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Ionic liquids (ILs) are promising next-generation electrolytes
featuring negligible vapour pressures, high thermal and electrochemical
stability, and high ionic conductivities. Supporting ILs with a polymer matrix
to form solid-state ionogels can yield safer electrolytes that prevent IL
leakage. It is presently accepted that some fraction of the ions comprising an
IL are not fully dissociated, and thus unable to migrate freely in an electric
field. In this work, zwitterions were used to promote ion pair dissociation in
a well-studied hydrophobic IL with the goal of obtaining a novel class of
ionogels. Zwitterion-containing ionogels were successfully synthesised using
two different zwitterionic molecules, one of which was polymerisable.
Compression testing led to observations of increased elastic moduli with
increasing zwitterionic content, indicating the presence of ordered
zwitterionic domains. The non-polymerisable zwitterion-containing ionogels
exhibited tunable mechanical properties and moderate ionic conductivities;
the polymerised zwitterion-containing ionogels displayed even more
promising results. Remarkably, increasing zwitterion concentration for fixed
total polymer content resulted in nearly equivalent ionic conductivity in spite
of increased elastic modulus. Evidence for enhanced ion dissociation due to
strong charge-dipole interactions between the IL ions and zwitterionic
molecules was observed. Cyclic voltammetry testing showed that the
electrochemical stability of the zwitterion-containing ionogels was
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essentially unchanged from that of the neat IL. Additionally, zwitterioncontaining ionogels exhibited high thermal stability, up to 310 o C .
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Zwitterion-Containing Ionogel
Electrolytes
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1.1

Motivations
The concept of energy storage has been one of the biggest drivers and

challenges of technological progress. Our ability to advance current
technologies is limited by our inability to generate and store vast quantities
of energy. With human development reaching for new heights in space
exploration, industrial output, and data storage, global energy demands are
ever increasing.1, 2 Furthermore, the shift in world culture toward energy
production and the sustainability of the environment has necessitated the
transition from fossil fuels to more renewable forms of energy.3
Alternative forms of energy, while greatly reducing carbon emissions,
require the development of more advanced forms of energy storage, due to
the sporadic nature of the renewable energy collection systems.4 Electrical
energy storage, in particular, has emerged as an especially important field of
study due to the necessity of storing energy from renewable sources and
converting it to electrical energy when needed. This prevents instability
within the grid and ensures a constant supply of electricity despite
inconsistencies in the supply of renewable energy.4 Thus far, advanced
electrical energy storage systems have allowed for the development of
hybrid vehicles, high-performance portable smartphones and constantly
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shrinking devices, such as the Apple Watch and Google Glass, as well as
numerous aerospace applications.5
Increases in world population also place a larger burden on energy
requirements in order to maintain current lifestyles.2, 3, 6 As solar and wind
energy resources become more popular alternatives to fossil fuels,
developing efficient and sustainable energy storage technologies becomes
imperative. Electrochemical energy storage techniques have been marked by
the field as having the potential for great impact in the device industry,
resulting in the manufacture of smaller, portable, and even flexible products.
Creating lithium metal batteries that can avoid dendrite growth, or
supercapacitors with optimised energy and power densities whilst
maintaining good mechanical properties will allow for further advancements
on the technology platform. With new research in electrochemical energy
storage evolving every day, progress in space exploration and global
connectivity become sure possibilities.
While electrochemical energy storage is a very broad field, there has
been substantial research concerning the use of ionic liquids (ILs) –room
temperature molten salts- as electrolytes in supercapacitors.6-8 There has
also been some research conducted showing the use of zwitterions as
additives to primarily ionic liquid-lithium salt mixtures for lithium ion
battery applications.9-12 Few publications have delved into the use of
zwitterions in a pure ionic liquid (or gel) system, however. Furthermore, the
2

nature of the interactions between the ionic liquids and the zwitterionic
additives have not been fully characterised to date. Thus, there is a need for a
comprehensive evaluation of the incorporation of zwitterions in ionic liquids
for energy storage applications.

1.2
1.2.1

The State of the Art in the Field of Ionogel Electrolytes
How Ionogels Are Made
Ionic liquids have gained traction in the field of electrochemical

energy storage, primarily due to their negligible vapour pressure and their
wide electrochemical window.8, 13-16 Recently, the field has looked to address
the challenge of creating a solid device containing ionic liquids while
maintaining the promising properties of these materials. Immobilising the
ionic liquid in a solid-state structure is an important problem to solve as it
has great potential to advance the field of flexible and safe electronics.
Ionogels fall under two different classes of gel: physical, or chemical. A
physical gel is held together through a three-dimensional network of weak
interactions which include Van der Waals forces, London forces, hydrogen
bonding, and dipole-dipole interactions, to name a few.16 Conversely,
chemical gels are supported by a covalently bonded scaffold or matrix.
Often, physical gels are formed through the addition of low molecular
weight gelators, inorganic nanoparticles, carbon nanotubes, or physically
entangled polymers. Low molecular weight gelators are organic compounds
3

that can form aggregates in a solvent through molecular stacking, or other
reversible interactions. The network formed by molecular aggregation
eventually leads to the gelation of the ionic liquid.17 Low molecular weight
gelators are usually added to a liquid in small quantities. Upon dissolution of
the organic molecules in the liquid at high temperatures, the solution is
cooled which induces gelation. Organic gelators have been shown to
successfully gel ionic liquids while allowing for a high thermal stability and a
wide electrochemical window.16-18 Where gels formed using low molecular
weight gelators fall short, however, is in their mechanical properties. Gels
formed in this manner tend to be more akin to viscous liquids, pastes, or
slurries than palpable solids.
Nanoparticles may also be used as fillers in ionic liquids to immobilise
the liquid and prevent the leakage of devices. Inorganic nanoparticles may be
incorporated into a gel in two ways. The first method is the simple addition
of particles such as silica or alumina directly into the liquid to form a
suspension which prevents liquid flow. The second method by which
nanoparticles may be added is via the sol-gel reaction to form silica
nanoparticle derivatives in-situ.19 One advantage of using a nanoparticle gel
matrix is that only a small percentage of the gel structure by mass is nonconductive. This allows for the retention of high ionic conductivities while
also ensuring that the resulting gel is mechanically compliant.19, 20
Additionally ionogels confined by a nanoparticle matrix have very high
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thermal stabilities as the nanoparticles are often more thermally stable than
the ionic liquid.
In addition to nanoparticles and small organic molecules, polymers
are a viable option for gelation when added to an ionic liquid. Incorporating a
polymer into an ionic liquid to form an ionogel causes the gel composite to
exhibit properties from both the polymeric compound and the ionic liquid.
So, the overall properties of the composite material may be tuned by using an
apt ionic liquid for the desired application, as well as a suitable polymer.
One method by which ionic liquid gels may be formed is IL uptake in a
polymer scaffold or membrane.16, 21-23 To achieve this, polymer films are
primarily solution cast, whereupon, they are immersed in ionic liquids for a
specified period of time.21, 22 Ionic liquids have been shown to modify the
properties of polymers as they can act as plasticisers, lowering the glass
transition temperature, Tg, or may affect the morphology of the film or
membrane.23, 24
Polymer-based ionogels may also be fabricated by mixing a prepared
polymer with an ionic liquid and a cosolvent which is then evaporated
slowly.16, 23, 25-27 Alternatively, monomers with a single polymerisable group
may be polymerised in-situ, using the ionic liquid as the solvent.16, 23 The
resulting gels are held together through the physical entanglement of the
polymer chains, as opposed to chemical cross-links. In addition to physical
entanglement, polymers like poly(ethylene oxide) (PEO) are crystalline and
5

can form a matrix through stacking of the ether groups which leads to
increased mechanical stability, albeit decreased ionic conductivity due to
slower ion transport.28
Chemically cross-linked gels may be attained through the addition of a
chemical cross-linker such as pentaerythritol tetraacrylate (PETA-4), Figure
1.5c in Section 1.4. The four functional groups in PETA-4 allow multiple
chains to be covalently linked together in the overall scaffold. In the case of
polymer-supported ionogel electrolytes, the polymer architecture may affect
the mechanical properties of the gel composite, causing it to be elastic and
flexible, or glassy and brittle, depending on the polymer used. In addition, the
cross-link density may greatly influence the stiffness and elasticity of the
resulting material.
In many cases, chemically cross-linked polymers are formulated insitu. The monomers (predominantly acrylate, methacrylate, or vinylfunctionalised) are added to the ionic liquid directly and then polymerised
using thermal or photoinitiators in a free-radical polymerisation reaction.2931

Aside from free-radical polymerisation, ionic liquids have been

successfully employed as solvents in reversible addition fragmentation
transfer (RAFT) polymerisation, atom transfer radical polymerisation
(ATRP), and reverse ATRP of styrene and acrylate monomers.29, 32-34
Due to their tunability, ionic liquids may be designed to solvate many
different materials including (incredibly) cellulose.7, 15 One of the major
6

challenges associated with creating cross-linked polymer gels, however, is
the solubility or miscibility of monomers and their polymers in ionic liquids.
Due to the myriad of ionic liquids available, solubility trends in ionic liquid
solvents cannot be painted with a single brush.
Generally, composite gel electrolytes containing ionic liquids and
polymers can be thought of as salt-in-polymer, or polymer-in-salt
materials.35 It is not yet understood whether polymer-IL composites can be
considered to be homogeneous materials, or should be viewed as a polymer
scaffold with distinct ionic liquid domains. In any case, high conductivity
materials can be produced by combining ionic liquids and polymers.
Watanabe has previously ascribed this result to the plasticisation of the
polymer by the ionic liquid.35, 36 So, not only does the ionic liquid introduce
charge carriers into the system, but through plasticization, it can increase the
mobility of said ions within the gel.
There is also evidence that in-situ polymerisation in ionic liquids can
lead to a change in polymer properties such as the composition, and the
density, thus changing the polymer architecture.36, 37 This may, in turn, affect
the molecular interactions between the ionic liquid and the scaffold, and
mobility of ions within the scaffold. Changing the nature of the interactions
between the ionic liquid and the polymer could potentially lead to improved
mechanical and electrochemical properties of the gel composite material.

7

1.2.2

Zwitterions in Ionic Liquids and Ionogels
Zwitterions are molecules that bear the same number of anionic and

cationic groups, and are, therefore, net neutral despite containing multiple
charged moieties. The Ohno and MacFarlane groups have pioneered the field
of zwitterions for electrochemical purposes. They have postulated that
zwitterions and their derivatives could be used as additives in lithium salt
mixtures in order to promote ion-dissociation through their interactions
with ionic liquids, thereby increasing the ionic conductivity. Typically,
zwitterions used in electrochemical research are carboxy- or sulfobetaines.5,
9, 10, 25, 38, 39

Zwitterionic molten salts have been explored as a solvent for lithium
ion batteries.9, 10, 12, 38 Due to the tethering of the anion to the cation,
zwitterions are unable to migrate in an electric field. So, the conductivity of
liquid zwitterions is very low. It has been shown, however, that these liquid
zwitterions can act as a conductive matrix for lithium ions to flow through,
resulting in a boost in conductivity.38
Byrne et al. have confirmed in their work that incorporating
sulfonate-based zwitterionic additives into dissolved lithium
bis(trifluoromethylsulfonyl)imide (Li TFSI) salt solutions leads to improved
ionic conductivities due to an increase in lithium mobility, as shown by
pulsed-field gradient spin-echo (PGSE) Nuclear Magnetic Resonance (NMR)
diffusion experiments.9, 10, 12
8

Most explorations of the use of zwitterions in conductive electrolytes
concerned the development of lithium ion or lithium metal batteries.5, 9-12, 3841

Additionally, in these various studies, zwitterions were used as solid

additives dissolved in a liquid solution, not in a gel electrolyte. Moreover,
these zwitterions are not incorporated into the gel scaffold.
It has been suggested that zwitterions offer a favourable path for
lithium ions to travel through within the solvent.9 Alternatively, data have
shown that zwitterions may be affecting the ion concentration at the solidelectrolyte interphase (SEI) in lithium ion batteries. This causes lithium ions
to be readily available to undergo redox at the electrode interface.10, 12 There
have been very few studies focusing on the nature of the interactions
between the ionic liquid itself and the zwitterions.
Furthermore, there have also been few studies where zwitterions
have been employed in gelled electrolytes and in the polymer scaffold of gel
electrolytes. The Ohno group has previously reported on the polymerisation
of polyimide in a zwitterion/imidazolium-based ionic liquid mixture to form
a gel.40 These gels, however, exhibited very low ionic conductivities. Recently,
the group has also successfully fabricated gels through the use of a highly
branched phosphonium type zwitterion additive in an amino acid ionic
liquid.25 In this case, the branches on the zwitterion led to the formation of
ionophobic domains governed by the long alkyl chains, and hydrophilic
domains populated by the zwitterionic portions of the molecules. This
9

suggests that zwitterions may be used to create materials containing varying
micro- or nanodomains. In the above-mentioned study, however, the
incorporation of phosphonium type zwitterions led to a threefold decrease in
ionic conductivity.
So, there is a need for a comprehensive study focusing on the nature
of the molecular interactions occurring between ionic liquids and
zwitterions. To date, zwitterions have not been successfully employed to
make mechanically robust ionogels with high ionic conductivities.
1.2.3

