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Introduction

Nafion, the fluorinated copolymer typically used as an electrolyte
in polymer electrolyte membrane (PEM) fuel cells, only shows
limited usability at temperatures above ca. 80 °C."* Therefore,
especially for medium and high temperature fuel cells, the
necessity to develop water-free electrolytes that maintain a high
ionic conductivity at higher temperatures arises.> Ionic liquids
(ILs) are promising materials to achieve high conductivities at
intermediate temperatures between ca. 80 and 200 °C.>™* ILs
often have low melting points, are not flammable and exhibit low
vapour pressures making them attractive for electrolyte applica-
tions. Beside their wide electrochemical stability window they can
also exhibit high thermal stabilities, which is again interesting
for modern electrolytes.>®

Most ILs only show low range order and their conductivities
therefore show no anisotropy, meaning that the conductivity is
identical in all directions. It may, however, be interesting to
achieve anisotropic (ion) conduction in ILs, e.g. to improve ion
transport in a specific direction in a fuel cell or battery. This
can be achieved by mesoscale structuration of ILs, resulting in
ionic liquid crystals (ILCs).”® The nanosegregation needed to
achieve liquid crystalline (LC) self-organisation of the

“Institute of Chemistry, University of Potsdam, Karl-Liebknecht-StrafSe 24-25, 14476
Potsdam-Golm, Germany. E-mail: alylange@uni-potsdam.de,
andreas.taubert@uni-potsdam.de

b Institute of Physical Chemistry, University of Stuttgart, Pfaffenwaldring 55,
Stuttgart, Germany

¢ Institute of Physics, University of Silesia in Katowice, 41-500 Chorzow, Poland

 Department of Chemistry, Simon Fraser University, 8888 University Drive,
Burnaby, Canada

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp03060e

844 | Phys. Chem. Chem. Phys., 2025, 27, 844-860

making these ILCs candidates for intermediate temperature ionic conductors.

compounds is usually realized by introducing one or more long
alkyl chains into the structure of the ILs.**° By introducing this
hydrophobic part, the immiscibility between the ionic head
group and the long alkyl chains leads to the desired mesoscale
phase separation of the ionic and the hydrophobic domains.
This results in long range ordered structures, that is, LCs or (in
the case of ILs) ILCs.>"°

Like ILs, ILCs are also composed of ions, bound to different
extents by ionic interaction.®'"'* Thermotropic ILCs combine
features of LCs and ILs (anisotropic conductivity, self-assembly
and high ionic conductivities, electrochemical stability and
“tuning” possibilities) and, like their non-ionic counterparts,
they exhibit liquid crystalline phases between the solid and
liquid states. Therefore, they are important candidates for
flexible electronics or as safe and efficient electrolytes.>*>*>*

For use as electrolytes in e.g. fuel cells, protic ILCs are needed."
These are commonly synthesized by an acid-base reaction
between the respective long-chained acids and bases. By choice
of the acid and base it is also possible to tune the physical
properties of the resulting ILCs.® For satisfactory proton conduc-
tion, favorable transport of protons needs to be realized - and ILCs
can facilitate this favorable transport due to their structure and
anisotropic organization. The anisotropic mesoscale organization
and concurrent separation of ionic and apolar domains in ILCs is
therefore expected to enable fast target ion (proton) transport.®'®
Indeed, Mukai et al. have shown that proton conduction in some
ILCs is indeed higher in the LC (SmA) phase compared to the
liquid phase and that these materials can be used for the devel-
opment of 2D anisotropic ion conducting materials.®"”

