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High Ionic Conductivities of Ionic
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Abstract

Ionic liquids (ILs) are salts consisting of organic cations and inorganic/organic
anions having melting transitions lower than 100°C. They hold promise as engineered
materials in a variety of modern fields. They are used as green solvents or catalysts
for chemical reactions, biocatalysts, biopolymers processing, active pharmaceutical
ingradients in medicine, even as electrolytes for batteries. For batteries applica-
tions, ionic liquids must have high ionic conductivity, but most of the ionic liquids
(monocationic) have low conductivities. To address this limitation, we describe in this
chapter dicationic ionic liquids based on extended viologens. The colossal conductivi-
ties, Gg. ~ 107">-S cm' of new diatonic ionic liquids in the same range of benchmark
materials/electrolytes applied in fuel cells and batteries is reported. The relatively
new class of ionic liquids consist of extended viologen bistriflimides containing
oligoethyleneoxy groups were prepared via Zincke reaction under mild conditions
and are excellent candidates as components in devices for energy conversion and
storage applications. The synthesis and ionic conductivities of other ionic liquids and
dicationic organic salts will be contrasted with dicationic ionic liquids in this chapter.

Keywords: extended viologens, ionic liquids, Zincke salt, dicationic ionic liquid crystals,
ionic conductivity, dielectric impedance spectroscopy

1. Introduction

Ionic liquids (ILs) are salts consisting of organic cations and inorganic/organic
anions having melting transitions (T},) lower than 100°C, and even below ambient
temperatures, and with cryogenic glass transition temperatures (T}). [Ls can be
engineered for a variety of modern applications, including green solvents or catalysts
[1, 2], biocatalysts [3], biopolymers [4-7], pharmaceutical ingredients [8], and elec-
trolytes for batteries [9-11]. Despite they were discovered over 30 years ago, interest
by researchers and industrialists in ILs continues to grow due to their versatility.

The introduction of multiple charges in low-molar ionic liquids and poly(ionic
liquid)s widens the range of physical properties, leading to improvements in density,
surface tension and viscosity, facilitated by their higher molecular weights [12, 13].
The large charge densities and electrostatic interactions normally increase the ILs
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thermal stabilities [14, 15] and electrical capacities [16, 17], and results in better per-
formance as antimicrobial agents [18] and stationary phases for gas chromatography
[19], among others [20, 21].

Multi-charged ILs are particularly attractive as electrolytes used in energy stor-
age and conversion materials and devices, due to their combination of low viscosity
(like traditional ILs) and high ionic conductivity (like poly(ionic liquid)s). The
physical properties of multi-charged ILs can be fine-tuned by combining different
cations and anions, with well-defined chemical structures that avoid polydispersity
issues. Current multi-charged ILs include ammonium, phosphonium, imidazo-
lium, pyridinium, pyrrolidinium, piperidinium, triazolium and 4,4’-bipyridinium
(viologen) cations, but the perspectives for new and tailored materials are almost
unlimited.

In this chapter, we showcase the potential of three series of different ionic liquids
as electrolytes in energy applications, by correlating their ionic conductivities to
structural effects.

2. Conductivity measurements

The conductivity of the ionic liquids was studied by impedance spectroscopy [22].
Small amounts (few mg) of molten samples were inserted into commercial indium tin
oxide (ITO) cells, via capillary method (Instec Inc.). The parallel capacitance C, and
the dielectric loss tangent ( tan(5 ) = 5%, , where &" is the dielectric loss factor, and
¢ the dielectric modulus) were measured in frequency sweeps ranging between
f . 0.1 Hz and 10° Hz, and at different temperatures. Two instruments were used
and combined for these impedance measurements: a laboratory-made dielectric
spectrometer (10-10* Hz) and a commercial impedance analyser (Agilent 4294A)
(10>-10° Hz). The results were analysed in terms of the complex permittivity,
¢ (w)=¢"—-je", and conductivity, 0" (w)=0'— jo" , where o' =we,&" and
o"=we,e" with @ = 2nf'is the angular frequency (rad-s™).

