tg should
normalise the ~ata to a constant mobility (viscosity), thereby confirming the

relationship between diffusion and viscosity.

The manipulated data is shown in Figure 3-17. For the fluorinated saits, the T
values were obtained from a simple calcula in as the glass transition temperatures
have been measured for these materials, For the halide salts, however, T, was

estimated from a known theory in which the glass transition temperature is 2/3 of the

‘melting temperature.4t A comparison of the actual glass transition temperatures and

the estimated values for MeEtImTf and MeEtImNTY, showed reasonable agreement

(Table 3-3), thereby suggesting that this assumption is valid for these systems.
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Table 3-3 Experimental and calculated glass transition temperatures,

Salt/McEtImX DSC T,./K DSC T,/K Calculated T,/K
MeEtImBr 352 - 235
MeEtim! 351 - 234
MeEtlmTf 258 175 172
MeEtImNTf, 255 180 170
10_9 I | | i
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i
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Figure 3-17 Diffusion data for MeEtImX as a function of 1/{T-Ty).
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Given the errors in the data and the assumiptions regarding the glass transition
temperatures, this form of normalisation results tn a reasonable concordance between
the data, particularly at the higher temperatures. The curves are also reasonably
linear, supporting the choice of Tp values. Consequently, there appears 1o be a

correlation between diffusion and viscosity for these materials,

Is the same effect responsible for the variations in conductivity among these
materials? Conductivitly is dependent on both the number of ions, #, with a charge,

g, as well as their mobility, 4, summed over all ions, /, and can be simply represented

with the following equation.4?

C= ZniQip'i

Equation 3-6

If it is assumed that there is complete ion dissociation and that the ionic charge is
constant over the entire temperature range studied, the conductivity should be
directly proportional to the mobility of the ions. If the mechanisms goveming
diffusion and conductivity are the same, a similar normalisation of the conductivity
data with respect to Ty should be observed. The results of this data manipulation are
shown in Figure 3-18. All of the salts, except MeEtImNT{,, are linear in this form,
but unlike the diffusion data, the conductivity curves are not superimposed. It was
implied in the diffusion analysis that if the viscosity and diffusion are related
phenomena, then this normalisation should shift the data so thue the curves would
coincide with one another at the same IAT-Ty value. The lack of coincidence
observed in the conductivity data is probably indicative of differences in the charge
carrier concentrations for each salt. This will be discussed in the next section (section

3.4.1.2).

4!




.g:
4
;

ey ot pHE TRt e

TWMM Badt e

i 0 ®
E 4
5 102+ VR i
“CQ. x O
© D ®
0 .

® MeEtimBr 0

v MeEtIml

X MeEtImTf

0 I\/IeEtImN’l"f2

10-3 L | | | ! |
3 4 S 6 7 3 9

1000K/(T-T,)

Figure 3-18 Conductivity data for MeEtImX as a function of 1/(T-T,).

If the same transport mechanism is responsible for both diffusion and conduction, a
similar temperature dependence would also be expected. This can be obtained by
calculating a pseude activation energy, B, for the diffusion and conductivity data

shown in Figure 3-17 and Figure 3-18 by fitting a linear form of the VTF equation:




B

InY=A+

0

Equation 3-7

where ¥ is either the diffusion coefficient or conductivity, and 4 is a conswnt. The

calculated B values for diffusion and conductivity are shown in Table 3-4,

Table 3-4 B values for diffusion and conductivity calculated from Equation 3-7.

Salt/MeEtImX | B/K for diffusion B/K for conductivity

MeEtImFEr 1046 £ 17 699 + 28
R=0.9981 R=0.9923

MeEtlmi 8397 + 26 592 £33
R=0.9933 R=0.9863

MeEtImTf 1018 £33 8579
R=0.9880 R=0.9992

MeEtImNTT, 122529 800 + 23
R=0.9969 R=0.9914

In all cases, the conductivity data have slightly lower B values than the diffusion
coefficients for the same salt, suggesting that the diffusion process has a higher
energy barrier than the conductivity process. McEwen?¢ reported higher activation
energies for the viscosity measurements compared to the conductivity measurements
for a range of imidazolium salts. Since it has been suggested that the viscosity and
diffusion measurements are dependent on the same process, the observations made

by McEwen are consistent with the values presented here. Therefore, it appears that




the conductivity is not solcly governed by the diffusion in these salts, With regard to
Equation 3-6, it was initially assumed that these salts were completely dissociaied
and that the concentration of charge carriers was a constant over the entire
temperature range studied. Since the variations in conductivity can not be explained
by changes in diffusion, this assumption must not be valid, and there must be a
temperature dependence of the number of available charge carriers. The role of charge

carrier concentration on the transport properties is discussed in the following section.

3.4.1.2 The Role of Charge Carrier Concentration on the
Transport Properties
Equation 3-6 is expressed in more detail by the Nernst-Einstein equation:

Dq’c
kT

Equation 3-8

where g is the ionic charge, ¢ is the concentration of charge carriers, & 1S the
Boltzmann constant and T is temperature. The diffusion coefficient used in this
equation is calculated from the sum of the cation (D.) and the anion (D.) diffusion
coefficients. In the case of an ionic liquid, the concentration can be calculated from

the density, p, of the material through the use of the foliowing equation:

o= NaP
MW

Equation 3-9

where N, is Avogadro's number and M is the molecular weight of the salt. The

densities for MeEtImTf and MeEtImNTf, were determined by weighing 0.5mL
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aliquots at room temperature?® and are in reasonable agreement with the values
reporled elsewhere.?’ The density of MeEtImBr was obtained by extrapolating the
density data at 353K for a binary mixture of MeEtlmBr and AlBr; to zero AlBr,
content.!> The density for MeEtImBr2 in the solid state has been quoted as
1.52g.cm™ and therefore the liquid density value of 1.48g.cm™ is consistent with the
volume expansion experienced upon melting. Based on the behaviour of this binary
salt and a solid state density2? of 1.73g.cmi, the density for MeEtlm] was estimated

to be 1.69g.cm™ at 353K. The densities of all four salis are shown in Table 3-5.

Table 3-5 Densities and molar volumes for MeEtlmX,

SalyMeEtImX | MW/g.mol” plg.cm”
MeEtImBr 191.07 1.48 at 353K13
MeEtImI 238.08 1.69 at 353K+
MeEtimTf 260.23 1.36 at 295K28

1.39 at 295K

MeEt{ImNTf, 391.20 1.55 at 295K 28

1.52 at 295K?%>

t Estimated value.

A number of ionic liquid materials?3 show a 2 to 3% decrease in density over a 100K
temperature range. [t was therefore assumed that the density of these salts would
also decrease by 3% over a similar temperature range. Using this temperaturc
dependence, the theoretical concentrations for each salt (Figure 3-19) indicate that the
halide salts are far more concentrated than the fluorinated saits. Consequently, the

combination of higher ion concentration with the lower diffusion coefficients for the
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Since the liquid state conductivities and diffusion coefficients are known for these
salts, the Nemst-Einstein equation {Equation 3-9) can be used to caiculate the actual
concentration of charge carriers available {for conduction (also shown in Figure 3-19),
For the hahde salts, it was asswmed that the diftusion coefficients of the anions
(bromide or iodide ions) are the same as the cation diffusion coefficients. This would
seem Lo be an acceptable assumption due to the similarity between the anionic and
cationic diffusion coefficients in the fluorinated salts (Figure 3-9 and Figure 3-10).
From Figure 3-19, it appears that not all the charge carriers are available for
conduction in these salts and that ionic association occurs, {orming pairs or higher
aggregates. The extent of aggregation in these systems can be calculated using the

following equation.

theo

Equation 3-10

In this equation, f is the fraction of ions available for conduction, c4., is the
thecretical concentration if there is complete dissociation and ¢, is the actual
concentration determined from the Nemst-Einstein equation. The fraction of ions
available for conduction in the iiquid state is shown in Figure 3-20. MeEtImTf has
the least number of charge carriers over the entire temperature range. While MeEtIml
shows a substantial decrease in concentration with increasing temperature,
MeEtImBr shows very liitle variation in charge carmrier concentration. Despite the
apparent complete dissociation of MeEtImNTY, at room temperature, this salt has
the greatest decrease in charge carrier concentration over the temperature range,
approaching a similar value to the MeEtlmTf at 403K. It is interesting to compare
this behaviour with the infrared analysis performed by Bishop.2®8 MeEtlml was
found to experience the strongest ionic interactions, while MeEtImNT(, showed the
weakest in the spectroscopic measurements. Consequently, one might expect

MeEtlml to have fewer ions available for conduction. The calculation performed
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here, however, does not take into consideration the strength of the interactions nor
the lifetime of the associated specics.  Although MeEtIml experiences stronger ionic
interactions, the associated species may only exist for a limited lifetime before
dissocialing to form different aggregates. On the time scale of the infrared
experiment, the salt will appear associated, but on the time scale of the conductivity
and diffusion experiments, these aggregates are capable of dissociating and (herefore
contributing to the conduction mechanism. The main conclusion drawn from this
information is that the halide salts have more charge carriers per unit volume available

for conduction.
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Figure 3-20 Fraction of ions available for conduction. Lines are to guide the

eye,
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In using the Stokes-Einstein equation (Equation 3-1), it was assumed that the factor,
F, and the radius of the diffusing element, 4, were constant and hence the diffusion
coefficient was directly proportional to the inverse of the viscosity. Both of these
“constants”, however, are sensitive to ionic association, such that F ranges from 3 to
6 for a material exhibiting perfect slip and perfect stick respectively. From the
calculations of the fraction of ions available for conduction, significant ionic
association was observed for these materials, with MeEtImT{ exhibiting the greatest
degree of ionic association, while the halide salts were reasonably dissociated. If F
and a are sensitive to ionic association, MeEtImTf should have a much lower
diffusion coefficient than MeEtImNTY; for the given viscosities. As this is not the
case, the ionic association observed in these matertals would appear to have very

little tmpact on the mechanism of diffusion.

3.4.1.3 Summary

Imidazolium salts with different anicns displayed different diffusion behaviours.
Slightly faster diffusion was observed for MeEtImi compared to MeEtImBr,
although the temperature dependence was the same. The fluorinated salts exhibit
similar diffusion coefficients, which were double the cation diffusion coefficients of
the halide salts. This disparity was thought to be due to the diflerence in viscosities.
Normalisation of the diffusion data with respect to Ty results in concordant mobilities
for all four salts. The same behaviour is not true of the conductivity data, suggesting
that the conductivity is not solely dependent on the ionic mobility. Analysis of the
charge carrier concentration indicates that all four salts experience some degree of
ionic association, but the halides have more charge carriers per unit volume available
for conduction. Combining the higher charge carrier concentration with the lower
diffusion coefticients for the halide salts results in the same conductivity as the more

diffusive but less concentrated fluorinated salts.
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3.4.2 MeEtImTf and MeEtImNTS, Binary System

The conductivity data at 293K and 363K for the MeEtImT{/MeE{ImMNTH, binary
system are shown in Figure 3-21. In comparison 1o the pure components, the binary
mixtures show a significantly higher conductivity that deviates considerably from
what would be expected according to the law of mixtures. The deviation appears to
be most significant for the MeEtImT{ rich compositions, particularly at 293K. As
implied by Equation 3-6, conductivity enhancement will only ocecur if thare is an
increase in the jon mobility and/or the number of charge carriers. Analysis of the
diffusion coelficiems in these binary systems (Figure 3-12 anu Figure 3-13) shows a
consistently higher cation diffusion coefficient when compared to the anion.
However, no appreciable deviation from a simple law of mixing was observed for all
binary compositions taking the errors into consideration. Consequently, it would
appear that enhancement of 1onic mobility is not responsible for the increase in

conductivity observed for the binary systems.

The enhanced conductivity must therefore be due to an increase in the charge carrier
concentration, which can only be achieved by one of two possible mcthods: through
volume contraction upon mixing or through decreasing the degree of ionic association.
Au increase in the density of the material should be observed if there is a volume
contraction upon combining the salts to form a binary. Density measurements
performed by Bishop?® showed no evidence of any increase in density, with a linear
relationship due to additivity being observed. A change in the extent of ionic

association would appear to be responsible for the increase in conductivity.
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Figure 3-21 Conductivity in the MeEtdmT{/MeEtImNT{, binary system at
293K and 363K (reproduced from Bishop?8). Solid lines are to guide the eye.

Dashed lines represent the conductivity from additivity.

A comparison of the calculated ion concentration with the theoretical ion
concentration allowed the fraction of ions available for conduction to be determined
for the imidazolium salts with different anions (see section 3.4.1.2). A similar
calculation can be performed for this binary system, the results of which are shown
in Figure 3-22. The relationship between the fraction of ions for conduction and the
composition indicates that association in the binary systems has been suppressed

relative to the pure components. Notably, the highest aggregation occurs in pure
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MeEtImTf but the addition of even a small mole fraction of MeEtImNTf, results in a

marked decrease in ion association.

ing ions
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Figure 3-22 Fraction of ions available for conduction in the

MeEtmT{/MeEtImNT(; binary. Lines are to guide the eye.

This change in ionic association can be explain when the association equilibria are

constdered?28.31

MeEdm+* + T —== (MeEtImTf)
MeEtm*+ NTf, === (MeEdmNTY ,),
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where (MeEtImTI{),, indicates an associated species in the mixture. In the case of a
binary where »(MeEtkmTf)=0.5, the cation concentration is unchanged upon binary

mixing, while the concentration of each anion is halved. This decrease in anion
concentration will shift the equilibria from association towards dissociation, thereby
increasing the overall number of ions within the system. It is evident that this
increase in the number of conductive species accounts for the rise in conductivity

observed in the binary systems.

The effect of temperature on the binary compositions has also been examined.
Previously, it was reported that MeEtImNTT{, had very little ionic association at low
temperatures compared to MeEtImTT (see section 3.4.1.2). In this case, adding a
small amount of MeEtImTf to MeEtImNTf, would not have much effect on the
association equilibria shown above and, therefore, one would expect only a small
conductivity enhancement. Conversely, adding a small amount of MeEtImNT{; to
MeEtImTf should result in an increase in conductivity since MeEtImTf showed
some degree of association at the lower temperatures. At the higher temperature,
however, both MeEtImTf and MeEtImNTf, experience some degree of ionic
association. Addition of the second component should therefore result in enhanced
conductivity for the entire range of binary compositions. The diffusion and

conductivity results at these two temperatures appear to support this theory.

The observations made for this binary system may not be indicative of other binary
systems formed from different combinations of imidazolium salts. MeEtImTf and
MeEtImNTf, have remarkably similar melting and glass transition temperatures,
conductivities, diffusivities and viscosities. Mixing these salts to form a binary has
been shown to have very little impact on the glass transition temperature?s,
diffusivities and presumably the viscosities. Therefore, it can be concluded that the
enhanced conductivity in this system does not result from any change to these

properties. However, the same can not be said for other binary systems. Bishop28

103




has studied a number of imidazolium binary systems and has concluded that there a
number of factors responsible for the increased binary conductivities. lIon size,
changes in viscosity and mobility and ionic association are all factors that may
influence the transport mechanisms, with the extent of each factor dependent upon
the system. Take, for example, the MeBulmT{/MeHxIml system studied by
Papageorgiou and co-workers.2 MeBuIlmTf has a much higher conductivity and
considerably lower viscosity than MeHxIml. Adding MeBulmTf to MeHxIm!
increases the conductivity relative to pure MeHxImi, although the conductivity never
exceeds that of MeBulmTf. Triiodide diffusion coefficients show very little variation
up to approximately 80wt% MeBulmTf, after which there is a rapid increase.
Analogous behaviour is observed for the viscosities in this binary. Consequently,
viscosity and diffusion are related properties in this system. Similar cchaviour has
also been observed in other systems by Bishop.28 It must therefore be noted that the
simple analysis applied here to the MeEtImT{/MeEtImNT{, binary system should

not be generalised to other binary systems.

In summary, a binary system formed from mixing MeEtImTf and MeEtImNTf;
shows enhanced conductivities compared to the pure components. The same trend is
not observed for the diffusion coefficients, however, which showed no appreciable
deviation from a simple law of mixtures. Combining the pure salts alters the extent of
ionic association, with the resultant increase in charge carrier concentration leading to

increased conductivity.

3.4.3 The Alkyl Chain Length Effect

Different length alkyl chains have been substituted onto the 3 position of the
imidazolium ring and the cation diffusion coefficients measured in each case. Figure
3-11, which compares the diffusion coefficients for all the salts, reveals a decrease in

diffusion with increasing alkyl chain length. The same trend is also reflected in the
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conductivity data?® (Figure 3-23). The decrease in transport properties with
increasing alkyl chain length is highlighted in isothermal conductivity (Figure 3-24)
and diffusion (Figure 3-25) plots at 298K and 358K, At both temperatures, a steady
decrease in conductivity is observed. [t should be noted, however, that MeMelm!
and MeEtIm] are both solids at this 298K and MeMelml is still solid at 358K.
Under such conditions, ion transport is therefore in the solid state. It is interesting
that the solid state conductivities and diffusivities for these iwo salts are higher than
the liquid state transport properties for the other salts. At 298K, the diffusion
coefficients show a decreases with increasing alkyl chain length. At 358K, however,
proton diffusion shows a slight increase with alkyl chain length up to MePrlmi, after

which the longer alkyl chain lengths result in slower diffusion processes.
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Figure 3-23 Conductivity as a function of temperature for the imidazolium

salts with different alkyl substituents (reproduced from Bishop?8).
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Figure 3-25 Isothermal diffusion plots for MeRIml. Lines are to guide the

eye.

In section 3.4.1, the effect of the anion on the diffusion process was analysed.
Despite a common cation, there were differences in the cation diffusion coefficients.
Although varying degrees of ion association were observed, this did not appear to
contribute to the resultant diffusion behaviour. The main conclusion drawn from this
analysis was that diffusion is related to viscosity. With this iodide series of salts,
however, the imidazolium ring has been altered by changing the length of the alkyl

substituents. In this case, diffusion will possibly be sensitive to both viscosity and
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cation size (see Equation 3-1 in section 3.4.1.1). The following is an analysis of the

diffusion mechanism in these salts.

Analysing the effect of viscosity on the transport properties is limited to the liquid
state. However, the diffusion coefficients for MeMelml and MeEtimI at 298K are in
the solid state and at 358K, MeEtIml has only just melted while MeMelml is still
solid. The conductivities in the solid state for these salts are much higher than for the
other iodide salts in the liquid state, which is probably due to the difference in
transport mechanism. The solid state transport process will most likely involve
discrete jumps of individual ions. The liquid state diffusion mechanism, however,
probably involves the cooperative motion of large amounts of the material.3? It is,
therefore, inappropriate to compare these two transport mechanisms, and
consequently, the isothermal diffusion plot at 298K is misleading. The liquid state
diffusion coefficients for supercooled MeEtImI have been measured, however, using
the fringe field diffusion method. In comparing this value to the other liquid state
values (Figure 3-25), MeEtIml has a lower diffusion coefficient than MePrIml,
reflecting the trend observed at 358K. The effect of viscosity on the diffusion

properties for the salts in the liquid state will now be considercd.

Due to the high melting points for MeMelm] and MeEtiml, one would expect the
viscosities to be consistently higher than for the other salts, The viscosity for
MeEtIml was extrapolated to be 93cP at 348K,!? whiie Papageorgiou er al.2 have
reported a viscosity of 75¢P for MeHxIml at the same temperature. It must be noted
that the value quoted for MeEtIml at this temperature is the predicted value for the
supercooled state. Although no viscosities have been measured for the other salts in
this series, the viscosity of MePrlml was found to be much lower than MeHxIml
upon handling the materials. The initial increase in diffusion coefficient that

accompanied the change in cation from MeEtlm" to MePrlm” is thus probably due to
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a decrease In viscosity. The subsequent decrease in diffusion coefficient with

increasing alkyl chain length is likely to be relaied to the increasing viscosity.

[f the transport properties were solely dependent on the viscosity of the salt, one
would expect MeHxIml to have a larger diffusion coefficient than MeEtIml. In
studying the anion effect (see section 3.4.1), this was found to be the case where
cation diffusion correlated to the viscosity. The data in Figure 3-25, however,
actually shows faster diffusion for MeEtlml than MeHxIm}. Therefore, the size of
the cation would also appear to have some influence on the diffusion properties.
MeEtIm* is a much smaller cation and would be expected to diffuse more readily
throughout the material. MeHxIm® is a much larger cation with a long alkyl

substituent, which should limit its mobility.

Angell and Moynihan3® have pursued further the relationship between diffusivity
and the size of the diffusing entity. According to configurational entropy theory, the

following equation can be used to model the diffusion data.

D=AT 2 ex —k

Equation 3-11

In this equation, T is temperature, & is a pseudo activation energy and T, is the ideal
glass transition temperature. The pre-exponential term, A4, is considered to be

proportional to the radius, r, and the mass, m, of the diffusing species as follows.

r
Aos —
1'1'1'/2

Equation 3-12
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By plotting D/T*? versus I/T-T, (Figure 3-26) and fitting the above equation, the
constant 4 can be determined for each salt. The T, values for these salts are listed in
Table 3-6 and T, was laken to be T,-50K. The calculation was not performed for
MeMelml as only soiid state diffusion coefficients were measured for this salt.
From the calculated A values and the molecular weights of each cation (also shown in
Table 3-6), Equation 3-12 can be rearranged to examine the effect of cationic radius on
the diffusion properties. A.m'” wiii be the same for all the salts if the diffusion
coefficients are independent of the cation size. This product as a function of alkyl

chain length is shown in Figure 3-27.

Table 3-6 Molecular weights and densities for MeRIml.

Salt/MeEtImX To/K MeRIm* MW/g.mot’
MeEtIml 234+ 111.17
MePrImi 203 125.20
MeBulml 202 139,22
MePtIml 204 153.25
MeHxIml 203 167.28
MeHplIml 205 181.3

+ Calculated from the melting point (see section 3.4.1.1)
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Figure 3-27 The calculated ionic radius as a function of alkyl chain length,

The line is to guide the eye.