Electrochemical Applications for Ionogels
Ionogel applications range from drug delivery to separation

membranes to a myriad of electrochemical uses.16 In terms of
electrochemical applications, ionogels may be used in fuel cells, dyesensitised solar cells, lithium ion batteries, and electric double layer
capacitors (EDLCs), to name a few.8, 16
Fuel cells can be categorised based on the type of electrolyte they use
and the temperature at which they are operated. Proton exchange membrane
fuel cells (PEMFC) use ionogels in the membrane electrode assembly (MEA).
The MEA consists of a proton exchange membrane sandwiched between two
electrodes. Protic ionic liquids have been used as electrolytes in PEMFCs
within the PEM as they may be operated at temperatures above 100 C and
exhibit high ionic conductivities under anhydrous conditions.8, 42
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Immobilized ionic liquids are highly sought after for fuel cell applications as
polymer-based ionogels may be formed into thin films, resulting in more
mechanically stable membranes with high conductivities.
Dye-sensitised solar cells employ ionic liquid gels in order to improve
their long-term stability. This is achieved due to the negligible vapour
pressures of ILs. Ionogels are used in order to eliminate the possibilities of
electrolyte leakage.8 Both solar and fuel cells require ongoing investigation as
to how ionic liquids may be incorporated into the technology to ensure longterm stability.
Lithium ion batteries have been explored as a means of eliminating
dendrite formation on electrode surfaces. Lithium ion batteries, however,
exhibit low ionic conductivities and lithium transference numbers, in part
due to the high viscosity associated with lithium salt systems. Ionic liquid
electrolytes have been used as plasticisers, lowering the viscosity of the
electrolyte solutions, and to encourage stable cycling of the batteries.8, 43
Hybrid ionogel electrolytes have also been formed using a condensation
polymerisation reaction involving alkoxysilanes. The resulting SiO2 based
ionogel retained the promising electrical properties of the ionic liquid used,
and also displayed good mechanical stability.44
In addition to the many other electrochemical uses outlined above,
ionogels have been widely used in electric double-layer capacitors (EDLCs).
EDLCs, otherwise known as supercapacitors, or ultracapacitors consist of
11

ionic liquid electrolytes in place of the insulating dielectric more commonly
found in conventional capacitors. Confining the ionic liquid in an EDLC
eliminates the need for a protective casing and prevents the possibility of
electrolyte leakage, resulting in safer devices. Additionally, ionic liquids are
highly electrochemically stable, leading to a high energy density.8, 14 The high
specific energy of supercapacitors also allows them to compete with
batteries due to the large ion concentration characteristic of ionic liquids.8, 45

1.3

Solid-State Ionic Liquid/Ionogel Supercapacitors Bridging
the Gap in Energy Storage
Electric double-layer capacitors (EDLCs) have generated much

interest as their energy and power densities are able to bridge the gap
between conventional capacitors and electrochemical cells or batteries. This
can be seen in the Ragone plot shown in Figure 1.1.
An electrochemical cell relies on the progression of a chemical
reaction undergoing redox at the anode and cathode, allowing for large
quantities of energy to be stored and discharged over a long period of time.
Although the electrochemical reactions occurring should be reversible,
typically, batteries may only be charged and discharged for hundreds to a
few thousand cycles before experiencing a significant capacity loss and an
increase in internal resistance due to the volume changes associated with
redox.46, 47
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Figure 1.1: Ragone plot showing power and energy densities for various modes of energy
storage. Electric double layer capacitors (EDLCs) fall between conventional capacitors and
batteries in terms of their storage capabilities. Adapted from Winter and Brodd.48

Converse to electrochemical cells, conventional capacitors may be
operated for a nearly infinite number of cycles, provided they are being used
within their initial design parameters.47 A conventional capacitor consists of
two electrodes, separated by an insulating dielectric material, connected to
an electric load, Figure 1.2a. Upon charging, a voltage is applied to the
capacitor causing electrons to be deposited onto one electrode. Due to the
insulating dielectric material separating the two electrodes, electrons are
unable to flow from one electrode to the other, resulting in the accumulation
of charges. Once the capacitor is charged, the electrodes remain polarised,
13

storing charge as electrostatic potential energy. The energy stored in a
capacitor may be described as follows:
1
E  CV 2
2

(1.1)

where V is the potential difference across the electrodes, and C is the
capacitance with units of Farads, (F). Capacitance is a measure of the amount
of electric charge that is able to be stored within a body, given a voltage,
Equation (1.2), where Q is the charge, measured in Coulombs.49

C

Q
V

(1.2)

Since the capacitance is a function of the amount of charge that may
be stored on the electrode, it is dependent upon the surface area of the
electrode. Additionally, as the distance between electrodes or plates
decreases, the electrostatic forces increase, provided the dielectric material
remains stable. This results in the following expression for capacitance:

C


d

(1.3)

where  is the dielectric constant, an inherent property of a given
material, A is the surface area of the electrodes, and d is the distance between
the two electrodes.
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Figure 1.2: Schematics of conventional and electric double layer capacitors. (a)
conventional parallel-plate capacitor, (b) electric double layer capacitor with high surface
area graphite electrodes separated by an ionic liquid gel electrolyte, and (c) formation of
the double layers within the electrodes of the supercapacitor.

Similar to conventional capacitors, electric double layer capacitors, or
supercapacitors as they are more widely known, consist of electrodes
separated by an ion-conducting electrolyte as opposed to an insulating
dielectric, Figure 1.2b. Upon charging the plates, the electrolyte is polarised
by the field created by the difference in potential between the electrode and
the solvent, resulting in the formation of double layers, wherein ions
distribute in the electrolyte towards the electrode of opposing charge, Figure
1.2c.50, 51 So, for an electric double layer capacitor the capacitance is
dependent upon the distance between the electrode and the layers of charges
in the double layer, which is on the order of nanometres or sub-nanometres.

15

The surface area of concern is the specific surface area of the porous
electrode accessible to the ions in the electrolyte.47, 50, 51
Typically, supercapacitors consist of a liquid electrolyte between the
electrodes, necessitating the use of a rigid metal encasement to prevent
leakage. This increases the weight and cost of the device whilst also limiting
the device’s use in flexible electronic applications. Some researched
electrolytes include: aqueous solvents, organic electrolytes, and ionic liquids.
Aqueous solvents used are typically acids, bases, or salt solutions. Organic
electrolytes are predominantly organic salts dissolved in propylene
carbonate due to its low flash point and lower toxicity relative to previously
used anhydrous acetonitrile.52 The ionic liquids that are generally used are
either protic, aprotic, or zwitterionic.47, 52
Ionic liquids are organic molten salts at or below 100 C .8, 14, 16 Ionic
liquids are able to exist in their molten state at low temperatures due to the
weak interactions between the typically large cation and charge-delocalised
anion. Ionic liquids have previously been identified as promising safe
alternatives to volatile organic electrolytes for electrochemical applications
due to their negligible vapour pressure, high ionic conductivity, and high
electrochemical and thermal stability.8, 14, 15 Additionally, ionic liquids may be
tuned to specific applications by changing the anion or cation. As such, they
have often been hailed as “designer electrolytes”.7, 52, 53 The right
combination of anion and cation could improve the electrochemical window
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of the electrolytes, relative to their aqueous and organic counterparts.
Aqueous and organic electrolytes have voltage windows of approximately 0.9
V and 2.5 V, respectively, whereas, many ionic liquids are stable up to 4.5 V,
and some are stable up to even larger windows of 5 or 6 V.52 Since the energy
that may be stored in a capacitor is proportional to the square of the
maximum voltage the device may be operated at, Equation(1.1), doubling the
voltage stability window causes a factor of four increase in the energy
storage capabilities when going from an organic electrolyte to an ionic liquid.
Confining the ionic liquid in a polymeric scaffold to create a solid-state
electrolyte, however, has been shown to cause a change in the observed
electrolyte properties. Namely, a reduction in ionic conductivity due to the
physical barriers created by the polymer, as well as the substitution of nonconducting species for ionic liquid for the same device volume. This
modification of favourable properties has driven research to create devices
with higher ionic conductivities whilst maintaining good mechanical
properties. One approach to doing this has been to introduce functional
groups or additives that can promote ion dissociation or increase ion
mobility.9-12, 54 The ionic conductivity of an electrolyte is a function of the
diffusion coefficients of mobile ions and the fraction of ions contributing to
the ionic conductivity. So, increasing the mobility of the ions, or the fraction
of ions dissociated in the electrolyte, may result in an increase in the ionic
conductivity.
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Zwitterions have been previously reported to be “ion-dissociating
agents” –species that encourage the dissociation of lithium salts in ionic
liquid solutions, thereby increasing the fraction of free ions present in the
solution.5, 10, 12, 41, 55 Additionally, it has been shown that certain polymer
functional groups, such as the trifluoroethyl group, promote ionic liquid ion
dissociation within ionogels due to interactions between the ionic liquid and
the polymer backbone.54 This work aims to address the challenge of
producing solid-state ionogel electrolytes with high ionic liquid ion
dissociation as well as good mechanical properties for use in electrochemical
supercapacitors.

1.4

Thesis Work
In the present work, zwitterionic copolymers were explored as a

potential strategy toward improving the electrochemical properties of
ionogels. The primary ionic liquid used, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMI TFSI), as shown in Figure 1.3, was
chosen due to its favourable electrochemical properties: negligible vapour
pressure and non-flammability; relatively low viscosity; high electrochemical
stability; and moderate room temperature ionic conductivity –approximately
10 mS cm-1.8, 13, 56
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a)

b)

Figure 1.3: Chemical structures of a) 1-ethyl-3-methylimidazolium (EMI) cation and b)
bis(trifluoromethylsulfonyl)imide anion.

Other hydrophobic ionic liquids containing the EMI cation are also
currently being explored within our group in order to verify the zwitterioneffect across different systems, Figure 1.4. EMI FAP is the most hydrophobic
of the three ILs investigated, while EMI TCB is the least hydrophobic.

a)

b)

Figure 1.4: Chemical structures of ionic liquid anions: a)
tris(perfluoroalkyl)trifluorophosphate (FAP), b) tetracyanoborate (TCB).

The copolymer that was synthesised consisted of a hydrophobic
fluorinated monomer, a hydrophilic zwitterionic monomer, and a tetrafunctional chemical cross-linking agent. The fluorinated monomer, 2,2,2trifluoroethyl methacrylate (TFEMA) (Figure 1.5b) was chosen as a
compatibilising agent in order to allow for the dissolution of the hydrophilic
zwitterion in the hydrophobic ionic liquid.
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Figure 1.5: Structures of monomers used in zwitterion-containing ionogels. (a)
sulfobetaine vinylimidazole (SBVI), (b) 2,2,2-trifluoroethyl methacrylate (TFEMA), and (c)
pentaerythritol tetraacrylate (PETA-4).

Sulfobetaine methacrylate-r-trifluoroethyl methacrylate copolymer
membranes have been synthesised previously in the literature. This polymer
was synthesised via a thermally initiated free-radical polymerisation and was
described as a statistical copolymer.57 Given the similarities in the monomers
used in this work and the polymerisation method used, it can be argued that
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the copolymers being formulated are also statistical, despite the presence of
the ionic liquid.
In order to analyse the effects of zwitterions in the polymer scaffold, a
non-polymerisable zwitterion -sulfobetaine methylimidazole (SBMI)- was
used as an additive in some ionogels. The data collected from these gels were
used to isolate the effects of adding zwitterions to the polymer scaffold from
the effects due to the presence of zwitterions in ionogels.

Figure 1.6: Chemical structure of sulfobetaine methylimidazole.

