


availability of free solvent/vehicles and level of hydration, one or the other mechanism dominates

the proton transport in PEMs.**™
1.2.1.2 Hydrated PEMFCs

The present state-of-the-art membrane materials are based on sulfonated
tetrafluoroethylene based fluoropolymers, such as Nafion®. Nafion®, (structure shown in figure
1.4) is a current standard against which performance of all other membranes are compared.
Nafion® conducts protons in the hydrated environment by a vehicular mechanism and its
conductivity is critically dependent on the degree of hydration.**™ Similar to Nafion®, a large
number of fluorinated/non-fluorinated polymers with aromatic and aliphatic backbones having
sulfonic acid as an anionic site have been developed.® ***® The typical proton conductivity of
these membranes is 102-10" S/cm in the fully hydrated state. Gierke et al. proposed a model for
Nafion® as a cluster network consisting of inverted micelles, connected by narrow channels of
about 1 nm in diameter, figure 1.5a.** A more recent model, proposed by Schmidt-Rohr, on the
basis of new calculations of previously reported SAXS data, describes Nafion® as consisting of
long parallel randomly packed water channels surrounded by partially hydrophilic side branches
forming inverted micelles, figure 1.5b." This model helps explain the observed fast diffusion of
protons and water in Nafion® and persistence of proton conductivity below the freezing point of

water. ™

Figure 1.4. General structure of commercially available poly(perfluorosulfonic acid).
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Figure 1.5. a) Gierke Model** b) Schmidt-Rohr model*

The heavy reliance of proton conductivity of poly(perfluorosulfonic acid) (PFSA)
membranes on water as a medium leads to two severe problems relevant to their use in fuel cells:
maximum operating temperature of the fuel cell is limited to lower than 100 °C, the boiling point
of water, and there is severe electro osmotic drag leading to decrease in cell potential.'” **%°
Maximum operating temperature of ~ 100 °C limits the activity and CO tolerance of the platinum
electro catalyst. This necessitates the use of hydrogen of very high purity.” Methanol being a
liquid fuel is a good substitute for hydrogen gas and direct methanol fuel cells have high energy
densities. However, their key limitation is permeation of methanol from anode to cathode, where
its catalytic reaction competes with oxygen reduction reaction leading to lower overall cell
potential.??# Hydrocarbon polymers suffer from oxidative radical degradation in acidic

environment,*%

and though perfluorinated polymers show satisfactory performance; their large
scale commercialization is limited by cost. Operating a fuel cell at temperatures above 120 °C has
the advantages of reduced platinum catalyst loading and its improved CO tolerance, enhanced
electrochemical reactions and simplified water and thermal management design.”* #' This has led

to research efforts towards systems that transport protons at high temperature and in a low

humidity environment.



1.2.1.3 Anhydrous PEMFCs

Two fundamental approaches towards anhydrous proton conduction have been adopted.
One is simple substitution of water with another proton solvent, e.g., phosphoric acid or
amphoteric nitrogen containing heterocycles. Similar to water, certain nitrogen containing
heterocycles are amphoteric, and can form hydrogen bonded network and undergo
autoprotolysis.”” The boiling points of heterocyles such as imidazole, triazole and benzimidazole
are above 200 °C. Structures of heterocycles studied for proton conduction are shown in figure
1.6. Phosphoric acid based membranes; especially polybenzimidazole-phosphoric acid (PBI-PA)
system show proton conduction up to 200 °C along with other desired properties and are poised
for commercialization.?* However, at temperatures below 100 °C, the phosphoric acid can get
washed out by reaction with water during long term PEMFC operation. In PFSA membranes,
substitution of water with imidazole and other derivatives have helped retain good conductivity
up to 200 °C.**3! However, free solvent molecules tend to leach out of the membrane and thereby
cause gradual performance deterioration. This can be overcome by immobilization of protogenic

moieties.

Imidazole Benzimidazole 1H-1,2,3-triazole 1H-1,2,4-triazole Tetrazole

Figure 1.6. Structures of nitrogen containing heterocycles.

The other approach to achieve anhydrous proton conduction is focused towards fully
polymeric materials that exhibit proton conductivity as an intrinsic property.?’ In these materials,
the proton “solvent” is immobilized on to the polymer backbone via a flexible spacer and proton
transport takes place through a hydrogen bonded network.™® Immobilization prevents vehicular
diffusion of protons and hence the proton mobility relies solely on a Grotthuss-type mechanism

(structural diffusion). There are several reports on the use of proton conducting motifs such as
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imidazole,*** benzimidazole and triazole, attached as a pendant group to the polymer
chain for anhydrous proton conduction. Studies on these heterocycle functionalized polymers
have revealed that proton conductivity depends on local mobility of the heterocycle, determined
by the spacer length and effective concentration of charge carriers.*** ** Fine tuning of polymer

properties is critical towards the development of an “all solid state” conducting membrane.