The results imply that the cation radius initially increases with increasing alkyl chain
until MeBulml. A further increase in alkyl chain length results in a decrease in ionic
radius before reaching a plateau at MeHxImI and MeHplml. Initially, these results
may appear to be impossible, as one would intuitively expect the larger cations to
occupy more volume. However, infrared analysis by Bishop?® did imply that

intramolecular interactions are possible between the imidazolium ring and the alkyl

112




chain if the alkyl chain is capable of folding back over the ring. The size of the cation
would therefore be smaller than expected. Such an analysis should be performed with
caution, however, as the constant 4 is particularly sensitive to the choice of T,.39
The qualitative conclusion that can be drawn from this analysis is that the diffusion

in these systems is dependent on the size of the cation.

The same trends were observed in comparing the diffusion coefficients to the
conductivities of these salts. An increase in the alky! chain resulted in a decrease in
both the diffusivity and conductivity data. Despite the absence of iodide diffusion
data, it would appear that the cation dominates the ionic transport mechanism in
these salts. In accordance with the anion effect behaviour, the diffusion coefficients
in this series of salts are related to the viscosity. Furthermore, the size of the cation

is also a factor contributing to the diffusion mechanism.

3.4.4 Solid State Diffusion

Although most of the interest in these materials has been with the molten state, there
was also evidence of good conduction in the solid state for MeEtImBr and MeEtlml.
Therefore, some attempt has been made to understand the conduction mechanism in

this state, as the salts could be of interest for solid state devices.

The two salts that showed diffusion in the solid state were MeEtImBr and MeEtlml,
which have melting points at 352K and 351K respectively. The conductivities for
these salts have been reproduced from the work of Bishop?® and are shown in Figure
3-16. The solid state conductivity is of the order of 103S.cm™, which is comparable
to some of the liquid state conductivities observed for other dialkylimidazolium
salts.2® An obvious discontinuity is observed in this conductivity data where the
conduction mechanism appears to change from a solid state diffusion process to a

liquid state process. For both salts, however, this transition occurs at a temperature
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slightly lower than the melting point and could be due to supercooling, a phenomenon

observed in the diffusion measurements (as discussed in section 3.3).

The proton diffusion cocfficients for these salts are shown in Figure 3-3 and Figure 3-
4. These results show a change in behaviour around the melling point of the salt,
indicating a change in the diffusion mechanism. Unlike for the conductivity data,
however, the change is not accompanied by a step increase in the diffusion coefficient
but only by a change in the activation energy for the transport mechanism. The
diffusion coeflicients in the solid state are therefore almost the same as those
obsén'ed above the melting point and actually greater that those observed in the

supercooled state.

It was inttially suspceted that these diffusion coefficients were affected by the T,
behaviour in these materials (see section 2.1.5.2 in Chapter 2). In measuring diffusion
soefficients with the fringe field method, both diffusion and spin-spin (I3) relaxation
van contribute to the signal attenuation, particularly if T is shorter than the tau
values used in the experiment. Since T, in solids is often quite short, one might
expoct that these materials will also have small T, values. The pulsed field gradient
method for measuring diffusion coefficients, however, does not suffer from the same
T, interference and signal attenuation is solely due to diffusion. Diffusion in
MeEtiml has also been studied using the PFG method and a comparison of these two
diffusion techniques is shown in Figure 3-28. The diffusion results are very similar in
the solid state, confirming that the measurements from the fringe field method are

valid.
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As outlined in Chapter 1, the most common transpori mechanisms in solids are
associated with interstitial and vacancy diffusion. Interstitial sites are voids, or
empty space, that are not normally occupied in a crystal lattice, whereas the
vacancies are lattice sites where the atom is absent. Interstitial diffusion involves
migration from one interstitial site to another available interstitial site. Small atoms or
molecules undergo interstitial diffusion because they are able to fit easily into these
voids. Larger atoms and even the host atoms are unlikely to undergo interstitial
diffusion because they are not normally found at interstitial sites. Since interstitial
atoms are rather small, this mode of diffusion is normally quite rapid and will
generally occur in preference to a vacancy mechanism. Vacancy diffusion invoives
the migration of an atom from one lattice site to another vacant, lattice site. This
mechanism is more likely to occur in a self-diffusion process whereby the host
material diffuses to these vacancies. The formation of vacancies is a temperature

dependent process and can be calculated using the following equation:

N, =Nex —Q
RT

Eguation 3-13

where N, is the number of vacancies, N is the total number of atomic sites, 0, is the
activation energy (vibrational energy) for vacancy formation, R is the gas constant
and T is temperature. MeEtImBr and MeEtIml are isomorphous and their crystal
structures have been reported by Elaiwi ef al20 The cations and anions appear to
form alternate layers held together by intermolecular hydrugen bonding. One can
envisage that the presence of vacancies these layers would provide a suitable 2-

dimensional pathway for ion diffusion.

The solid state diffusion results presented herein predict a change in the conduction

mechanism near the melting points for these salts, as indicated by a change in
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activation energy. However, the diffusion data fails to explain why the charige in ion
transport is accompanied by a jump in conductivily of aimost an order of magnitude
as the materials go from solid to liquid. Recail from the Nernst-Einstein equation
(Equation 3-8) that conductivity is not only dependent on the diffusion coefficients
but also on the number of charge cairiers involved in the conduction process (sce
section 3.4.1.2). Therefore, the lower absolute conductivity in the solid state must be

the result of fewer mobile charge carriers.

The number of charge carriers available for conduction can be analysed by
monitoring the NMR signal intensity. The signal intensity is typically governed by
the Boltzmann distribution (Equation 2-3 in section 2.1.1), which predicts that an
increase in the temperature would produce a slight decrease in signal intensity. In
performing a fringe field NMR diffusion experiment, however, only nuclei moving
on the time scale of the experiment will be detected. Any nuclei that are effectively
immobile will not be observed and thus have no contribution to the signal intensity.
Therefore, if there is a change in the number of mobile charge carriers as the
temperature increases, one would expect to observe a change in the signal intensity.
The signal intensities for these two salis were obtained from the diffusion
measurements by measuring the echo intensity at an echo time of 100ps. Shorter
echo times were not chosen as they are often susceptible to errors in the diffusion
measurement. Although these intensities may not reflect the absolute number of
nuclei in the sample, they are valid in a comparative sense. The intensities were
measured upon heating and cooling of the samples, and the results are shown in

Figure 3-29 and Figure 3-30.
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Figure 3-29 NMR signal intensity as a function of temperature for MeEtImBr.

Data fitted with Equation 3-13.
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Figure 3-30 INMR signal intensity as a function of temperature for MeEtIml.

Data fitted with Equation 3-13.

Upon cooling the samples frem 403K down to room temperature, the signal intensity
showed very little change with temperature, even below the expected melting point of
the material. Such behaviour is expected from the Boltzmann distribution. The
diffusion coefficients measured under the same conditions also showed no abrupt
change around the melting point but rather a continual steady decrease with

decreasing temperature (Figure 3-3 and Figure 3-4). Consequently, it would seem
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that, upon cooling these salts, supercooling of the liquid state occurs and the
diffusion coefficient continues to exhibit a liquid-like mechanism. At a suitable level
of undercooling, the crystallisation process was observed, highlighted by the sudden
decrease in signal intensity. This transition temperature occurred between 283 and
293K, about 70K below the DSC melting points of the materials. The signal
intenisities were then observed as the measurements were made upon heating. The
initial intensities were low, as the materials were crystalline, but increasing the
temperature resulied in a steady increasc in signal intensity, Once the temperature
had exceeded the melting point, the intensity then began to decrease slightly as
expected from the Boltzmann behaviour. The increase in signal intensity in the solid
state as the temiperature increases suggests that more charge carriers are becoming
available. Earlier, it was proposed that diffusion occurs via a vacancy mechanism and
that vacancy formation can be modelled using Equation 3-13. The temperature
dependence for the signal intensity showed a linear relationship when plotted as
log(Intensity) versus 1/T (Figure 3-29 and Figure 3-30), implying that this equation

may be appropriate for modelling the increase in signal intensity.

Closer examinaticn of the signal intensity for these salts indicates that there is a
steady increase in the number of mobile ions with heating up to the melting point.
Therefore, the change in charge carrier concentration does not appear to adequately
explain the jump in the conductivity data. In the solid state, however, it is possibie
that the anion may be immobile and since no diffusion coefficients have been
measured for the bromide nor the iodide anions, it is difficult to predict their
behaviour. The Nemst-Einstein equation has been used to calculate the solid state
conductivity based on each of two assumptions: that both ions are diffusing, or that
only the cation (MeEtlm") is mobile. For the calculation where both ions are mobile,
the anion was assumed to have the same diffusion coefficient as the cation. The
concentration of mobile ions in the solid state was taken from fitting the NMR signal
intensity data with the vacancy formation equation (Equation 3-13, the parameters of

which are shown in Table 3-7). Above the melting points, the concentration of
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mobile species was determined from the densities of the materials and the diffusion

coefficients were taken to be the liquid state values.

Table 3-7 Parameters for calculating ion concentration from Equation 3-13,

Salt/MeEtimX Nions.cm™ Q/ki.mol”
MeERtImBr 5.88xiv™ 21022
MeFEtIml 5.11x10% 342+1.9

A comparison of the calculated conductivities and the measured conductivities reveals
some interesting results (Figure 3-31 and Figure 3-32). The calculation assuming that
both ions are mobile in the solid state generally overestimates the conductivity.
However, if it is assumed that only the cation is mobile, the results are consistent
with the measured conductivities. There is some discrepancy in the absolute
calculated and measured conductivities for MeEtIml, which is possibly due to the
errors in the data and the assumptions made in performing this caiculation. However,
the trends quite clearly show that the conductivity in the solid state is the result of
cation diffusion and that the charge carrier concentration can be adequately estimated
from the signal intensity in the fringe field NMR diffusion experiments. The anions |
in this case would seem to be relatively immobile and are therefore probably involved
in maintaining the crystal lattice through which the cations are diffusing. The
differences in conductivity above the melting point have been discussed earlier

(section 3.4.1.2) and are most likely the result of ionic associations in the salt.
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Figure 3-31 A comparison of the measured and calculated conductivities for

MeLEtIml.
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Figure 3-32 A Comparison of the measured and calculated conductivities for

MeE¢tImBr.

For MeEtlmBr, the diffusion process changes from a solid state to liquid state
mechanism at approximately 353K. The jump in conductivity, however, is observed
at a much lower temperature, approximately 308K. This difference is possibly due
to supercooling in the conductivity measurement, which was also found to oceur
under certain conditions in the diffusion measurements. What is interesting though, is

the similarity between the measured conductivities and the calculated solid state
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conductivities when it is assumed that both ions are mobile (Figure 3-32). It is
possible that over a certain temperature range, both ions exhibit some mobilily in the
solid state. In the absence of any anion diffusion data for this salt, and given the
assumptions made during the calculations, it is difficult to draw firm conclusions

from this analysis.

To summarise, high solid state conductivities have been observed in these
imidazolium salts, with values of the order of 107S.cm™. Near the melting point,
there is an abrupt change in the conduction mechanism and an associated sudden
increase in conductivity. Cation diffusion in the solid state was found to occur
readily, and was faster than the diffusion observed in the supercooled liquid. This
behaviour in the solid state suggests that these salts are fast ion conductors, probably
belonging to the family of plastic crystals, and that a vacancy process is responsible
for ion transport. A change in the diffusion mechanism was also observed near the
melting point, but this was not accompanied by a sudden increase in the cation
ditiusion coefficients, Through the use of the Nemst-Einstein equation, the
conductivity was modelled from the diffusion coefficients. Although no anion
diffusion coefficients were measured, the conductivity was adequately predicted by
assuming that only the cation is mobile and that the charge carrier concentration

increases with temperature due to vacancy formation.
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Chapter Four

Pyrrolidinium Salts

4.1 Introduction

Some of the fastest ion conduction has been observed in solids such as sodium 8-

alumina and NASICON ceramics.!] However, the brittle nature of these electrolytes
precludes them from many battery applications, except where the electrodes
themselves are flexible (eg. Na-S battery). A family of softer ionically conducting
crystalline materials, known as plastic crystals, has shown some promise as a
possible alternative solid ionic conductor. The soft, “plastic” nature exhibited by
these materials is the result of orientational disorder in the crystal lattice as the
molecules or jons undergo rotation around one or more of their axes.? The self-
diffusion coefficients for these materials have also been reported to be much higher
than those for brittle solids.3 Therefore, these plastic crystals show evidence of fast
ion conduction - ionic transport occurs through a largely immobile lattice - but have
the advantage of lacking the rigidity seen in ceramics and glasses. Plastic crystal
behaviour has been reported for many molecular crystals,3-16 and also more recently

for several ionic materials.!7-52 The following is a brief history of such materials.

4.1.1 Orientational Disorder in Molecular Crystals

Although molecular crystals are neutral solids and thus unable to conduct, an initial
discussion of the plastic crystal behaviour observed in these materials is necessary in
order to introduce the phenomenon. The idea that molecules can be rotating in a
crystal was proposed initially by Simon and von Simson? in their study of hydrogen

chloride. The same concept was also suggested by Miiller,> who reported the
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presence of a “rotator phase” in n-paraffins, Over the last 80 years, numerous
molecular crystals have been found to exhibit plastic crystal behaviour, with a
number of books and review articles devoted to the subject.3.8:!2 In the following
discussion, the main features of plastic crystal behaviour will be addressed.

Cyclohexane will be used as an example where appropriate.

An interesting characteristic of plastic crystals is the presence of one or more sub-
melting solid-solid transitions coinciding with the transformation from a brittle solid
to the plastic crystal. A relatively large entropy change accompanies this solid-solid
transition, thereby signifying the onset of molecular motions (molecular rotations
and/or diffusion). As a consequence of this behaviour, the melting entropies are
considerably lower than non-plastic crystal solids and are often less than 2.5R
(approximately 20J.mo!" K™!, where R is the gas constant).3 A change in crystal
structure 1s also often observed at these solid-solid transitions. The plastic crystal
phase has high lattice symmetry, typically cubic in nature, compared to the lower
symmetry of the brittle solid phase.? Molecules that display plastic crystal
behaviour have been described as “globular” in shape, often exhibiting spherical or
eltipsoidal configurations.? Cyclohexane, which is one such example, has a solid-solid
transition at 186K followed by a melting transition at 279K, with transition
enthalpies of 35.9 and 9.4J.mol'* K! respectively.} In the plastic crystal phase of
cyclohexane, the structure is thought to be face-centred cubic with a lattice parameter
of 0.876nm and four molecules per unit cell.2 Such features are typical for molecular

plastic crystals.

As the molecules undergo rotations and diffusion in these materials, there has been
considerable emphasis on characterising these motions. Nuclear magnetic resonance
has been particularly useful for such characterisation due to the diversity of
experiments that can be performed with this technique. Relaxation measurements

probe the rotations in the plastic phase, whereas diffusion measurements study
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molecular translations. The simplest NMR experiment, however, involves measuring
the linewidth or second moment of a material. In the absence of any molecular
motion, the linewidth is a maximum because strong interactions are experienced by
the nuclei in the material. As the molecules begin 1o move, however, some of these
interactions are averaged and the line starts to narrow. Significant reductions in
linewidth are observed around the solid-solid transition in plastic crystal materials,
indicating the onset of rotational motion.3.7.53 Further narrowing is often observed at
higher temperatures as the molecules start to diffuse. Theoretical second momenis
can be calculated and subsequently compared to the experimental values, enabling the
molecular motions to be identified.> In the case of cyclohexane (Figure 4-1),
molecular motion is limited below 150K resulting in a ngid lattice linewidth of 16G
and a second moment of approximately 26G26 Between 150K and 175K, a
substantial decrease in the linewidth and second moment is observed as the molecules
begin to reorient about the triad axes. At the transition temperature (186K), the
second moment drops suddenly to 1.4G? as a result of isotropic reorientation of the
molecules. This finite value for the second moment suggests that while the
intramolecular interactions are averaged to zero, some intermolecular interactions still
exist. Upon exceeding a temperature of 220K, however, these intermolecular

interactions are also averaged to zero as a result of seif-diffusion in the solid state.
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Figure 4-1 NMR second moments and linewidths as a function of temperature

for cyclohexane (from Andrew$).

Rotational and translational motions are typically observed through the measurement
of the spin-lattice relaxation times, T; and T, , or the spin-spin relaxation time, 7. A
T; measurement is sensitive to molecular motions with frequencies of the order of 107
to 10°Hz, which are often associated with molecular rotations. T, and T3, however,
probe motions at much lower frequencies (10* to 10°Hz) and are therefore often
governed by molecular translations. A detailed discussion of relaxation theory can be
found in section 2.1.4 of Chapter 2 where the temperature dependence of these
relaxation times is shown in Figure 2-7. Deviations from this classical behaviour are
common for plastic crystalline materials.?33 Limited motion occurs in the brittle
phases of these materials and the relaxation behaviour is similar to that shown in
Figure 2-7. However, the onset of molecular motion often results in a discontinuity
in the relaxation times due to a change in the relaxation mechanism. The spin-lattice
relaxation time, T,, for cyclohexane is shown in Figure 4-2.9 Below 160K, the
relaxation process is govemned by molecular oscillations or lattice vibrations. The

decrease in T; between 160K and 186K is the result of increased molecular
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reorientations. At the solid-solid transition temperature, 186K, a discontinucus
increase is observed as the reorientation rate of the molecules exceeds the proton
Larmor frequency. Finally, a slight decrease in T; occurs just before the melting
point, which is related to the onset of diffusion and correlates with the absence of

any significant change in T after melting.
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Figure 4-2 The spin-lattice relaxation time as a function of temperature for
cyclohexane where A is the solid-solid transition and B is the melting point

(from Andrew®).

Both the second moment and relaxation experiments show evidence of molecular
diffusion in the plastic crystal phase. The correlation time, 7, obtained from these
measurements, in conjunction with a suitable mean square jump distance, <#*>, can be

used to calculate a diffusion coefficient from the Einstein relationship.5?
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Equation 4-1

However, absolute diffusion coefficients can also be measured via direct diffusion
experiments such as radiotracer or NMR measurements.  The self-diffusion
2

coefficients for the plastic phase are typically 10"m?s”, substantially higher than

the coefficients obtained for the brittle phase (10"°m?%s™ or less)3 Mechanisiic
studies of the diffusion in these systems suggest that self-diffusion is dominated by a
vacancy mechanism, and is aided by the rotational motion.3:!! Divacancies or
associated motions may also contribute to the transport mechanism. Plastic
deformation, which occurs far more readily in plastic crystalline materials than the
brittle solids, also seems to be largely diffusion controlled.!! Self-diffusion of
cyclohexane, just below the melting point, was measured by Tanner using pulsed
field gradient NMR.10 There was evidence of both a liquid and solid phase in these
measurements, thought to have been brought about by impurities or inhomogeneities
in the samples. The diffusion coefficients just below melting were 2.4x10°" and
5.1x10'%m?s™! for the solid and liquid phases respectively. In comparison, the self-
diffusion coefficient just above the melting point was 7.9x10""’m?s”. Therefore,
diffusion in the solid state is several orders of magnitude lower than diffusion in the
melt. The diffirence between the liquid phase diffusion above and below the melting
temperature was thought to be the result of resiricted diffusion in the presence of the
solid. Although there is reasonable agreement between the measured diffusion
coefficients and coefficients calculated from NMR relaxation measurements
(1.4x10"Pm? s, the diffusion coefficients obtained from radiotracer experiments are
very different (10"'m2.s!). There is no obvious explanation for tiis discrepancy, but

it is thought that pipe diffusion may have been measured by the radiotracer

technique. Interestingly, the NMR measurement yields a diffusion coefficient for
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cyclohexane that is consistent with the diffusion coefficients obtained for other

plastic crystals.3

In summary, there are certain features that distinguish plastic crystal materials from
brittle solids. Plastic crystal materials often exhibit one or more solid-solid
transformations, which tend to have higher transition entropies than the melting
transition. For such large entropy changes to occur, this transformation must signify
the onset of motion in the solid phase. These motions consist of both rotations and
diffusion, as revealed by NMR experiments. The soft, plastic nature of these

materials is believed to be the result of motion in the solid phase.

4.1.2 Orientational Disorder in Ionic Crystals

4.1.2.1 Inorganic Plastic Crystals
Although plastic crystal bebr.:.our was initially observed in molecular crystals, it is

by no means limited to such materials and has been observed in a number of ionic
solids. There is evidence of such behaviour in inorganic salts, such as metal nitrites,
MNO,,29:36.37 and alkali phosphates or sulphonates, M;POy4 or M;804 (M is Li or
Na)*455 among others.183435 Due to the high melting temperatures of these solids,

the plastic crystal phase is often well above room temperature.

Metal Nitrite Systems

The metal nitrite systems (MNO; where M is K, Rb, Cs or T1) have been extensively
studied by lkeda and co-workers.2%:36.37 These materials exhibit either two or three
solid phases, where the highest temperature phase is the plastic crystal phase. Either
NaCl or CsCl type crystal structures are observed for the plastic phases, whereas the
lower temperature phases are of lower crystal symmetry. NMR relaxation

measurements (T; and T5) have been used to characterise the ionic mobility in each




phase. N relaxation is dominated by chemical shift anisotropy whereas *°K and
Rb relax via a quadrupolar mechanism. 2°°Tl, which has a spin of 1/2, is sensitive to
both chemical shift anisotropy and dipolar interactions. The relaxation behaviour can
be modelled using the BPP equation assuming these relaxation mechanisms. Although
limited motion is observed in the brittle solid phases, as confirmed by '*N lineshapes,
the NO, ions are thought to undergo 180° flips. As the temperature increases,
however, anionic reorientation becomes possible. In the plastic phase, the '“N
lineshape shows a single narrow line, which indicates isotropic anionic rotation. As
the melting point is approached, a decrease in the T is observed, which is aitributed
to cation self-diffusion in these materials. This is further confirmed by the
measurement of ionic conductivity, which increases from 10 to 102S.m"'.K over the

same temperature range.