Sulfobetaine methylimidazole was chosen due to the similar chemical
structure relative to SBVI. Due to the lack of polymerisable group on the
molecule, SBMI may be added in place of SBVI during ionogel synthesis. So,
the zwitterion effect may be more fully characterised by this approach.
This work aims to formulate high conductivity, mechanically stable
zwitterion-containing ionogels, and evaluate the interactions occurring
within these gels between the ionic liquid ions and the zwitterions present.
To assess these ionogels, an arsenal of characterisation techniques was
employed. The methods used include: thermogravimetric analysis,
21

compression testing, pulsed-field gradient spin-echo nuclear magnetic
resonance spectroscopy, as well as various electrochemical characterisations
such as ionic conductivity testing, and cyclic voltammetry.
Chapter 2 describes the synthesis methods used to produce the
polymerisable and non-polymerisable zwitterions, as well as the zwitterioncontaining ionogels. Additionally, this chapter includes some theoretical
background of the experimental methods used and explains the various
characterisation techniques.
Chapter 3 presents the results obtained concerning zwitterioncontaining ionogels and offers some discussion to explain the experimental
findings for each characterisation technique.
In Chapter 4, overall conclusions that may be gleaned from the results
and discussion are summarised and related in order to offer one cohesive
assessment of the zwitterion-containing ionogels discussed in this thesis.
Additionally, ideas for future directions that build on this work are explored.
Appendix A contains the experimental data presented in the graphs
displayed in this thesis, as well as standard deviations for some of the data.
Appendix B shows complete Arrhenius plots of zwitterion-containing
ionogels that were not presented in the main text of the thesis.
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2.1

Introduction
The work presented in this thesis involves the synthesis of new

zwitterion-containing ionogels. This chapter will attempt to outline the
synthesis methods used to produce the ionogels and zwitterions of interest,
and explain the various characterisation techniques used to assess the
performance of the novel zwitterion-containing ionogel materials discussed
in the introduction. The methods used can be categorised as mechanical,
material, and electrochemical characterisations.

2.2

Materials
Zwitterionic monomers and additives used throughout this thesis

were synthesised in the Asatekin lab at Tufts University. The fluorinated
monomer used was purchased from Scientific Polymer Products and was
passed through an activated alumina column in order to remove the
inhibitor. The chemical cross-linker, PETA-4 was purchased from SigmaAldrich and used as it was received. Research-grade ionic liquid, EMI TFSI
was purchased from EMD Chemicals Inc. and was stored in a nitrogen glove
box.
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2.2.1

Sulfobetaine Vinylimidazole (SBVI) Synthesis:
The SBVI synthesis was performed by Prity Bengani-Lutz in the

Asatekin group at Tufts. 1-vinyl imidazole and 1,3-propanesultone with
purities of 99% were purchased from Sigma-Aldrich. SBVI, or 1-ethene-(3propanesulfonate)-imidazole, was synthesised using a 1.2:1 molar ratio of
1,3 propane sultone to vinyl imidazole in order to account for reaction yields
and the reactivity of the starting reagents. To begin, 50 mL of 1vinylimidazole was added to 250 mL of acetonitrile in a round bottomed
flask. Following this, 55 mL of 1,3-propanesultone was added and the
reaction mixture was stirred at room temperature. The flask was sealed with
a septum and bubbled with nitrogen for twenty minutes in order to remove
any reaction inhibitors such as oxygen and water. The reaction was then left
to react at room temperature for 24 hours. The product was formed as a
white precipitate with a yield of 85% and was then washed in three cycles
with 300 mL of diethyl ether. The product was then dried in a vacuum oven
held at 50 C for 24 hours and was subsequently characterised using proton
NMR using deuterated dimethyl sulfoxide as a solvent. 1H NMR (DMSO,
500MHz): 9.70 (s, 1H), 8.20 (s, 1H), 7.95 (s, 1H), 7.32 t,1H), 5.95 (d,1H), 5.42
(d,1H), 4.37 (t,2H), 2.62 (t,2H), 2.15 (m, 2H).
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Figure 2.1: 1H NMR spectrum of SBVI monomer in deuterated DMSO. NMR courtesy of
Prity Bengani-Lutz.

2.2.2

Sulfobetaine Methylimidazole (SBMI) Synthesis
The SBMI synthesis was performed with the help of Prity Bengani-

Lutz in the Asatekin group at Tufts University. 1-methylimidazole and 1,3propanesultone with purities of 99% were purchased from Sigma-Aldrich. 1methyl-(3-propanesulfonate)-imidazole (SBMI), was synthesised using a
1.2:1 molar ratio of 1,3 propane sultone to vinyl imidazole with a 20% excess
of reagents in order to account for reaction yields and the reactivity of the
starting reagents. To begin, 5 mL of 1-methylimidazole was mixed with 50
35

mL of dichloromethane in a round bottomed flask. Following this, 8 mL of
1,3-propanesultone was added and the reaction mixture was stirred at room
temperature. The flask was sealed with a septum and bubbled with nitrogen
for twenty minutes in order to remove any reaction inhibitors such as oxygen
and water. The reaction was then left at room temperature for 2 hours to
allow the reaction to proceed. The product was formed as a white precipitate
and was then washed in three cycles with 250 mL of dichloromethane. Each
purification step was achieved by vigorously stirring the precipitate in
dichloromethane for 24 hours. The product was then filtered and dried in a
vacuum oven held at 50 C for 24 hours. In order to dry the zwitterion
further, the product was placed in a vacuum chamber overnight and was
subsequently characterised using proton NMR using deuterated water as a
solvent. 1H NMR (D2O, 500MHz): 8.72 (s, 1H), 7.47 (s, 1H), 7.32 (s, 1H), 5.87
(t,1H), 5.38 (d,1H), 4.73 (d,1H), 4.34 (t,2H), 2.72 (t,2H), 2.15 (m, 2H).
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Figure 2.2: 1H NMR spectrum of synthesised sulfobetaine methylimidazole. Inset
shows the two peaks at 5.38 and 5.87 ppm.

2.2.3

Zwitterion-Containing Ionogel Synthesis
2,2,2-Trifluoroethyl methacrylate (TFEMA) was purchased from

Scientific Polymer Products with a purity of 99%. Pentaerythritol
tetraacrylate (PETA-4) and the photoinitiator 2-hydroxy-2methylpropiophenone (HOMPP) were purchased from Sigma-Aldrich and
were used as received. The ionic liquid 1-ethyl-3methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMI TFSI) was purchased from EMD
Chemicals Inc. and was stored under inert conditions to prevent water
absorption. Ionogels were synthesised by polymerising all monomers
simultaneously using the ionic liquid as a solvent. Precursor solutions were
prepared by adding monomers or zwitterionic additives, along with the
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cross-linker, PETA-4, in the desired ratios to EMI TFSI. TFEMA monomer was
filtered using a basic activated alumina column to remove the inhibitor prior
to its use in zwitterion-containing ionogels. Gel components were then
weighed using a digital scale in air. Following this, precursor solutions were
mixed using a Fisher Scientific vortex mixer (fixed 2800 rpm, 4.5 mm orbit)
for 30 seconds, and placed in a nitrogen glove box. Precursor vials were
sealed when placed in the glove box vacuum chamber in order to avoid
volatilisation of the TFEMA monomer. Precursor vials were opened inside
the glove box in order to exchange the air with nitrogen and were then
promptly sealed before heating. The mixtures were stirred and heated in a
glove box using hotplate settings of 100 C and 350 rpm. Typically, solutions
were heated and stirred for eight hours in order to allow for the dissolution
of the zwitterion. Upon solubilisation of the zwitterion, a photoinitiator, 2hydroxy-2-methylpropiophenone (HOMPP), was added to the monomerionic liquid solution at 2 wt.% of the total monomer content. The solution
was then heated and stirred for a few minutes at the same settings
mentioned above to ensure that the initiator was well-mixed.
Following this, the solution was injected into pre-assembled devices
while still at an elevated temperature. Devices consisted of two indium tin
oxide (ITO) coated glass electrodes with a poly(tetrafluoroethylene) (PTFE)
spacer of known dimensions in between. The PTFE spacers had a thickness
of 1.57 mm, an inner diameter of 6.35 mm, and an outer diameter of 13.2
mm. Once filled, the devices were placed under a long wave UV lamp (365
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nm, Spectronic Corp., 8 W) for 7 minutes. Gels were stored under inert
conditions for 24 hours prior to testing in order to ensure the termination of
the free-radical polymerisation reaction. All gels and ionic liquids were
stored under inert conditions, and all electrochemical testing was done in an
inert nitrogen glove box environment.

Figure 2.3: 7 mol.% SBVI ionogel with 20 mol.% total polymer content (left).
Assembled device with polymerised gel in PTFE spacer between ITO-coated glass
slides (right).

2.3
2.3.1

Materials Characterisation
Nuclear Magnetic Resonance
Two types of nuclear magnetic resonance (NMR) spectroscopy

techniques were used to characterise materials throughout this thesis:
proton NMR (1H NMR), and pulsed-field gradient spin-echo NMR (PGSE
NMR). Proton NMR was used to confirm the presence and purity of the
synthesised zwitterions, while PGSE NMR was used to empirically determine
the diffusion coefficients of the ions in the ionic liquid. 1H and PGSE diffusion
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measurements were performed using a Bruker AVANCE III 500 MHz NMR
instrument.
Proton NMR takes advantage of the nuclear magnetic moments of
various nuclei.1 The magnetic dipole moments of nuclei arise from the
spinning motion of particles. Under the influence of a magnetic field, the
magnetic moment that is aligned with the applied field is lower in energy
than that of the moment resulting from the opposite spin. The energy
difference that results from these different spin states is what leads to the
absorption of electromagnetic radiation.2 Fortunately, the resonance
frequencies of different elements and isotopes are sufficiently different, such
that NMR may only generate a signal for a specific isotope of an element.
1H

NMR is a powerful structural analysis tool as nuclei in molecules

are affected by the applied and local magnetic fields, that is to say, the
magnetic field induced by the electrons in the molecule. So, resonance
positions of nuclei depend on the amount of shielding experienced by the
nuclei due to the electron environment in which they are in. Deshielded
nuclei absorb radiation at lower magnetic field strengths and exhibit
chemical signals or shifts downfield. The opposite is true for more shielded
nuclei. So, molecular structures can be gleaned using chemical shifts in NMR
spectra.2
Zwitterionic purity was ensured after synthesis by dissolving 37.5 mg
of the zwitterion in 0.75 mL of a deuterated solvent to give a final
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concentration of 50 gZI/L solvent. The solvent used for SBVI was DMSO,
while the solvent chosen for SBMI was D2O.
Pulsed-field gradient spin-echo NMR offers a non-invasive way to
measure Brownian or translational motion of the ionic species in the gel. The
EMI cation may be tracked by taking a 1H PGSE NMR measurement, while the
diffusivity of the TFSI anion may be measured using 19F as the probe
nucleus.3-6 Importantly, the correct gyromagnetic ratio, γ, which is specific to
each nucleus, must be used when calculating NMR diffusivities. The
gyromagnetic ratios for the two nuclei used, hydrogen and fluorine, are
4257.6 Hz/G and 4005.2 Hz/G, respectively. PGSE NMR measurements
employ the use of a modified Hahn spin-echo, invented by Erwin Hahn in
1950, in the form of a rectangular gradient pulse of magnitude g and duration
δ.3, 5-7
The Hahn echo, g, is a spatially dependent magnetic field gradient.
Typically, this spatial gradient is oriented along the z-axis, so it is aligned
with the static magnetic field, B0. Gradient pulses impose a phase shift on
nuclear spins. To measure the translational motion of nuclei, a


2

radiofrequency (rf) pulse is applied in order to rotate the macroscopic
magnetisation, or net magnetic moment of all the individual microscopic
nuclear spins, into the x-y, or equatorial, plane.7, 8 This causes the net
magnetic moment of the sample to be perpendicular to the spatially
homogeneous field, B0. Following this, a rectangular pulse of magnitude g and
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duration δ is applied which causes spin i to experience a phase change at the
end of the first period, τ.8

Figure 2.4: Schematic representation of a PGSE NMR modified Hahn-spin echo
pulse of magnitude, g, and duration δ, with a period τ. Reproduced from Hayamizu
et al.3

The phase shift of a spin, i is given by Equation (2.1), where γ is the
gyromagnetic ratio, τ is the period, g is the magnetic gradient strength, and
zi(t) is the displacement of spin i along the z-axis as a function of time.

i (   0   g 

t1 

t1

zi (t ) dt

(2.1)

As seen in Figure 2.4, at the end of the first period, a π rf pulse is
generated, reversing the sign of the pulse and static fields by rotating the
magnetic moment vector from the positive z-axis to the negative one,
creating an effective field gradient.9, 10 Following this, another Hahn-echo of
equivalent duration and magnitude to the first is applied at time t1+Δ, where
Δ is the delay time. In the case where spins have not moved along the z-axis
between the first and second spin-echo pulses, the effects of the magnetic
field gradients cancel out and the nuclei refocus. When the spins undergo
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translational motion along the z-axis, however, the phase shift, or dephasing,
is directly proportional to the displacement in the z-direction in the time Δ.
The phase shift over a period of 2τ is given by Equation (2.2). In the equation
below, γ is the gyromagnetic ratio, g is the gradient strength, and δ and Δ are
the length of the gradient, and the diffusion time, respectively. The
gyromagnetic ratio is the ratio of the magnetic moment to the angular
momentum of the nucleus in question.9 The functions z(t) and z(t’) describe
the translational motion of spin i along the z-axis with respect to time.