1.2.2 AAEMFCs

In an AAEMFC, the fuel, hydrogen or methanol, is supplied at the anode and oxygen
through air, and water are supplied at cathode. The schematic of an AAEMFC is shown in figure
1.7. Hydroxide ions (OH"), generated from electrochemical oxygen reduction at the cathode,
migrate to the anode where they react with the fuel to produce water and electrons.***> The most
significant advantage of AAEMFCs is that under alkaline conditions, electrode reaction Kinetics
are much more facile, allowing use of inexpensive, non-noble metal catalysts such as nickel for
the fuel electrode® and silver, iron phthalocyanines etc. for the oxygen electrode.*’ Corrosion
problems are also substantially reduced under alkaline conditions. An alkaline medium
accelerates oxidation of methanol making it an attractive fuel to be used. Methanol has an
advantage of easier storage and transportation and has higher volumetric energy density
compared to hydrogen. Also, methanol crossover from anode to cathode is reduced in AAEMFCs
compared to PEMFCs, due to the opposite direction of ion transport in the membrane, from
cathode to anode.* In addition, use of higher alcohols such as ethanol and propanol is possible in
AAEMEFCs, since anode potential in AAEMFCs is sufficient to oxidize C-C bonds present in

alcohols.**
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Figure 1.7. Schematic of AAEMFC.

Fuel cells operating under alkaline conditions (AFCs), have been used since the mid-
1960s by NASA in the Apollo and Space Shuttle programs. These fuel cells generate electricity at
nearly 70% efficiency.! In a traditional AFC, an aqueous solution of KOH is used as an
electrolyte. CO, coming in through oxidant air stream and generated as by product from oxidation
of methanol, if methanol is the fuel, reacts with electrolyte KOH forming CO5%/HCO;.
Unfortunately as a consequence, K,CO; or KHCOj3™ precipitate on the electrodes and destroy the
catalyst layer in AFCs. Replacing aqueous KOH with a solid polymer electrolyte membrane, that
can conduct hydroxide ions could overcome the problems of electrolyte leakage and carbonate
precipitation, though still taking advantage of the previously discussed benefits of operating a fuel
cell in an alkaline environment.”® In AAEMFCs, CO, reacts with water forming H,COs, which
further dissociate to HCO; and CO5*. The equilibrium concentration of CO5*/HCOs is less than
0.07% and there is no precipitation on the electrodes in the absence of cations (K*, Na*).* *

The biggest challenge in developing AAEMFCs is the anion exchange membrane. A
typical AEM is composed of a polymer backbone with tethered cationic ion-exchange groups to

facilitate the movement of free OH ions. This is the inverse of Nafion® used for PEMFCs, where

an anion is covalently attached to the polymer and protons hop from one site to another. The
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challenge is to fabricate AEM with high OH" ion conductivity and mechanical stability without
chemical deterioration at elevated pH and temperatures. The main mechanisms of degradation are
Hoffmann elimination when B-hydrogens are present and direct nucleophilic attack by OH™ ion at
the cationic site. The degradation pathways for membranes containing quaternary ammonium
cations are shown in figure 1.8.** ** One approach towards improving the chemical stability
towards Hofmann elimination is to remove all B-hydrogens at the cationic site. All these
degradation reactions limit the polymer backbone chemistries and the cations that can be
incorporated for developing AEM. Another challenge is achieving OH™ ion conductivity
comparable to H" conductivity observed in PEMFCs. Since the diffusion coefficient of OH" ions
is four times less than that of water,> four times higher concentration of OH" ions is needed to
achieve similar results, which in turn needs higher ion exchange capacity of the polymer.
However, high ion exchange capacity leads to excessive swelling of polymer on hydration and
concomitant loss of mechanical properties.® The need to develop AEMs immune to caustic

degradation with high hydroxide ion conductivity is of paramount importance.
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Figure 1.8. Degradation mechanisms of benzyltrimethylammonium group by OH" ion in AEM.
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Figure 1.9. Structures of cation containing polymers for AEMs a) Benzylmethyl-containing
poly(sulfone)s with pendant quaternary trimethylamine group® b)  Cross-linked
tetraalkylammonium-functionalized polyethylene® c) tris(2,4,6-trimethoxyphenyl) polysulfone-
methylene quaternary phosphonium hydroxide® d) poly(arylene ether sulfone) containing
guanidium hydroxide.®