LiNQO, and NaNQ, show no evidence of a plastic phase, but mobility in the solid
state has still been observed.’® They have much higher melting entropies than the
other alkali salts (36.2 and 29.63.K'.mol! for LINO, and NaNOQ, respectively
compared to less than 20J.K''.mol™ for the other salts), which precludes them from
the plastic crystal class described for the molecular crystals (see section 4.1.1). In
accordance with the other nitrite salts, 180° flipping of the NO, anion was observed
in the solid state, but the anion reorientation was not detected. At temperatures close
to the melting point, lithium self-diffusion was also evident from the relaxation and
conductivity measurements. The absence of anion reorientation was attributed to the
energy required to make space for the motion. Less energy is required in the plastic
materials than the brittle solids, so the onset of anion reorientation in the briitle solids

becomes coincident with the material melting.

Alkali Phosphate Systems

Ion mobility in the plastic crystal o-sodium orthophosphate has been studied by K.

Funke and co-workerss4:5S through the use of neutron scattering, conductivity and
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NMR techniques. The transition from the brittle to the plastic crystal phase occurs
at 598K, with the latter exhibiting a cubic LisB type structure. The tetrahedral PO,*
ions form an FCC lattice with the sodium ions occupying the tetrahedral and
octahedral interstices. Four models for ionic motion in these materials have been
proposed: the anions are randomly oriented and experience isotropic rotational
diffusion about a fixed point; the P-O bonds in the phosphate units are oriented along
the [111] directions such that the anions are able to undergo 90° jumps between two
configurations around their Cy-axes; one of the P-O bonds is fixed, around which the
other oxygen atoms rofate through N possible positions; a similar arrangement to the
previous model except that the jump angles are smaller and V is much larger. Good
agreement was obtained between the neutron scattering results and the latter two
models, while the former two were not consistent with the data. Based on this
observation, it would appear that only three of four oxygen atoms in the phosphate
anions are involved in the reorientational process. There was also some evidence to

suggest that the sodium ions may be involved in this reorientation.

Conductivity was measured as a function of frequency from 4MHz to 3THz and was
found to be constant up to microwave frequencies. A simple conduction mechanism
involving independent hops cannot account for this frequency independence.

Consequently, a correlated motion for conduction must exist in Na;PQy4. Funke and |
co-workers>* have compared this motion to ton transport in AgBr, which occurs via
an interstitialcy mechanism (see section 1.3.1 of Chapter 1). The diffusion
coefficient of the sodium ions was calculated from the conductivity data using the
Nernst-Einstein equation and found to be 4.4x10""°m2s". This value is comparable
to the localised diffusion coefficient for the oxygen atoms (8x10™'°m’s™), as
determined by neutron scattering experiments. The agreement between the two
values is further evidence for a coupled motion betwecn the rotating anions and the

sodium cations.
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The notion that sodium ion motion is coupled to the rotation of the anions is further
supported by NMR measurements. The 77 relaxation of '’O was found to involve
two processes: the C; rotation of the phosphate ion and reorientational jumps of the
threefold axis. The T relaxation of Na was also dependent on the latter process, in
addition to a process that is related to the defect concentration in the material. *'P,
which is a spin 1/2 nucleus. will relax via all three processes. Remarkably similar
activation energies and correlation times were obtained for all three nuclei, which is

further evidence for strong interactions between the cations and anions.

A “paddle-wheel” mechanism has been proposed to describe the ionic motions in
such plastic crystal materials. In this mechanism, the rotation of the anions assists
the transport of cations in the solid. While there have been a number of arguments
for such a mechanism,27.34 Secco?® believes that a percolation model is more
appropriate. The percolation-type mechanism is largely free volume dependent,
more free volume resulting in greater ion mobility. For the NasPQO, systems,
however, the results seem to support the paddle-wheel mechanism. Funke and co-
workers>* have also ruled out a percolation mechanism in this salt, as all the
interstices are occupied. This is not to say, though, that a paddle-wheel mechanism

is appropriate for all plastic crystalline solids.

4.1,.2.2 Organic Plastic Crystals

Plastic crystalline behaviour has also been found in a number of organic solids.
Substituted ammonium salts!7.21-24,31-33,38-41,44,45 and heterocyclic saltg42.43:46-48
seem to have generated the most interest. Unlike the inorganic salts, however, these
materials often exhibit lower solid-solid and melting transitions in a temperature range

perhaps more suited to room temperature applications.
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Substituted Ammoniin Salts

Ammonium halide salts with one,!7.21-23.44 {ywg 45 three3!-33.33 or four24.39-41 alkyl
substituents have all shown evidence of plastic crystal behaviour. The thermal
analysis of these salts indicates multiple solid phases, with the solid phase just prior
to melting being the plastic phase, The structure of this phase is either tetragonal or
cubic, with the cubic structures being either NaCl- or CsCl-types. For the materials
to display a cubic structure, the cations and anions must behave as spherical ions
implying disordered orientations. lon mobility has been studied in these sysiems
through analysis of the NMR second moments and relaxation times. Most studies
have focussed on the behaviour of the cation, although some have also examined the
mobility of the anion.?3-40 In most cases, the thermal transitions correlate to changes
in ion mobility. Even in the orientationally ordered phases, at temperatures below
the plastic phase there exists limited ion motion. At the lowest temperatures, the
terminal methy! groups on the ammonium cations are able to rotate around their three
fold axes (C;) and, as the temperature increases, other groups undergo similar C;
reorientation. In the second highest temperature phase, the cations experience
uniaxial rotation that is normally around the long axis (in the case of straight chain
substituents). Finally, ion motion in the plastic phase involves isotropic cation
rotation as well as diffusion. Depending on the nature of the cation, other motions,

such as cation flipping through certain angles, may also occur.

The diffusion mechanism in these salts is also material dependent. Diffusion
coefficients in the plastic phase are typically 107 to 10-?m?.57.2122 The smaller,
more spherical ions are able to diffuse in three dimensions?4 whereas cations with
long alkyl chain substituents are often limited to 2D diffusion, perpendicular to the
long axis of the cation.22,23,4445 When 2D diffusion occurs, the salts are said to be
low-dimensional plastic crystals. Although the motion of the anion was often not
directly studied, it was inferred from the motions of the cation and conductivity

meastrements that the anion could also be diffusing. Ono er al.3849 have made an




interesting correlation between the diffusion behaviour and the crystal structure of
the salts. They have suggested that diffusion of bulky cations only occurs in CsCl-
type cubic structures whereas the anions, which are typically smaller than the
cations, can diffuse in any cubic structure. They have atiributed this to the size of
the openings through which the ions must diffuse. These openings are much larger in
CsCl-type structures, compared to the NaCl-type, thereby enabling diffusion to

occur more readily.

The conductivity in these salts is limited to approximately 10® to 107S.cm™ in the
lower temperature phases, but increases significantly at the transformation
temperature to values of approximately 10 to 10°S.cm™. This is in agreement with
the NMR measurements, which indicate the presence of ion diffusion in the plastic
phase. The mechanism for conduction is largely dependent on the structure of the
material. For materials with smaller spherical ions, both ions are likely to be
involved in the conduction mechanism. However, the ammonium salts with long
alkyl substituents will exhibit an anisotropic conduction mechanism with higher
conductivities occurring perpendicular to the long axis of the ion. Consequently, the

cation will be the dominant charge carrter in these materials.

Heterocyclic Salts

Plastic crystal behaviour is not only limited to linear ammonium salts, but has been
found to occur in cyclic ammonium systems also.42:43.46-43  Multiple solid phases
also exist in these materials, and are similarly associated with the onset of ionic
motions. For pyridinium cl.lorochromate,43 in-plane reorientation of the pyridinium
cation was observed in the lowest temperature phase. The onset of isotropic rotation
occurs in the second highest solid phase and continues in the plastic phase along with
cation diffusion.  Similar behaviour was observed for piperidinium*246 and
pyrrolidinium salts.#7 The plastic crystal phase typically exhibits a CsCl-type

crystal structure, except for piperidinium nitrate, which is a NaCl-type crystal.
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Consequently. anion and cation diffusion in the plastic phase was reported for all the
salts except piperidinium nitrate, where only isotropic rotations were detected. For
pyrrolidinium perchlorate and hexafluorophesphate, the diffusion coefficients were
found to be of the order of 10"°m”.s™' at the melting point. It has been proposed that
the conduction mechanism in these materials involves a correlated vacancy formation,

either as a cation-anion vacancy pair and/or a Schottky defect.4?

Plastic crystal behaviour is also thought to occur in pyrrolidinium amides as
suggested by MacFarlane e al. 4% Although the initial focus of this study was on the
liquid state behaviour of the materials, there was evidence for plastic crystal
behaviour in the solid state. Multiple solid-solid transitions were detected, but the
entropy of melting exceeded the plastic crystal limit of 20J.mol"' K*. Conductivities
in the molten state were found to be 102 to 1028.cm™, comparable to other ionic
liquids (see Chapter 3). In the solid state, remarkably high conductivities were also

!, Since plastic crystal behaviour has been

observed, ranging from 10° to 10S.cm
observed in other pyrrolidinium salts,%7 it is possible that these materials are also

plastic crystalline solids.

4.1.2.3 Inorganic-Organic Plastic Crystals Combinations
Ion diffusion occurs readily in both inorganic and organic plastic crystals. The

lithium based plastic crystals, which are appropriate for lithium based batteries, are
only conductive at high temperatures. On the other hand, the organic salis, which are
mobile at lower temperatures, are not lithium conductors. By combining the two
types of salts, one might expect a fast lithium ion conductor at reasonable working
temperatures. A similar hypothesis was proposed by Cooper and Angell in 198617
in a study where they combined various lithium saits with a number of quaternary
ammonium analogues. The melting temperatures of the combined systems were
typically around 373K, with a number of solid-solid transitions observed at lower

temperatures, The binary consisting of methoxyethyldimethylethylammonium
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tetrafluoroborate (MeOCH,CH;N"EtMe,BF,) and L:i3F; had a conductivity of
approximately 107°S.cm™ at room temperature, which is consistent with other ionic
conductors and only surpassed by a couple of polyethyleneoxide based polymer
electrolytes. The activation energies for this combined plastic crystal system were
also comparable 1o those of other electrolytes. Cooper and Angell believe that the
paddle-wheel mechanism controls conductivity in this system. They have also
assumed that the anions will be relatively fixed in such a material, making the lithium

ions the dominant charge carriers.

More recently, similar work has been pursued in our laboratories.4%:51.52  Lithium
bis(trifluoromethanesulfonyl)amide (LINTf;) has been added in various quantities to
N,N-dimethyl- and N.N-methylethylpyrrolidinium bis(trifluoromethane
sulfonyl)amide. The resultant ion mobility was studied through measurement of the
ionic conductivity and NMR linewidths. The addition of small amounts of LiNTf,
(approximately 1mol%) resulted in over an order of magnitude increase in
conductivity in both pyrrolidinium salts.#® Further addition of LiNTf up to a
concentration of 33mol% saw continued conductivity increases, but exceeding this
concentration resulted in a decrease in conductivity. The conductivities for the N,N-
methylethylpyrrolidinium mixtures as a function of temperature are shown in Figure

4-3.

These binary salts also show interesting phase behaviour, as outlined in Table 4-1.
Below the melting point of pure N,N-methylethylpyrrolidinium amide, a number of
solid-solid phase transformations were observed. The same transitions were also
seen in the doped systems. Apart from these solid-solid transformations, there was
also evidence of a eutectic transformation for the materials with LINTf
concentrations of 9mol% and greater. This eutectic fransition occurs at 308K with a
composition of 33mol% LiNTf;. Based on this information, the solid solubility limit

for LINTf, appears to be somewhere between 5 and 9mol%. A phase diagram
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highlighting the various phase transformations occurring in these materials is shown

in Figure 4-4,
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Figure 4-3 Conductivity as a function of temperature for the LiNTf,/N,N-

methylethylpyrrolidinium amide mixtures (reproduced from Forsyths!).
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Table 4-1 Phase transformations in LiNT{/N,N-methylethylpyrrelidinium

amide binary systems.S!

Li mol% TuK Tu/K  EButectic’K  Ty/K  Twan/K
0 363 314 - 283-289 181
0.6 360 314 - 283 181
46 353 314 . 283 ]
0.3 343 314 308 286 181
33 308 - 308 286 181
50.4 363 330% 308 286 ;

+A new transition, which 1s not necessarily the same as the T, transition.

340

T/K
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300 L -

280 - -

0 10 20 30 40 50
mol %LiNTX,

Figure 4-4 A partial binary phase diagram for the LiNTf/N,N-

methylethylpyrrolidinium amide system.
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In order to understand the conduction mechanism in these doped systems, and in
particular the factors responsible for the significant increases in conductivity
observed upon the addition of small amounts of LiNTf,, NMR measurements have
been conducted. 'Li NMR linewidths were measured as a function of temperature for
5mol%, 9.3mol% and 33moi% LiNTf; in order to characterise the lithium mobility in
these materials. At 160K, when the salis are in Phase 1V, the linewidths are very
broad (approximately 4000Hz), indicative of very little ion motion. As the material
changes from Phase IV to Phase Il1, a second narrow line is observed. Upon heating
through the vartous phases, the mobility of the system increases and both peaks
narrow, Although one cannot say with certainty that the lithium ions are definitely
diffusing in this system (see section 2.1.3.2 of Chapter 2), the linewidth

measurements do suggest the presence of some lithium motion in these materials,

4.2 Research Objective

The conductivity and thermal behaviour of a new family of salts based on the
pyrrolidinium ring displayed some interesting characteristics. Several sub-melting
solid-solid phase transformations and solid state conductivities of the order of
10%8em™ seem to suggest that these materials exhibit plastic crystalline properties.
The addition of small amounts of LINTf, (>1mol%) to the substituted pyrrolidinium
salt, N,N-methylethylpyrrolidinium bis(trifluoromethanesuifonyl)amide, resulted in
an increase in conductivity of several orders of magnitude. Further increases in
conductivity were observed up to a lithium salt concentration of 33mol%, after which
more lithium salt actually decreased the conductivity, The thermal analysis of these
LiINTf, systems suggests that a eutectic transition occurs for greater than 5mol%
LiNTf,. What was most astounding about these materials is how such a small
amount of LINTf, can have such a pronounced etfect on the ionic mobility. The
measurement of 'Li linewidths indicated significant mobility in the system, which
was consistent with the conductivity data. Based on these observations, a number of

hypotheses can be made regarding the conduction mechanism in these materials:

144

inﬁ‘h-._‘\unanA“m_‘ P Ty .




1. Inthe pure material, the conduction involves a vacancy mechanism and the cation

is the dominant charge carrier;

2. The addition of a small amount of hthium salt creates more vacancies enabling

more 1ons to diffuse; and

3. At higher lithium concentrations, the presence of a eutectic liquid phase is

responsible for the increased conductivity.

In order to test these hypotheses, NMR diffusion measurements were made as a
function of temperature for the pure N,N-methylethylpyrrolidinium salt and the
doped systems. Both the pulsed field and fringe field gradient techniques were
employed, with proton and fluorine measurements used to study the pyrrolidinium
cation and the amide anion respectively. Measurements were made as a function of
temperature and LiNTf, content. The results obtained from these experiments will
be discussed in the context of previous work, with particular reference to the work

conducted by the Electrolytes group at Monash University.

4.3 Results

4.3.1 Pyrrolidinium Salt Systems

Preparation of the pyrrolidinium salt involved a two step synthesis.®®  i-
methylpyrrolidine  was  reacted  with  ethyliodide to  form  N,N-
methylethyipyrrolidinium iodide. The amide salt was then prepared by reacting this
iodide salt with lithium bis(trifluoromethanesulfonyl)amide (LiTFSA, LINTf;). The
structure of N,N-methylethylpyrrolidinium amide is shown in Figure 4-5, The
nomenclature used for this family of saits is P;,NTf; where P refers to the
pyrrolidinium ring, with the subscripts, I and 2, referring to the methyl and ethyl
substituents on the nitrogen of the pyrrolidinium ring. P;,NTf, was also doped with
LiNTf, (0.9mol%, 4.8mol%, 33mol% and 49.9mol%) and the diffusion coefficients
were measured in these systems as a function of temperature. The experimental

details for the diffusion measurements are outlined in Chapter 2.
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Figure 4-5 The structure of N,N-methylethylpyrrolidinium amide (P;,NTf,).

4.3.2 Diffusion in LiNTf,/P;NTf, Mixtures

The LiNTL/P,NTf; mixtures showed considerably higher conductivities in
comparison to pure P;;NTf;.5! To understand the effect of the lithium salt addition
on the transport mechanisms, diffusion coefficients were measured for the
pyrrolidinium cation and NTf,” anion as a function temperature. Cation diffusion
coefficients for pure P,NTTL, were measured by the puised field gradient and fringe
field gradient NMR techniques and the results are shown in Figure 4-6. The diffusion
cocfficients from the pulsed field gradient method were consistently reproduced by
the fringe field gradient technique. The anion diffusion coefficients are also shown in

Figure 4-6 and are similar to the cation coefficients. No diffusion was detected for

either the cation or the anion below 343 and 363K respectively. This may be
attributed to two factors: the diffusion coefficients are lower than the limitations of
the equipment (approximately 10°m?s'); and/or the concentration of diffusing

species is too small to be detected.
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Figure 4-6 lonic diffusion ceefficients for pure P;;NTf; measured with the

pulsed field gradient and fringe field gradient techniques.

The pyrrolidinium cation and amide anion diffusion coefficients in the 0.9mol% and
4.8mol% LiNTf, doped systems are shown in Figure 4-7 and Figure 4-8. Although
proton diffusion in the 0.9mol% LiNTf; material was detected above 303K, anion
diffusion was only observed above 363K due to interference effects from the 77
relaxation time at the lower temperatures (see section 2.1.5.2 of Chapter 2). Similar

diffusion coefficients were obtained for the two ions, suggesting a similar diffusion
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process. It is possible, therefore, that the anion may have been measured at the lower
temperatures if the T; interference had not affected the results. Both the proton and
fluorine diffusion coefficients for the 4.8mol% LiNTf, system were observed over
the entire temperature range. At the lower temperatures, the anion diffuses at a

slower rate than the cation, but similar coefficients for both jons were observed at the

higher temperatures.
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Figure 4-7 Diffusion coefficients for the pyrrolidinium cation and the amide

anion as a function of temperature for the 0.9mol% LiNTf; doped system.

148




1 0'9 I I l | I T |

*®
O
Z
~—3
—

,_.
]

[a—
<
=
J—

—5—

—=
L
L

i

—

| | : | | !

26 2.7 28 29 3 31 32 33 34
1000K/T

Figure 4-8 Diffusion coefficients for the pyrrolidinium cation and the amide

anion as a function of temperaturc for the 4.8mol% LiNTf, doped system.

Figure 4-9 shows the pyrrolidinium cation and the amide anion diffusion coefficients
upon adding 33mol% LINTf; to pure P;pNTf,. Similarly, the pyrrolidinium cation
and amide anion diffusion coefficients for the 49.9mol% LINTE/P),NTf,; system are
shown in Figure 4-10. It was possible to measure the cation and anion diffusion

coefficients for both systems over the entire temperature range studied. For the




33moi% system, the ionic diffusion coefficients are the same within error, whereas
the cation diffusion coefficients are slightly higher than those for the anion for the

i
\ 49.9moi% system.
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Figure 4-9 Diffusion coefficients for the pyrrolidinium cation and the amide

anion as a function of temperature for the 33mol% LiNT{; binary system. q
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-anion as a function of temperature for the 49.9mol% LiNTf; binary system.
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Figure 4-10 Diffusion coefficients for the pyrrolidinium cation and the amide

In the following discussion, the diffusion data will be analysed and compared to the
previous work in our laboratories in order to elucidate the conduction mechanisms in

these systems.
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4.4 Discussicen

4.4.1 Characterisation of the Diffusion Mechanisms

What seems quite extraordinary about these syslems is how such a small amount of
lithium salt can have such an impact on the ion mobility. The addition of 0.9mol%
LiNT{; to pure P;;NTT; has a significant effect on the diffusion behaviour. A further
increase in LiNTT, salt concentration results in a further change in ion mobility, as
indicated by the 4.8mol%, 33mol% and 49.9mol% LiNT{; systems. Proton diffusion
coefficienis have been measured to monitor the mobility of the pyrrolidinium ring as
a function of LINTf; content. Figure 4-11 compares the pyrrolidinium cation
diffusion coefficients of pure P,NTf, with those of the LINT{»/P;NTf; mixed
systems. The overall trend indicates a decrease in pyrrolidinium diffusior coefficient
with increasing lithium salt. A similar trend was also observed for the anion diffusion
coefficients (Figure 4-12). Isothermal plots of the pyrrolidinium and amide diffusion
coefficients highlight the effect of the lithium salt. At the lower temperatures, the
initial addition of lithium salt actually results in an increase in the pyrrolidinium
diffusion coefficient. A maximum is reached at appreximately 4.8moi%, with
subsequent LiNTf; salt addition resulting in a decrease in ion diffusion. At the
highest temperatures, however, where the all the materials should be molten, the

addition of LINTT; results in a decrease in both pyrrolidinium and amide diffusion.
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Figufe 4-11 A comparison of the pyrrolidinium cation diffusion coefficients

for the pure P;NTf; and the LINTf:/P;;NT{; mixtures.
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Figure 4-12 A comparison of the anion diffusion coefficients for the pure

P2NT1, and LiNTE/P,NTf; mixtres.
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Figure 4-13 Pyrrolidinium diffusion coefficient isotherms as a function of

LiNTf, concentration.
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Figurc 4-14 Amide anion diffusion coefficient isotherms as a function of

LiNTf; concentration.