3. Results: materials preparation and conductivity

We have prepared and assessed three series of dicationic salts as novel ionic
liquid electrolytes: dicationic stilbazolium salts, dicationic asymmetric viologens,
and dicationic ionic liquids. Our general strategy for their synthesis is based on

quaternization by Sy’ aka Menshutkin reactions, followed by metathesis of anions
[12-21, 23].

3.1 Dicationic stilbazolium salts and their ionic conductivities

The dicationic stilbazolium salts (I-1-1I-4) were prepared by the reaction of
trans-4-octyloxy-4-stilbazole with a,®-methylene ditosylates by Sy, followed by
metathesis reaction of the corresponding ditosylates salts with lithium triflimide
salt to yield the dicationic stilbazolium bistriflimide salts (II-1- II-4), as shown in
Figure 1. The detailed synthetic procedures were described elsewhere [24]. Their
chemical structures were established by using 'H, >C and "F nuclear magnetic
resonance (NMR) spectra and elemental analysis [24].
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Synthesis of dicationic stilbazolium dicationic salts containing bistosylate and bistriflimide counterions.
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Despite the presence of mesogenic units, these salts do not display mesomorphic
properties, and instead solely exhibit crystalline polymorphism, confirmed by the
presence of several peaks in the differential scanning calorimetric thermograms
(DSC), Figure 2.

We found that the salts containing tosylate ions (I-z) display stronger dielectric
response than the triflimide analogues (II-%, see Figure 3(a)), and show more
complex profiles, associated to the additional aromatic groups. All these dielectric
relaxations promote short-range conductivity in the salts, see Figure 3(b), associated
to local displacements of the charges. Despite the strong ¢ “response, the tosylate salts
did not develop signs of direct conductivity (c4.) in the range of temperatures and
frequencies under study. We hypothesise that the presence of bulky aromatic groups
may hinder long-range transport of ionic charges in these compounds. The triflimide
salts, alternatively, show DC values that reach the 10> S-cm™ range in the isotropic
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Figure 2.

Differential scanning calovimetry thermograms (DSC) obtained on heating at 10°C-min™" for the bistosylate (a)
and bistriflimide (b) salts.
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Figure 3.

Dielectric results obtained from the impedance frequency sweeps of dicationic stilbazolium salts: (a) dielectric loss
factor, £" and (b) real component of the complex conductivity, o' of 11-3; (c) Arrhenius plots for the direct
curvent conductivity ( Ca ) obtained for 1I-4.

phase, see Figure 3c), but then fall rapidly following a Vogel- Fulcher-Tammann,
VFT, profile [24-26].

These correlations between conductivity and structure highlight that the transport
of ionic charges in these salts may require an amorphous environment, even if they
involve short molecular range. The strong temperature dependence of 4. also confirms
that the conductivity response is strongly coupled to segmental viscous-like motions.

3.2 Dicationic asymmetric viologens, 6BP~(s)

The synthesis of asymmetric viologens with hexyl terminal groups and different
alkyl chain lengths, and their synthetic routes are shown in Figure 4. The detailed
synthetic procedures were described elsewhere, and their chemical structures were
determined by using 'H, °C and ’F NMR spectra and elemental analysis [27].

The 6BPn(s) exhibit Smectic T phases in a broad range of temperatures, including
room temperature, confirmed by polarised optical microscopy and X-ray diffraction,
see Figure 5.

The 6BP#n(s) undergo one main dielectric relaxation, Figure 6(a), associated to
the rotation of the molecular core, and high frequency conductivity, Figure 6(b),
related to short-range triflate ion-hoping. The materials reach direct current conduc-
tivities (64.) in the 10° t0 10> S cm™! range, Figure 6(c), which are very promising
for organic media. These dielectric processes depict a clear Vogel-Fulcher-Tammann
(VFT) behaviour, indicating that the dielectric and conductivity response of these
LClIs is strongly coupled to segmental-type motions [27].