i (2    g  


t1 

t1

zi (t ) dt  

t1 

t1 

zi (t ) dt 


(2.2)

Comparing Equations (2.1) and (2.2), it can be seen that the phase
shift due to the static magnetic field cancels out due to the reversal of the
pulse gradients and static field.8
In order to account for the different starting and ending spatial
positions of the nuclei of concern, the signal attenuation is considered. This,
in effect, normalises the intensity of the spin-echo at t  2 . The attenuation
at 2τ, after much algebraic manipulation, is given by Equation (2.3), where

S (2 ) g 0 is the spin-spin relaxation attenuation, i.e. the attenuation in the
absence of pulse gradients, and the exponential term is the attenuation due
to diffusion.8, 10


 

S (2   S (2  g 0 exp   2 Dg 2 2      (2.3)
3 
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Normalising the attenuation by the relaxation component allows for
its elimination, resulting in the diffusion coefficient being the only unknown
in the expression give in Equation (2.4). The normalised attenuation, E, is an
empirical quantity.5, 6, 8, 9, 11

 S (2  


ln( E )  ln 
  2 Dg 2 2     (2.4)
 S (2  
3

g 0 

To prepare a PGSE NMR sample, ionogel precursors were prepared as
in section 2.2.3 and injected into glass capillary tubes with an inner diameter
of 1.5 mm. Capillary tubes were filled to an approximate height of 44.0 mm in
order to account for the probe height in the NMR spectrometer. At a height of
44.0 mm the sample appears to be an infinite cylinder. Prior to removing gel
samples from the glove box, capillary tubes were sealed with Leica
Microsystems Critoseal capillary tube sealant in order to prevent water
absorption.
Upon gelation, capillary tubes were inserted into 5 mm NMR tubes
containing D2O which was used as the lock solvent. To measure diffusivity,
the ledgp2s1d pulse programme was used. The diffusion time, δ and the
delay time, Δ were qualitatively adjusted for each gel sample to give an
approximate attenuation of 90% when the gradient strength was changed
from 2% to 95%. Diffusion time and delay time parameters were in the range
of 7-10 ms and 200-500 ms, respectively.
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1H

PGSE experiments were run to measure the diffusion coefficient of

the EMI+ cation, and the 19F nucleus was used to measure the diffusivity of
the TFSI- anion. The experiment was conducted by taking 16 1-D scans at
decreasing gradient strengths until 95% attenuation was reached. A 2-D
spectrum was then generated and phase corrected in order to allow for area
integration under the peaks. Measured diffusivities were in the range of 2.53.0x10-11 m2 s-1 for the gel cations, and approximately 1.5x10-11 m2 s-1 for the
TFSI- anions.
2.3.2

Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was run using a TA Instruments

Q500 apparatus. These experiments were conducted in order to determine
the water content of zwitterion and zwitterion-containing ionogel samples.
Samples were loaded in approximately 5 mg quantities into an aluminium
pan with a punctured aluminium lid. The pan and lid were used to prevent
the samples from blowing off the balance inside the TGA furnace. The sample
filled pan and lid were then placed in a platinum basket that had been pretared along with the pan and lid combination. The basket and sample were
contained in a furnace with continuous nitrogen flow. A temperature ramp
programme was run which increased the temperature of the furnace from
room temperature to 400 C at a rate of 3 C s 1 . The instrument recorded
sample weight-loss as a function of temperature, allowing the sample
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breakdown temperature and water content on a mass basis to be determined
quantitatively.

2.4

Mechanical Characterisation
Ionogel mechanical properties were assessed using a dynamic

mechanical analyser (DMA). The elastic modulus was used as an indicator of
gel stiffness and was determined by compression testing in free-extension
using a TA Instruments RSA3 dynamic mechanical analyser. A strain rate of
0.01 %/s was used up to a maximum strain of 15%. The linear portion of the
resulting stress-strain curve generated was used to determine the modulus,
E (kPa). The x-axis data range used was 1-10% strain.

Figure 2.5: TA Instruments RSA3 Dynamic Mechanical Analyser (left).
Compressed ionogel (right).

46

2.5

Electrical Characterisation

2.5.1

Impedance Spectroscopy
AC impedance spectroscopy was used to determine the conductivity

values of ionogels and the neat ionic liquid. Tests were performed using a
VersaSTAT 3 potentiostat with an integrated frequency response analyser
from Princeton Applied Research. Ionogels were polymerised between two
ITO-coated glass slides, as shown in Figure 2.3. The gel geometry was welldefined due to the known dimensions of the PTFE spacer used. Impedance
measurements were taken under inert conditions in a nitrogen-filled glove
box over the frequency range of 1 kHz to 100 kHz. A sinusoidal voltage
amplitude of 10 mV with a 0 V DC offset was used for all measurements. The
high-frequency range was taken to be the resistive response as ions cannot
form double-layers, while the low-frequency data is normally used to
estimate capacitance, Equation (2.5). In the following equation, f is the
frequency and Z” is the imaginary impedance at the chosen frequency.

C

1
2 fZ 

(2.5)

The setup resistance inherent to the ITO plates used as electrodes
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was subtracted from the high-frequency series resistance in order

to determine the gel resistance. The setup resistance was determined by
injecting neat EMI TFSI into ITO devices assembled with PTFE spacers of
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various thicknesses and conducting impedance spectroscopy measurements.
The magnitude of impedance data were then plotted and the y-intercept was
considered to be the resistance associated the test setup. These
measurements were recorded in a nitrogen-containing glove box. From the
ionogel resistance, ionic conductivity, σ, was calculated, Equation (2.6),
where t is the thickness of the gel, A is the cross-sectional area of the gel, and
Rgel is the gel resistance; Rgel  Rtotal  Rsetup . The parameters t and A are
known due to the well-defined PTFE spacer geometry.



t
ARgel
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(2.6)

2.5.2

Activation Energy of Ionic Conductivity
The activation energy of ionic conductivity is indicative of the relative

energetic barrier ions experience as they move through the electrolyte. The
activation energy was found by generating an Arrhenius plot from
conductivity data at various temperatures. The temperature of the gel was
varied by placing the gel on a thermally conductive Molybdenum plate over a
Linkam Scientific Instruments LTS 420 platinum temperature controlled
microscopy stage (Figure 2.6).

Figure 2.6: Linkam Scientific Instruments LTS 420 temperature stage.

All activation energy impedance measurements were taken using the
VersSTAT 3 potentiostat, mentioned above, under continuous nitrogen flow
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through the sealed temperature stage. Ionogels were allowed to reach
thermal equilibrium before impedance spectra were recorded. To measure
gel impedance, two needle electrodes were inserted into a gel with a
thickness of 3.14 mm and a diameter of 6.35 mm.
Ionic conductivities were calculated by equating the room
temperature conductivities measured in this setup with those measured
between ITO at room temperature. From those data, a geometrical correction
factor was calculated and applied to all other temperature-controlled
resistance data. The natural logarithm of calculated conductivities was then
plotted as a function of varying temperature and the Arrhenius relationship
was used to find the activation energy of each gel.
 EA 

 RT 

   0 exp  

2.5.3

(2.7)

Cyclic Voltammetry
Cyclic Voltammetry was used to qualitatively determine the stability

window of the zwitterion-containing ionogels. Measurements were
performed using the VersaSTAT 3 potentiostat. A sweep voltage of 1 V s 1
was used from a specified minimum voltage to a maximum voltage for
several test cycles. Generally, minimum and maximum voltages were
symmetric around 0 V. So, when the maximum voltage was set to be 2 V, the
minimum was -2 V. From these data, the measured current is plotted versus
potential.
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Cyclic voltammetry measurements were performed on the symmetric
ITO gel devices described in previous sections. The cross-sectional area of
the zwitterion-containing ionogels tested was 3.17 10 5 m 2 . All
measurements were done in a nitrogen-filled glove box.
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3.1

Introduction
Zwitterion-containing ionogels were produced according to the

methods outlined in Section 2.2.3. Chemical and Electrical gel
characterisations were conducted under inert nitrogen conditions in order to
avoid the plasticisation effects of absorbed water in the gels. This chapter
discusses the results and observations gleaned from the various
characterisation techniques explained in Chapter 2.

3.2

Ionogel Formulations
Zwitterion-containing ionogels were formulated by pre-determining

the desired total polymer mole fraction, then adjusting the ratios of the
monomers accordingly. The amount of chemical cross-linker, PETA-4, used
was kept approximately constant for the zwitterion-containing ionogels with
20 mol.% polymer, but was scaled linearly when the total polymer content
within the ionogel was scaled.
The amount of zwitterion that could be incorporated into the ionogels
was limited by the solubility of the zwitterion in the ionic liquid. Due to the
hydrophilic nature of zwitterions, and the hydrophobicity of the ionic liquid,
TFEMA monomer which is soluble in EMI TFSI was used as a compatibilising
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agent to allow the zwitterion to dissolve. The solubility limit of the
zwitterions used was found to be approximately 8 mol.% total zwitterion
content. At this upper solubility limit, the zwitterion dissolved when a
maximum molar ratio of 60:40 TFEMA to SBVI was used. Both SBVI and
SBMI exhibited similar solubility limits, likely due to their similar chemical
structures.
The bulk of this work concerns ionogels composed of a total
copolymer content of 20 mol.%. This corresponds to 10-12 wt.% or 13-15
vol.%, depending on the copolymer ratio. These gels contained ~1-3 mol.%
PETA-4 with varying ratios of TFEMA to zwitterion. Zwitterion molar
contents were varied from 1 mol.% zwitterion to 7.5 mol.% zwitterion.
Table 3.1 shows the SBVI ionogel formulations that were made for the gels
containing 20 mol.% total polymer content.
Ionogel opacity increased with zwitterion content; low zwitterionic
contents led to transparent gels, while high zwitterion compositions resulted
in translucent gels. This illustrates the favourability of the interactions
between zwitterions as the translucence suggests a certain degree of
zwitterion aggregation within the gel. Simulation studies have shown that
zwitterions in ionic solutions experience competitive association between
the charges of the zwitterionic molecules and the free ions in solution.1 When
the zwitterion content is increased, a higher frequency of dipole-dipole
interactions between the zwitterionic molecules may cause aggregation.
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This effect can be seen in Figure 3.1 where the ionogel displayed on
the left is a transparent 5 mol.% SBVI gel, while the gel shown on the right is
a translucent 7 mol.% SBVI gel.
Table 3.1: SBVI ionogel formulations prepared with a total polymer content of 20 mol.%

Total SBVI Mol
(%)
MolSBVI/MolT
4.29
5.66
2.76
7.72
3.86
7.40
4.93
0.94
0.88
6.85
4.93
4.22
1.08
6.96
3.06
2.50
4.07
5.05
1.41
6.87

Total TFEMA Mol
(%)
MolTFEMA/MolT
14.27
12.42
16.79
7.94
14.29
10.76
13.08
16.97
15.51
10.54
13.38
14.20
16.97
11.19
18.32
15.92
14.23
13.25
17.05
11.44
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Total PETA-4 Mol
(%)
MolPETA-4/MolT
0.88
1.02
0.94
3.20
2.47
2.27
2.24
2.60
2.77
2.23
1.78
1.53
1.53
1.67
1.08
1.47
1.50
1.86
1.73
1.36

Total Polymer
(%)
MolP/MolT
19.44
19.11
20.49
18.86
20.63
20.43
20.25
20.51
19.16
19.62
20.10
19.95
19.58
19.81
22.46
19.89
19.80
20.17
20.19
19.68

Figure 3.1: Increasing zwitterion content causes a decrease in transparency. A 5 mol.%
SBVI gel (left), and a 7 mol.% SBVI ionogel (right).

Similar gel compositions were used for the SBMI-containing gels so as
to more effectively compare the effects of the two zwitterions.
Table 3.2: SBMI ionogel formulations prepared with a total non-conducting material
content of 20 mol.%.

Total SBMI Mol
(%)
MolSBMI/MolT
1.03
5.08
6.91
3.21
2.53
7.01
4.01
7.01

Total TFEMA Mol
(%)
MolTFEMA/MolT
17.25
13.18
11.33
18.46
15.54
11.45
14.06
11.44

Total PETA-4 Mol
(%)
MolPETA-4/MolT
2.68
1.61
2.20
1.29
1.40
1.53
1.53
1.60

Total Polymer
(%)
MolP/MolT
20.96
19.87
20.43
22.96
19.48
20.00
19.60
20.04

A visual comparison of the two different gels led to an immediate
qualitative observation: the SBVI gels were significantly more stable than
their SBMI counterparts. Evidence of this can be seen in Figure 3.2 which
shows SBVI and SBMI ionogels immediately after polymerisation, and one
week later. The zwitterions in the SBMI gels formed clusters and phase
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separated as the non-polymerisable zwitterions were free to move within the
gel matrix. Over a large enough timescale (in this case, one week) the
zwitterions were able to migrate within the gel and aggregate.

a
)

b
)

c
)

d
)

Figure 3.2: SBVI and SBMI ionogels immediately after polymerisation and one week
later. (a) SBVI gel upon gelation, (b) SBVI gel after one week. (c) SBMI ionogel
immediately after polymerisation, (d) SBMI gel one week later. SBMI gels phase
separate, while SBVI gels remain stable.