Presenting the isothermal diffusion data as a function of LiNTf; is actually somewhat
ambiguous. As mentioned earlier, the LiNTf/P;NTf; system exhibits complex
phase behaviour, undergoing a number of solid-solid transitions with evidence of a
eutectic transformation for some compositions. Therefore, for certain samples, solid

and liquid phases will coexist at some temperatures. A partial binary phase diagram




was constructed based on these thermal transitions (see Figure 4-4 in section 4.1.2.3),
from which it was concluded that the 33mol% LiNTf, composition is the eutectic
composition. From this phase diagram, the solid solubility limit of LiNTf; in
P1,NTf, was assumed to be Smol% at 308K, which, accordingly, is the onset of the
eutectic 1sotherm. Consequently, all samples, other than the pure material and the

cutectic composition, will display two-phase behaviour at some temperature.

The proportion of liquid phase (/¥,) at any given temperature can be calculated using

the Lever rule;*6

Equation 4-2

where Cp is the mixture composition and C and C, are the compositions of the liquid

and solid phases respectively at the selected temperature. An example phase diagram
indicating these compositions is shown in Figure 4-15. A similar two-phase region
will also exist for LINTf, contents greater than 33moi%, for which the proportion of
liquid can also be calculated upon slight rearrangement of the above equation.
However, as the thermal transitions for mixtures containing more than 50mol%
LiNTf; have not been studied in any detail, no attempt has been made to calculate the
proportion of liquid for the 49.9mol% LiNT{; system. It is highly likely, though,
that a substantial amount of this system will be liquid at any given temperature above

the eutectic isotherm.
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Figure 4-15 Lever rule quantities used to determine the proportion of liquid

phase.

From the Lever rule calculations, the proportion of liquid phase as a function of
temperature for the 0.9 and 4.8mol% LiNTf/P;;NTf, mixtures is shown in Figure 4-
16. For both samples, the amount of liquid phase rapidly increases as the materials
approach their melting points. This increase is more extreme in the case of the -
0.9mol% LiNTf, sample due to the limited temperature range over which the two-
phase region exists. At 310K, approximately 3% of the 4.8moi% LiNTf, system is
liquid. Only at 350K does the proportion of liquid reach 50% before finally melting
at 353K. From this data, it can be concluded that the 0.9mol% LiNT; system is
essentially solid while the 4.8mol% sample will coexist as two phases over the

temperature range of interest.
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Figure 4-16 The proportion of liquid phase as a function of temperature for

0.9 and 4.8moi% LiNT{,/P,-NTf, mixtures. Lines are to guide the eye.

Despite the coexistence of two phases in the 4.8mol% LiNTf, sample, there was no
evidence of more than one diffusion coefficient. Based on this observation, two
possible conclusions can be drawn: the measured diffusion coefficients are an average
value for all the mobile species, regardless of whether they are diffusing in the solid or
the liquid; or the measured diffusion coefficients are dominated by one of the two
phases. As it was not possible to measure the diffusion coefficients for the liquid
and solid state separately, it is difficuit to say which of the above scenarios is more

likely. At the lower temperature, where the sample is mostly solid, one would
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expect the measured diffusion coefficient to reflect the behaviour in the solid state.
However, as the amount of liquid phase increases, it seems likely that the diffusion in

this phase will begin to dominate the measurement.

With regard to the other systems, the phase behaviour of these salts will surely have
an effect on the resultant diffusion coefficients. For the solid imidazolium salts
(MeEtIml and MeEtIlmBr), the solid state diffusion coefficients were found to be
considerably higher than those for the supercooled liquid state (see section 3.4.4 in
Chapter 3). The difference between the solid and liquid phase diffusion coefficients
was attributed to a difference in the transport mechanism. In the solid state,
diffusion will most likely occur via a vacancy mechanism where the ions move in
discrete jumps through the crystalline matrix. In the liquid state, however, ion
motion is more likely to involve the collective rearrangement of small sections of the
material. The diffusion in the liquid is therefore limited by these rearrangements,
whereas diffusion in the solid is only limited by the formation of vacancies. In the
case of these pyrrolidinium salts, it would seem that the same behaviour is
responsible for the differences in diffusion coefficients. The solid materials, being

pure P;,NTf, and the 0.9mol% LiNTf, mixture, have higher diffusion coefficients

than the 33mol% and 49.9mol% LINTE, systems, which are mostly liquid. The

4.8mol% LiNTf, sample, however, exhibits similar behaviour to the 0.9mol% LiNTf;
sample, despite the presence of both the solid and liquid phases. It should be noted,
however, that pyrrb!idinium diffusion coefficients were also measured in the solid
state for 33mol% LiNTf;, and found to be slightly lower than the other solid
materials (see Figure 4-11 and Figure 4-13). In this case, diffusion is also expected to

involve a vacancy type mechanism.

Anion diffusion was only observed at the higher temperatures for pure P,NTf; and
the 0.9mol% LiNT#, sample, but was measured over the entire temperature range for

the remaining samples (see Figure 4-12). As mentioned earlier, the amide diffusion
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coefficients were measured using the fringe field technique, which suffers from T,
interference effects. Therefore, the inability to measure diffusion coefficients for the
pure and 0.9mol% LiNT{; systems does not preclude the presence of anion diffusion.
Solid state anion diffusion in pyrrolidinium perchlorate and hexafluorophosphate was
studied by Ono e al47 through measurement of NMR second moments and
relaxation times. In each case, both the anton and cation were mobile and thought to
diffuse via a vacancy mechanism. In comparison to the amide anion, however, the
perchiorate and hexafluorophosphate anions are relatively small, symmetrical ions
(0.33nm radius for the amide ion compared to 0.24 and 0.25nm for the perchlorate
and hexafluorophosphate ions respectively’?) and are therefore likely to undergo
diffusion more readily. For the 4.8mol% and 49.9mol% LINTT, sample, the diffusion
coefficients for the pyrrolidinium cation are slightly higher than those for the anion,
particularly at the lower temperatures. In the case of the 33mol% LiNTf; system,

the diffusion coefficients are the same within error.

The ionic diffusion coefficients for these pyrrolidinium systems range from
approximately 107 to 10°m2s™! over the temperature range studied (see Figure 4-11
and Figure 4-12). By comparison, the ionic diffusion coefficients for pyrrolidinium
and piperidinium hexafiuorophosphate salts were of the order of 10"?m?s™ at the
melting point.#6:47 Ono and co-workers calculated these diffusion coefficients from
the diffusional correlation times, 74, using the following equation:

b )

6T gify
Equation 4-3
where <¢*> i the mean-square jump distance. The diffusional correlation times used

in this equaticn were determined from relaxation measurements, which is an indirect

measurement of diffusion.  Moreover, it is possible that such relaxation
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measuremenis do not reflect the translational motion which is responsible for
diffusion. For several plastic crystal materials,21:23.24.32.34 diffusion coefficients
calculated from conductivity data have been compared with diffusion coefficients
derived from relaxation measurements. From the conductivity data, calculated
diffusion coefficients were typically of the order of 10'2m%s" and found to be
greater than those from the relaxation measurements. For some materials,23:34 the
discrepancy was up (o several orders of magnitude. For the pyrrolidinium systems
studied here, the diffusion coefficients are measured by a direct method (fringe field
or pulsed field gradient NMR) and are more likely to be representative of the ion
transport involved in conduction. Consequently, it is assumed that the different
measurement technique accounts for the slightly higher diffusion coefficients reported

here, compared to previous studies.

Given the relationship between conductivity and diffusion, one might expect the
addition of LiNTf; to have the same effect on both properties. Adding the lithium
salt resulted in a decrease in diffusion coefficient, which has been attributed to a
change in the transport mechanism from solid to liquid state diffusion. On the
contrary, the addition of LiNTf, enhances the conductivity, which peaks with the
33mol% sample, as shown in Figure 4-3. Recall from the Nernst-Einstein
relationship (see Equation 1-2 in Chapter 1) that the conductivity is aiso dependent
on the number of charge carriers while the absolute diffusion coefficients are not. The
difference in behaviour displayed by these two properties must therefore be
aitributed to a difference in the concentration of charge carriers. The effect of the

charge carrier concentration is discussed below.

4.4.2 Analysis of the Charge Carrier Concentration

The concentration of mobile charge carriers is an important factor in the

determination of conductivity, but also plays an important role in the measurement

162




of diffusion. Aithough diffusion was detected in most samples over the entire
temperature range studied, no pyrrolidinium diffusion was observed below 343K for
pure P;sNTH,. The inability to measure diffusion coefficients below this temperature
does not necessarily rule out diffusion of a small fraction of ions. Too few diffusing
species will result in an immeasurable diffusion coefficient, regardless of the rate of
diffusion. The concentration of mobile species can be determined from the NMR
signal intensity data. As discussed in the previous chapter (see section 3.4.4), the
NMR diffusion experiments only measure the mobile species that are moving on the
time scale of the experiment. Immobile nuclei will not be detected and therefore will
not contribute to the overall signal. The signal intensities for all samples taken from
the pyrrolidinium diffusion measurements are shown in Figure 4-17. The data has
been normalised with respect to the signal intensity in the melt, as it is assumed that

ali the pyrrolidinium cations will be mobile in this phase.

The very rapid increase in mobile cation concentration at 343K for pure P;,NTf, may
suggest that there are mobile cations at lower temperatures but that the NMR
technique lacks the sensitivity to detect such small concentrations. For the 0.9mel%
LiNTf5, approximately 3% of the cations are mobile at 303K. Upon increasing the
temperature, a gradual change in mobile cation concentration is observed inilially,
with the change becoming more rapid as the melting point is approached. A steady
increase in mobile pyrrolidinium concentration is observed for the 4.8mol% LINTT,
sample up to the melting point. At the lowest temperatures, however, only 10% of
the cations are mobile. The same behaviour is also reflected in the 49.9mol% LINTf;
and can be attributed to the coexistence of both solid and liquid phases, whereby the
solid phase limits the concentration of mobile species. The 33mol% LiNTf; sample
exhibits the largest signal intensities of all the samples over the entire temperature
range. The signal intensily increases very rapidly with increasing temperature below
the eutectic isotherm (308K). Upon exceeding this temperature, however, the signal
intensity is once again constant. As one might expect, this behaviour is similar to

signal intensities observed for the pure P;,NTH,.
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for pure P,NTf and the LiNTT,/P,NTf, mixtures.

While the change in signal intensity for the pure salt and the 0.9mol% LiINTf, system
is very similar, the signal intensity for the 4.8mol% LiNTE, sample 1s significantly
greater at any given temperature. If it is assumed that the diffusion is governed by a
solid state mechanism, it would seem that there are far more vacancies available in the
4.8mol% LINT{; sample, enabling more ions to move. Alternatively, if diffusion in
the liquid state dominates the measurement, then the signal intencity for 4.8mol%
LiNTf;, may reflect the proportion of liquid phase as determined by the Lever rule.

Figure 4-18 and Figure 4-19 compare the NMR signal intensities with the proportion
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Figure 4-17 Normalised NMR signai intensities as a function of temperature .
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of liquid phase for the 0.9 and 4.8mol% LiNTf, samples respectively and in both
cases, the NMR signal is greater than the Lever rule values. The most likely
conclusion from this observation is that both solid and liquid state diffusion 1s

detected in these experiments.
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Figure 4-18 A comparison of the NMR signal intensities with the proportion

of liquid phase calculated from the Lever rule for 0.9mol% LiNTf/P,;NTf,.
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Figure 4-19 A comparison of the NMR signal intensities with the proportion

of liquid phase calculated from the Lever rule for 4.8mol% LiNTfy/P;NTf,.

It has been shown that the NMR diffusion measurements not only reveal the nature
of ion transport but also provide information about the concentration of mobile
species within the sample. From this information, it is possible to model the
conductivity of these materials with use of the Nernst-Einstein equation. The
following section outlines the use of this equation in calculating the conductivity and

compares these values to those obtained experimentally.




-

4.4.3 Modelling Conductivity from Diffusion

As indicated by the Nernst-Einsiein equation (Equation 4-4), ionic conductivity is
dependent on the ionic diffusion coefficients (D being the sum of the anion and cation
diffusion coefficients, D. and D), the ionic charge, 4, the concentration of charge

carriers, ¢, and the temperature, T. In this equation, & is the Boltzmann constant,

2
o= Dq“c
kT

Equation 4-4

For the LINTf,/P|,NTf, mixtures, both the cations, the lithium and pyrrolidinium
ions, and the anion will possibly contribute to the conductivity. While both the
pyrrolidinium and amide diffusion coefficients have been observed in these systems,
no lithium diffusion coefficients have been measured in this work due to the lack of
appropriate equipment. It is expected, however, that the lithium ions will behave in
one of three possible ways: 1. They are immobile: 2. They diffuse in a similar manner
to the pyrrolidinium cations: 3. They diffuse faster than the pyrrolidinium cations.
Given the size of the lithium ions with respect to the other ions in the system,
lithium immobility is difficult to imagine. From lithium linewidth measurements, it
appears that the lithium ions are mobile in these materials at temperatures as low as
238K.51 The extent to which they are mobile probably depends on the nature of the
transport mechanism. In the solid state, a similar transport mechanism to the
pyrrolidinium cations is expected if a vacancy mechanism is responsible for ion
conduction. However, if the lithium ions occupy interstitial sites, then one might
expect a slightly faster mode of transport. In the liquid state, the lithium and

pyrrolidinium ions will probably exhibit the same diffusion coefficients.

In order to test this hypothesis, the conductivity was calculated from the diffusion

coefficients using-the Nernst-Einstein equation (Equation 4-4). In performing this
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calculation, a number of conditions were imposed. The pyrrolidinium and lithium
ions were assumed to diffuse at the same rate over the entire temperature range.
Where no '°F signal was detectable, it was assumed that the amide jons were either
immobile or diffusing at a similar rate to the cations. The latter assumption, however,
is probably an overestimate of the situation. The concentration of charge carriers was

calculated from the denstty of the material, p, using the following equation

MW

c

Equation 4-5

where N4 is Avogadro's number and MW is the molecular weight of the salt. As the
melt densities for the homologous P;3sNTf, and P;,NTf, are 1.45 and 1.41g.cm?
respectively,?8 it was assumed that P;,;NTf, would have a melt value of 1.5g.cm™,
The density of LINTY, was taken to be approximately 2g.cm™ as a similar value had
been reported for LiBF, elsewhere.!® The molecular weights of Py,NTf, and LiNTf,
are 394.35 and 286.97g.mol’ respectively. This concentration is not constant,
however, as the proportion of mobile species will vary with temperature. The
variation was assumed to follow either the NMR signal intensity or the proportion of
liquid phase, as indicated by the Lever rule in the case of the 0.9 and 4.8mol%

samples.

The calculated and measured conductivities for pure P,NTf; are compared in Figure
4-20. The two calculated curves represent two possible conduction mechanisms
where the anion is either mobile or immobile. In both cases, the calculated
conductivities are considerably higher than the measured values, although the
discrepancy is smaller when the anion is immobile. Such behaviour suggests that

there is a significant proportion of mobile ions (in terms of the NMR diftusion




experiment) that are not contributing to the conductivity. This is probably due to the

motion of neutral ion pairs.47.38

| | ! { I } T
101 o©og 5 ® Measured © -
o O Both ions mobile
B ] 0 Only catien mobile §7
eeove
10° | 7o .
O
- ©
£ 3
°
5 105} : 2
®e
°
» . ]
°°o
107 | 'o..o .
I .0.000Q.. °e
10—9 \ i 1 | t | |
26 27 28 29 3 3.1 32 33 34
1000K/T

Figure 4-20 A comparison of the calculated and measured conductivities for

pure P;;NTH,.

Figure 4-21 displays the calculated and measured conductivities for 0.9mol%

LiNTfy/P\,NTf,. Depending on the anion mobility (mobile or immobile) and the
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charge carrier concentration {from the Lever rule or NMR signal intensity), four
possible conduction mechanisms may occur as indicated by the four calculated
curves. Once again, the calculated conductivities are higher than the measured values,
albeit less so when the anion is assumed to be immobile. The calculation based on the
Lever rule is also limited to temperatures above 353K, whereas the use of the NMR

signal intensity in the calculation predic.s the conductivity as low as 303K.
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Figure 4-21 A comparison of the calculated and measured conductivities for

0.9mol% LiNTH/P;;NT,.
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Two calculated conductivity curves are compared with the measured conductivities
for the 4.8mol% LiNT{; sample in Figure 4-22. As both cations and the anion are
assumed to contribute to the conductivity in this material, the calculated curves
represent the different charge carrier concentrations (Lever rule or NMR intensity).
For both curves, the resultant conductivity is significantly higher than the measured
data. However, in using the Lever rule to predict the concentration of charge carriers,
the difference is not as greal. This observation may suggest that diffusion in the
liquid phase is the dominant transport mechanism in the measured temperature range
for this particular sample. However, given the large discrepancy between the
calculated and measured conductivities, it is difficult to say which of the two

mechanisms s more likely.

Figure 4-23 and Figure 4-24 compare the calculated and measured conductivities for
33mol% and 49.9mol% LiNTf,/P;;NTf, respectively. In most cases, the calculated
conductivities are considerably higher than the measured values. Again, this
behaviour has been attributed to the presence of neutral ion pairs that are able to
diffuse through the material but that makes no contribution to the conductivity. For
the 33mol% sample, for which solid state diffusion has also been measured, the
differences below the melting point are not so extremie. Based on this observation, it
seems that ail mobile ions contribute to the conductivity in the solid state and that
the NMR signal intensity adequately predicts the change in charge carrier

concentration.
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Figure 4-22 A comparison of the calculated and measured conductivities for

4.8mol% LiNT{,/P,NTHL,.
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Figure 4-23 A comparison of the calculated and measured conductivities for

33mol% LiNTH/PNTH,.
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Figure 4-24 A comparison of the calculated and measured conductivities for

49.9mol% LiNT£/P,NTT,.

Although the discrepancy between the calculated and measured conductivities has
been attributed to the diffusion of neutral ion pairs, some ions must exist for
conduction to occur. The fraction of ions available for conduction, f, can be

determined from the following ratio:
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f=

calc

Equation 4-60

where Op,s and O, are the measured and calculated conductivities respectively.

Figure 4-25, Figure 4-26 and Figure 4-27 show the fraction of free ions as a function
of temperature for pure P3NTf,, 09moi% and 4.8mol% LINTH/PNTH.
Considering that a value of 1 indicates complete ionic dissociation, significant ion
association is evident in all the samples, with less than 10% of the ions available for
conduction. In the melt, there is generally a consistent decrease in the number of free
tons with increasing temperature. This is most likely the result of increased ionic
aggregation, which was also observed in the imidazolium ionic liquids (see the
previous chapter, section 3.4.1.2). A slight decrease in free ion concentration was
also observed in the solid state for pure P;;NTf, and the 4.8moi% LINTf; sample
when the Lever rule was used to calculate the concentration of charge carriers. For
the remaining calculations, the free ion concentration in the solid state is relatively
independent of temperature. An interesting feature of each data set is a slight
increase in free ion concentration as the melting point is approached. Such behaviour
is not unexpected, as one would assume that vacancy formation will increase rapidly

just prior to melting.

The fact that so few ions are involved in the conduction mechanism in the solid state
is somewhat difficult to explain. In the pyrrolidinium perchlorate and
hexafluorophosphate systems studied by Ono er a/.,47 it was suggested that vacancy
pairs and/or Schottky defects were responsible for the diffusion mechanism. Under
such circumstances, it would be possible for the ions to diffuse as a neutral pair and
therefore have no contribution to the conductivity. In this amide system, however,

the anions may not be diffusing in the solid state, hence only the cations will
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contribute to the conductivity. Based on this model, there should be no neutral pairs
and therefore, all the cations should move as individual ions. It was noted earlier,
however, that the inability to observe any anion diffusion in the solid state does not
necessarily imply that the anion is immobile. The fringe field gradient technique used
to measure the anion diffusion coefficients is often limited by T interference effects.
As it would appear that only a small {raction of the ions is mobile in the solid state,
the larger fraction of immobile ions will result in the dominance of T in the fringe
field gradient measurement. Such behaviour can only be confirmed by a pulsed field

gradient measurement for anion diffusion using '°F NMR.
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Figure 4-25 The free ion fraction as a function of temperature for pure

Py ;NTf.

176




0.1 . .

I ] ] ] ]
B All ions with NMR intensity
G Cations only with NMR intensity
= 0.08 |- + Allions with Lever iule ]
=]
.;.D B (Cations only with Lever rule
=
> _ —
g 0.06 %
=
& A $ ;
L
g $
0.04 -
g :
>
& ¢ %
o= o ¥
= 0.02 - ¢ ) -
® B €8
3] a &8 8
O [— ! 1 ! 1 1 1 1 ]

26 2.7 28 29 3 3.1 32 33 34

Figure 4-26 The free ion fraction as a function of temperature for the

0.9mol% LiNTf,/P;;NTf, mixture.

1000K/T

177




O.I I i T I I T i !

© NMR intensity data 1

e L

- 0.08 | ever rule data A ;‘.

= ¢

ot g -

LY — | ,-

=T}

= 1

s l

ﬂ 0.06 [~ 1 -

= 5

= ?

8 * é § A

5 ?f

® :

=] L ¢

P 3

5 f—'

E 002L °

e} o O

. o

0 ) t | | | 1 !

26 27 28 29 3 31 32 33 34

Figure 4-27 The free ion fraction as a function of temperature for 4.8mol% '_::

LiNT/P;NTH.

Figure 4-28 and Figure 4-29 show the fraction of free ions as a function of

temperature for the 33mol% and 49.9mol% samples respectively. Both plots

indicate a steady decrease in the fraction of free ions with increasing temperature and ;
there is no jump around the melting points of each material (unlike the other

systems). Although there is some scatter at the lower temperatures, the fraction of ?
free ions is around 60 to 80%, which suggests that most of the mobile ions are
available for conduction. As the temperature increases, however, this fraction
decreases to about 10% as more neutral species form. Similar behaviour was
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observed in the molten imidazolium salts (see section 3.4.1,2) and therefore appears

to be characteristic of fargely liquid materials.
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Figure 4-28 The free ion fraction as a function of temperature for 33mol%

LiNTL/P,NTH,.
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Figure 4-29 The free ion fraction as a function of temperature for 43.9mol%

LINTL/PyNTH.