3.3 Dicationic extended viologens and their ionic conductivities

The dicatonic extended viologens 1-3 were prepared according to the Figure 7
(vide infra). The 4-oligoethyleneoxypheylanilines were prepared according to
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Figure 4.
Synthetic routes for the asymmetric viologen bistriflimide salts of a 4,4'-bipyridinium core (BP) alkylated with
hexyl group with n = 5, 7, 10, 11, 12, 14, 16, 18 and 20.
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Figure 5.
(a) Photomicrograph of 6BP16 obtained under the polavised optical microscope, showing the SmT phase; (b)
phase diagram of the 6BPn(s) as a function of terminal chain, n, showing a sketch of a proposed SmT structuve.

modified literature procedures step 1 and step 2 [28, 29]. The synthesis of bis-(4-
oligoethyleneoxyphenyl)-4,4"-bipyridinium dichlorides (P1-P3) with different
ethyleneoxy groups is also summarised in Figure 7. The synthetic routes involved:
(i) the aromatic nucleophilic substitution between the 1-chloro-2,4-dinitrobenzene
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Figure 6.
Dielectric results obtained from the impedance frequency sweeps of 6BP14: (a) dielectric loss factor, &" ; (b) real

component of the complex conductivity, o' ; (c) Arrhenius plots for the frequency dependence of &" and © '
maxima, and divect current conductivities ( Cac ).

and 4,4’-bipyridine in acetonitrile on heating to reflux, to yield the so-called Zincke
salts [30, 31] (step 3); and (ii) subsequent anionic ring opening and ring closing
reactions (ANROC) with the corresponding 4-oligoethyleneoxypheylanilines,

in N,N-dimethylacetamide (DMAc) at room temperature (step 4). Lastly, P1-P3
were converted to 1-3 by metathesis with lithium triflimides in methanol [32] (step
5). Detailed synthetic procedures and analyses are also given elsewhere [33]. The
chemical structures of the intermediates and final products were confirmed by their
Fourier-transform infrared (FT-IR) spectra, H, *C, and “F spectra in CD;0D and
their purity was determined by elemental analysis [33]. To our knowledge, these are
the first examples of ionic liquids prepared via Zincke reactions.

Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and
polarised optical microscopy (POM) were used to determine the thermal properties
and phase behaviour of these salts. The three salts’ degradation temperatures, Ty,
range from ~311 to 334°C, with less than 5% weight loss up to 300°C in nitrogen [33].
Although it was anticipated that bistriflimide ions would impart high thermal stabili-
ties, the high T4 values demonstrate that the presence of flexible oxyethylene groups
has no destabilising effect on these salts.

The DSC thermograms of salts 1 and 2 exhibit first-order endotherms associated
with crystal-to-crystal (2) and melting (1 and 2) processes, whereas salt 3 only exhibits
a low-temperature glass transition (T, = —6°C) [1-11, 34, 35]. Both 1 and 2 melt upon
heating as expected where the increase in the oxyethylene termination length reduces the
melting point. Due to inhibition of crystallisation at sufficiently long ethyleneoxy chains,
n = 3, the absence of first-order transitions in the corresponding thermogram indicates
that 3 behaves like an amorphous salt. In subsequent heating and cooling scans, there
are no additional thermal events were visible for 1 and 2, suggesting that crystallisation
of these samples must be a slow process. The absence of liquid crystal behaviour in these
salts, contrasts with the recent report of smectic phases by analogous alkoxy-terminated
(n > 6) viologens (see Figure 8) [32] and others [36-38]. Even though comparable
lengths of terminal chains would have been expected to promote microphase separation
and smectic behaviour in 1-3, the formation of stronger interactions by the ethyleneoxy
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Multiple steps for the synthesis of the ionic liquids and salts 1-3.
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General chemical structures of alkoxy-terminated viologens [32].
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groups may limit the local mobility required to yield liquid crystallinity. The effect of
terminal chain lengths on nanosegregation between polar chains and aromatic cores in
similar viologens is being studied further.

Viologens and their countless derivatives have already been proposed as potential
redox active functional materials for use in electrochromic devices, diodes and tran-
sistors, memory devices, molecular machines, and dye-sensitised solar cells [39-41].
The incorporation of the oxyethylene(s) terminations is warranted for not one but
two distinct reasons. On the one hand, one of our goals is to reduce (at least partially)
the rigidity of the four-ring phenyl core (which could increase viscosity). On the
other hand, the presence of polar chains can help delocalize the triflimide anions and
avoid complexation, both of which would inhibit ion mobility [42]. This is because
polar chains have a higher dipole moment.