3.3
3.3.1

Materials Characterisation Results and Discussion
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was conducted to determine

whether there was a substantial amount of water contained within the
zwitterionic starting materials and the zwitterion-containing ionogels.
Additionally, TGA was used to estimate the degradation temperature of the
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samples in order to demonstrate the temperature stability range of the
ionogels made.
3.3.1.1

Thermogravimetric Analysis: SBVI Samples
To begin, the synthesised zwitterions were tested for water content as

zwitterions are known to be very hygroscopic. Zwitterions were dried in a
vacuum oven held at 50 C subsequent to purification. Following this, they
were tested using TGA. Water is an undesirable component of ionogels as it
may plasticise ionic liquids by decreasing the viscosity, which could cause
measured conductivities to appear higher. While at first glance this may
seem to be beneficial, the presence of water decreases the electrochemical

Figure 3.3: TGA thermograph of synthesised SBVI zwitterion. Inset shows the range
below

.
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potential window of the electrolytic gel -an undesirable effect as it leads to a
decrease in energy density. Hence, great care was taken to prevent water
absorption within the zwitterions and the ionogels. As such, zwitterions
were stored in a nitrogen-filled glove box.
As seen from Figure 3.3, synthesised SBVI showed no significant
mass loss in the temperature range below 100 C , therefore, it can be
concluded that the SBVI synthesised was free of unbound water. Due to the
extreme hydrophilicity of the zwitterions, water molecules may still be
present in the hydration shell of the zwitterions. Simply heating the sample

Figure 3.4: 1 mol.% SBVI gel thermograph. Inset shows the region below
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.

may not be adequate to release these bound molecules. Another observation
from the plot above is that SBVI begins to degrade at approximately 310 C
which is close to the degradation temperature of the EMI TFSI ionic liquid
used (over 400 C ) relative to the degradation temperature of other ionogels
reported 2-4
Once SBVI ionogels were formulated, gels with a high and low
composition of zwitterion were tested using thermogravimetric analysis to
ensure the dryness of the gels. This allows the electrochemical data to be
better contextualised during analysis.

Figure 3.5: TGA thermograph of 7 mol.% SBVI ionogel. Inset enhances the region below
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Looking at the two thermographs above, neither the 1 mol.% SBVI nor
the 7 mol.% SBVI ionogels contained a significant amount of water within the
gels. As can be seen from Figure 3.4, the sample tested displayed a total
mass-loss of less than 0.25% below 100 C with the majority of mass-loss
(0.15%) occurring below 40 C . This suggests that there was some
unpolymerised TFEMA monomer present in the ionogel as the boiling point
of TFEMA monomer, according to Scientific Polymer Products, is 30 C .5 The
remaining mass-loss in this region may be attributed to water evaporation.
Thus, the presence of free water can be thought to be negligible when
offering analysis for future results, however, the existence of water
molecules solvating the zwitterions cannot be discounted. At the beginning
of the data collection range, the mass of the sample can be seen to be above
100%. This is attributed to building vibrations that appear as noise on TGA
thermographs. Due to the sensitive nature of the balance, slight vibrations
may affect the data recorded.
According to Figure 3.5 the total mass-loss below 100 C amounts to
approximately 0.5% of the sample. Similar to the 1 mol.% sample, 50% of the
mass loss can be considered to be due to unreacted TFEMA monomer with
the remaining mass decrease due to water loss. This is considered a
negligible amount of unbound water present in the sample and alone would
not lead to significant plasticisation effects on the ionic liquid. Both the 1
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mol.% and the 7 mol.% SBVI begin degrading at 310 C . This gives a large
thermal stability range within which gels may be used.
3.3.1.2

Thermogravimetric Analysis: SBMI Samples
In order to ensure that the sulfobetaine methylimidazole (SBMI)

synthesised was dry, i.e. free of unbound water, thermogravimetric analysis
was used on the zwitterionic powder. As can be seen from Figure 3.6, the
SBMI tested did not contain a significant amount of free water in the sample.
All zwitterions were stored in a nitrogen glove box in order to maintain their
dryness.

Figure 3.6: TGA thermograph showing pure SBMI additive.
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Similar to the SBVI, the SBMI began to degrade at approximately

300 C . Although this is only slightly lower than the degradation temperature
of SBVI, the SBVI zwitterion still offers a wider thermal stability window.
In the thermograph shown in Figure 3.7, 0.6% mass loss occurs
below 60 C in the 7 mol.% SBMI sample. This suggests that there was some
TFEMA monomer present in the sample. Looking at the graph, approximately
50% of the mass loss in the region below 100 C may be attributed to
unreacted TFEMA monomer. The conclusion that arises from this analysis is
that the amount of free water in the zwitterion-containing ionogel samples

Figure 3.7: 7 mol.% SBMI ionogel. The majority of mass low below
around

.
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occurs

produced is insignificant. Bulk sample degradation for the 7 mol.% SBMI
ionogel occurred at 300 C .
3.3.2

Pulsed-Field Gradient Spin-Echo Nuclear Magnetic Resonance
Pulsed-field gradient spin-echo nuclear magnetic resonance (PGSE

NMR) was used to empirically calculate the diffusion coefficients of the
cation and anion in neat EMI TFSI, as well as in zwitterion-containing
ionogels. NMR measurements were carried out within the temperature range
of 289 K  291K .
In order to measure the diffusivities, the signal attenuation was
qualitatively adjusted to 90% by tuning the parameters δ and Δ; these
parameters fell in the range of 7-10 ms and 200-500 ms, respectively. Figure
3.8 and Figure 3.9 depict a sample 1H NMR overlay for a 2.5 mol.% SBVI
ionogel at full scale and magnified, respectively. Looking at these figures, it
can be seen that selecting the correct combination of values for the diffusion
time, Δ and the pulse duration, δ yields a large attenuation in signal intensity
at 2% and 95% gradient attenuation.
The diffusion coefficient of the ionic liquid cation was found by
integrating the peak at 3.7 ppm in the 1H spectrum, although all the protons
on the cation resulted in the same diffusivity. The peak at 3.7 ppm is
attributed to the methyl protons on the EMI cation.6, 7
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2.5 mol.% SBVI ionogel 98%
gradient strength
2.5 mol.% SBVI ionogel 5%
gradient strength

Figure 3.8: 1H NMR overlay showing the 2.5 mol.% SBVI ionogels at 98% of the
gradient strength (upper curve), and 5% of the gradient strength (lower curve).

2.5 mol.% SBVI ionogel 98% gradient
strength
2.5 mol.% SBVI ionogel 5% gradient
strength

Figure 3.9: Magnified 1H NMR overlay showing the 2.5 mol.% SBVI ionogels at
98% of the gradient strength (upper curve), and 5% of the gradient strength
(lower curve).
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Similarly, signal attenuation was tuned for each sample when
recording 19F NMR spectra. It should be noted that the optimised values
found when tuning the proton spectra were not always consistent with those
used for the fluorine spectra as different values were often needed to provide
adequate signal attenuation. Due to the symmetric structure of the TFSI
anion, the 19F NMR spectrum only yielded one peak which accounts for all
the fluorine atoms on the molecule.6
2.5 mol.% SBVI ionogel 98%
gradient strength
2.5 mol.% SBVI ionogel 5%
gradient strength

Figure 3.10: 19F NMR overlay showing the 98% gradient strength (upper curve)
spectrum and the 5% gradient strength spectrum (lower curve).

Once the diffusion time and pulse duration parameters were
optimised in the 1-D spectra, a two-dimensional NMR diffusion programme
was used, as outlined in section 2.3.1, and a 2-D dataset was generated. From
this, the attenuation in signal intensity is plotted according to Equation (2.4),
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repeated here for convenience. In the equation S(2τ) is the attenuation after
a 2τ period, S(2τ)g=0 is the attenuation in the absence of pulse gradients, γ is
the gyromagnetic ratio, D is the diffusion coefficient, g is the gradient
strength, δ is the duration of the magnetic pulse, and Δ is the delay time.

 S (2  


ln( E )  ln 
  2 Dg 2 2     (2.4)
 S (2  
3

g 0 

The NMR software through the Diffusion Ordered Spectroscopy
(DOSY) method generates a curve in the T1/T2 relaxation programme
showing intensities against absolute gradient strengths in G/cm. The curve is
fitted to the equation above, and diffusivities for all integrated peaks are

Intensity

provided.

Absolute Gradient Strength
Figure 3.11: DOSY programme-generated curve showing intensities versus absolute
gradient strength. These data are fit to give diffusivity values
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The diffusivity value obtained from PGSE NMR is an apparent
diffusivity; it is a weighted sum of the diffusivities of free ions, as well as
paired or clustered entities, as seen in Equations (3.1) and (3.2), where φ is
the fraction of ions dissociated and Di refers to the diffusion coefficient of
species i.

DNMR
  D free  1    D pair

(3.1)


DNMR
  D free  1    D pair

(3.2)

It was previously postulated that zwitterions act as ion-dissociators in
ionic liquids which could lead to improved ionic conductivities. This was
based on results pioneered by the MacFarlane and Ohno groups where the
addition of zwitterions in lithium salt electrolytes led to marginally improved
electrochemical properties, including ionic conductivities.8-14
Apparent NMR diffusivities of the ionic liquid cation and anion were
plotted versus zwitterionic molar percentages in an attempt to determine the
effect zwitterions have on the mobility of diffusing species in zwitterioncontaining ionogels and their precursors.
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Figure 3.12: Apparent NMR diffusivities for Neat EMI TFSI, SBVI and SBMI ionogels, and
SBVI ionogel precursor solutions. The graph legend is shown underneath. The neat EMI
and TFSI data are shown as horizontal solid and dashed lines for convenience of
comparison.
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As can be seen from the above figure, the measured diffusivities of the
ionic liquid cation and anion in zwitterion-containing ionogels are lower
relative to the neat liquid. This may be attributed to the presence of the
cross-linked polymer scaffold causing a decrease in ion mobility in the gels.
Equations (3.1) and (3.2) show that the free ion diffusivities may not be deconvoluted from those of the clustered and paired species. It can be assumed,
however, that the mobility of the free ions is not significantly affected by the
presence of the polymer due to their small sizes. Thus, the diffusivities of the
free anion and cation are approximately constant between the neat liquid
and the gel. If this is taken to be true, then the addition of zwitterions to the
system may likely increase ion dissociation (φ in Equations (3.1) and (3.2))
because gel formation would be expected to decrease the mobility of the
larger paired or clustered ions (Dpair in Equations (3.1) and (3.2)) and the
apparent diffusivities of both the cation and anion are not a function of
zwitterion content, Figure 3.12. As will be discussed in Section 3.5, the
constant apparent diffusivities with increasing zwitterion content are also
consistent with the increase in elastic modulus that is observed upon the
increase in zwitterion content.
The apparent diffusion coefficient of the cation is always larger than
that of the TFSI anion, as shown in Figure 3.12. Molecular dynamics have
shown that this is due to the structure of the ions -planar EMI cations move
faster in the ionic liquid (and gel) than their linear anionic counterparts.15, 16
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Planar ions are able to glide through the liquid, while linear ions experience
more turbulent motion when moving through the liquid.
Comparing the SBVI ionogels with the SBMI ionogels, the diffusion
coefficients associated with SBVI ionogels were found to be larger than those
for the SBMI gels. Once again, this may be related to the elastic moduli of the
respective ionogels. From the elastic modulus data, it was inferred that nonpolymerisable SBMI zwitterions acted as nanofillers in the ionogels. This
implies the presence of zwitterionic clusters in the ionogels which would
cause a decrease in zwitterion-ionic liquid interactions due to the decreased
zwitterion accessibility. Therefore, SBMI zwitterion-containing ionogels
would have fewer dissociated ions relative to SBVI ionogels with the same
zwitterion content.
Precursor solution diffusivities were measured for a 1 mol.% and a 7
mol.% SBVI ionogel. In both cases, cation and anion diffusivities were found
to be significantly higher than their respective gel diffusivities, and slightly
higher than neat ionic liquid ion diffusivities. This could be because, relative
to the neat liquid, the zwitterion-containing ionogel precursor solutions
contain a larger proportion of free ions. So, improved ion dissociation in
combination with increased mobility, relative to the ion mobility in the gels
could lead to increased apparent diffusivities. It is important to note that
while precursor ion diffusion coefficients were recorded as higher than neat
IL and ionogel diffusivities, these measurements were taken at a slightly
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elevated temperature (291K) than ionogel and neat IL measurements (289K)
which would have resulted in larger diffusion coefficients. This was done
because the temperature of the instrument could not be reliably controlled at
temperatures close to room temperature. Using an estimated activation
energy of cation diffusivity measured by another group member (Anthony
D’Angelo) of 26 kJ/mol, however, the maximum difference in apparent
diffusivity was found to be only approximately 7 %. Hence, the apparent
diffusivity values of the precursor solutions are still clearly greater than the
neat ionic liquid values.
Furthermore, the percentage increase in the apparent diffusion
coefficients for the precursor solution cations and anions, relative to neat
EMI TFSI, is approximately 30% and 36%. Literature results have indicated
that roughly 63% of ions in neat EMI TFSI are dissociated, so an increase in
apparent ion mobility may suggest an increase in the presence of free ions.
Applying this percentage increase to the assumed percentage of neat free
ions, an approximate ion dissociation of 82-86% is calculated. Hence, the
increase in apparent diffusivity observed for the precursor solutions is still
within the bound of reasonability.
Larger diffusion coefficients observed for the zwitterion-containing
ionogel precursor solutions, relative to their gel counterparts, may reflect
higher ion mobility as well as an increase in the fraction of ions dissociated.
It can be assumed that free ions have higher mobility when compared with
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paired or clustered ions due to their smaller size, therefore, a higher
proportion of free ions moving faster within the precursor due to the lack of
polymer chains leads to a larger apparent diffusion coefficient relative to the
gel.