In summary, the addition of a small amount of lithium salt has a significant effect on
the jon mobility in pyrrolidinium amide salt. The increase in conductivity upon
adding 0.9mol% and 4.8mol% LiNTf; appears to be the result of an increase in the
number of mobile cations. The inability to measure amide diffusion coefficients for
pure P,oNTf, and the 0.9mol% LiINTf, sample, together with the modelling of
conductivity using either all the ions or only the cations, suggests that the conduction
mechanism does appear to be dominated by the cations, which move via a vacancy

type mechanism. The concentration of charge carriers as a function of temperature is
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reflected in the signal intensity from the NMR diffusion measurements. Less than

10% of the charge species actually contribute to the conductivity.

The addition of larger amounts of LiNT{; (33 and 49.9mol%) results in the lowering
of the melting point. The pyrrolidinium and amide diffusion coefficients in these two
materials decrease with increasing LINTf; content.  Although the conductivity also
decreases as the LINTf, content is increased from 33mol% to 49.9mol%, the change
is far greafer than what the diffusion measurements predict. The NMR signal
intensity, winch represents the concentration of mobile ions, can account for this
behaviour. The fraction of free ions for both systems is quite high at 303K, but

decreases with increasing temperature as a result of ionic aggregation.

4.4.4 The Nature of Ion Transport

Based on the information presented here, it appears that the nature of ion transport
at any given temperature varies with the concentration of LINTf,. Small amounts of
LiNTf; added to pure P\;NTf, form a solid solution, therefore the mixture is expected
to have the same crystal structure as the pure salt. This is confirmed by the thermal
analysis data, where similar behaviour was observed for the pure and doped
materials.>! Since the amide ions are so large, they will not fit into the interstitial
sites and therefore must be incorporated into the crystal lattice. The lithium ions,
however, are small enough to occupy interstitial sites (ionic radius of 0.07nm37),
which would create vacant cation sites for the pyrrolidinium cations to move into.
Even if the lithium ions occupy lattice sites, there will be a significant size difference
between the two cations (the pyrrolidinium ions are assumed to have an ionic radius
of approximately 0.2 to 0.3nm53!). This mismatch may result in some structural
instability in the environment surrounding the lithium ions, causing vacancy
formation. Either way, the addition of the lithium salt is thought to generate more

vacancies, thus enabling more parent ions to diffuse throughout the material in
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addition to the lithium ions. The result is, of course, a higher conductivity. [n the
case of the 33 mol% LiNTf, sample, solid state behaviour was also observed below
the eutectic isotherm. Although exhibiting slightly lower solid state diffusion
coefficients than the other solid samples, this material displayed some of the highest
solid state conductivities. A similar solid stale mechanism is expected for this
sample, where the larger LiNTE content results in a further increase in the

concentration of mobile ions.

Larger amounts of LINTf; resulted in higher conductivities, which can largely be
explained by the presence of a liquid phase. Transport in a liquid involves the
collective rearrangement of small sections of the material, a mechanism that has been
shown to result in a slightly slower diffusion than that observed in the solid state.
Given that every ion is mobile in this transport mechanism, the concentration of
charge carriers will be substantially greater in the liquid state. This increased charge
carrier concentration offsets the slower diffusion mechanism resulting in an enhanced
conductivity. These transport mechanisms are proposed to account for the observed

behaviour in the LINTE,/P{,NTf, mixtures.
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Chapfter Five

A Comparison of the Imidazolium and

Pyrrolidinium Salt Systems

The focus of this thesis, thus far has been to understand the effect of chemical
structure on the diffusion properties of the individual imidazolium and pyrrolidinium
systems. However, given that both saits are based on a cyclic ammonium structure
with alkyi substituents, it is also possible to contrast the transport mechanisms for
these two materials. The two systems are intrinsically different - the imidazolium
five membered ring is aromatic and planar; while the pyrrolidinium ring is essentially
a quaternary ammonium salt, with a more globular shape. The following discussion

compares the behaviour of the pure salts,

5.1 Comparing the Salts

Consider the two salts, 1,3-methylethylimidazolium amide (MeEtImNTf,) and N,N-
methylethylpyrrolidinium amide (P,NTE) (where "amide” is the shortened form of
bis(trifluoromethanesulfonyl amide)). The properties of these two salts have been
summarised in Table 5-1. Both salts have the same alkyl substituents (a methyl and
an ethyl group) and the same anion, and only differ in the actual ring structure. The
ionic radius for the imidazolium cation has been reported to be 0.3nm! and the
pyrrolidinium ring is thought to be quite simifar.2 Despite these similarities, the two
salts are physically quite different. MeEtImNTL, is a liquid with melting and glass
transitions at 255K and 180K respectively.? P,NTf; is a solid that exhibits a

melting transition at 363K.2 Although no glass transition was observed for this
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material, a number of sub-melting solid-solid transitions have been reported,?

implying plastic crystal behaviour.

Table 5-1 A comparison of the properties of MeE{ImNTL; and P,,NTH,.

Property MeEtImNT(, P);NTf,
Molecular weight 391.20g.mol”! 394.35g.mol"!
Cationic radius/nm 0.3nm 0.2 to 0.3nm ?
T T 255K, 180K ¥ 363K, @
Density 1.52 to 1.55g.cm™ at 295K 3.4) 1.5g.cm™7 at 295K
Deation 160+ 1.5¢" m% s at 343K 1.6e7"0 £ 4.2¢7'm% s at 343K
43¢'915.5¢  mis ! at 383K 5.3¢71% % 1.3e! ' m?s ! at 373K
E, for Deaion 24.6 + 2.3kL.mol 66.6 £ 17.5kJ.mol"

+ Estimated value

The cation diffusion coefficients for the two salts are quite similar, with coefficients
of the order of 107%m2s ! (Table 5-1 and Figure 5-1). An obvious difference in
activation energy was observed, however, the pyrrolidinium diffusion coefficient
increasing far more rapidly with temperature. The anion diffusion coefficients are
shown in Figure 5-2 and indicate faster amide diffuston in the case of the P))NTH,.
The main difference between tne two salts is the temperature range over which
diffusion was detected. Diffusion in P\,NTf, was only detected above 343 and 363K
for the cation and anion respectively, while diffusior: coefficients for both ions were
measured above 243K for MeEtImNTf,. As P|,NTf, exists as a solid below 363K,
the measured diffusion behaviour reflects diffusion primarily in the liquid state;

diffusion in the solid appears to be limited.
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Figure 5-1 A comparison of the cation diffusion coefficients for MeEtImNTf;

and P, zNsz.
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Figure 5-2 A comparison of the anion diffusion coefficients for MeEtImNTY,

and PlzNsz.

The conductivities for these two salts are shown in Figure 5-3. In contrast tc the
diffusion coefficients, a difference in conductivity of five orders of magnitude is
observed at room temperature, although it sheuld be noted that P;NTf; is a solid
while MeEtImNTf; is a liquid at this temperature. Above the melting temperature of
both salts (363K), the conductivity of MeEtImNTT, is still an order of magmitude
greater than P\;NTE,. The trends observed for the diffusion coefficients are not able
to account for the differences in conductivity. Significant ion association has been

reported for cach sait (see sections 3.4.1.2 and 4.4.3), with the fraction of free ions
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available for conduction shown in Figure 5-4. Both salts exhibit some degree of ionic
association, although it is substantially greater for P;3NTf>. Based on this
observation, one might expect the cation diffusion coefficients of P;NTf; to be
significantly lower as the cation moves as a part of a cluster. It was shown in
Chapter 3, section 3.4.1.2, however, that the degree of ion association seems to have
very little impact on the diffusion behaviour, which may also be the case here, The
results in Figure 5-4 suggest that there are considerably fewer ions contributing to the

conductivity in PaNTL.,
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Figure 5-3 A comparison of the conductivities for MeEtImNT; and P;,NTf,.
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Figure 5-4 A comparison of the fraction of free ions for MeEtImNT{, and

PNTH.

Given the similarities in structure and size between the two salts, how is it possible
that the degree of ionic association differs so greatly? The answer probably lies in
the distribution of the charge in each salt. The structure of the two salts is shown in
Figure 5-5. It can be seen that the imidazolium cation consists of an aromatic ring
structure with the charge delocalised between the two nitrogen atoms. The result is a
more diffuse positive charge that is likely to result in weaker ionic interactions

between the cation and anion. In the pymolidinium salt, however, there is no




aromaticity and therefore the charge is localised on the nitrogen atom. Acting
effectively as a point charge, stronger ionic interaclions are expected, which would

account for the higher melting points and lower conductivities.

N N
AV
R, R,

X @)

N X
7\

H,C®  CHCH,

Figure 5-5 The structure of (a) MeEtImNTTf; and (b) P,,NT..

The difference in ionic interaction strength can also probably account for the
differences in solid state behaviour observed for tliese two salt systems. As
mentioned above, only limited diffusion was detected in the solid state for pure
P,NTf,. For the imidazolium salts (MeEtImBr and MeEtIml), however, solid state
diffusion seemed to occur far miore readily and was detected at much lower
temperatures.  Figure 5-6 highlights the difference in diffusion coefficients for
PsNTf, and MeEtImBr, Cation diffusion in P;NTf; could only be measured above
343K, which is very close to the melting point of 363X. For the imidazolium halides,
however, solid state diffusion was detected at 273K, approximately 80K below the

melting point.
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If stronger ionic interactions exist within a material, the onset of diffusion will require
a greater activation energy and only occur at higher temperatures. The behaviour of
P;NTf, seems to support this theory. However, the concentration of charge carriers
; may also be a significant factor in the measurement of solid state diftusion. The
presence of more vacancies will enable more ions to diffuse throughout the material.
This effect appears to be confirmed by the doped Pj;NTf; systems, where a small
amount of lithium salt, LINTf, (0.9mol%), resulted in the detection of increased

cation diffusion in the solid state. In this case, the addition of the lithium salt is

194

Tm’vmu....,z,ov.,,n_.,.._. _A,,.,r.«-.-.“.ﬁ,..AAA.AAA_A‘.




;
A
{
é
}
d

PSR R

1

T RS A g wrn e T BE Te E Te E i o S R e = e ey Ty,
=i, kil R

B e

thought to cause a slight structural instability as a result of the mismatch between the
lithium and pyrrolidinium cations {(see section 4.4.4 of Chapter 4). This instability
will possibly generate more vacancies enabling more ions to diffuse. A comparison of
the normalised signal intensities for P;,NTf; and MeEtImBr (Figure 5-7) indicates a
greater concentration of mobile ions in the imidazolium salt. Vacancy formation is
also an activated process such that higher temperatures result in an increase in
vacancy concentration. The energy barrier to vacancy formation is also dependent on
the strength of the ionic interactions, where stronger interactions will require more
energy to displace the ion.> Therefore, the difference in charge carrier concentration

between these two materials is also likely to be the result of the difference in ionic

interactions.
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Figure 5-7 A comparison of the normalised NMR signal intensities for

P,;;NTf; and MeEtlmBr.
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Based on these observations, it appears that the propeities of these salts are highly
dependent on the interaction strength between the ions. Decreasing the ionic
interactions decreases the melting point and the degree of ionic association but
increases the solid state diffusion rate and conductivity. Diffusion in the liquid state,
however, is similar for both matenials, and, in some cases, greater fo. the P\,NTf; salt.
While ionic interactions are still prevalent in the liquid siate, the diffusion
measurements are not affected by the charge of the ions, but are only dependent on

the mobility of the species.
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Chapter Six

Conclusions and Future Work

The main objective of this research was to study the transport mechanisms in two
organic electrolyte systems, imidazolium and pyrrolidinium salts, with particular
attention to the effect of chemical structure on the diffusion properties. Following is

an outline of the main findings of this work.

6.1 Imidazolium Salts

6.1.1 The Anion Effect

The effect of the anion on the transport properties was investigated for MeEtlmX,
where X is the bromide, iodide, triflate or amide ion (Br, I', Tf or NTf;"). Previously
reported thermal analysis for these salts indicates higher melting transitions for the
halide salts (MeEtImBr and MeEtImI) compared to the fluorinated salts (MeEtImTf
and MeEtImNTf;). Despite the different melting points, the liquid state
conductivities are very similar for all four salts. As a direct relationship exists
between conductivilty and diffusion, it was initially assumed that the cation diffusion
coefficients would also be similar for all four salts. However, the coefficients were
divided into two groups, with the halide salts displaying considerably lower

coefficients than the fluorinated salts.

The differences in diffusion coefficient between the two groups were adequately
described by differences in viscosity, where previously reported data indicated much

higher viscosities for the halide saits. The discrepancy between the diffusion and
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conductivity data, however, was accounted for by a difference in ionic concentration.
The halide salts have more charge camiers per unit volume than do the fluorinated
salts, although each salt experiencr ; some degree of ionic association. In conclusion,
the combination of high charge carrier concentration and low diffusion coefficients for
the halide salts results in the same conductivity as the more diffusive but less

concentrated fluorinated salts.

6.1.2 MeEtImTf and MeEtImNTf, Binary System

Individually, MeEtImTf and MeEtImNTf; are two of the most conductive matenals
in this family of salts. Combining these two salts to form binary mixtures results in
an enhancement in conductivity. By contrast, analysis of the ionic diffusion
coefficients for these binaries showed very little change compared to the pure
materials. The increase in conductivity must therefore be attributed to a change in the

extent of 1on association.

In the pure materials, an equilibrium exists between dissociated and associated ions.
Mixing these two salts will not affect the cation concentration, but the conceniration
of each anion will be halved. This decrease in anion concentration will shift the
equilibria towards further dissociation, thereby increasing the number of ions
available for conduction. As ion association occurs to a greater extent at higher
temperatures, this shift in the equiiibrium will have a more pronounced effect as the
temperature increases. It is therefore this increase in ion concentration that accounts

for the increase in conductivity.

6.1.3 The Alkyl Chain Length Effect

The substitution of longer alkyl chains on one of the nitrogens in the imidazolium ring

was also found to affect the transport properties, MeMelml and MeEtIml are both
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solids, melting at 368 and 351K respectively. For longer alkyl substituents,
crystallisation is suppressed, with only a glass transition detected around 203K. As
previously reported, conductivities were found to decrease with increasing alkyl
chain length. A similar trend was observed for the cation diffusion coefficients at
298K. At 358K, however, an initial increasc in diffusion coefficient with increasing
alkyl chain length was observed up to MePrIml, after which longer alkyl chains

resulted in slower diffusion.

The conductivity and diffusion behaviour could be explained to some extent by the
increase in viscosity with increasing alkyl chain length. The slight increase in
diffusion up to MePrIml was attributed to a decrease in the viscosity of the salts, but
longer alkyl chains actually increase the viscosity. However, the viscosity for
MeHxIml is lower than MeEtIml, which would imply faster diffusion for MeHxIml.
As this was not the case, the size of the cation must also influence the diffusion
properties. An approximate radius for each cation was determined from the pre-
exponential term in the VTF equation, used to model the temperature dependence of
the diffusion coefiicient. The results showed an increase in ionic radius up to
MeBulml, after which a further increase in alkyl chain resulted in a decrease in the
cation radius. It is thought that this decrease in cation size may be due to increased
intramolecular interactions between the imidazolium ring and the alkyl chain. What is
apparent from this analysis is that both viscosity and ion size influence the transport

properties in this series of salts.

6.1.4 Solid State Diffusion

Conductivity in the solid state was previously measured for MeEtImBr and
MeEtiml and was found to be slightly lower than the corresponding liquid state
values. Around the melting point, a jump in the conductivity was observed, where

the material changed from solid to liquid. Cation diffusion coefficients were measured
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in both the solid state and the supercooled liquid, the former being considerably
higher at the owest temperatures. Unlike the conductivity data, no jump in diffuston

coefficient was detected as the maierial melted.

The faster diffusion in the solid state compared to the supercooled liquid is attributed
to a difference in the diffusion mechanism. Solid state diffusion is thought to involve
a vacancy mechanism whereas diffusion in the liquid state requires the cooperative
rearrangement of small sections of the material. Despite fast diffusion, the solid state
is less conductive due to fewer charge carriers. This was confirmed by the NMR
signal intensities, which reflect the concentration of mobile ions. The results show a
steady increase in the number of mobile ions as the temperature increases up to the

melting point. The solid state conductivities were modelled using the diffusion and

signal intensity data. The conductivity is overestimated if it is assumed that both

ions are mobile. However, a reasonable agreement between the measured and
calculated conductivities is obtained if only the cation is assumed to be diffusing.
Therefore, the conduction mechanism in the solid state appears to involve only the

cation, with the anion assisting in maintaining the crystal structure,

6.1.5 Future Work

As a number of assumptions were made regarding the behaviour of these imidazolium
salts, possible future work should focus on clarifying these hypotheses. In studying
the anion effect, no diffusion coefficients were measured for the bromide and iodide
ions. Given the similarity in anion and cation diffusion coefficients for the
fluorinated salts, liquid state ionic diffusion coefficients for the halide salts were also
assumed to be the same. In the solid state, however, it was assumed that the anion is
not mobile and that only the cation contributes to the conductivity. Anion diffusion
measurements are necessary in order to confirm this. Furthermore, the fast solid

state diffusion and conduction detected in these salts warrants further investigation.
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With respect to the binary systems, the mixed anion system consisting of MeEtImTf
and MeEtImNTf; was examined in this study. A number of alternative systems
based on other mixed anions or mixed cations have been considered, with the thermal
behaviour and conductivities reported elsewhere. While most binary mixtures
showed an increase in conductivily over the pure materials, the enhancement was
different for each system. Analysis of the diffusion behaviour in these alternative

systems would also be of interest.

6.2 Pyrrolidinium Salts

6.2.1 Diffusion Mechanisins

From an earlier study, it was shown that pure P,oNTf; is conductive in the solid
state, although a rapid increase in conductivity was observed near the melting point
(363K). The addition of 0.9mol% LiNTf,, however, was found to increase the
conductivity by almost two orders of magnitude at room temperature. Higher
LiNTf{; salt concentrations resulted in further conductivity enhancement, which was
accompanied by a decrease in melting point and evidence ot eutectic behaviour. In
this work, diffusion in the pure sample was limited to near the melting point and
above. However, pyrrolidinium mobility was detected at room temperature upon
addition of 0.9mol% and 4.8mol% LiNTf,. Diffusion, albeit slower than in the other
samples, was also detected at lower temperatures for the 33mol% and 49.9mol%

LiNTf, systems.

For all samples other than pure P\,NTf, and the eutectic composition (33mol%
LiNT1;), both the solid and liquid phases coexist at some temperatures. From Lever
rule calculations, 0.9moi% LiNTf; is mostly solid until just below the melting

temperature while 4.8mol% LiNTTf, exhibits two-phase behaviour over most of the

temperature range. The 49.9mol% LiNTf, sample, however, is mostly liquid.




Despite this two-phase behaviour, there was no evidence of more than one diffusion
coeflicient. The diffusion coefficients for pure P\,NTf; and 0.9mol% were mostly
representative of solid state motion, while diffusion in 33mol% and 49.9mol% was
largely indicative of liquid state behaviour. However, some solid state diffusion was
also observed for 33mol% LiNTf, below the melting temperature. Although both
solid and liquid coexists for 4.8mol% LiNTf, the diffusion coefficients reflected the
behaviour observed in the solid materials. The lower diffusion coefficients observed
for 33mol% and 49.9mol% LiNTf; are a resuit of the differences in diffusion
mechanism. Solid state diffusion is thought to involve a vacancy mechanism where
ions move in discrete jumps. In contrast, diffusion in the liquid state requires the

cooperative rearrangement of small sections of the material.

The predominantly liquid materials displayed higher conductivities, although they
exhibited slower diffusion. This apparent contradiction can be explained by a
difference in charge carrier concentration. The proportion of mobile ions was
obtained from the NMR signal intensity. In the liquid state, all of the ions are mobile
and may therefore contribute to the conductivity. In the solid state, however, only a
fraction of the ions are mobile because a large number of ions are involved in

maintaining the crystal structure.

The conductivities were modelled from the diffusion coefficients using the Nernst-
Eir “ein equation. Afthough no lithium diffusion coefficients were measured, it was
assumed that they would diffuse in a similar manner to the pyrrolidinium cations. In
all cases, the calculated conductivities were greater than the measured values,
suggesting some degree of ion association. For the solid materials (pure P;;NTf, and
0.9mol% LiNTTf},), the discrepancy was not as large when the anion was assumed to
be immobile. When both solid and liquid phases coexist, a smaller difference between
the calculated and measured conductivities resulted if it was assumed that diffusion in

the liquid phase dominated the conduction mechanism.
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Based on these observations, a conduction mechanism for these pyrrolidinium salts is
proposed. The addition of a small amount of LINTY, forms a solid solution such that
the lithium and amide ions are incorporated into the Pj,NTH lattice. Since the lithium
ions are considerably smaller than the pyrrolidinium ions, it is likely that the lattice is
distorted, which generates vacancies. This increase in vacancy concentration enables
more ions to move in the solid state, therefore increasing the conductivity. As the
concentration of LiNTI; increases, a liquid phase forms. Although diffusion in this
liquid phase is slower than in the solid, the concentration of mobile ions is

considerably greater. The overall result is a further increase in conductivity.

6.2.2 Future Work

The transport mechanisms in LiNTL,/P;;NTf; mixtures were studied through
measurement of the pyrrolidinium and amide diffusion coefficients using the pulsed
field gradient and fringe field gradient methods respectively. The fringe ficld method,
however, frequently suffered from T, interference, inhibiting the measurement of
amide diffusion coefficients in the solid state. The pulsed field gradient method does
not experience the same limitation and therefore could be used to confirm amide
diffusion in these systems. The lack of appropriate equipment also impeded the
study of lithium diffusion. In modelling the conductivity behaviour, it was assumed
that the lithium ions would diffuse in a similar manner to the pyrrolidinium ions. The
validity of this assumption can only be confirmed through ’Li diffusion

measurements,

Conductivities calculated from the diffusion coefficients were much greater than the
measured conductivities, with the discrepancy attributed to the presence of neutral
ion pairs. The nature of these ion interactions can be revealed by Fourier Transform

Infrared (FTIR) or Raman spectroscopy. Through these techniques, the effect of

chemical composition and temperature on the degree of ion association could also be




=g El e CE T

sxamined. Such measurements could provide further support to the conclusions

drawn in this work.