Several research groups have demonstrated AEMs based on polymers containing
quaternary ammonium groups such as quaternized poly(sulfone)s®**® (figure 1.9a),>* quaternized
and  crosslinked  polynorbornene,®  quaternized  polyphenylene,®® radiation  grafted

56-57 and

vinylbenzylchloride on poly(tetrafluoroethylene-co-hexafluroropropylene)  films
quaternized polyethylene.?® Of all the quaternary ammonium functionalized polymers, maximum
room temperature conductivity of 69 mS/cm for crosslinked polyethylene (figure 1.9b) has been
observed by Coates and coworkers.” Recently, Yan et al. developed quaternary phosphonium
containing ionomer (figure 1.9c) having OH" ion conductivity of 27 mS/cm at room temperature
that are soluble in low boiling, water soluble solvents.*® Beyer and coworkers synthesized
trimethylphosphonium functionalized polystyrene ionomers and studied the relationship between

ion content and T, of ionomer.** Zhang et al. reported quaternary guanidinium functionalized

poly(arylene ether sulfone) (figure 1.9d)% with conductivity up to 74 mS/cm at 60 °C. While all
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these reports are promising for the feasibility of AAEMFC, successful production of AEMs
requires improvement in conductivity, mechanical stability and chemical stability for long term
operation under alkaline fuel cell environment. There needs to be further exploration of different
classes of cations to develop chemically stable polymer electrolytes and a better understanding of

degradation mechanisms and hydroxide ion migration.

1.2.3 Lithium ion batteries

Lithium ion polymer batteries are rechargeable batteries with energy density more than
twice that of standard nickel cadmium and lead acid batteries. Lithium ion batteries have the
added advantages of low maintenance, no memory or scheduled cycling necessary to increase the
battery life, very low self-discharge and an output voltage of 3.6 volts from single cell. A
schematic of a lithium ion cell during discharge is shown in figure 1.10. During discharge of the
battery, oxidation takes place at the anode and reduction at the cathode. Lithium ions shuttle from
lithium intercalated graphite anode through an electrolyte to the cathode where they are stored as
transition metal oxide intercalation compound. The reverse reaction takes place during charging

of the battery.®

Li ,Cs ‘
XLi* +¢xe'+60 ~

Li, Host 1 ()

xLit + xe'\;r Li,.,CO,
LiCoO,

(+) L, Host 2
Polymer
Hectrolyte

Figure 1.10. Schematic of a discharging lithium ion battery.
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The traditional electrolyte in lithium ion batteries consist of lithium salts such as LiPFg or
LiBF, dissolved in a mixture of organic solvents such as ethylene carbonate (EC), propylene
carbonate (PC), diethyl carbonate (DEC) and dimethyl carbonate (DMC). There are safety issues
with liquid electrolytes as they are prone to leakage. Use of polymer electrolyte membranes
increases the safety, durability and flexibility of resulting lithium ion batteries.** Polymer
electrolytes for use in Li* ion battery should have adequate conductivity (¢ > 10 S/cm in the
temperature range from -20 °C to +60 °C), compatibility with electrodes and they should have
electrochemical, chemical, thermal and mechanical stability over at least this temperature range,
ifnot beyond for added safety considerations. Another requirement for the electrolytes is to have a
high Li" transference number, i.e., a high ratio of the charge transported by Li* compared to the
total charge transported.®® This ambitious set of properties is difficult to obtain in a single
material and a number of different classes of polymer electrolyte materials have been defined
which possess most but not all of desired properties.®®

The most widely studied polymers are based on aliphatic polyethers, mainly polyethylene
oxide (PEO). PEO complexes Li* cation through coordination with ether oxygens and mobility of
the Li" is related to the mobility of complexing segments of the PEO chain. This necessitates low
T, materials due to their high backbone mobility.®® There are numerous reports focused on
suppressing the crystallinity of PEO and achieving ‘low T4 polymers by incorporating short
chains of PEO in the backbone or as a pendant group.®”"? Polymer electrolytes are generally
classified into solid polymer electrolytes (SPE) and gel polymer electrolytes. A large amount of
literature exploits blending of polymers with lithium salts to make dry SPE.”"® These materials
tend to suffer from low conductivity at room temperature restricting their use to large systems
(electric traction or back-up power) and not to portable devices. Gel polymer electrolytes consist

of moderately cross linked polymers swollen with plasticizers like EC, PC which are excellent
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CHAPTER 2