3.4

Mechanical Characterisation Results and Discussion
In order to determine the elastic modulus, E, of the zwitterion-

containing ionogels developed, a dynamic mechanical analyser (DMA) was
used. Ionogels were polymerised between glass slides in PTFE spacers with a
thickness of 3.2 mm, an inner diameter of 6.35 mm, and an outer diameter of
13.2 mm. Once polymerised, gels were carefully removed from the spacers
and compression tested in free-extension mode. Since the ionogel
dimensions were well-defined, a stress-strain curve was able to be
generated. The slope of the linear portion of the stress-strain curve was
calculated to yield the elastic modulus.
Figure 3.13 shows a sample stress-strain curve for a 4 mol.% and a 5
mol.% SBVI ionogel. As can be seen from the graph, the 5 mol.% ionogel has a
steeper slope, and therefore a higher elastic modulus. Similarly, Figure 3.14
compares a 4 mol.% SBVI ionogel to a 4 mol.% SBMI ionogel in a stressstrain curve. The SBVI ionogel has a significantly steeper slope when
compared with the SBMI gel of the same non-ionic liquid content, indicating
that SBVI-containing ionogels were stiffer. When determining the slope to
calculate the elastic modulus, only the data between 1 and 10% strain were
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used in order to avoid the minor fluctuations that occur at the beginning of
the test.

Figure 3.13: Stress-strain curves comparing a 5 mol.% (upper curve) and a 4 mol.% SBVI
ionogel (lower curve).
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Figure 3.14: Stress-strain curve of a 4 mol.% SBVI ionogel (upper curve) and a 4 mol.%
SBMI ionogel (lower curve).

As can be seen from Figure 3.15 increasing the ratio of SBVI to
TFEMA while maintaining the total polymer content at 20% on a mole basis
results in a significant increase in the modulus. The 1 mol.% SBVI sample is
shown to have a comparable modulus to the sample containing 20mol% of
the TFEMA-co-PETA-4 copolymer. This suggests that the increase in modulus
is solely due to the increase of the zwitterionic component in the gel. This
phenomenon may arise due to the self-assembly of the zwitterionic moieties
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within the gel (Figure 3.16), caused by attractive dipole-dipole interactions
between the zwitterions. Bengani et al. proposed a structure for sulfobetaine
methacrylate-co-trifluoroethyl methacrylate based on zwitterionic selfassembly. It was stated that upon assembling, this copolymer forms
bicontinuous hydrophilic zwitterionic channels with approximate pore sizes
of 1 nm, and hydrophobic domains occupied by the hydrophobic TFEMA
groups.17 In light of this, one possible architecture for the SBVI-co-TFEMA
could be ordered nano- to microphase domains of zwitterionic polymer
separated from pTFEMA. In this way, zwitterions experience increased
dipole-dipole interactions which in turn causes an increase in elastic
modulus on a macroscopic scale. Previous reports have shown that gelation
upon addition of zwitterionic groups is possible via zwitterion-zwitterion
interactions.12, 18
Although the morphology discussed by Bengani et al. is perceived in a
hydrophilic aqueous environment, the increase in elastic modulus with
increasing zwitterion content indicates some ordering and attractive forces
of and between the zwitterions. Due to their hydrophilic nature, it seems
apparent that the zwitterions would preferentially interact with one another
to minimise their interactions with the hydrophobic ionic liquid. Their
confinement to the polymer backbone, however, prevents severe zwitterion
migration which would result in smaller ordered domains.

77

Figure 3.15: Moduli of SBVI ionogels, SBMI ionogels, and an ionogel containing no
zwitterion as a function of zwitterion molar content. All ionogels contained 80 mol.%
ionic liquid

Figure 3.16: Schematic representation of SBVI zwitterionic self-assembly within the
zwitterion-containing ionogels.
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Although the SBMI ionogels exhibit an increase in elastic modulus
with increasing zwitterion content, the increase is not as dramatic as in the
case of SBVI. Since the SBMI zwitterionic additive is not polymerisable, it is
expected to form nanoclusters or physical crosslinks in the ionogel, as
opposed to nanochannels held together through dipole-dipole interactions.
This may be akin to adding nanofillers or nanoparticles to ionic liquids
where the resulting gels are more like viscous liquids held together through
physical interactions than rigid, chemically cross-linked gels. In this
particular case, the presence of the zwitterions led to an increase in elastic
modulus due to the nanoparticle effect acting in conjunction with the
chemically cross-linked TFEMA-co-PETA-4 copolymer. In the SBMI
zwitterion-containing ionogels, the amount of non-conducting materials that
comprised the gel was kept constant on a molar basis. The ratio of TFEMA to
SBMI was altered in order for this to remain true, but the total amount of
chemical cross-linker used was held at 1.5 mol.%. Thus, since there is an
overall decrease in polymer content, the increase in modulus is shown to be
solely due to the nanofiller effect observed upon the aggregation of SBMI
zwitterions.
SBVI zwitterions were unable to migrate within the gel and cluster as
they were tethered to the polymer scaffold. Therefore, it is reasonable to
assume that SBVI dipole-dipole interactions led to interdigitation as opposed
to clustering. That is, the zwitterions were able to associate their charged
moieties complementarily to one another, but only to other charged groups
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which were already in close proximity as all zwitterions were largely held in
place by the polymer backbone. Comparing the data for both zwitterions, one
of which was able to be incorporated into the polymer structure chemically
led to the conclusion that containing the zwitterion additives in the polymer
scaffold allows for improved mechanical properties and long-term stability.

3.5

Electrochemical Characterisation Results and Discussion

3.5.1

Ionic Conductivities

3.5.1.1

Zwitterion-Containing Ionogels at 80 mol.% Ionic Liquid Loading
Zwitterions have been proposed in this thesis as a means to improve

the electrochemical properties of polymer supported ionogels. In order to
test this hypothesis, alternating current (AC) impedance spectroscopy
measurements were taken in order to quantify the ionic conductivity. This
section concerns gels made with a total ionic liquid loading of 80 mol.%.; the
SBVI-containing ionogels contained a total polymer content of 20 mol.%,
while the SBMI ionogels consisted of a predetermined percentage of SBMI
with the remainder of non-ionic liquid materials consisting of a TFEMA-coPETA-4 copolymer. Figure 3.17 and Figure 3.18 depict raw impedance data
in a magnitude of impedance plot for a representative neat IL, 2.5 mol.%
SBMI ionogel, and 2.5 mol.% SBVI ionogel. The magnified impedance plot,
Figure 3.18, shows the high-frequency portion, which is characteristic of the
resistive properties of the materials. It can clearly be seen that the neat IL is
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the least resistive, followed by the SBVI ionogel, and the SBMI ionogel. From
this, it is inferred that the addition of zwitterions does not negate the effect
of replacing some of the ionic liquid in a given ionogel volume with nonconducting materials.

Figure 3.17: Sample raw impedance plot showing data for neat EMI TFSI, a 2.5 mol.%
SBMI ionogel, and a 2.5 mol.% SBVI ionogel.

It has been suggested that zwitterions introduce competitive
association between ions and zwitterionic charges in aqueous salt solutions
due to their high polarity. In a molecular dynamics simulation study
conducted by Shao et al., interactions between sulfobetaine groups and
cations were found to follow the Hofmeister series; that is to say,
sulfobetaines associated more strongly with smaller Li+ cations and relatively
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weakly with larger Cs+ cations and Br- anions.1 Extrapolating this analysis to
ionic liquids where the ions are considerably larger than the salts used in the
simulation studies, and the electrostatic interactions between the ionic liquid
ions are significantly weaker, it may be the case that the presence of
zwitterions in ionic liquids promotes a competitive environment in terms of
electrostatic interactions where intra ionic liquid interactions are
indistinguishable from or outshone by zwitterion-ionic liquid interactions.
Due to the presence of the polymer and the reduced concentration of ionic
liquid ions, however, an increase in ionic conductivity is not observed.

Figure 3.18: Magnified impedance plot of neat EMI TFSI, a 2.5 mol.% SBMI ionogel, and a 2.5
mol.% SBVI ionogel. Neat EMI TFSI is the least resistive, while the SBMI ionogel is the most
resistive.
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Low zwitterion-content ionogels did not exhibit higher ionic
conductivities relative to the neat ionic liquid or a TFEMA-based ionogel at a
20 mol.% polymer loading. However, increasing the zwitterion concentration
while maintaining the total polymer content did not result in the lower
conductivities one would expect due to increased elastic modulus. In fact, as
seen from Figure 3.19, the conductivity of zwitterion-containing ionogels at
80 mol.% ionic liquid content is relatively constant with increasing
zwitterion content.

Figure 3.19: Ionic conductivities of zwitterion-containing ionogels relative to neat EMI
TFSI and an ionogel containing no zwitterion. All gels contained 80 mol.% IL.
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As zwitterions are expected to increase the fraction of ions
dissociated, it is expected that increasing the zwitterion loading in the gels
would result in higher observed conductivities. Recalling that increasing
zwitterion content led to a higher elastic modulus, however, these ionic
conductivity results may be better contextualised. The more ordered gels
would hinder ion movement, causing a decrease in ion mobility. Accordingly,
despite an increase in free ions, overall ion mobility is reduced due to the
polymer network, as well as the assembled zwitterion groups.
From the elastic modulus data, it was clear that SBVI ionogels were
able to achieve higher moduli for the same zwitterion loading when
compared with SBMI ionogels. The explanation given for this observation
was that SBVI zwitterions were attached to the scaffold, and were therefore
tethered in place, causing them to self-assemble into ordered channels. From
the ionic conductivity data shown in Figure 3.19, it can be assumed that the
self-assembly of the zwitterionic groups decreases ion mobility. The
diffusivity data shown in Figure 3.12 further support this explanation as the
diffusion coefficients of the gels were found to be independent of
zwitterionic content. In spite of having more free ions contained within the
gels, the decrease in mobility caused by the SBVI self-assembly led to lowerthan-expected observed conductivities.
In a similar trend, the SBMI ionogel conductivities also did not change
with increasing zwitterion content. SBMI ionogel conductivities, however,
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were slightly lower than the calculated SBVI ionogel conductivity data. The
elastic modulus of SBMI ionogels was consistently lower than that of the
SBVI ionogels due to the formation of nano- and microclusters. Nonpolymerisable SBMI zwitterions were able to move within the ionogels
(evidenced by Figure 3.2) and self-aggregate, reducing the ability of the
charged moieties of the ionic liquid to interact with the zwitterions within
the aggregate. Hence, while zwitterions may increase the fraction of free ions
within the ionogel, covalently attaching the zwitterions to the polymer
scaffold allows for improved conductivities as zwitterions are prevented
from clustering.
Typically, in order to increase the elastic modulus of a polymer-based
ionogel system, the ionic liquid must be replaced with increasing amounts of
the scaffold material, for a given ionogel volume. This reduction in ionic
liquid present within the sample leads to a lower ionic conductivity.
Additionally, with increasing polymer content, ion mobility is further
impeded which contributes to the lower conductivities observed.
Figure 3.20 compares elastic modulus data as a function of ionic
conductivity for crosslinked TFEMA ionogels7 with SBVI ionogels. In the case
of the gels that do not contain zwitterion, the conductivity decreases
significantly (approximately 55% over a range of 1MPa). The SBVI ionogels,
however, are shown to yield relatively constant conductivity values for the
elastic modulus range shown.
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This noteworthy result can be attributed to the high ionic liquid
content within the zwitterion-containing ionogels. Due to the dipole-dipole
crosslinks between the zwitterionic moieties, the elastic modulus may be
tuned while allowing for a high concentration of ionic liquid. Conversely, for
the TFEMA ionogels shown, the modulus was increased by increasing the
polymer content within the ionogels. Thus, in order to create a stiffer gel in
this system, a lower ionic liquid loading must be used.