To achieve effective transport and therefore high conduction
of selected target ions, another feature can be introduced into
the ILCs. Namely, the tethering of cationic and anionic sites
into the same molecule, creating so-called zwitterions (ZIs).*"?
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As described by Goossens et al, in conventional ILs the
transference number of target ions can be lowered significantly
by the migration of other compound ions in the electric field.*®
As zwitterions exhibit net neutrality due to their positively and
negatively charged moieties located in the same molecule, they
are expected to not move in an applied (external) field.® This
may lead to fast proton conduction via the Grotthuss mecha-
nism rather than the slower vehicle mechanism because the
movement of the larger ions (making up the IL or ILC) is
essentially eliminated."® Phosphonium based zwitterionic pro-
tic LCs that exhibit lyotropic LC behavior and columnar phases
for 1D proton conduction have already been shown by Ueda
et al."® Moreover, Kobayashi et al. and Ichikawa et al. reported
bicontinuous cubic ILCs on the basis of pyridinium ZIs for
(solid) 3D proton conduction.'>?°

The combination of a zwitterion with a Brensted acid such
as toluene sulfonic®*~** or methanesulfonic® acid leads to zwitter-
ionic ILs, where the proton is free to move between the sulfonate
group of the zwitterion and the sulfonate group of the tosylate or
mesylate anion, for example. Wojnarowska et al. have already
shown that charge transport via the Grotthus mechanism is
promoted if methanesulfonate is used as the anion in a zwitter-
ionic protic IL (PIL).>* This article therefore describes the synth-
esis, the phase behavior, and the electrochemical properties of
zwitterionic alkylammonium based protic ILCs with methanesul-
fonate and hydrogen sulfate anions vs. the influence of different
alkyl chain lengths on the zwitterions and the type of anion
(methanesulfonate or hydrogen sulfate). Fig. 1 shows the synthetic
approach towards the ZI-based ILCs used in the current study.

Experimental section
Materials

N,N-Dimethyloctylamine (purity not specified by the supplier,
Sigma-Aldrich), N,N-dimethyldecylamine (98%, Sigma-Aldrich),
N,N-dimethyldodecylamine (>90%, TCI), N,N-dimethyltetra-
decylamine (>95%, Sigma-Aldrich), N,N-dimethylhexadecyl-
amine (>95%, Sigma-Aldrich), 1-4-butanesultone (99%, abcr),
sulfuric acid (98%, Roth), methanesulfonic acid (99%, Aldrich
Chemical Co.), methanol (for synthesis, 99.5%, Roth), acetone
(for synthesis, 99.5%, Roth), acetonitrile (99.9%, VWR),
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ferrocene (97%, Alfa Aesar), and tetrabutylammonium hexa-
fluorophosphate (98%, Merck) were employed in this study. All
chemicals and materials were used as received.

Preparation of zwitterions

All zwitterions were synthesized via an existing synthesis
protocol.>'>* Analytical data for these ZIs can be found in the ESL}

Nomenclature of the ZIs is as follows: DmC,S, where Dm is
dimethyl, C, is the alkyl tail with n = chain length of the alkyl
tail (C19—Cy6), and S indicates the sulfonate group present in the
zwitterion. For example, DmCy,S is the zwitterion (Fig. 1) with a
Cyp alkyl chain.

Preparation of ionic liquid crystals

All ILCs were prepared using the same method. In a 100 mL
round-bottom flask, the respective zwitterion was dissolved in a
minimal amount of methanol via stirring with a magnetic stir
bar. The scale was usually around 3 g of zwitterion and 5-10 mL
of methanol. After complete dissolution of the zwitterion, an
equimolar amount of the respective acid (sulfuric acid or
methanesulfonic acid) was added via a syringe under ice-bath
cooling. After the addition of the acids was finished, the
mixture was allowed to warm up to room temperature. Subse-
quently, the solution was heated to 40 °C and stirred for 3-4
hours. Afterwards the solvent was removed by rotary evapora-
tion and the resulting compound was dried under vacuum
(107> mbar) for 24 hours. The appearance of the reaction
products differed, as some were gels and some solid powders.
Analytical data for all products can be found in the ESL¥

The nomenclature of the ILCs is as follows: the ZI is designated
as described above. Mesylate based ILCs are labelled DmC,S
MeSO; and hydrogen sulfate based ILCs are labelled DmC,S HSO,.