PROTON CONDUCTIVITY OF POLY (4-VINYL-1H-1,2,3-TRIAZOLE)

2.1 Introduction

Proton transport across polymeric membranes under anhydrous conditions is a
fundamental process for high temperature proton exchange membrane fuel cells (PEMFCs). Over
two centuries ago, Grotthuss suggested a mechanism of proton transport as involving diffusion of
an excess proton, or a protonic defect, through a hydrogen bonded network of water molecules
through rapid formation/cleavage of covalent bonds.! Although extensive research involving
computational simulations®® and experimental results®” have helped significantly advance our
understanding of the fundamentals of proton transport, much more remains to be learned.

As described in chapter 1, extensive research efforts have been devoted towards
achieving anhydrous proton transport using nitrogenous bases such as benzimidazole,®®

1011 and triazole and triazole derivatives.’**” These

imidazole and imidazole derivatives,
heterocycles are not only amphoteric, have high boiling point, and undergo autoprotolysis,*® but
also have an advantage of organic tunability and can be immobilized covalently to a polymer
thereby avoiding leaching issues during fuel cell operation. Zawodzinski et al."> have shown that
proton conductivity can be altered by tuning the proton affinity of the heterocycle. Zhou et al.*?

have reported that conductivity can be increased by five orders of magnitude, by substituting

imidazole pendant groups in vinyl heterocycle polymers with 1H-1,2,3-triazole. In recent years,

19-21 22-23

proton mobility of imidazole based materials, acid-base polymer blends and triazole
containing polymers® have been probed by solid state magic angle spinning (MAS) NMR. These
studies have reported huge discrepancies between macroscopic proton conductivity and local
proton mobility due to the complex nature of the systems studied. In this chapter, we have

investigated proton transport in poly(4-vinyl-1-H-1,2,3-triazole) (PVTz), a simple polymer spin
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system, to help elucidate its reported significantly higher conductivity compared to structurally
similar poly(4-vinylimidazole). We have studied the proton dynamics of poly(4-vinyl-1-H-1,2,3-
triazole) on a local scale by solid state MAS NMR and proton conductivity by impedance

spectroscopy.

2.2 Experimental

2.2.1 Materials

Chloromethyl pivalate, sodium azide, copper(ll) sulfate (CuSO,-5H,0), sodium
ascorbate, t-butanol (t-BuOH), ammonium hydroxide (NH4OH), magnesium sulfate (MgSQO,),
dimethylformamide (DMF) and azobisisobutyronitrile (AIBN) were purchased from Sigma-
Aldrich or VWR and used as received. 1-buten-3-yne was purchased from GFS chemicals.
Regenerated Cellulose dialysis tubing with a molecular weight cut off of 500 Da was purchased

from Fisher Scientific. Azidomethyl pivalate was prepared as reported in the literature.?

2.2.2 Instrumentation

Solution 'H-NMR (300 MHz) and *C-NMR (75 MHz) spectra were obtained on a
Bruker DPX-300 NMR spectrometer. Fourier transform infrared (FT-IR) spectra of the samples
were obtained using a Perkin Elmer Spectrometer. Gel permeation chromatography (GPC)
measurements were done in DMF at a flow rate of 1.0 mL/min using a refractive index detector
and the molecular weights are reported relative to polystyrene standards. Thermogravimetric
analysis (TGA) was performed using a TA instruments TGA 2950 thermogravimetric analyzer
with a nitrogen flow of 20 mL/min and a heating rate of 10 °C/min. The glass transition
temperatures (Ty) of the polymer samples were obtained by differential scanning calorimetry

(DSC) using a TA instrument DSC 2910. 3-5 mg of sample was heated at a rate of 10 °C/min
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from -50 °C to 150 °C under nitrogen flow, first heating cycle was used to erase the thermal
history of the material, and T, values are reported from the second heating cycle.

Proton conductivity was measured by AC impedance spectroscopy using a Solatron 1287
potentiostat/1252A frequency response analyzer. Measurements were done by pressing the
material between two blocking electrodes followed by application of 100 mV voltage with a
frequency sweep from 3 x 10°to 1 x 10" Hz under vacuum to ensure an anhydrous environment.
The resulting Z” vs. Z’ plot was used to determine the resistance value at the minimum imaginary
response. Given the area and thickness of the membrane, conductivity can be calculated from the

resistance measured.