Figure 3.20: Ionic conductivities of SBVI (blue dots) and TFEMA (yellow triangles)
ionogels as a function of elastic modulus. A 9.5-10 to 1 molar ratio of monomer to
crosslinking PETA-4 was used. The SBVI ionogels contained 80 mol.% ionic liquid. TFEMA
data courtesy of Anthony D’Angelo.7
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Zwitterions have been thought to impart good electrochemical
properties by dissociating ions due to their high polarity.8, 10, 14 To date,
however, the ion-zwitterion interactions have not been characterised beyond
this analysis. In order to better understand the mechanism by which
zwitterions act as ion-dissociating agents, the charge-dipole interaction may
be investigated using the expression for angle-averaged free energy.19

w(r )  

Q2  2
6  4 0  kBTr 4
2

(3.3)

Equation (3.3) shows an approximation for the angled-averaged
interaction between an ion and a molecule with a dipole moment. In the
above equation, w(r) is the free energy as a function of the distance between
the two molecules, r. Q is the magnitude of the charge on the ions, and μ is
the dipole moment of the interacting molecule. ε0 and ε are the permittivity
of free space, and the dielectric constant of the medium surrounding the ion,
respectively. The Boltzmann constant, kB, temperature, T, and distance
between the charge and the dipole moment, r, also factor into this equation.
This expression for the free energy of the charge-dipole interaction is
relevant only when Equation (3.4) is satisfied. 19

r

Q
4 0 kBT

(3.4)

Considering the two main polymeric constituents here, the dipole
moment for TFEMA is approximately 2.35 D20, while the dipole moment for
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sulfobetaine is recorded as being 27.5 D.21 The disparity between these two
values is a factor of ten, which, consulting Equation (3.3), amounts to a 100
fold difference in free interaction energy.
3.5.1.2

Zwitterion-Containing Ionogel Precursor Solutions
In order to assess the influence of the polymer scaffold on the

mobility of the ions within the zwitterion-containing ionogels, ionogel
precursor solutions were measured using AC impedance for the zwitterioncontaining ionogels comprised of 20 mol.% non-conducting materials.
Precursor solutions were injected into symmetric ITO devices, according to
procedures outlined in section 2.2.3, and were immediately tested in a
nitrogen-containing glove box.
Figure 3.21 compares precursor and gel total series resistances for
zwitterion-containing ionogels. Total series resistance values were obtained
by averaging the plateaued high-frequency resistance data. Recalling
Equation (2.6), ionic conductivity is inversely proportional to the precursor
or gel resistance. Therefore, lower resistances yield higher conductivities.
Looking at the following figure, it can be seen that precursor total series
resistances are approximately 20 Ω lower than their respective gel
resistances, indicating that precursor solutions are more conductive than the
polymerised gels.
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Figure 3.21: Total series resistances of SBVI and SBMI gels relative to their
respective precursor solutions. Resistances were obtained by impedance
measurements.

The influence of the polymer can be elucidated further by looking at
Figure 3.22. SBVI ionogel precursor solutions were found to be the most
conductive. Moreover, SBVI precursor conductivities were shown to increase
with increasing zwitterion content. Higher zwitterion contents led to large
conductivity values that were as high or, in some cases, slightly higher
relative to the neat ionic liquid conductivity value.
Moreover, precursor conductivities were found to be higher for all the
zwitterion-containing ionogel precursor solutions tested. This suggests that
zwitterions are inducing more free ions in the solutions, and without the
polymer scaffold to contain the ionic liquid, ion mobility is not hindered.
While SBMI precursor solutions exhibited conductivities that were larger
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than SBMI and SBVI ionogel conductivities, they were still lower than the
SBVI precursor conductivities recorded for the same zwitterion loading, and
the neat ionic liquid. One possible explanation for this observation is the
added potential for steric hindrance afforded by the vinyl group on the SBVI
zwitterion. This may prevent zwitterion packing, thus reducing the
prevalence of cluster formations in the SBVI precursor solutions. This would,
in turn, allow for more zwitterion-ionic liquid interactions which would
increase the fraction of ions dissociated, leading to higher conductivities.
Following this argument, the SBMI would aggregate more readily due to the
smaller methyl group which would decrease the frequency of zwitterionionic liquid interactions.

Figure 3.22: Ionic conductivities of SBVI and SBMI ionogels and their respective
precursor solutions
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3.5.1.3

How Ionic Liquid Loading Affects Ionic Conductivities of
Zwitterion-Containing Ionogels
Subsequent to characterising zwitterion-containing ionogels

comprised of 20 mol.% of non-conductive materials, the effect of changing
the volume fraction of the ionic liquid within the zwitterion-containing
ionogels was explored. The strategy of varying volume fraction was chosen
as a given volume of ionic liquid contains a constant concentration of ions
across samples. It should be noted that volume fraction of ionic liquid was
estimated using the densities of the monomers and additives in the
precursor solutions. The densities of the synthesised zwitterions were
estimated based on visual observations of zwitterion buoyancy in ionic liquid
and monomers, as well as the densities of the other monomers in the
samples. The densities of zwitterion-containing ionogel materials used for
calculating the volume fraction of each component are recorded in Table 3.3
Table 3.3: Densities of zwitterion-containing ionogel materials for calculating volume
fractions.

Density
(g cm-3)
1.25
1.18
1.19
1.52

Material
SBVI/SBMI
TFEMA
PETA-4
EMI TFSI

To formulate zwitterion-containing ionogels with varying amounts of
ionic liquid, a fixed ratio of zwitterion to TFEMA was used and the total
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amount of polymer or additive necessary to change the volume fraction of
ionic liquid was adjusted accordingly. A ratio of 13:82 percent of zwitterion
to TFEMA on a molar basis was used because this ratio yielded stable gels
when the ionic liquid volume fraction was varied. At 80 mol.% ionic liquid,
this gel corresponded with a total zwitterion content of 3 mol.%.
Importantly, at an 80 mol.% ionic liquid loading, the volume fraction of ionic
liquid was 0.87 for this copolymer system.

Figure 3.23: Ionic conductivity of SBVI and SBMI ionogels and their respective
precursor solutions as a function of volume fraction of ionic liquid.

The above figure indicates that for the SBVI and SBMI ionogels,
decreasing the volume fraction of ionic liquid in the ionogels leads to
reduced conductivities. Despite this, even at high mass fractions of polymer,
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moderate ionic conductivities may be obtained. So, if desired, the
mechanical stability of the gels could be further improved by increasing the
polymer content while maintaining conductivities relatively close to that of
the neat IL. The trend observed in Figure 3.23 is expected as increasing the
polymer loading would encumber ion movement within the gel.
Additionally, a smaller volume fraction of IL would result in a lower
concentration of ions, so there would not be as many conductive charge
carriers present per volume of ionogel. The increase in zwitterion content
as the total additive amount is increased could lead to an increase in free
ions present. It is conceivable, however, that beyond a certain zwitterion
loading, the electrochemical properties of the zwitterion-containing
ionogels would have a diminishing return. That is to say, once all the ions in
the ionic liquid are dissociated, any further zwitterionic additions would act
as obstacles for the ions and would hinder ion movement. Currently, the
fraction of free ions is unquantifiable, so it is unclear whether the
zwitterionic loading in the formulated gels is adequate to ensure complete
ion dissociation.
Ionic conductivities of zwitterion-containing ionogel precursor
solutions were measured for both the SBVI and SBMI ionogels. The data
show higher conductivity values relative to their respective gels which are
indicative of unencumbered ion mobility. At the highest IL volume fraction,
the SBVI precursor solution conductivity is as high as the neat ionic liquid.
This implies an increased fraction of dissociated ions contained within the
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sample as the ionogel samples contain fewer charge carriers relative to the
neat liquid.
3.5.2

Activation Energy of Ionic Conductivity
The activation energy of ionic conductivity is correlated with the

energy barrier that must be overcome to elicit ion movement in an electric
field. High activation energies are often associated with lower conductivity
electrolytes, while the opposite is true for low activation energy values. In
order to determine the activation energy of a zwitterion-containing ionogel,
ionic conductivity measurements were taken at various temperatures and
were plotted according to the Arrhenius relationship in Equation (3.5).

ln(   ln( 0 ) 
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Figure 3.24: Representative Arrhenius plot of select SBVI ionogels. Conductivities used
were in mS cm-1.

The Arrhenius plot in Figure 3.24 depicts several zwitterioncontaining ionogels consisting of 20 mol.% polymer at different
concentrations of SBVI. Looking at the plot, the data appear to be linear,
justifying the use of the Arrhenius model to calculate activation energy. The
coefficient of determination, R2 values for the Arrhenius data ranged from
0.972 to 0.993. The ionic conductivity data were obtained by decreasing the
temperature from 100o C to room temperature in increments of 20o C and
then increasing the temperature to find data points in between.
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Figure 3.25: Arrhenius plot comparing SBVI and SBMI ionogels to neat EMI TFSI.
Conductivities used were in mS cm-1

The slope for the representative compositions appears to be constant,
suggesting that the activation energy of the SBVI ionogels does not change
with ionogel composition. Comparing these data with those shown in Figure
3.25, the SBMI ionogel and the neat EMI TFSI also follow a linear relationship
between the natural logarithm of conductivity and scaled absolute
temperature. Thus, the Arrhenius model may be used as a tool to compare all
the zwitterion-containing ionogels formulated to neat ionic liquid. For ease
of assessment, the calculated activation energies for SBVI and SBMI ionogels,
as well as neat ionic liquid and a 20 mol.% TFEMA ionogel are shown in
Table 3.4.
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Table 3.4 Calculated activation energies of ionic conductivity for neat EMI TFSI, a 20 mol.%
TFEMA ionogel, 20 mol.% polymer SBVI-containing ionogels with varying concentrations of
SBVI zwitterion, and SBMI ionogels with 80 mol.% ionic liquid.

Mol zwitterion

EA

(%)

(kJ/mol)

Neat EMI TFSI

0

14.6

20 mol.% TFEMA

0

15.5

0.89

11.2

4.22

12.8

4.93

12.6

6.85

11.7

2.53

12.7

7.01

13.5

20 mol.%
copolymer SBVI
Ionogels
SBMI Ionogels

The SBVI ionogels are shown to have activation energies lower than
that of neat EMI TFSI. Although this is consistent with high-conductivity gels,
the conductivity data do not reflect this. Similarly, the SBMI gels display
activation energies that are lower than the neat ionic liquid. The standard
deviation between SBVI activation energies was found to be 0.65 kJ/mol, so
the activation energies of the SBVI-containing ionogels can be said to be
independent of the concentration of zwitterion within the gel. This finding is
also consistent with the diffusion coefficient data reported, as well as the
ionic conductivity data pertaining to the 20 mol.% polymer ionogels.
Analogously, similar conclusions may be drawn for elastic modulus: the
increase in elastic modulus, which was assumed to hinder ion movement
such that ionic conductivity and ion mobility did not increase with increasing
zwitterionic content, could be the cause for the observed constant activation
energies. Considering that ionic conductivity remained unchanged due to the
increased dipole-dipole interactions within the zwitterion-containing
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ionogels, it is imaginable that the activation energies associated with these
zwitterion-containing ionogels would also remain constant.
The SBMI-containing ionogel activation energies are also shown to be
lower than that recorded for neat EMI TFSI. For the SBMI-containing
ionogels consisting of 20 mol.% of non-conducting materials, the ionic
conductivities were found to be higher than those recorded for neat ionic
liquid, but lower than the ionic conductivities measured for SBVI ionogels.
The calculated activation energies for SBMI ionogels are consistent with
these data.
Since the activation energies of the zwitterion-containing ionogels
were found to be lower than the activation energy recorded for neat EMI
TFSI, it may be inferred that the zwitterions decrease the energy barrier
associated with ionic motion within the ionogels. The combination of
encumbered ion movement and fewer charge carriers, however, results in
conductivities lower than the neat IL.
3.5.3

Cyclic Voltammetry
Cyclic voltammetry (CV) tests were done in order to determine the

effect of the zwitterionic copolymer on the electrochemical window of the
composite zwitterion-containing ionogel material. The electrochemical
window of EMI TFSI is understood to be slightly larger than 4 V.22 Additives
such as water which may be contained in the zwitterions, however, have the
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potential to reduce the electrochemical window.23, 24 This is undesirable as
the wide voltage window associated with ionic liquids is important to ensure
a high energy density when producing electrochemical energy storage
devices.
CV testing was done on the symmetric ITO-zwitterion-containing
ionogel devices used for ionic conductivity testing. The spacers used were
1.57 mm thick and had an inner diameter of 6.35 mm. The cross-sectional
area of the zwitterion-containing ionogels was 3.17 10 5 m 2 .