Characterization and instrumentation
Nuclear magnetic resonance spectroscopy

"H-NMR spectra were recorded on a Bruker Avance 400 MHz
Spectrometer in D,O at room temperature. For the longer
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Fig. 1 Synthetic procedure for the zwitterionic ILCs: (a) synthesis of the sulfobetaine ZlIs, and (b) synthesis of the zwitterionic ILCs.
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chained compounds (C;,-Cy6) small amounts of NaCl were
added to the solution to improve solubility.

Spectroscopy

Infrared (IR) spectra were recorded using the attenuated total
reflection (ATR) mode on a Thermo Scientific NICOLET iS5 with
ID7 ATR probe head. Spectra were taken from 500 to 4000 cm ™"
with a resolution of 2 cm ™" and 64 scans per measurement.

Thermal analysis

Simultaneous thermogravimetric analysis-differential thermal
analysis (TGA-DTA) experiments were carried out using a Met-
tler Toledo TGA/DSC 3+ thermogravimetric analyzer from 30 to
600 °C with a heating rate of 10 K min~' under air in
aluminium oxide crucibles with lids. The lids were used to
avoid moisture uptake before the measurements, but also limit
the measurement temperature to 600 °C.

Differential scanning calorimetry (DSC) measurements were
carried out using a Netzsch Polyma DSC 214. DSC values were
recorded from —100 to 200 °C using liquid nitrogen cooling
and a heating rate of 10 K min™" or 5 K min~'. Heating and
cooling cycles were repeated three times for reproducibility.
Unless otherwise stated, data of the 2nd heating and cooling
cycle are used and presented for analysis.

Polarized optical microscopy (POM)

Optical microscopy was carried out using a Olympus BX53M
microscope equipped with a Olympus SC50 digital camera. The
temperature was controlled via a HS1 Hot Stage Controller and a
HS82 Hot Stage by Mettler Toledo. The ILCs were investigated
under optical cross polarization using 4x and 10x magnifica-
tions. The compounds were deposited on a glass slide with a
coverslip and heated to their respective transition temperatures.

X-ray diffraction (XRD)

Small and wide angle X-ray measurements dependent on
temperature were carried out with a Bruker AXS NanoStar X-
ray diffractometer (CuKo-radiation with 1 = 1.5418 A) equipped
with a Vantec500 2D-detector and crossed Goebel mirrors.
Further small angle X-ray measurements at ambient tempera-
ture were made with a Xeuss 3.0-system of Xenocs equipped
with a GeniX®" p-source (CuKo-radiation with 2 = 1.5418 A) and
a Eiger2 R 1 M detector from Dectris Ltd. All samples for X-ray
diffraction (SAXS and WAXS) were filled into Mark capillaries
with a 0.7 mm outside diameter from Fa. Hilgenberg GmbH.

Cyclic voltammetry (CV)

CV measurements were performed using the three-electrode system
of a Metrohm Autolab PGSTAT204 and the TSC 70 closed measur-
ing cell by rhd instruments. The CV cell consisted of platinum wires
as the working (4 = 4.9 x 10~ * em?) and reference electrodes and a
platinum crucible as the counter electrode. Before measurements,
the ILCs were dried in vacuo (10~> mbar, T = r.t.) overnight.
Afterwards the samples were dissolved in dry acetonitrile (0.05 M)
and the solution was deoxygenated by bubbling nitrogen through
the solution. Ferrocene was utilized as the internal standard
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(5 x 10~* M) and tetra-n-butylammonium hexafluorophosphate
(BusNPFy) as the electrolyte (0.1 M). A scan rate of 0.1 Vs~ and
three subsequent scans were used for all measurements. The
ferrocene half wave potentials were normalized to 0.0 V. For
data analysis, the second scan of the measurements and a cut-
off current of 4 x 10~7 A were used.