The addition of a small amount of LiNTf, was found to increase ion 1 'ility
considerably in the solid state. Based on the experimental data, it was assumed that
the lithium salt generates more vacancies within the crystalline lattice, enabling more
ions to diffuse. X-ray and neutron scattering experiments can provide information
regarding both the crystal structure of these materials and the local ion behaviour.
Combining the structural information with the ion dynamics will enable the model for

ton transport in the solid state to be refined.

In this study of pyrrolidinium salts, only the addition of LINTf, to pure P;;NTf,
was examined. However, like the imidazolium salts a number of structural variations
are possible. Substituting the anions or altering the length of the alky! groups may
increase the conductivity. Binaries from pyrrolidinium salt mixtures or the
combination of a pyrrolidinium salt with an analogous lithium salt could also be
considered. Research of su~h materials would provide a better understanding of the

structure-property relationships in pyrrolidinium salts.

6.3 A Comparisor: of Imidazolium and

Pyrrolidinium Salts

MeEtImNTf, and P,NTf, are similar cyclic ammonium salts with the same alkyl
substituents and anions. However, the thermal and transport properties of the two
salts are remarkably different. MeEtImNTS; was found to exhibit a lower melting
transition and higher conductivity than P;NTf;, although the liquid state diffusion

coefficients were very similar for both materials. The difference in conductivity,
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despite the similarity in diffusion coefficients, was attributed to greater ion

association in P,NTf, than in MeEtImNTf,.

The solid state conductivities for P{;NTTf, were also found to be substantially lower
than either of the solid imidazolium salts (MeEtlmBr or MeEtlmi). Solid state
diffusion coefficients were limited to near the meiting point for P;NTf;, whereas
solid state diffusion was detected well below the melting point for the imidazolium
salts. Fewer mobile ions were detected for P1,NTS,, indicative of a lower vacancy
concentration. This behaviour was again attributed to stronger ionic interactions

inhibiting the formation of vacancies.

The difference in ion association between these two systems was related to the
distribution of charge on the cations. MeEtlm™ has an aromatic structure, with the
charge delocalised between the nitrogen atoms in the imidazolium ring. The result is a
diffuse charge that undergoes weak interactions with the anion. For P(,", the charge
is localised on the nitrogen group, leading to stronger ionic interactions. The
differences in ionic interaction account for the different properties of these two cyclic

ammonium salts.

6.4 The Merits of NMR Diffusion Techniques

The work presented in this thesis has highlighted how powerful NMR diffusion
methods are in the characterisation of electrolyte transport mechanisms. The ability
to reliably monitor the translational motion of a particular species, independent of the
rest of the sample, is the major advantage of NMR diffusion techniques over other
diffusion methods. Characterisation of ionic diffusion coefficients coupled with other
properties, such as conductivity, can provide a detailed profile of the conduction
mechanisms within an electrolyte. With reference to this work, the diffusion

properties have been correlated with the chemical structure of organic salt. Similarly,
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the role of chemical composition on transpert properties can be considered in other
ionic materials such as liquid electrolytes, fast ion solid state conductors and polymer

electrolytes. Such systems may be pursued in future research at Monash University.

The availability of more advanced NMR diffusion equipment can only be beneficial
for future studies of electrolyte diffusion. Higher gradients will allow slower
diffusion to be detected, which will be of particular benefit in the analysis of solid
state diffusion behaviour. The ability to conduct multinuclear NMR diffusion
experiments will enable the characterisation of all mobile species, which will be of
particular importance in studying the mobility of dopants in plastic crystals. NMR
diffusion coupled with an electric field, as in electrophoretic NMR, will allow the
mobility of charged species to be isolated from that of the uncharged species, enabling
further refinement of models of conduction mechanisms in electrolytes. The
anticipated introduction of such metihods at Monash University will greatly assist in

the research and development of novel electrolytes for alternative energy sources.
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1, H. A. Every, F. G. Zhou, M. Forsyth and D. R. MacFarlane, Electrochim.
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2. M. Forsyth, H. A. Every, F. Zhou and D. R. MacFarlane, in Structure and
Properties of Glassy Polymers; ACS Symposium Series, Vol. 710 (Oxford
University Press, New York, 1998), pp. 367-382.

3. H. Every, A. G. Bishop, M. Forsyth and D. R, MacFarlane, Electrochim.
Acta 45, 1279-1284 (2000).

Papers are currently being prepared from Chapter 4 and parts of Chapter 3.
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Abstract—Solvent-free polymer eIcclr _Xtes bascd on poly{vinyt alcohol) (PYA) and LIiCFSO, have shown
relatively high conductivitics (107%- Scm™'), with Arrhenius temperature dcpcndcncc below the differ-
ential scanning calorimeter (DSC) glass transition wemperature (343 K). This bchawour is in stark contrast
to traditional polymer electrolytes in which the conductivity reflects VTF behaviour. “Li nuciear magnetic
resonance (NMR) spectroscopy has been employed to develop a better undersianding of the conduction
mechanism. Variable temperature NMR has indicated that. unlike traditional polymer electrolytes where
the linewidth reaches a rigid lattice limit near T, the lithium linewidths show an exponential decrease with
increasing temperature between 260 and 360 K. The rigid Jautice limit appears to be below 260 K. Conse-
quently, the mechanism for ion conduclion appears to be decoupled from the main segmental motions of
the PYA. Possible mechanisms include ion hopping, proton conduction or ionic motion assisted by second-

ary polymeg rclaxations. @ 1998 Publishad by Elsevier Science Ltd. All rights reserved

Ker words: poly(vinyt alcohol), conductivity, 'Li NMR. electrolytes.

INTRODUCTION

Most studies of polymer electrolytes have invest-
gated subumbient gliss transiion  emperature,
amorphous polymer systems with ulkali metal salis
as the conducting specics. In these systems, ton
transporl has mostly been associated with the scg-
mental motions of the polymer, us significant con-
ductivity is only observed above the glass transition
temperature of the system {1]. Cation mobility is of
particular interest in these systems with regard Lo
polymer-based batteries,

Yamamoto o of. [2) have siudied polymer clec-
trolyte systems bused on poly(vinyl alcohol{PVA).
The films obtained from PVA-lithium sall 5()]1.111011\
exhibited relatively  high  conductivities (o-*
1073 S em™' at 293K) for a polymer salt system,
despite having plass trunsition  temperatures well
above room (emperature (approximately 320 K).
For such high conductivities 1o be observed below

*Author 1o whom correspondence shouid be addressed.

the glass transition temperature. the mechanisin for
1on transport 15 likely to be decoupled from the seg-
mental motions of the polymer.

Cation mobility in poiymer clectrolytes bas pre-
viously been investigated by measuring the line-
width of solid state nuclear magnelic resonance
(NMR) spectra [3-8). The spectral linewidths are a
result of quadrupolar or internuclear dipole dipole
wmteractions [9). When the nuclet are fixed, these in-
teractions are accentuated, which resulis in o broad
linewidth, commonly referred to as the rigid fattice
linewidth. As the mobility” of the eation increases,
the MMR tinewidth decteases due to averaging of
the interactions experienced by each nucleus.

Stailworth and co-workers [§] have used NMR
spectroscopy 1o study lithium fon mobility in gel
electeolytes based on poly(methyl methacrylate). Al
low temperatures, below the glass transition tem-
Peratures of the systems, the linewidths were broad.
This suggests that the lithium ions are fixed and are
therefore nor able to conduct. Upon increasing the
wemperawre, the centrat linewidths were motionally

i465
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narrowed, with the onset of narrowing correlating
with the glass transition temperatures ol the sys-
tlems, The NMR resulis also support the temperi-
inre dependent conduclivity data, which shows
increasing conductivity with increasing (emperature.
Chung ¢r af. [6] huve observed simitar lithium ion
behaviour for LiCF1S0; in poly(propylene glycol).
Other groups have reported the mobihity of sodium
as determined by NMR linewidth measurements {3-
5. 7). In all these cases, the linewidihs were found to
be broad below the glass transition lemperature
with the onsel of line narrowing gencrally eccurring
near T,. Conscquently, the mobility of the cations
in traditional polymer clectrolytes appears (o be ¢lo-
sely associated with the relaxations of the polymer.

’Li solid state NMR measurements. together with
conductivily and thermal analysis, of LiCF,;50;-
based PVA systems are presented in this work in
order to determine whether °Li mobility can
account for conductivity in these systems and also
to investigate the correlation belween ’Li mobility
and polymer motion.

EXPERIMENTAL

The polymer electrolytes were based on lithium
trifiate. LICF,SOy (Aldrich), dissolved in poly(vinyl
alcohot}. Two polymers were studied with the mol-
ecular weight ranges of 31,000~ 50,000 {Aldrich) and
105,600 110,000, with degrees of hydrolysis being
#8% and 99.8% respectively. The polymer films
were prepared by dissolving the PVA and the
LiCEF:50; in dimcthyl sulfoxide (DMSO), (17g
DMSO/1 g PYA) at 70°C for 1 hour. The solution
was then cast onto a glass plate and the DMSO
removed using o high vacuum pump over a perniod
of 15 hours. The film was finally dricd between two
pieces of teflon in a vacuum oven at 50 to 70°C for
approximately 20 hours. The polymer systems stu-
died consisted of salt 1o polymer weight ratios of
0.5 and I. The thickness of the films ranged from
.1 to 0.6 mm,

The glass transition temperatures of the polymer
systems were determined using a dry icefethanol
cooled Perkin-Elmer differential scanning calori-
meter (DSC 7). The DSC was calibrated wvsing
cyclohexane (mp 6.59°C) and 4-nitratoluene (mp
56.2°C). The samples were placed in aluminium
pans  and  quenched in  hqud  nitrogen.
Measurements were made using heating rates ol
3°C min™ and 40°C min™".

The conductivities of the polymer systems were
obtiained vig 4 impedence, using o Hewleti-
Packard 42847 L.CR meter. Gold electrades (5 mm
diameter) were sputier coated onio the polymer.
Under nitrogen, the sample was then placed
bewween WO Staintess.gieel plates and loaded into a
shiclded. SPring-loaded brass cell. Measurements
were made from —20°¢C , 30°C.

H. A. Every ef o,

The 'Li NMR linewidth measurements were
made using & modified Bruker CXP 3100 NMR
spectromceter operaling at 116.6 MHz. The line-
widths were taken to be the [ull width at half maxi-
mum (FWHM) of the peaks and mceasurcd as a
funciion of temperature from —40°C to B0°C. The
results were analysed using Bloembergen-Purceli-.
Pound (BPP} theory and the following equation [1D)

Ay = (%)6«;3 tan™'{tAr) (n

where Av is the measured linewidth, dw, is the rigid
inttice linewidth and t is the corrclation time. The
temperature dependence of the correlation time is
assumed to follow Arrhenius-type behaviour

1= Ioexp(%) (2)

from which activation energies for the mobility of
the lthium ions were determined. The onsel of nar-
rowing temperature was obtained from an extrapol-
ation of the lincar region of the sipmoidal plot 1o
the rigid lattice limit.

RESULTS AND DISCUSSION

Thermal analysis |

Glass 1ransition 1lemperatures of approximately
3133 K were observed for the pure PVA polymers.
For the PYA/salt systems, the DSC traces show evi-
dence of # thermal event al approximately 343 K.
The wansiiion appeaied as a peak when using the
40°C min™' scanning rate but as a step, typical of a
glass Iransition temperature, at a lower scanming
rate (30°C min~"). Therefore, the evidence suggests
that this thermal event is likely to be a glass tran-
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Fig. 1. Asthening plot of conductivity for PVA electro-
Iyles,
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Fig. 2. 'Li NMR specira indicating the variation in linewidth as a function of temperatase.

sition temperature, with its associgied enthalpy  often related to the glass transition temperature of
overshool observed at higher heating rates. In this  the system {(~ 7, =220 K} Conscquently, polymer
cuse, T, appears to be slightly increased by sall ad-  relaxations appear to influenee the conductivity of
dition, in contrast 10 previous reports [2). DSC  the clectroiyte. The PYA-pased electrolytes studied
scans between —100 and 20°C indicate that no  pere are conductive well below the glass transition

further low temperainre event aceurs. temperature (Fig. 1) and the temperature depen-
dence of their conductivitics can be approximated
Effect of temperature on ion mobility by Acrhenius behaviour, with activation energies

For many polymer clectrolytes, the temperature  More than twice those mecasured for polyether-
dependence of the conducrivity has becn described  based clectrolytes [11]. The PVA clectrolytes studied

by the Vogel-Tamman Fulcher equation, by Yamamoto and co-workers showed similar con.
ductivity behaviour [2]. This observation secms o

o =0an L‘XP[M]- (3 indimte that the conduction mcclumix_m s ‘nnt

entirely atiributable to the segmental motions of the

ionic conductivity is  polymer and ts more likety o involve ion hopping

This equation proposes that 1 \ 1y o . .
Ty, which is  beuween stalic sttes or limuted motions of parts of

only prevajent above a LCMPLrature.
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Tahle 1.

Experimental parasmeters obtained Toe LICE SOWPVA polymer clectrolytes

Salt/PVA systems (degree of

Activation energy/k) mol™'  Activation energy/kd mol™

hydrolysis) Onset of narrowing/K {NMR) {conductivity}
.5 (B¥%%)} - - Wt td
0.5 (U9 RY,) 9+ 2 186+ 12 -

I (RR%%) : 1974+ 0.7 991+ 2.0

1 {99.8%) 60 + 2 B+ 15626

the polymer chain. Alternatively, conduction might
be due 10 proton motion by o Grotthius-type mech-
anism involving the polymer hydroxy groups with
some release of protons being genermied by a
kthium hydrolysis reaction.

The "Li NMR linewidth mecasurements as a func-
tion of lemperature for the 99.8% hydrolysed
PVA:LiCF35Q,=0.5 sample are shown in Fig. 2.
At the lowest temperatures, the linewidihs are very
broad and are approaching the rigid lattice line-
width. These broad linewidths imply that the
lithium ions are estentiully immobile and thereflore
the lincwidth observed is the result of increased
quadrupolar or internucicar dipole-dipole nter-
actions. As the temperiture increases, the linewidth
decreases as a result of increased lithium ton mobi-
lity and hencc averaging of the internuclear inter-
actions. The linewidths also reach a  high
temperature limil which is due 10 magnetic field
inhomogencities.

Table | presents the ’Li lincwidth parameters
obtained for fitling equation (1 and2). The onsct of
narrowing in these PVA materials is observed well
below the glass transition temperature (343 K). The
ithium ions are therefore mobile below the DSC
glass transition temperiature, which is consistent
with the materials having a measurable conductivily
al room tegoperature, This is in stark contrast to
NMR behaviour obrerved in traditional polyether
based polymer electrolytes {3,5-7]. The decoupling
of the onsel of narrowing from the DSC giass tran-
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sition temperature 0 these PYA sysiems imiplies
that the main segmental motions of the polymer do
not govern the overall lithium ion mobility.

Effect of sali concentration on ion mobility

At the concentrations investigated, there appears
to be no effect on the temperature dependent line-
widths (or the 99% hydrolysed samples {Fig. 3).
The conductivity resulis, however, indicate a signifi-
canl increase in the conductivity with increasing sail
concentration, Conductivity is refated 10 the num-
ber of charge carrices (n,) and their mobility (n)
according to the following equation

a= mgp, T

where ¢, is the charge on each charge carrier
Therefore, it appears that the increase ‘in the aum-
ber of charge carricrs is responsible for the increase
in the conductivity in these 99% hydrolysed PVA
clectrolytes.

Table 1 also compares the onsct of narrowing
with activation energics from the ’Li linewidths and
the conductivity data. In using the BPP equation
[equation (} and 2)] to obtain activation energics
for the NMR measurements, it was assumed that
there was only one correlation time. As the salt
concentration increascs, there is a stight increase in
the NMR. activation energics and the temperature
onset a1 which the narrowing occurs. The activation
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Fig. 3. A comparison of the 'Li linewidths for 99.8%  Fig. 4. 'Ly hinewidths for gges hydrolysed LiCFASO¥

hydrolysed PV A electrolyles.

PVA = 1 electrolyie.
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cnergies (rom the conduclivity data also show an
increase upon increasing saft content.

The activation cnergies obtained from the con-
ductivity data arc approximately five times larger
than those obtained from the linewidth measure-
ments. Bishop and Bray (12} have also aobserved
differences in NMR and conductivity activation
energies in lithium borate plasses. They atiributed
this difference 1o the scale which each technique is
probing. The NMR can detect ion motions on a
tocal scale whereas the conductivity data represcats
motions on a more global scale. Consequently, the
energy barrier for the lithium ions to exceed in
order to undergo global, long-range motions is
higher than that of local motions.

Effect of degree of hydrolysis

The ’Li linewidth measurements for the 88%
hydrolysed sampie arc shown in Fig. 4, and arc nar-
rower than the 99.8% hydrolysed system, over the
temperature range studied, Mo rigid Jattice line-
width was observed and consequently it is not clear
where the onset of narrowing will occur in this
case. A comparison ol both the NMR and conduc-
tivity activation energics, for these two syslems,
shows that the 88% hydrolysed samples have lower
activation encrpies (Table 1). The narrower line-
widths indicate a higher [ithium ion mobilily, which
is consistent with the conductivity data (Fig. 1).
The inability to measure a narrowing onsct implics
that the lithium ions are mobile to much lower lem-
peraturesaThe lower activation energies are also in-
dicative of enhanced hthium ton maotion.

CONCLUSION

The 'Li NMR measurements of LICF\SOPVA
systems bave shown high hibium jon mobilities
below their glass transition teeperatures, whichy is
also reflected in the conductivity  behaviour. This

contrasts with traditional polyether-based polymer
clectrolytes, which only show motional narcowing
of the 'Li linewidth once the glass transition tem-
perature 15 exceeded. These results, therefore, imply
that cation motion in PVA clecteolytes is decoupled
from the polymer relaxations. That is, the main
polymer relaxations {fe o celaxations) do not con-
tribuic in 3 major way to calion transport. Lithium
ion motion is therelore likely to take place by an
ion hopping mechanism. Alternatively, secondary
polymer relaxations or even proton conduction may
contribute to conductivity. This wiil be investigated
in further work.
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Chapter 25

Ionic Conductivity in Glassy PVOH-Lithium Salt
Systems

M. Forsyth', H. A. Every’, F. Zhou’, and D. R. MacFarlane’'

'Departments of Materials Engincering and ‘Chemistry, Monash University,
Wellington Road, Clayton, Victoria 3168, Australia

lonic conductivity (10-4 S/cm at 25°C) has been observed in glassy
poly(vinyl alcohoi)/lithium sali complexes. X-ray diffraction patierns
indicate that, while the pure polymer is semi-crystaliine, the addition of
salt suppresses the extent of crystallinity, The glass (ransitlion
iecmperatures of these systems are typically in the region of 50-70°C.
The conductivity is dependent on the concentration and anion in the
lithium salt; LiC104 producing the highest conductivities in this work.
The presence of unhydrolyzed acetate groups in the polymer backbone
causes Ty to be decreased, as compared (o the homopolymer, and
produces an order of magnitude increase in conductivity. 7Li solid
state NMR spectroscopy suggests that lithwum ion motion is present
below T, indicating that, at least in part, lithium ion motion is
responsible for the ionic conductivity and that this motion is decoupled
from the polymer segmental motions. !2F Ty and T; NMR relaxation
times were also measured for the anion, and the lack of correlation with
the conductivity data suggests anion motion is unlikely to be a major
contributor 10 the conductivity.

Polymer clectrolytes have beer under intense investigation ({} for the past two
decades owing to their potential applications in a variety of new clectrochemical
devices, in particular lithium batteries. The most successful of these (ie. having high
tonic conductivities with suitable mechanical properties) have been based on, or have
contained segments of, the polyether unit. These have served to act as a gooed solvent,
in particular for alkali metal cations which coordinate 10 the ether oxygen. In work
carricd out in our laboratories (2) and others {3) il has been shown that optimum
conductivity in these electrolytes occurs at salt concentrations of the order of lmol/kg,
with higher salt concentrations resulting in a decreasing conductivity  This fall off in
conducuivily occurs as a result of (i) an increasing degree of ion aggregation and
thercfore the availability of fewer small ions. and (ii) an increasing glass transition
temperatee, Tg, and hence a decrease in ionic mobility.  These sysiems are
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characterized by a Ty well below room iemperature and are thercfore solt elastomeric
materials (4) or semi- crystalllm, malerials at ambieat tiemperalures.
Recently (5,6,7) solid electrolyte systems based on poly{vinyl alcohol), PVOH,

()
—( CHZ-FH)T
OH
(1)

have been investigated which contain a very substantial amount of salt (up to 75wi%
salt). These electrolytes have been shown to have room (emperature conductivities up
to 10-4S/cm (5), almost an order of magnitude higher han other known solvent-free
polymer electrolytes. One of the unusual and interesting characieristics of these new
PVOH systems is that higher salt concentrations result in higher conductivities, up o
the current limit of miscibility. Further, the glass transition tcmperature is above room
temperature (ca. 70°C) and shows little dependence on salt concentration, in contrast
(o the systems based on polyethers (8).

These solid electrolyte sysiems are of considerable scientific and technological
significance since ionic conduclivily appears to be decoupled {rom the polymer
motiens, as manifest in the DSC glass transition temperature. This characteristic
probably qualifies these systems as the first polymeric members of the group of fast
icn conductive materials (5). Fast jon conduction occurs when the
diffusive/conductive modes of motion of one or more species in the matertal become
decoupled from the main struciural modes which determine Tg. lon motion then takes
place against a static background of sites between which the ions hop. Systems
having conductivities in the range of 10-3- 104 S/cm at room temperature, and having
Ty above room temperature, are of interest in the elecirochromic window device (9)
bung developed by a number of groups. Further improvement of the conductivity
may open other applications, for example in photoelecirochemical soiar cells and low
poWer capacitors.