Figure 3.26: Cyclic Voltammogram of a 1 mol.% SBVI ionogel at various voltages. A scan
rate of 1 V/s was used
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To begin, a low zwitterion-loading ionogel was tested with a scan rate
of 1 V/s. The 1 mol.% SBVI zwitterion-containing ionogel shown in Figure
3.26 was tested at different voltage windows to determine whether or not
reduction/oxidation (redox) reactions occur. As can be seen from the plot
above, the zwitterion-containing ionogels were stable up to 4 V, suggesting
that the presence of the zwitterionic copolymer does not significantly affect
the electrochemical stability.

Figure 3.27: Cyclic Voltammogram for neat EMI TFSI (blue solid), a 7 mol.% SBVI
ionogel and 2 V (orange dashes) and 4 V (green dots). A scan rate of 1 V/s was used.

In order to ensure that this was the case, a high zwitterion-content
ionogel was tested at the same scan rate. Figure 3.27 shows the results of
that test where the electrochemical stability of a 7 mol.% SBVI-containing
100

ionogel was measured. The saw-tooth effect observed here is common to
most ionogel systems due to the inherent gel resistance. Despite this effect,
even at high zwitterion concentrations, the SBVI zwitterion-containing
ionogels appear to be electrochemically stable up to 4 V for the high
zwitterion loading. For comparison, a neat EMI TFSI cyclic voltammogram is
shown for a 4 V window. Hence, the incorporation of zwitterions does not
significantly reduce the electrochemical stability of the ionogel system.
Considering the similarities in structure between SBMI and SBVI,
SBMI is not expected to have a significant impact on the voltage window of
the ionogels. This is evidenced by Figure 3.28 where a 1 mol.% and a 7
mol.% SBMI-containing ionogel was tested at a window of 4 V at a scan rate
of 1 V/s. The cyclic voltammogram appears to be stable with no large sawtooth or aberrations visible.
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Figure 3.28: Cyclic voltammogram showing 1 mol.% (outer curve) and 7 mol.% (inner
curve) SBMI-containing ionogels at a 4 V window. The scan rate used was 1 V/s.

Thus it may be concluded that zwitterion-containing ionogels have a
large electrochemical stability and that the presence of the zwitterionic
copolymer does not affect the voltage window within which zwitterioncontaining ionogel electrolytes may be operated safely.
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4.1

Conclusions
Zwitterion-containing ionogels were successfully synthesised

incorporating both polymerisable (SBVI) and non-polymerisable (SBMI)
zwitterions. TGA data showed that the presence of free unbound water
molecules in the zwitterion-containing ionogels was negligible and that these
ionogels displayed high degradation temperatures, above 300o C .
For the zwitterion-containing ionogels with an 80 mol.% ionic liquid
loading, the elastic modulus was shown to increase with increasing
zwitterion content for both the SBVI and the SBMI ionogels. The increase in
modulus was not as dramatic for the SBMI gels, relative to their SBVI
counterparts. The increase in elastic modulus was attributed to the
zwitterion’s ability to self-assemble within the ionogel. The SBMI zwitterions
were able to migrate and aggregate within the gel, acting as nanoparticle
fillers, while the SBVI zwitterions that were confined to the polymer
backbone created dipole-dipole cross-links and/or ordered domains due to
zwitterionic self-assembly.
Relating these findings to the ionic conductivity and diffusivity data at
fixed ionic liquid loading, it may be concluded that the zwitterions caused an
increase in free ionic liquid ions present within the gel. This was achieved via
charge-dipole interactions and the competitive association between the
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charges in the ionic liquid and the zwitterionic moieties. The moderate
values of ionic conductivity that were approximately constant with
increasing zwitterion content could be attributed to the increase in elastic
modulus; the self-assembled domains hindered ion movement within the gel.
This led to an effective cancellation of the benefits associated with increased
presence of free ions due to their reduced mobility.
The ionic conductivities of the SBMI-containing ionogels were
consistently lower than those for the SBVI ionogels. The explanation
provided pertained to the clustering effect seen in the SBMI ionogels. SBMI
zwitterions, being able to move within the gel, were able to aggregate and
effectively reduce the number of charge-dipole interactions which would
have reduced the fraction of ions dissociated.
The apparent diffusivities for SBVI and SBMI ionogels followed the
same trend as the ionic conductivity data. Once again these results were
ascribed to the increase in elastic modulus, causing a reduction in ion
mobility, despite an increased presence of faster free ions, relative to the
paired and clustered entities.
Zwitterion-containing ionogel precursor solutions were also
examined. The increase in ion dissociation, combined with the lack of
polymer network resulted in improved ion mobility which manifested as an
even greater increase in measured diffusivity and conductivity values that
were comparable to the neat ionic liquid.
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Cyclic voltammetry results showed that the electrochemical stability
remained unchanged from that of the neat ionic liquid. Thus, zwitterioncontaining ionogels synthesised with both types of zwitterion showed
moderate conductivity values, good mechanical properties, as well as high
thermal and electrochemical stability.

4.2

Future Directions
The results presented in this thesis offer an exciting platform to leap

from when conducting future studies involving zwitterion-containing
ionogels. Firstly, the copolymer morphology must be characterised more
fully as, from the elastic modulus data, the polymer architecture appears to
have a great impact on the mobility of the ions within the gel. To achieve this,
X-ray scattering or electron cryomicroscopy may be employed. In this way,
the copolymer that is synthesised in the ionic liquid may be examined and
the specific morphology may shed further light on the nature of the
zwitterion-ionic liquid interactions.
In the work presented, the SBVI zwitterions used were tethered at the
cationic imidazolium portion of the molecule, a potential source of steric
hindrance for TFSI-zwitterionic imidazolium interactions. Hence, another
potential route for exploration involves tethering the zwitterion to the
polymeric backbone at the anionic end of the monomer. With this change,
different results may be obtained for the ion diffusivities, as well as the
electrochemical properties. Additionally, the alkyl chain length between the
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charges on the zwitterion may be varied in order to potentially allow both
ionic liquid ions to interact with the zwitterionic portions of the copolymer.
Longer carbon spacers may lead to increased zwitterion-ionic liquid
interactions which could result in the presence of even more dissociated
ionic liquid ions.
Along this vein, the synthesis and implementation of a hydrophobic
zwitterion would be of significant interest as its behaviour in the
hydrophobic ionogel system may be quite different from the hydrophilic
zwitterion used in this study. In this way, solubility limitations arising from
the hydrophilicity of zwitterions may be avoided. Furthermore, increased
ion-dipole interactions with a hydrophobic zwitterion have the potential to
further increase the fraction of dissociated ions within the zwitterioncontaining ionogels, leading to a potential increase in ionic conductivity. A
hydrophobic zwitterion may exist in the form of a long alkyl chain separating
the two charges on the zwitterionic molecule. An extension of this may be to
include hydrophobic functional groups on the alkyl separator or as side
chains on the molecule, which would deter water molecules from solvating
the zwitterions.
A longer alkyl spacer chain populated with hydrophobic functional
groups, such as fluorine, would also cause an increase in the molecular dipole
moment. This may, in turn, affect the free energy of interaction between the
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ions in the ionic liquid and the zwitterionic moieties. Increase charge-dipole
interactions may lead to a further increase in ionic conductivities.
Finally, these findings must be validated across different zwitterionionic liquid systems in order for their applicability to be extended over a
wide range of fields. With this, the implementation of zwitterion-containing
ionogels may be advanced into the field of lithium ion and metal batteries, as
well as proton exchange membranes for fuel cell applications.
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A.1

Elastic Modulus Data

Table A.1: Elastic moduli of a 20 mol.% TFEMA ionogel, and zwitterion-containing ionogels
with 80 mol.% ionic liquid loading.

0.00

E
(kPa)
4.41

1.08

4.13

6.96

820.20

2.50

16.24

4.07

195.60

5.05

476.30

2.53

10.00

7.01

20.33

4.01

15.80

Total Moles Zwitterion
(mol.%)
20mol.% TFEMA

SBVI Ionogels 80
mol.% IL

SBMI Ionogels 80
mol.% IL

A.2

Apparent Diffusivity Data

Table A.2: Apparent PGSE NMR diffusivity values for the EMI cation and the TFSI anion in
neat ionic liquid, and in zwitterion-containing ionogels with 80 mol.% IL.

Neat EMI TFSI

SBVI Ionogels 80
mol.% IL

SBMI Ionogels 80
mol.% IL

Total Moles Zwitterion
(mol.%)
0
3.86
7.40
4.93
0.94
2.50
5.08
3.21
2.53
7.01
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D+NMR
x1011 m2/s
4.22
2.85
2.75
3.37
3.51
2.95
2.80
2.53
2.58
2.91

D-NMR
x1011 m2/s
2.50
1.69
1.78
1.97
1.85
1.72
1.60
1.39
1.47
1.76

Table A.3: Apparent PGSE NMR diffusivity values for SBVI-containing ionogel precursor
solutions with 80 mol.% ionic liquid loading.

SBVI-Containing Ionogel Precursor Solution
Total Moles SBVI
D+NMR
D-NMR
(mol.%)
x1011 m2/s
x1011 m2/s
5.01
3.29
6.85
1.03
5.50
3.42

A.3

Ionic Conductivity Data

Table A.4: Reproduced ionic conductivities and standard deviations of neat EMI TFSI and 20
mol.% polymer TFEMA ionogels.

Conductivity

Standard Deviation

(mS cm-1)

(mS cm-1)

10.22
Neat EMI TFSI

10.45

0.19

10.68
20 mol.% TFEMA
ionogel

5.80
5.27
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--

Table A.5: Reproduced ionic conductivities and standard deviations of SBVI-containing
ionogels with 80 mol.% ionic liquid loading.

Total Moles SBVI

Conductivity
-1

(mol.%)

(mS cm )

0.88
0.94
1.08
2.50
2.76
3.06
3.86
4.22
4.29
4.93
4.93
5.05
5.66
6.87
6.96
7.40
7.72

5.84
5.86
7.28
7.84
6.34
7.33
5.81
7.02
5.70
6.32
5.67
6.48
6.61
6.92
6.74
6.47
6.39

Standard Deviation
(mS cm-1)
0.54

0.28

--

Table A.6: Reproduced ionic conductivities and standard deviations of SBMI-containing
ionogels with 80 mol.% IL.

Total Moles SBMI
(mol.%)
1.03
2.53
3.21
4.01
5.08
6.91
7.01
7.01

Conductivity
(mS cm-1)
6.48
5.74
5.74
6.61
5.80
5.07
5.87
6.16

Standard Deviation
(mS cm-1)

0.45
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Table A.7: Total impedance resistances and ionic conductivity values for zwitterioncontaining ionogels with 80 mol.% IL and their precursor solutions.

Total Moles
Zwitterion
(mol.%)

Precursor
Resistance
(Ω)

Precursor
Conductivity
(mS cm-1)

Gel
Resistance
(Ω)

Gel
Conductivity
(mS cm-1)

SBVI
Ionogels
with 80
mol.% IL

0.94

130

9.30

153

6.52

2.50

127

9.84

150

6.78

3.06

125

10.25

152

6.61

5.66

123

10.68

155

6.36

SBMI
Ionogels
with 80
mol.% IL

1.03

136

8.37

154

6.48

3.21

143

7.49

164

5.74

5.08

131

9.13

163

5.80

7.01

135

8.51

162

5.87

Table A.8: Ionic conductivities of zwitterion-containing ionogels with varying ionic liquid
volume fractions.

Volume Fraction EMI TFSI

SBVI
Ionogels

SBMI
Ionogels

φEMI TFSI

Conductivity
(mS cm-1)

0.86
0.81
0.77
0.74
0.85
0.81
0.77
0.74

6.61
6.44
5.23
4.37
5.74
5.31
4.65
3.98
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Figure B.1: Arrhenius plot of neat EMI TFSI, a 20 mol.% TFEMA ionogel, and SBVIcontaining ionogels with 80 mol.% IL.
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Figure B.2: Arrhenius plot of SBMI ionogels with 80 mol.% IL.
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