Dielectric spectroscopy (DS)

Dielectric measurements were performed on a Novocontrol
GmbH Alpha dielectric spectrometer covering the frequency
and temperature ranges 10 '-10’ Hz and —70 to 200 °C,
respectively. The value of the ionic conductivity was taken from
the frequency independent plateau region of the real part of
each ionic conductivity spectrum. Representative sigma’ (f) vs.
f- plots can be found in Fig. S1 (ESIt). Stainless steel electrodes
(diameter = 15 mm) with a fixed distance provided by a quartz
ring were used for the studies of the ILCs. During the measure-
ments, the temperature was controlled using a Novocool system
using a nitrogen gas cryostat with an accuracy of 0.1 K.

DFT calculations

The molecule geometry was first optimized at the PM6 (semi-
empirical®) level, with the total molecular volume calculated by
carrying out a single point calculation at the B3LYP 3-21G***®
level using Gaussian.”® The volume of the hydrophobic portion of
this molecule was estimated by calculating the molecular volume
of undecane (once again using B3LYP 3-21G*); for the purposes of
our volume calculations, we included the methylene directly
attached to the ammonium as part of the hydrophilic fragment,
since this group experiences strong polarization from the attached
cation.

Results and discussion

All of the ILCs presented in this study were synthesized bya 1:1
acid-base reaction between the zwitterions (Fig. 1) and metha-
nesulfonic or sulfuric acid. All ILCs were obtained on a gram
scale. Attenuated total reflection infrared (ATR IR) spectra of the
ILCs are shown in Fig. 2. These IR spectra are influenced by the
vibrations of the respective anions, as they are quite different in
appearance. Both anions (mesylate or hydrogen sulfate) contain
an SO;  functional group and distinguishing between vibra-
tions stemming from the starting zwitterion and the anions is
difficult, as bands for SO; and SO, vibrations can be over-
lapping. However, all compounds show vibration bands typical
for sulfonated compounds.*® For the mesylate based ILCs in-
phase and out-of-phase SO5/SO, stretching vibrations are found
as bands between 1259 and 1040 cm '.*° Hydrogen sulfate
based ILCs show these vibrations as bands between 1257 and
1042 cm '.*'?* S0O;-bending vibrations can also be seen at
559 cm™ ' (CH;3S0; ) and 574 cm ™! (HSO, "), respectively. More-
over, the mesylate based ILCs show a strong band around
780 cm ™, which is associated with C-S stretching vibrations,
whereas the hydrogen sulfate based ILCs show an additional

This journal is © the Owner Societies 2025
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Fig. 2 Comparisons of the IR spectra of (a) DmC6S based ILCs and
(b) DMCy0S based ILCs.

band around 910 cm™', caused by S-OH stretching of the

hydroxyl entity in HSO, .*>***"%°

Except for DmC;6S HSO, all hydrogen sulfate containing ILCs
show very broad bands in the IR spectra. This is not surprising as
these ILCs are in their LC mesophase after synthesis (see Table 2
with the DSC data below) and broad IR bands might be the result
of strong hydrogen bonding or cation-anion interactions or even
anion-anion bonding in the ordered LC phase.>****” As hydrogen
bonded systems can exhibit a variety of different bond lengths and
bond angles with a range of different vibrational frequencies, the
bands themselves broaden. Hydrogen sulfate anions are also
known for forming HSO,~ chains or dimers.**?*3%%°

The thermal stability of electrolytes is a critical requirement for
their safety and stability in electrochemical devices. Fig. 3 and
Table 1 sum up the results of thermogravimetric analysis (TGA)
measurements to determine the thermal stability of the ILCs.

All ILCs show a small mass loss between 0.2 and 1.4% up to
150 °C, which indicates a loss of residual methanol or moisture.
Overall, all ILCs exhibit decomposition temperatures (with decom-
position onset temperature T,, at a mass loss of 5%)"’ between
262 and 295 °C. T, for the mesylate based ILCs are around 290 °C
and therefore slightly higher than for the hydrogen sulfate based
ILCs, which have T,, of around 275 °C. This is an interesting
observation, as other studies on protic ILs have shown the
opposite trend,**** which is often explained by the strong

This journal is © the Owner Societies 2025
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Fig. 3 TGA data of (a) mesylate based ILCs, and (b) hydrogensulfate based
ILCs.