Poly(vinyl aicohol) is well known 1o be a semi-crystalline material (Tp=220°C,
T,=85°C} although it often degrades before melling (/0). The polymer is made by a
hydrolysns reaction of poly(vinyl acetaic) which is typically 80-99% complete. The
99% hydrolyzed polymer can be viewed as a pure homopolymer, whereas the
materials having a higher fraction of remaining aceiate groups shou’d be viewed as a
random copolymer. The degree of hydrolysis influences the glass Iransition
icmperature of the amorphous fraction (Tg (99%) ~ 68°C, Ty (88%) ~ 55°C) in
PYOH. The giass transition temperature of PYOH is relalm,ly high for a vinyl
polymer of this structure. This is the resull of the strong ydrogen bonding
interactions, both tntra- and interchain, The effect of acetale groups is to disrupt this
1o some exlent as seen in the decreased T

One possible interpretation of lht,ﬁ'llgh ionic conductivities obhserved in these
PVOH based electrolytes is that the conduction involves protons liberated from the
hydroxy group. The mobility of such protons can be high as a result ol small size and
mass and may even be assisted by a mechamism similar to the Grotthivs mechanism
observed in agucous systems.  In this medel, the alkali metal tons and the
commesponding anion which are dissolved in the polymer may be relatively immobile
and hence may Rot contribuie 0 the conductivity. In our recent work (3) we have
used 7L NMR experiments 1o probe cation mobility. These have shown significant
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lithium ion mobility below T, and this is enhanced at higher salt concentrations.
Hence we hypothesize that the 31ssolvcd ions are a major conduclive specics.

Since the pure polymer is partly crysialline, the question arises as to the rote of
the crystal domains in the conduction process. This question also arose in the
interpretation of conductivity in the polyether electrolytes (/) and it was shown that
conduction occurs predominantly in the amorphous regions. In polyether systems
containing a substantial degree of crystallinity, the conductivity is observed to
increase by as much as an order of magnitude as the temperature is increased through
the melting point. It has been concluded therefore that the presence of a mobile
amorphous phase is necessary for conduction in these polyether systems. Ion mobility
also rapidly diminishes as the iemperature is decreased towards Ty (/). As with these
polyether systems it is hypothesized that significant conducuon occurs in the
amorphous regions of the PVOH/salt mixtures.

In this paper we have investigated the influcnce of the degree of hydrolysis, salt
content and the nature of the salt on conductivity in PVOH/lithium sait mixtures.
These results, along with 7Li and 19F NMR relaxation measurements and X-ray
diffraction data, are used to examine the hypotheses outlined above regarding the
nature of the conduction mechanism.

Experimental method

Sample preparation. LiCF3SO3 (Aldrich), LiBF4, and LiClO4 salts were dissolved
in poly(vinyl alcohol}, PVOH. Two polymers were studied with the molecular weight
ranges of 31,000-50,000 g/mol (Aldrich) and 105,600-110.000 g/mol (Aldrich), with
degrees of hydrolysis being 88% and 99.8% respectively. The polymer films were
prepared by dissolving the PVOH and salt in dimethyl sulfoxide (DMSO), (i7g
DMSO/1g PVOH) at 70°C for one hour. The solution was then cast onto a glass plate
and the DMSO removed using a high vacuum pump over a period of |5 hours. The
film was finally dried between two pieces of teflon in a vacuum oven at 50 to 70°C for
approximately 20 hours. The DMSO removal was monitored gravimetrically. The
polymer systems studied consisted of salt 0 polymer weight ratios between 0.25 and

Conductivity measurements. The conductivity of the electrolytes was measured
using a Hewlett Packard 4284A LCR meter in the range 20Hz-IMHz. Disc shaped
samples ~1.5c¢cm in diameter and 0.2mm thick were sandwiched between a pair of
blocking eleclrodes after coauing cach side with a circular gold clectrode by
sputtering. The brass conductivily cell was loaded with the sample in a nitrogen
drybox and sealed 1o prevent moisture ingress during the measurements.

Thermal analysis. Differential scanning calorimeter thermograms were obtained
using a Perkin Elmer DSC7. Samples were encased in Al sample pans and quenched
to liquid nitrogen temperatures prior to heating in the DSC at rates between 10 and
30°Cfmin. Annealing experiments were carcied out by holding the sample in the DSC
at temperatures just below Tg for various periods of time.  After this period of
annealing the sample was cooled and rewarmed to observe the resultant shape of the

glass transition region,

X.ray diffraction. Widec-angle x-ray dif(raction (WAXD) patierns were oblained on
a Scintag PADS instrument in reflection mode with filtered CuKe radiation. The data
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was abtained from 10° through 10 70° with a 0.05° step size at a scanning rate of
2°%/min.

NMR Linewidth measurements. A home built pcrmanent magnet spectremeter
operating at 13.69 MHz was used to measure 190 relaxation times for the PVOH
electrolytes. T; and Ty were obtained using the Inversion-Recovery and Spin-echo
methods respectively at temperatures between -70°C to 20°C.

7Li NMR linewidth mcasurements for the PVOH electrolytes were made using a
modificd Bruker CXP 300 NMR spectrometer operating at 116.6 MHz. A simple one

pulse experiment was used with a pulsc length of 1.51is,  The linewidths were taken at
full width at half maxirmnum (FWHM}) of the peaks betweem -40°C 0 80°C. The onset
of namowing was determined from plotting the magaitude of the linewidth as a
function of temperature.

Results and Discussion

Thermal Analysis and XRD. Figure i(a) shows a typical thermogram for purc
PVOH (99.8%). A weak step in the heat capacity is observed between 60°C and
70°C. To prove that this event is in fact a glass transition, the polymer was annealed
at 60°C for 3 hours. Such annealing produces a characteristic enthalpy overshoot at
ihe glass transition if some non-reversible relaxation process has taken place. This is
often taken as clear indication that a thermal transition is in fact a glass transition.
The second thermogram confirms this hypothesis by showing a substantial enthalpy
overshoot peak after the annealing. In Figure [(b) similar behaviour in a
salclfé:opolymer (88%) system 13 seen, indicating a glass transition temperature around
55°C.
Heating to higher *mperatures showed a broad endotherm around 190°C which
may be the melting transiiion in the semi-crystalline pure polymer. This transition
was nol distinctly obsc-ved in the polymer/salt systems, indicating suppresion of
crystallinity by the salt. This bebaviour is confirmed in Figure 2, which shows the
wide angle X-ray diffraction pattern for the 88% hydrolyzed systems. The pure co-
polymer, which contains no salt but has otherwise been prepared in the same manner,

by casting from DMSO solution, exhibits a clear crystalline dilfraction peak a2t 26 =
20°. This peak corresponds to the 110 reflection arising from the planar zig-zag
configuration of the backbone (/). Addition of salt to this polymer causes a marked
decrease in the intensity of this peak relative to the broad amorphous peak. The
degree of crystallinity in PvOH is well known to be strongly dependent on its thermal
treatment (10,/2-14). Sakurada has found that PYOH cast from solution ts isotropic
with a degree of crystallinity around 15% (70). Peppas and Hansen however show
that solution cast PVOH is 20% crystalline {/2), as does Molyneux (/3). Annealed
(180°C) isotropic PVOH, car have crystalline fractions as high as 75% (Kenny and
Willcockson) (/4). On the basis of these results, the extent of crystallinity in the pure
copolymer sample in Figure 2 is likely to be of the order of 20%. The extent of
crystallinity in the corresponding salt containing system appears 10 be lower than this,
implying that the addition of salt to PVOH does indced supress crystallinity.

Conductivity. Conductivity data as a function of sait content in the PYOH/Li triflatc
sysiem are presented in Figure 3. At all temperatures the conductivity incrcases
sharply with added salt content up to the solubility limit. This behaviour is in marked
contrast 10 the polyether based electrolyte systems where a conductivity maximum is
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observed typically around Imol/kg (= 10% (w/w) in the case of LiCl04). In lact,
there is a suggestion in the low concentration data in Fig. 3 that the conductivity
passes through a minimum. Since pure PYOH is not known to be ion conductive, the
conductivity must therefore exhibit 8 maximum at yet tower concentrations. This data
emphasizes the very much higher salt content of these electrolytes, as compared (o the
traditional polyether systems, and the likelihood of a molten salt like conduction
mechanism,

In Figure 4(a) conductivity data for selected systems are presented as a function
of inverse temperature. Comparison of these results with those in the lilerature for the
88% hydrolyzed PVOH systems reveal some significant differences. The Li triftate
and LiBF4 data are significandy lower than the measurements of Yamamoto et al. (6)
while the LiC104 measurements from the present work are quite simiiar (o the LiBTF4
results of Yamamoto et al. One possible cause of such variations is the extent of
residual DMSO in the sample. Yamamoto et al. quote a value of residuval DMSO of
3.5% (w/w) as obtained by GLC. In our work accurate weight 10ss measurements
have shown that typical residual DMSO content is between 5 and 10%, the higher
DMSO contents being recorded for the higher salt content samples. A determination
of the effect of DMSO content on conductivity shows that the conductivity changes by
approximately one order of magnitude as the DMSO content is reduced from 25% to
~5%. Hence the presence of small amounts of residual DMSO cannot obviously
explain the above discrepancy. The thermal analysis traces of the materials prepared
in this work are also significantly different from those of Yamamoto ef al., who
observed melting transitions around 100°C. The lack of this transition in our samples
suggests morphological differences between samples prepared in this work, which are
possibly the result of i) the molecular weights used, ii) the tacticity of the PVOH
samples, and iii} the precise details of the thermal history of the samples in the final
siages of preparation.

Figure 4(b) compares Li triflate systems based on the homopolymer with those
of the copolymer. At both salt concentrations the copolymer systems are at Icast an
order of magnitude more conductive than the cotresponding homopolymer systems.
This correlates with the higher T, for the homopolymer systems and the TLi NMR
data, as will be discussed further beiow.

The dala in Figure 4 exhibit Arrhenius behaviour in the lower temperature
region well below Ty Near Tyg, all data sets become curved and exhibit decreastng
activation energy. ‘lsablc I summarizes the activation energics oblained trom lincar
fits to the lower temperature regions, as indicated by the lines drawn in the Figure.
These activation energies are notably higher by at least a factor of 2 than polyether
electrolytes of similar conductivity. However, these aclivation energies correspond to
a sub-Ty process. Under similar conditions (ie. below their Tg) polycther electrolytes
are not conductive. A more useful coraparative system Lor these FVOH clectrolytes is
the family of lithium ion conductive ceramics in which facile lithium motion takes
place within a rigid inorganic oxide framework (15). The mechanism in the latter case
1$ thought to be ion hopping between vacant isoenergetic sites. In these systems the
activation energy is typically ~102 k}/mol and corresponds to the energy required to
break the Li* - lattice oxygen bond. In the PVYOH clectrolyte systems described in
ihis work, given that the activation encrgies are obtaiicd below Ty, there must exist a
rigid framework of some sort and E, probably corresponds 1o the breaking of a bond
between the mobile on and this ngid framework,
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Table k. Actlvation energies for lon conduction in PYOH based polymer

electrolytes

Salt Polymer Weight ratio of saltPVOH Eq (kJ/mol)
iCTHS0 PVOH(88%) 1:2 11815
LiBFq PVOH (88%) 1:2 8712
LiClO4 PVOH(88%) ;2 72%2
LiClO4 PVOH(99.8%) 1:2 130+ 6
LiClO4 PVOH(88%) 1:2 7241
LiClO4 PVOH{88%) 1:1 6742
LiCF350) PVOH(88%) 1:1 9612
LiCF3S03 PVOH(88%) 1:2 94+3
LLiCF3SOs PVOH(88%) :4 118+ 5

The activation energy is almost independent of salt content but is higher for the
homopolymer than for the copolymer in the case of the perchlorate systems. This is
consistert with the higher T, observed for the homopolymer based electrolyies and
also their lower room temperature conductivity. The activation energies decrease in
the order CF3S03- > BF4~ > ClO4~ observed (under similar conditions of hydrolysis
and concentration), concomitant with the increase in conductivity as a function of the

anion.

NMR,

Anion mobility by 1F NMR
Figure § presents the 19F temperature dependent Ty relaxation times for various
PVOH/triflate samples. A comparison of polymer type and salt concentration can be
made here. All data pass through a minimum. The position of this minimurmn, in
temperature, relates to the correlation time of the motion responsible for the 19F
relaxation, whilst the magnitude of Ty at the minimum is indicative of the strength of
the interaction governing the relaxation process. As illustrated in Figure 3 at a fixed
salt concentration, '9F relaxation is independent of the degree of hydrolysis of the
polymer. This suggests the fluorincs are unlikely to be relaxing as a result of
polymer-anion interactions. The decrease in Ty at the minimum with increasing salt
confirms that the relaxation is either Li-F or F-F dominated. The shift of the Ty
minimum (o lower temperatures suggests an increase in mobility (probably anion
tumbling) with increasing salt concentration.

The T2 measurements (Figure 6) support the behaviour observed in the Ty data.
Upon the addition of salt, the T2 relaxation times increase suggesting enhanced ion
mobility. I-or the elecirolytes with the same sall concentration, but differing degrees
ol hydrolysis, the T; relaxation times are very similar, [ the anion was dilfusing in
these systems, then it might be expected that the T2 would approach Ty at high
temperatures. According to simple BPP theory. the relaxation times are dependent on
the correlation time, t¢. and the Larmor frequency. wy, (/6) as shown for example in
the tollowing equations:
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These equations show that field components which contribute o the relaxation in T
also affect Ty, but T is also sensitive o static ficlds. It is this static {ield component
which dominates when T3 is considerably smaller than T|. The T3 relaxation times
for these samples are approximately an order of magnitude lower than the T,
relaxation times at corresponding temperatures. Combining this observation with the
lack of any correlation between the 19F Ty and T2 trends and conductivity trends with
salt and polymer type, it is suggested that the anion is unlikely 10 be diffusing in these
systems. Future NMR diffusion measurements will test this hypothesis.

This conclusion is not inconsistent with the dependence of conductivity on anion
type as scen in Figure 4. The influence of an immobile anion on conductivity may be
due 10 the swengib of its interaction with the Li* ion. This is also observed in the
conductivity activation energy data in Table I. The lack of contribution of the anion
to conductivity in these systems is also indicated by the very low conductivity

observed by Yamamoto er al. for PYOH systems containing BugN* Cl10, (Bu =
buiyl); the BugN+* is known to be a large weakly interacting cation. Therefore the
conductivity in these systems does not appear to be due (o anion motion. Comparison
with the BugN+ based system suggests thal Li* ion mobility is chiefly responsible for
the observed conductivity in the Li* based systems of this work. Further evidence for
this is found in the 7Li NMR linewidth measurements discussed below.

Cation mobility by 7Li NMR
The ?i.t NMR linewidith measurements as a lunciion of temperature {or the 99.8%
hydrolysed PYOH:LiCF3S803 = 1 sample are shown in Figure 7. At the lowest
temperatures, the linewidths are broad (~5500 Hz) and the shape of the curve appears
1o be approaching a Gaussian line shape. As the temperature increases, the linewidth
decreases and. al the highest temperature, the lineshape becomes increasingly
Lorentzian.

In Figure 8 the linewidth (FWHM) data arc plotied for several sysiems as a
function of temperature. The two systems based on 99.8% hydrolyzed PVOH show
little dependence of the 7Li linewidth on salt content. The shape of the curve as a
function of lemperatare is characteristic of a system passing out of its low temperature
state in which the Li* ions are effectively immobite. This low temperature behaviour
is termed the rigid lattice limit. With increasing (emperature the line begins to narrow
as a result of increased ion mobility. The high emperature (motionally nacrowed)
limit is sct by the resolution of the spectrometer. [n the case of the 88% hydrolyzed
sample with salt to polymer ratio of 0.5, a rigid lattice limit is not reached over the
temperature range studied. In addition, over this entire temperature range. the lithium
linewidth is always smaller for the copolymer; this also therefore indicating higher
lithium ion mobility.

The linewidth data can be well fitted by the following equation (/9,20):
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where 3@ is the narrowed linewidth, dayp is the rigid lattice tinewidth and ¢ is the
correlation time related to diffusional motion. The correlation time is assumed o
show an Arrhenius temperature dependence

T, = ToEXp (-—E')
¢ 0
kT

The activation energies obtained from these {its are also shown in Table IL.

Table II. NMR ion mobility parameters

Salt/PVOH systems Onset of t{7Li) Activati I9F T Acrivati
; ; . o{/Li) Activation 12 Activation
(degree of hydrolysis}  Narrowing/K energy/id mol-! energy A&t mol-!

1:1 (88%) 21412 19.740.7 287401
1:2 (99.8%) 24442 18.6+1.2 23.8+0.1
1:1 (99.8%) 260£2 23.8%1.1 23.8+0.1
1:2 (88%) - - 29.7+0.1

For the same salt concentration, the activation energy for lithium ion mobility (as

given by 1) is lower in the case of 88% hydrolyzed PYQH.

The onset of line narrowing can be estimated from these linewidth curves (see
Table 11). The higher salt content, higher degree of hydrolysis samples give the
highest onset temperature. Given that the rigid lattice limit has not been reached in
the case of the copolymer sample, an approximate onset temperature has been
determined by assuming the rigid lattice is approximaltely 6000Hz. This data clearly
shows the higher lithium ion mobility in the case of the copolymer. Ii is interesting to
note that the onset of motional narrowing occurs al temperatures at least 70°C below
T, as determined from thermal analysis. This is in stark contrast to polyether and
oﬁwr polymer electrolytes where motional narrowing appears closely linked to T,
(17.18). It is also of interest to observe that higher conductivities are measured in
samples based on the 88% hydrolyzed PVOH polymer. consistent with the higher
lithium ion mobility indicated by 7Li NMR (in contrast to the ¥9F relaxation data).
However, in comparing the tlemperature dependence of the linewidths for the 99.8%
hydrolyzed PVOH with different sait concentrations, it appears that the higher sall
content resaits in a slightly decreased lithium ion mobility. This is in contrast (o the
increased ionic conductivity. Since conductivity is related 10 the number of charge

carriers (n;) and their mobility (u;) by the cquation ¢ = Zn M, (where gi=charge),
the increased conductivity for the higher salt conteat is ap'parcnuy the resuolt chiefly of

an increase in the number of charge carriers. The contributions of H*, Lit and anion
to conductivity will be clarified in the near future by diffusion measurements.
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Conclustons

The work reporied here on poly(vinyl alcohol) electrolytes shows that the materials
are mainly amorphous with Tg around 50-70°C and conductivity at room temperature
as high as 10-4 S/cm. 19F NMR relaxation measurements are consisient with the
hypothesis that the anion, or at least the triflate anion, is not significantly mobile
below Ty, TLi NMR linewidih measurements indicate, however, that the lithium ion
only approaches its rigid lattice linewidth at ca. 250K. Above this temperature the 7Li
line is motionally narrowed, consistent with either mobile 7Li ions or motion of some
other species in the vicinity of the Liion. This NMR evidence, plus the observation
that tetrabutylammonium analogues of these systems show only very low
conductivity, are all consistent with the hypothesis that the liihium ion is the chief
conducting species in these systems below Ty, The observation of high ionic mobility
below Ty is a commor phenomenon in the so called fast ion conducting glasses and
cerarmcs To our knowledge this is the first observation of such fast ion conducting
behaviour in a polymeric system. The observation of fast ion conduction in this
polymer system may reflect the high solubility of the lithtum salts in the systems due
to the hydroxy groups in the polymer chain. This high solubility results in a medium
which has more in common with a molten sait system than traditional polycther bascd
electrolytes. The faci that the 88% PVOH has a higher conductivity than the 99%
hydrolysed PVOH suggesis that the polymer is not irrelevant in the conduction
process. The room lemperature activation energies for conduction in these systems is
high compared to other polymer electrolytes and is a strong function of the anios,
suggesting an anion-cation band breaking step in the overall conduction.

Literature Cited

}.  Gray, F.M. Solid Polymer Electrolytes, VCH Publishers Inc. New York (1991).

2. (a) Bishop, A.G.; MacFarlane, D.R.; McNaughion, D.; Forsyth, M. J. Phys.
Chem. 1996, 100, 2237.
{b) Bishop, A.G.; Maclarlane, D.R.; Forsyth, submiued to Electrochemica
Acta.

3. Waranabe, M., Oohashi, S., Sanui, K., Ogata, N., Kobayashi, T. and Ohtaki. 7.,

Macromolecules 1985, 18, 1945.

Sun, J.: MacFarlane, D.R.; Forsyth, M. Solid State lonics 1996, 85, 137.

Every, HA.; Zhou, F.; Forsyth, M.. MacFarlane, D.R. submitted to

Lilectrochemica Acia.

Yamamoto, T.; Inami, M.; Kanbara. T. Chem. Mater. 1994, 6. 44.

Kanbara, T.; Inami, M., Yamamoto, T.; Nishikata. A., Tsuru. T.; Walanabe, M.:

Ogata, N. Chem. Lett. 1989. 1913.

Mactarlane, D.R.; Sun, J.; Meakin. P.; Fasoulopoulos. P.: Hey, 1.; lForsyth, M.

Rosatie, IM. Electrochemica Acta 1995, 40, 2131-2136.

9. MacFarlane, D.R.; Sun, J.; Forsyth, M.; Bell, J.M.; Evans, 1..A.; Skyrabin, LI
Solid State lonics 1996, 86-88, 959-964.

10, Sakurada, 1. "Polyvinyl Alcohol Libres, Iniemational fibre scicnes and
icchnology series, 6™ New York, Marcel Dekker, [nc, (1985).
Hodge, RM.; Lidward, G.H.; Simon, G.P. Polymer 1996, 8, [371.

. Peppas, N.A; Hansen, P.J. J. Appl. Polvm. Sci. 1982, 27 . 9787.

13. Molyneux, P. "Nonionic polymers - The vinyl group” Chapier 4 in "Water-
soluble synthetic polymers” Vol. | CRC Press, Florida USA, p.119-i31 (1983).