2.3 Poly(4-vinyl-1H-1,2,3-trizole)
2.3.1 Synthesis

2.3.1.1 Monomer synthesis

The pivaloyloxymethyl protected vinyl triazole was synthesized by Hiisgen 1,3-dipolar
cycloaddition reaction between vinyl acetylene and azidomethyl pivalate followed by removal of
protecting group using sodium hydroxide and ethylene diamine, scheme 2.1.%” Our synthesis of 4-
vinyl-1H-1,2,3-triazole was performed using a different acetylene derivative than what has been
described previously.'® ?*° Notably, use of vinyl acetylene decreases the synthesis by one step
and improves the overall yield of the monomer. The monomer 2.2 was polymerized immediately
after the deprotection step, as it tends to undergo thermal autopolymerization during storage at
room temperature.

Synthesis of 4-vinyl-1H-1,2,3-triazole (2.2). In a glass bottle equipped with a magnetic
stir-bar, vinyl acetylene gas (3.2 mL, 61.5 mmol) was condensed using dry ice. Then azidomethyl
pivalate (14.5 g, 92.3 mmol), CuSO,5H,0 (4.8 g, 19.2 mmol), sodium ascorbate (3.81 g, 19.2

mmol) and 80 mL of t-butanol/H,O (2:1) were added to the glass bottle. The reaction mixture was
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allowed to warm to room temperature and stirred for 2 days. The reaction was stopped by adding
500 mL of ethyl acetate followed by washing with 5% NH,OH (5 x 100 mL) and then with brine.
The organic fractions were combined and dried over MgSQO, and then the solution was
concentrated by rotary evaporation. The resulting mixture was purified by flash chromatography
using ethyl acetate: hexane (1:2) to yield (11 g, 85.3%) of 2.1. This was deprotected using a
literature procedure to yield 2.2 in 75% yield.** *H NMR (CD.Cl,) 6 12.97 (bs, 1H), 7.83 (s, 1H),
6.82 (g, 1H), 5.92 (d, 1H), 5.47 (d, 1H). °C NMR (CD,Cl,) ¢ 144.6, 128.7, 124.7, 117.6. EI-

HRMS (m/z): calculated: 95.10; found: 95.05.
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Scheme 2.1 Synthesis of poly(4-vinyl-1H-1,2,3-triazole)

2.3.1.2 Polymerization of 4-vinyl-1H-1,2,3-triazole

Free radical polymerization of 2.2 was performed in DMF (0.4 M) with AIBN (6%
mole). The reaction mixture was subjected to 3 freeze-pump thaw cycles and then heated at 65 °C
for 24 h. The resulting polymer (PVTz) (M, = 14,000 g/mol, B = 1.6) was purified by membrane
dialysis against water and methanol for 2 days each yielding 150 mg (46.8%) of 2.3.

Pristine PVTz samples of two different molecular weights, 14,000 g/mol and 99,000
g/mol were purified by membrane dialysis. During the polymer isolation step, if membrane
dialysis is not performed to purify the polymer, there is residual polymerization solvent, DMF in

the polymer. Two non-purified samples contain 6 wt.% DMF (PVTz-6DMF) and 12 wt.% DMF

28



(PVTz-12DMF) as quantified by TGA. Polymers synthesized by free radical polymerization in
DMF solvent were used for all the characterization and impedance spectroscopy measurements.
Solid state NMR experiments were performed on a pristine PVTz sample, prepared by thermal
autopolymerization of monomer 2.2, thereby avoiding DMF contact with the sample prior to solid

state NMR analysis.

2.3.1 FT-IR studies

Complete polymerization of monomer 4-vinyl-1H-1,2,3-triazole (VTz) was confirmed by
FT-IR. The vinyl group C=C stretching absorption at 1640 cm™ disappeared after polymerization,
figure 2.1. N-H group in triazole ring showed a bending absorption near 1550 cm™ and aromatic
C=C group showed a stretching absorption near 1680 cm™. The presence of DMF in the wet

polymer is indicated by a strong absorption of the carbonyl group at 1653 cm™.
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Figure 2.1. FT-IR spectra of monomer VVTz, pristine PVTz and wet PVVTz. a) full spectra b)
expanded view
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tetrafluoroborate or hexafluorophosphate, and organic anions such as triflate or tosylate. The
advantage of having such a wide selection of cations and anions is that it is possible to tailor the
properties of ionic liquids for a specific application by suitable choice of component ions.