Table 1 Thermal properties of ILCs determined by TGA

T1s0 [%] Ts00 [%] Ton [OC]
DmC;6S MeSO3 0.5 95.7 288.5
DmCy,S MeSO; 1.0 93.8 295.1
DmC,,S MeSO; 0.4 97.0 286.9
DmC,,S MeSO; 0.4 97.2 292.5
DmC;6S HSO, 0.2 94.2 279.0
DmC,,S HSO, 1.4 94.1 262.1
DmC;,S HSO, 0.6 92.0 277.4
DmC,,S HSO, 0.9 88.3 277.6

Ton: On-set decomposition temperature at 5% weight loss; T;50: weight
loss in % at 150 °C; Tgoo: weight loss in % at 600 °C.

hydrogen bonding in hydrogen sulfate based ILs.>* There seems
to be no clear trend on whether hydrogen sulfate or mesylate
based compounds exhibit higher thermal stabilities, as the current
literature shows mixed information on this subject.*®4344

This discrepancy - the fact that sometimes mesylates and
sometime hydrogen sulfates show higher thermal stabilities -
may be explained with the fact that these systems are (1)
zwitterion-based providing a lot of additional interaction
between the zwitterion, the mobile protons, and the anion,
(2) highly hydrogen bonded both with the mesylate and the
hydrogen sulfate anion,>* and (3) also experiencing a complex
interaction of the alkyl tails, which may lead to additional van
der Waals interactions further affecting the local interactions
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and mobilities. Overall, these ZI-based ILCs show a series of
complementary and sometimes counteracting non-covalent
interactions that make prediction of the relative thermal stabi-
lities rather difficult.

The hydrogen sulfate based ILCs decompose in two (DmC;,S
HSO, and DmC;,S HSO,) or three (DmC;,S HSO, and DmC;6S
HSO,) steps. The first significant step shows a weight loss
between 70-80% which ends between 355-370 °C. The second
step for DmC,;,S HSO, and DmC;,S HSO, is then a constant
weight loss up to 600 °C. For DmC,,S HSO, and DmC,¢S HSO,
the second step up to 490 °C contains a small weight loss of
around 8%, followed by a third step with a constant weight loss
of up to 13%.

The thermal decomposition of the mesylate based ILCs
occurs in three steps. The first weight loss occurring until
380-405 °C involves a sample loss of 65-70%. The second step
of 13-20% sample weight loss can be seen up to 470 °C. The last
decomposition step includes a weight loss of up to 17%. For all
ILCs almost complete decomposition (88-97%) can be seen at
600 °C.

The thermal properties of the ILCs were further investigated
by differential scanning calorimetry (DSC). Fig. 4 and Fig. S3
(ESIT) show the thermograms of the 2nd heating and cooling
cycles for all compounds. The ILCs show a significantly
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different behavior depending on the counter anion and the
alkyl chain length. Indeed, a more complex thermal behavior
for ILCs with longer chains has already been reported in the
literature.*® The shorter chained ILCs DmC;,S MeSOs, DmC;,S
MeSO;, DmC,,S HSO,, DmC;,S HSO, and DmC,,S HSO, only
show two processes upon 2nd heating and 2nd cooling - a glass
transition and the transition from the mesophase into the
isotropic liquid (Fig. S3, ESIt). The peak in the thermograms
can therefore be identified as the isotropization temperature
(Tiso, clearing point). Moreover, whereas the mesylate based
compounds show delayed crystallization upon cooling, the
hydrogen sulfate-based compounds remain in their LC state
for months after cooling and storing in the laboratory at room
temperature. Even when cooling to low temperatures in the
DSC they remain in their LC state until T,. This behavior has
already been reported for some other LCs.">***” These LCs are
called glassy LCs (GLCs) in the literature,>***873°