(4. Kenney, LIS Wileeckson, G.W. J. Polym. Sci. A-1 1966, 4, 679,

bl

e

=]




ot

M e 4 o e

:
i
i
.i.
.
1}
!
H
[4
i
|
i
i

15. {(a} H. Aono, E. Sugimolo, Y. Sadaoka, N. Imanaka and G.-Y. Adachi, J.
Electrochem. Soc. 1990, /37, 1023. (b) H. Aono, E. Sugimoto, Y. Sadaocka, N.
imanaka and G.-Y. Adachi, J. Electrochem. Soc. 1989, 136, 590.

16. TFukushima, L.; Roeder, S.B.W. "Experimental Puisc NMR: A nuts and bolts
approach” Addison-Wesley Publishing Co., inc. Reading, Massachusetis (1981).

17. Chung, S.H.; Jelfrey, K.R.; Stevens, J.R. J. Chem. Phys. 1991, 97, 1803.

18. Stallworth, P.LE.; Greenbaum, S.G.; Croce, I.; Slane, S.; Solomon, M.
Electrochim, Acta 1995, 40, 2137.

19, Bloembergen, N.; Purcell, E.M.; Pound, R.V. Phys. Rev. 1948, 73, 679.

20. A. Abragam, "The Principles of Nuclcar Magnetism” Oxford University Press
(1901). p.456.

Note added in Proof:

One of the referees points out that the degree of hydrolysis of polyvinylacetate
directly influences the free volume as measured by PALS. This is consistent with a
lower T, for the 88% hydrolysed polymer and the corresponding higher conductivitics
measured in this copolymer.

(R.M. Hodge, T.J. Bastow and A.J. Hill. , roceedings of 10th IAPRI conference on
Packaging, Melboume, March 24-27, 1997)
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Ion diffusion in molten salt mixtures
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Abstract

The molten salts, {-methyl.3-ethylimidazolium trifluoromethanesullonate (triflate salt, MeEdmTH and 1-methyl,3-
ethylimidazolium bis(triflucromethanesullonimide) (imide salt, MeEUmNTI(,} are colourless ionic liquids with con-
ductivitics of the order of 1072 S em ™' at room temperature, DSC measurements revealed subambient melting and
glass transition temperatures. Analysis of the anion and cation diffusion coefficients suggested that the cation was the
dominaat charge carrier and that the motion was larpely independent ol the anion. Haven ratios (#gs) of | and 1.6
were determined for the imide and triflate salts, respectively, at 30°C (303 K). Values greater than one imply some
degree of ionic association, suggesting that aggregation is present in the triflate satt. Mixing of the sahs to form binary
systems resulted in enhanced conductivities which deviated from a simple law of mixtures. Thermal analysts showed
no evidence of a melting point with ealy a glass transition observed. Corresponding diffusion measwrements for the
Binaries appeared to show a weighted average of the diffusion coeflicients of the pure compenents. The increased
conductivily can be attributed to an increase in the number of charge earriers as a result of decreased 10on association
it the binary. © 2000 Clsevier Science Lid. Al rights reserved.

Keyworids: Dialkylimidazolivum molten salts: Tonic conductivity; DifTusion; Binary systems: Transpost mechanisms

molien silts could be utilised as the electrolyte solvemt
only or also be involved i the redox wmediation pro-
cesses. The plusical propertics wiich make the systems
attractive in such rofes are their large clectrochenucal
windows and high conductivitics. exeellent thermal and

i. Introdoction

Molten salts are the most concentrated clectrolylic
Auids, possessing a high number of charge carriers per
unit volume. When these charge carriers are mobile,

very high conductivities are possible. Interest in this chemical stability. negligible vapour pressure at cele-
ficld of research has increased since the discovery by vated temperatures and miscibality o diverse range of
Wilkes et al. in 1982 [1j of & mollen sult which was solveats [X-3).

liguid over a wide range of compositions and (o lem- The hatoalumanate | 3-dipikvindazoliom  binary
peratures as low as - 95°C. lonic liquids are being molten salt systems have been extensively studied Yor
mvestignted for many applications inctuding electro- aniny applications due to their relatve case of prepara-
plating, batteries. clectrochemicad capacitors and pho- tion, wide elecirochemival windows, high conductivitics
toclectrochemical (PLC) cells. In PEC cell applications, and interesting acid‘base properties {1 L6 9). The sen-

sitivity of  dialkyhondazolium  tewahaloaluminates o

oo +- * T ", [3 e - M ~elle -
* Corresponding suthor. Teh: + 61-3.9905-4599: fiux: 4 61 water hd.:. prectuded lhl.‘m from use in PEC cells. I"‘hc.
1.0005-4597. abtiity of MeEtlm ' to form ambient molten salts with

Eamait wieess: ([ AC 1 367) ABr [89] and CuCly 10 is due to

{D.R. MacFirline} the anion cation interactions. Thus, anon substitution

001 1468600 5 - see lmoat matwer < 2000 Eisevier Science Lid, Al ciglns reserved.
Pl SU0LX-A6R6(99100112 |
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nity dead 10 ambient tempeviture melten salts with no
metal component.

Melting points g oaic liguids are determined by
ionie shapes wnd interacocns, The energy clunge asso-
viited with mehing is denunated by the eatropy change
from the ordered Lattice 10 jome ligul. Accordingly.
room emperitture {F10) molten salts often contain soll.
visyounetrical ions which ddeally possess infen sl de-
rees ol retational Freedom which can become active in
1he higuad stae,

Thix stedy reports the conductivity. difTusion aind
thermal behaviour ol 1wo hyedrophobic dindkylimida-
soliam <alis and ther binaty nuxtures. Enhanced con-
dJuctivities were observed upen mixing the 1wo salts,
However. analysis of the diffusion coelfivients in the
ey systems did not show any increase in the ionic
muobility. The influence of charge cierier concentration
un the binary conductivities was therefore investigated
through the calculation of the Haven ratio (M)

2. Experimental

20 Swmple prepararion

The preparation ol F-methyk 3-cthylimidazolium rifl-
voromethaneswlfonate {triflate salt, McEUmTE and I-
methyl 3-ethylimidazolium  bisttrfluoromethanesulfon-
imide} Omude saft, MeEUmNTIL) was based on the
method reporied by Witkes et al. [1.8) Sadted we water
wits pumped through the reflux condenser (o Tacilitate
these reactions at atmospheric pressure. Binary systems
of the McEUmTl and MeEUmNTIL were prepared
sigichiometrically and reported here as mole fractions
of the triflate sall. The structure of the salts 15 shown
below, where X is cither CIF,S0, or N{CF \S0,), .

220 Thermal anafvsiy

Thermut transitions were measared using a Perkin
Ehner dillerential scanmatng calortieter (DSC-7). The
head was cooled with hguid nitrogen and the measure-
moents scied at 20°C min ' over o iemperatlure roge
ol = 120000 H0PC (133 373 K). Calibration wars per-
Foremed with a cyclohexane standard. The vidues re-
ported are reproducibie witlun 100,
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23 Conductivisy measurentents

A mivra-conductivity probe was constructed with 1.7
mun dinmeter phatinim wire electrodes encased in a
50 x M) mm glass tube. The wires were blackened by
bulk electrelysis in a 50 mM selution of chloroplatanic
acid in 2 M HCL Elccirolysis was performed at a
current densily ¢, 200 mA cm 7 oagainst a phdinum
wire anode, until the clecirodes were visibly blackened
t5 10 wmin per electrode). The cell constant was deler-
mined in agueous KCY o beca. 500m Y Conduclivity
was measured between 0 and 130°C (273 403 K) lor
the pure salts and at 90°C (363 K) for the binary
systems via AC impedance. Impedance measurements
were performed in the frequency range 20 Hz 10 | MHz
using a Hewleu- Packard 4284 Precision LCR meter.
and in the frequency range 100 kHz to 13 MHz using o
Hewletr Packard 4199A LT impedance analyser. The
conductivity data was fitted with the Arrhenius equa-
tion. as described by

oo (- *‘«) |
a=g,exp iT ()
where a4, is the hmiting conductivity, £, is the activa-
tion energy and K is the gas constant.

2.4 Density measurenents

Density measurements were performed in a nitrogen
filed dry box by weighing 2.00 ml sliquots on a four-
figure balance. The densities of the pure salts were
determined a1 r.t. and used o caleulae the molar
volumes and equivalent conductivities for the ionic
liguijds.

2.5, Diffusion measurements

Temperature dependent dilfusion coclficients lor the
ciation (') and the anion (P*F) were characterised
using the Iringe ficld NMR 1echnigue on a modificd
Bruker CXP300. The probe was positioned 24.5 cm
from the centre of the magnet which corresponds to a
hictd strength of 272 T (116 MHz for protons and
10913 MHz for Tluorine). The magnetic field gradient
(G) of 468 T m ' was culibrated with H,0 (P =
INYx 0 " w s P ad 35°C [T A spin-echo pulse
sequence (r/2-r-r-r) wus used with & 2/2 pulse dength
of 2.1 and 2.2 ps for protons and fluorine, respectively.
The ccho altenuation was fitted with the lollowing
equanion |12}

A2 2
::{(:)) = ¢ap ( -3 PG Dy ‘) {2)

where A is the echo amplitude, ¢ is the gyromagnetic
ritio, & s the strength of the magnetic tield gradiemt, )
15 the deffusion coclficient and r s the vanable delay
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Fig. 1. Conductivity for McEHmNTY, and McEdmTE fitied
with the Arrhenius cquation (Eq. (1)),

Table |

Activation energies (£,) from Archenius iits of the conductiv-
ity and diffusion data

Sali E,, tkimol "

E,; (kS mol ")

MeEImTl 159+ 1.0 Catwon 238 +04
{R =09934} {R = 09980}

Anion 4.9 249
{R=099T1

MeEUmNT{, 140410 Calion 249 +1.1
' (R = 0.9996) (R =1.9960)

Anion 222+ 1.7

(R =09747)

time in the spin-echo sequence, It is important to note

that the fringe field dilfusion technique only gives an
average dilTfusion coeflicient for all protons or Nuorines
within the sumple and can not distinguish charged from
unchirged species. The dilTusion cocflicients were mea-
sured over # temperature range 30 -130°C (301-403 K)
and fitted with the Arrhenius equation below

- E
D = D" CKP (R_T_“) ‘3)

where, in this case, D, is the limiting diffusion.

3. Roesults and discussion
3. 1. Pure molten salts

The imide and the triflate salis are both colourless
liquids at r.t. DSC measurements revealed two thermal
transitions for each salt; glass transitions at - 98 and
—93°C and melting (ransitions al — 15 and - 18°C for
MeEUmTl and MeEUImNTY,, respectively. The con-
ductivities of the two salts arc almost identical over the
temperature range stedied (Fig. 1). The emperalure
dependence of conductivity for the imide and trifiate
salts obeyed the Arrhenius equation (Eq. (1)) above 40
and 45°C. respectively. However, the observed curved
nature of the conductivity in the triflate salt could also
reflect Vogel-Tamman - Fulcher behaviour {13]. The
conductivity activation cnergies determined fram the
Arrhentus fits are presented in Table L. Comparison
with the conductivily activation energics (£)) deter-
mined for other MeEtlm * salts {14), showed that £, lor
the ionic liquids lie within two standard deviations of
cach other. This, along with the fact that conductivity
depends strongly on cution size {5} suggests that the
cation may dominate conduction in these systems,

T

T T T T T T

s N - - == |H McEtlmNTI2
IH MeE(lenT0
&+ |9F McEAIMNT 2
-8 19F McEHlmTF . ==
j [0-30
_.Ul
g
[#]
o 1 |
gw"
610"
110" N
O
(a) o M)
24 26 18 3 T YR 29 31 X

1000K/T

1O0OKIT

Fig. 2. Arthenius fits (Eg. (31 ol Jqe diffusion emperature dependence Sor () MeBUm T and (b B ieldmNTT
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lonie dilTusion coefficients were measured to charac-
terise the conduction mechamsm in these salts above
WPC. Fig. 2 shows temperaluie dependence ol ihe
anion and cation difTusion coellicients. The data have
afse been fitted with the Archenius equation (Eq. (1))
for vomparison to the conductivity data. The activation
energics observed for the diffusion coelicients are con-
siderably different te the activation enerpies for con-
ductivity (Tubie 1). This 1s semewhat unexpected since
NMR based measurements usually result in lower acti-
vation energies {13}

For the MeEtmTT salt (I, 2(:0), (he cation dJitTu-
sion coelficients are aboul 3% greaster than those of
the anion. The activation encrgics. however. are almost
the sime within error (Toable 13 In the McEOmNTY,
sali. both ions have similar diffusion coefficicnts (Fig.
2(bp at lower temperaturcs. bt the anion has a slightfy
lower activation energy {Table 1). The transport mecha-
nisms for the cation would appear to be rather similar
in both ol the salts. it would also seem that this motion
ts largely independent of the anton. This concurs with
the conductivity data and is also strong evidence for the
cition being the more dominant conducting species.

A crude transport number can be cateulaed from the
diffusion data using the lollowing equiation [16].

1 = Denon (P ion + Panon) (4

This equation assumes that only the jonic species ¢on-
tribute 10 the measured diffusion coelficients. It must be
recalled, however, the fringe field method for measuring
dilfusion cannot disiinguish between charged and un-
charged species and it is an average diffusion coclficienm
for all species which is oblained. I one assumes thal
these systems are fully dissoctated, the transport num-
ber for the cation in the triflate salt was approximately
0.6 over the whole temperature range. For the imide
silt. the cationic transport numbers increased {rom 0.5
1o 0.6 over the temperature range studied. This analysis
suggests that the anion and cation contribute 16 charge
wransport (o a similar cxient in both saits, although the
citlion is shightly more dominam in the riflate saly,

A comparison of the dilfusion dita to the conductiv.
ity dlata can be made using the #, [16).

He = Danan! D, (5)

The £, term is calculated Trom the Nernst  Einstein

cqtution
kT8,

= {6)

n,
("N,\

where & s the Boltzmann constamt, T is wemperature,
A 15 the equivalent conductivity, ¢ is the e¢lectron
charge and M, is the Avogadro constamt. For o com-
pletely dissoctated system where alt the tons are in-
volved in conductivity, the H, will be 1. Any value
greater than one implies that there s some degree of
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ionic association, s of L6 and 1.0 were caleulivted at
0°C (303 Ky for McEJmT and McEdmNTT, respece-
tively. 1t can be concluded that there are anly weak
ionie interactions in the imide salt (equrvadent 10 tonic
dissociition). buat stronger interactions. resulling in
Fonic aggregation, in the triflate sl Since the negative
charge on the imide anion is more difTuse in compari-
son with the triflate anion [17), weaker interactions
could be expected.

3.2 Binary systems of MeEtnTf and MeEtmNTY,

Binirry solutions of MeEtImTl and MeEtImNTY,
were anilysed Tor various mole Tractions of McEtlmTY
Whereus the pure components showed o gliss transition
and o meling transition. only a glass transition  was
ubserved for the binary mixtures. Single gluss transition
temperdatures were observed for all the binary nixtures
and were o weighted average of the glass transition
temperatures for the pure components. The presence of
only one glass transition is indicative of sin intimately
maxed solution.

The conduciivity data for the binary sysiems is
showp in Fig. 3a). Al measurements were made at
90°C (363 K). In companson to the pure components,
the binary muxtures show a substantially higher conduc-
tivity. This behaviour deviates considerably from what
would be expected from the law of mixtures, which is
indicated by the dashed line. For such conductivity
enhancement (o occur, there must be an increase in the
ion mobilily and/or the number of charge carriers, as
inplied by the following equation

6=} 44 N

where # 15 the aumber of charge carriers of type i, ¢ is
the charge and g is the mobility of each species. Analy-
sts of the diffusion coclficients in these binary systems
however {Fig. 3(b)}. shows thal there is no appreciable
deviation from a simple Jaw ol mixing and the cation
exhibits higher diffusion coefficients. regardless of Lhe
binary composition. Consequently, it wouhl) wppear
that enhancement of tonic mobility is not responsible
for the increase in conductivity observed upon the
formation of o biniry system.

The improvement of the absolute conductivity may
therefore be due (o an increase in charge carries con-
contration, In the case of (ully dissocincd mohien salis,
this would have 1o invelve o volume contraction upon
miximp, which could be confirmed by measuring the
density, However, densty measurements for the binary
samples indicate that this does not occur and o linear
relationship due to additivity was observed [14].

Alernatively, we can consider the elfect of mixing on
the association equilibria that may exast in a0 50 mol%,
mixture ol the salts,
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Fig. 3. {a} Conductivity. (b) diltusion and {c} Ff, w1 90°C as
function of binary composition. The dashed line in {4} shows

the epnductivity behaviour expected from a sienple Jow of

MRLres.

MeEtm® + Tf - == (MeEUmTh,,.
MeEtlm ' + NT(, = (MeEUmNT,,

where (MeEtImTH,, indicates an associated species in
the mixture, and note that the cation concentration is
unchanged. while that of the each amon s halved al
this concentration. This decreise in anion concentration
will shift the equilibria from associstion 1owards disso-
ciation, thereby increasing the overall nember of ons
within the system. The degree of association in the
binary systems is reflected in the £, and therefore con
be dtustrated by calculating the vatue of #y for the
binary compositions, In order 1o calenlate £, (Eq. (6D,
it was assumed that the density of the salt at 90°C
would decrease by ca. W trom the e, values [18] and
that the law of mixing applies 1o the density values at

90°C, as it docs at 30°C. The relationship between the
Hy thus obtiined and composition (Fig. Meh) shows
clearly that association in the binary systems has been
suppressed. relative to the pure components. Notably,
the highest aggregation occurs in the pure wriflate sals;
the addition of even a small mole fraction of the imide
component resulls in & marked decrease in ion associa-
tions. Whether this is solcly the consequence of triflawe
salt equilibrivm being highly concentration dependent
or an elfect specilic to the imide ion will require further
investigation. Tt is clear however, the cffective increase
in the number of conductive species can accouni for the
rise in conductivity observed in the binary mixtuies.

4, Conclusion

The characterisation of transport propertics lor the
molten salts McEtUmTI and MeEtImNTSf, has been
reporied here. The pure salis exhibited ulmost identical
subambient melting and glass transition temperalures,
aleng with similar conductivities over & wide temperi-
ture range. The conductivity behaviour was adequately
modelled using the Arrhenius equation over moslt of the
temperature range studied. Measurement of the ionic
diffusion coefficients showed similar dilfusive behaviour
for the cations with slightly slower anionic dilfusion.
Calculation of the cationic transport numbers suggested
thal the cation contribuied to a greater extent to con-
duction in McEUmTE. Comparison of the conductivity
data and the difTusion dati through the f, supgesied
that the imide salt was fully dissociated (f, = 1) but
that slronger tenic tnteractions are present in the triflate
salt (M, = 1.6}

In the binary systems. the melting point was sup-
pressed with 7, being a waighted average ol those for
the pure salts. The conductivities were found 1o have
positive deviation from addilivity, Analysis of the difTu-
sion coefficients in the binary systems however, showed
no such enbancement in the moebility. From tw caleeda-
uon of the My a1l 90°C, i is concluded that the in-
creased conductivity in the binary mixiures is the result
of decreased 10n associ.adon.
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ADDENDUM

p 4, para 3: Comment: In comparing Equation 1-1 and Equation 1-2, # is equal to ¢, q

is the same for both equations and z is equai to Dg/kT.

p 42, Equation 2-29: Comment: In this equation, n indicates the quantum coherence.
If n equals 1, then this implies single guantum coherence.

p 90: Comment: Ty was taken to be T,-50K. The glass transition temperatures for
these salts were either determined directly from DSC analysis or calculated from the
DSC melting points (where T, is 2/3 of the melting temperature).

p 110, para 1: Comment: According to either the free volume or configurational
entropy theories (refer to p88-89), as a sample is cooled down to the ideal glass
transition temperature {7y taken to be T,-50K), the free volume or configurational
entropy of the system tends towards zero. Given the relationship between viscosity
and/or diffusion and the free volume (or configurational entropy), it is expected that
these properties will also tend towards zero as Ty is approached.

p 160, para 1: Comment: Although it was assumed that the liquid state diffusion
would dominate the diffusion measurement, it is apparent that high diffusion can also
occur In the solid state. Changing the echo time In the PFG experiment may have
allowed us to distinguish between the solid and liquid state diffusion process. In this
work, however, the availability of the PFG instrumentation was limited while the FFG
method does not enable such differentiation. Future work with PFG will address this
issue.

p 163, para 2: Comment: The increase in intensity for 33.3mol% LiNTf/PpNTH; is
reasonably rapid, but not as sudden as for pure P;;NTf2. The other three compositions
(0.9, 4.7 and 45.5mol% LiNTL;), however, show a reasonably gradual increase in
intensity. For these materials, over a certain temperature range, both solid a4 liquid
coexist in equilibrium, which 1s thought to lead to the gradual increase in signal
intensity and can possibly be explained by the Lever rule. For the pure P12NTH; and
33.3mol% LiINTf; samples, there is no lemperature range where both the solid and
liquid phases coexist. Thus a gradual increase in intensity as a result of the increasing
proportion of the liquid component is not necessarily expected.

In response to examiner's comment: The salts analysed in this work were used as
obtained from colleagues in the Department of Chemisiry at Monash University. Salt

purity was checked by-solution NMR, Electrospray Mass Spectroscopy and, in some
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instances, chemical analysis. P2NTf; was separated from the solvent as a solid
before being fillered and washed with water and rigorously dricd under vacuum.
Solid MeRImX salts were recrystallised from ethanol (or another suitable organic
solvent). Molten MeRImX salis were washed with water or an organic solvent
(depending on the degree of hydrophobicity of the salt) followed by rigorous drying
under vacuum for at least 24 hours. The preparation and purification were generally
performed as discussed in Wilkes J.S. ef af, Inorg. Chem. 1982, 21, 1263-1264 and
Boon LA, et al, ). Electrochem. Soc. 1991, 138 465-469,

In response to examiner's comment: The following graph is an example of fringe

field diffusion data fitted with Equation 2-32.
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