lonic liquids composed of 1-methyl-3-alkylimidazolium cation have dominated the field
due to their wide liquidus range, high conductivities and low viscosities, necessary for a multitude
of applications, especially electrochemistry. Moreover, properties of these ionic liquids can be
tuned by varying the alkyl group of imidazolium cation. Although progress has been made in the
field of ionic liquids, to date, there are essentially no caustic ionic liquids. Reported ionic liquids
have been made by combining various cations and anions. However, hydroxide ion, one of the
most commonly encountered anions in organic chemistry, has not been used as a counterion in
ionic liquids. This is because hydroxide ion is both a strong base and a nucleophile capable of
degrading ammonium, phosphonium and imidazolium cations.

The synthesis of 1,2,3-triazole is quite facile by the Huisgen 1,3-dipolar cycloaddition
reaction.”® This heterocycle can be modified at nitrogens 1 and 3 to form substituted 1,2,3-
triazolium cation. Although, the 1,2,3-triazolium cation has a structure analogous to imidazolium

cation, research on triazolium based ionic salts**%

is quite limited compared to imidazolium salts.
This is partially due to the paucity of methyl triazole unlike 1-methyl imidazole and the explosive
nature of organic azides involved in the synthesis of 1,2,3-triazole. Recent reports have described
the two-step one pot synthesis of 1,2,3-triazolium salts using Cu catalyzed Huisgen 1,3-dipolar

1719 and used them as a reaction media."**® Ryu

cycloaddition reaction,? their thermal properties
and coworkers have recognized that 1,2,3-triazolium salts have higher chemical stability in basic
medium compared to the imidazolium salts, due to the facile deprotonation of C-2 hydrogen of
imidazolium salts.”® However, information about the physiochemical properties of 1,2,3-

triazolium salts is relatively limited in the literature. In our search for stable solvents to be used as

an electrolyte in alkaline fuel cells, we have synthesized substituted 1,2,3-triazolium salts and
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eight neat ionic liquids based on Tzl, Tz2, Tz3 and Im cations with tosylate or triflate anions,

over a temperature range of 25 °C to 180 °C under anhydrous conditions.
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Figure 4.6. lonic conductivity a) tosylate series b) triflate series

The measured conductivity of imidazolium salts, figure 4.6, is in good agreement with
the published data on similar imidazolium salts, thereby confirming the accuracy of our
conductivity measurements.?® Tz2Tos, Tz20Tf and Tz3Tos show a sudden drop in conductivity
due to crystallization in the conductivity cell during cooling.

From both the tosylate salt and triflate salt series, it can be seen that conductivity
decreases in the order: Im =~ Tz3 > Tz1 = Tz2. This trend is consistent with the size of cation.*
The conductivity of Tz2 and Tz1 salts are almost identical, while that of Tz3 and Im salts are
similar. Given that the substituents at N-atom of imidazolium and triazolium cations are same,
their ionic conductivity is of the same order of magnitude. This conductivity is more than that
reported for quaternary ammonium and sulfonium salts.' From the Walden’s rule, the
conductivity of ionic liquids is mainly governed by their viscosity, with conductivity being
inversely proportional to the viscosity.! Since the conductivity of 1,2,3-triazolium and

imidazolium salts with analogous structures are similar, the viscosity of 1,2,3-triazolium salts

would be as low as that of imidazolium salts.
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Pairwise comparisons between any two ionic salts studied here with the same cation and
different anion, figure 4.7, shows that triflates have higher ionic conductivity than tosylates. This
could be explained by two reasons: a) smaller size of triflate ion than tosylate ion, which imparts
higher mobility to triflate ion b) less ionic association between triflate anion and cations
compared to that between tosylate anion and cations, as observed by ESI-MS, generates more

diffusive species that can contribute to ionic conductivity.
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Figure 4.7. Comparison of ionic conductivity between two salts with same cation and different
anion a) Tz1Tos vs. Tz10Tf b) Tz2Tos vs. Tz20Tf ¢) Tz3Tos vs. Tz30Tf d) ImTos vs. ImOTf

4.4.6 Electrochemical stability

The electrochemical stability of ionic liquids is an important parameter for their
application in electrochemical devices (batteries, supercapacitors), electrochemical synthesis,
metal deposition etc. The electrochemical stability of the salts was evaluated by cyclic

voltammetry. The electrochemical window of ImOTf was measured as 4.31 V which is similar to
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