DmC;6S MeSO; and DmCq,S MeSO; both show (cold)
crystallization and melting processes upon heating (Fig. 4a
and d). However, DmC,,S MeSO; exhibits one LC phase on
heating which turns into the isotropic phase at around 120 °C
and two LC phases on cooling (Fig. 4d). The second LC phase
between 105-78 °C is therefore metastable, as it only appears
upon cooling."®*"*> This behavior is also clearly seen in
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Fig. 4 2nd heating and cooling DSC runs for (a) DmCy6S MeSOs, (b) DMCy6S HSO4, and (c) DMCy6S MeSOs with a heating/cooling rate of 5 K min~*

(zoomed in to 80-200 °C), and (d) DmCy4S MeSOs.
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polarized optical microscopy (POM, Fig. S4, ESIT), as this phase
cannot always be observed when the sample is cooled. In contrast
to DmCy,4S MeSO3z, DmC, S MeSO;, where the alkyl tail is longer
by two carbon atoms, shows two mesophases upon heating and
cooling. Both phases are therefore stable LC phases that can also
clearly be observed via POM, see below. Both phases are, how-
ever, more clearly seen when slower heating/cooling rates are
used (Fig. 4c).

The most complex thermal behavior is observed for DmC;6S
HSO,, Fig. 4b. Upon heating, this compound shows several cold
crystallization and melting processes, suggesting the presence
of various crystal structures and structural re-arrangements in
the sample upon heating. The temperature window of the first
mesophase (68-145 °C) is quite similar to that of DmCyeS

View Article Online
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MeSO;. The transition from the second mesophase into the
isotropic phase, however, appears at a higher temperature
(=200 °C) which is accompanied by the slow decomposition of
the compound (as evidenced by TGA data, Fig. 3). Upon cooling
DmC; ¢S HSO, only shows the transition from the second into the
first mesophase at around 125 °C and one crystallization process.

All relevant transition temperatures can be found in Table 2
and Fig. 5. When comparing T}, of the shorter chained ILCs an
influence of the ZI chain length can be observed. The shorter
the chain on the zwitterion, the lower Tis, of the compound.
This observation has already been described in the literature
for several other ILs and ILCs.'>%*?

Furthermore, the hydrogen sulfate-based ILCs exhibit a
broader mesophase window compared to the mesylate based

Table 2 Phase transition temperatures (negative enthalpies AH in kJ mol™, if available) of ILCs

DSC results of second heating/second cooling®

T, Cr-LC LC;-LC, LC-1
DmC,S MeSO;, Heating —12.7 66.8 (—24.18) 147.2 (—0.26) 189.0 (—0.39)
Cooling — —8.9 (19.67) 133.8 (0.32)° 189.2 (0.41)
DmCy,S MeSO;, Heating —35.4 60.8 (—9.04) — 118.5 (—0.48)
Cooling —44.4 — 82.4 (0.24) 108.7 (0.17)
DmC;,S MeSO; Heating -31.3 — — 95.0 (—0.41)
Cooling —36.0 — — 92.8 (0.43)
DmC;,S MeSO3 Heating —32.5 — — 41.6 (—0.53)
Cooling -31.7 — — 36.0 (0.52)
DmC,¢S HSO, Heating — 68.8 (—8.27)° 144.7 (—0.60) >200 °C Dec.
Cooling — —18.5 (10.55) 131.2 (0.65) >200 °C Dec.
DmC,,S HSO, Heating —34.3 — — >200 °C Dec.
Cooling —48.6 — — >200 °C Dec.
DmC;,S HSO, Heating —25.8 — — 195.1 (—0.68)
Cooling —26.0 — — >200 °C (0.99)
DmC;,,S HSO, Heating -18.3 — — 119.6 (—0.49)
Cooling -12.3 — — 127.1 (0.47)