Figure 9 shows the dielectric and conductivity response of the extended violo-
gens 1-3 as a function frequency measured at room temperature. The complex
permittivity and conductivity values of these salts have been found to be extraordi-
narily high due to the highly polar nature of ionic liquids and salts [33]. The £” plot
demonstrates a linear increase (with slopes of —1) at sufficiently lower frequencies
representing the increase in direct current (DC) conductivity [43]. This DC com-
ponent dominates any potential dielectric relaxation, despite the presence of peaks
in the salts 1 in Figure 9(a). The third salt has the highest conductivity values of the
three salts. The formation of plateaus in the double logarithmic ¢’ versus f plots in
Figure 9(b) [22] confirms the existence of DC conductivity. The exemplary tem-
perature plot of complex permittivity (¢*) and conductivity (¢*) of salt 2 is shown
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10° ) By N
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10° | 107k
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Figure 9.

Complex permittivity (a) and conductivity (b) obtained for compounds 1, 2 and 3 measured at room
temperature.
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Figure 10.
Complex permittivity (a) and conductivity (b) obtained for compounds 2 measured on heating from 30°C (see the
arrow).

in Figure 10. The DC conductivity values, o4, are estimated by extrapolating the
constant ¢’ ranges to f—0 at various temperature. The resulting Arrhenius plots

(not shown here) were used to evaluate the activation energy E, of the conductivity
process using the equation; 64. = 6oexp(E,/RT), where R is the gas constant, 8.31].
mol K™, T'is the absolute temperature, and 6 is a pre-exponential term. Salts 1 and
2 have activation energies of 95.9 kJ/mol and 84.5 kj/mol, respectively. These values

are significantly higher for locally activated processes and are consistent with the
occurrence of so-called p-relaxations, which involve the rotation of rod-like molecules
(extended viologen moieties) within the crystal lattice around their long axis [33, 44].
When the -(CH,CH,0)- terminal chains are short, it appears that the motions around
the bulky four-phenyl core dominate (and partially hinder) the conductivity process
[43, 45-47]. On the other hand, salt 3 shows exceptional 64, values (<107 S/cm)
comparable to the bench electrolytes used in fuel cells [48] and batteries [49]. Longer
ethyleneoxy terminal chains enhance conductivity in salts by a plasticizing effect,
thereby promoting ionic motions in the material. Moreover, salt 3 is one of the few
examples of an organic salt with such large conductivities under anhydrous condi-
tions and at temperatures close to room temperature [9, 50-54]. The formation of

a rubbery phase above its low glass transition T, — 6°C (from DSC measurement)
with large free volumes that facilitate ionic motion can explain the higher o4, values
observed for 3 within the series [55, 56]. In this molten-like state, conductivity has
very weak temperature dependence [57-59]. The ionic liquids 1 and 2, on the other
hand, remain in a glassy state throughout the temperature range under study, and the
04c values are lower.
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4. Conclusions

We have prepared new viologens by using Zincke reactions, which led to the
formation of ionic liquids and salts with strong dielectric responses. Our results
confirm that a fine balance between local/charge interactions and mobility is needed
to optimise phase behaviour and conductivity of the ionic liquids. In general terms,
the formation of amorphous, liquid crystalline, or crystal phases, can be tuned by the
aspect ratio of the rigid core and the flexible terminations.

Whilst compounds having alkyl terminations still fall some orders of magnitude
below those exhibited by reference phosphonium or imidazolium-based ionic liquid
electrolytes (107> S-cm™) [60, 61], we found that the presence of oxyethylene groups
promotes high conductivities in the 107° S.cm™? range, comparable to those required
in commercial batteries or fuel cells [48, 49]. The presence of additional polar sites in
these terminations may be the key to facilitate long-range transport in these materials.
Interestingly, the presence of tosylate ions with a strong dielectric response does not
promote long-range conductivity, and triflimide ions appear to be more suitable for
ionic transport. Delocalisation of the charges can therefore be a key enabler for high
04c values.

These results highlight the potential use of these and other ionic liquids in energy
devices such as fuel cells, batteries, supercapacitors, or solar cells. By extending
the central rigid core, exchanging different cations, or modifying the composition
and length of the terminations, this work opens new avenues for the design of ionic
liquids with tuned electrostatic interactions and nanostructures.
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