% LC,/LC,: 1st and 2nd mesophases in compounds DmC;S MeSO;, DmC,,S MeSO; and DmC,6S HSO,, Cr: crystalline, I: isotropic. b value of last
melting process. ¢ Determined in measurement with a 5 K min~* cooling rate. Precise assignment of LC phases via POM and XRD described

further below.
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ones; they only show a glass transition at around —12 to —48 °C
and Tjs, at around 200 °C. This might be due to the extensive
hydrogen bond network associated with hydrogen sulfate based
ILs and will be further discussed below. Overall, all phase
transitions show very similar values upon heating and cooling
and therefore only small hysteresis. Hysteresis of thermal transi-
tions is a common observation for ILCs and is usually attributed
to supercooling and/or high viscosity of the system,'®>'%57

For a full assignment of the LC phases analysis via XRD
measurements and POM is necessary. XRD analysis was con-
ducted as WAXS and SAXS measurements, respectively, to
assign the mesophase geometry. This analysis was more
straightforward for the hydrogen sulfate based compounds,
as all of these show a Col, phase, with DmC,S HSO, exhibiting
an additional cubic phase at higher temperatures. The Col;
phase of DmC;S HSO, hereby exhibits three sharp reflections
at 39.8 A, 23.5 A, and 20.5 A. The first reflection can be assigned
as an overlapping of the two big reflections usually occurring in
Col, phases, which are (200) and (110).”® The second reflection
is then the (310) and the third again an overlapping of (400) and
(220) with the lattice parameters a = 81.0 A and b = 45.3 A. The
wide-angle measurements moreover show a broad halo, asso-
ciated with the liquid-like disorder of the alkyl side chain in the
ZIs. At higher temperatures DmC;,S HSO, shows an altered
diffraction pattern, which can be assigned to a Cub phase with
reflections at 37.6 A, 24.7 A, and 20.9 A, corresponding to the
Miller indices of (200), (311), and (321) and a black POM image
under crossed polarizers. The respective 2D diffractograms,
integrated diffraction patterns and POM images are shown in
Fig. 6. The presence of a cubic mesophase above a columnar
one is quite peculiar, as the mesophase order is usually the

a

View Article Online

Paper
other way around.’*® However, there are some literature
examples, where a cubic mesophase does indeed appear at
higher temperatures than a columnar phase.®*%°

The shorter chained hydrogen sulfate based ILCs all show
reflections that can be assigned to the same Miller indices found
for the lower temperature mesophase of DmC,S HSO,. However,
these compounds show smaller lattice parameters, which is in
agreement with the size of the respective ions (the shorter the
chain-length of the cation the smaller the lattice parameters). The
diffractogram of DmC,,S HSO, only shows two clear reflections.
This can be assigned to the less ordered nature of the system when
the alkyl chain is shorter. We nevertheless assign the same
mesophase to this compound based on the assignment of the
longer chained ILCs and the respective POM images. All XRD
assignments and values can be found in Table 3 and the respective
POM images and diffraction patterns in Fig. 7 and Fig. S5, S6
(ESIY). The respective POM images show typical textures associated
with a columnar mesophase, as they exhibit fan-shaped textures in
the temperature windows corresponding with the Col, phase.

The mesylate based ILCs show more complex behavior in
both WAXS and SAXS, as we can overall find three different
mesophases for these compounds: Cub, Col;,, and SmA. As can
be seen in Fig. S6a and b (ESIt), DmC;6S MeSO; exhibits a Cub
phase at lower and SmA phase at higher temperatures. As for
DmC,6S HSO,, the cubic mesophase is characterized by a black
POM image. The respective diffractogram shows reflections at
37.6 A, 32.6 A, 20.3 A, and 19.9 A, corresponding with the
following indices: (211), (220), (331), and (421).

At higher temperatures, DmC,sS MeSO; shows only one pro-
minent reflection in the diffractogram, and the occurrence of a
birefringent texture in the POM, indicating a SmA mesophase.

Intensity [a.u.]

(200)

(300) (320)

Intensity [a.u.]

267

Fig. 6 Comparison of 2D diffraction patterns, integrated diffractograms and POM images for the two mesophases of DmC;¢S HSO, for (a) Col, at 45 °C

and (b) Cub at 170 °C.
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Table 3 XRD results of sulfobetaine based ILCs
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Mesophase 7/°C

Reflections/A exp. (calc.)

Miller indices Lattice parameters/A

DmC,S MeSO; Cub at 95 °C 37.6
32.6
20.3
19.9

5.4
SmA at 170 °C

DmC;6S MeSO; 34.4

5.5
DmC,,S MeSO, Cub at 75 °C 34.3
29.9

19.3
5.5

DmC;,S MeSO;, Coly, at 20 °C 30.6
17.6
15.3

5.4

DmC;,S MeSO; Coly, at 20 °C 26.8

15.5
13.4
5.4

DmC,6S HSO, Col, at 45 °C 39.8

23.5
20.5

5.4

DmC,6S HSO, Cub at 170 °C 37.6

24.7
20.9
5.5

DmC,,S HSO, Col, at 75 °C

20.9
18.2

5.3

DmC,,S HSO, Col, at 25 °C 32.2

19.2
16.5

4.8

DmC;0S HSO, Col, at 25 °C 28.7

14.8

5.3

While DmC4,S MeSO; shows two phase transitions in the
DSC cooling run, the mesophase at higher temperatures cannot
be observed in the diffractograms at the respective temperature
and only un-reliably while cooling under the microscope. This
phase is therefore metastable and only the Cub phase is indeed
a stable mesophase for this sample. In contrast to the longer
chained compounds, the ILCs DmC;,S MeSO; and DmC;,S
MeSO; (with their shorter alkyl chains) do not show a cubic, but
a different mesophase, which is in agreement with the

This journal is © the Owner Societies 2025

(37.4) (211) a=913
(32.3) (220)
(21.0) (331)
(19.9) (421)
Halo
(100) d=34.4
Halo
(34.5) (211) a=2845
(29.9) (220)
(19.4) (331)
(18.4) (421)
Halo
(30.6) (100) a=353
(17.7) (110)
(15.3) (200)
(@60 °C) Halo
(26.8) (100) a=30.9
(15.5) (110)
(13.4) (200)
Halo
(40.5) (200) a=281.0
(39.7) (110) b =455
(23.7) (310)
(20.3) (400)
(19.8) (220)
Halo
(37.2) (200) a=74.4
(24.8) (311)
(20.7) (321)
Halo
(36.3) (200) a=725
(36.0) (110) b =415
(20.9) (310)
(18.1) (400)
(18.0) (220)
Halo
(32.5) (200) a=65.0
(32.2) (110) b=375
(18.7) (310)
(16.3) (400)
(16.1) (220)
Halo
(29.3) (200) a=575
(29.1) (110) b =342
(16.9) (310)
(14.6) (400)
(14.5) (220)
Halo

literature.®” DmC;,S MeSO; and DmC,,S MeSO; both exhibit
a columnar hexagonal order, with the reflections corres-
ponding to (100), (110), and (200) and fan-like textures in the
POM images (Fig. 7 and Fig. S6, ESIt). When comparing the
unit cell dimensions of the columnar mesophases with the ion
sizes of the LC compounds, the unit cells show smaller dimen-
sions than the respective ions. This can however be explained
by the chemical structure of the cations, which consist mainly
of long alkyl chains. These long alkyl chains can coil up and
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Fig. 7 Comparison of 2D diffraction patterns, diffractograms and POM images of C;, based ILCs (a) DmC1,S HSO4 at 25 °C, and (b) DmC3,S MeSOs at
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a=375A 1

b=65.0A

(a) Sketch of the separation of ionic and hydrophobic parts. Comparison of packing models for (b) Col, mesophase (DmC;,S MeSOs3), and (c) Col,

mesophase (DMC;,S HSO,). Slight distortion in the hydrogen sulfate based ILCs leads to slightly larger unit cell parameters and a subsequent difference in

the mesophase.

overlap and therefore the chains build a liquid-like ordered
hydrophobic region in the middle of the column (see Fig. 8).
This leads to smaller dimensions than expected by the sheer
size of the ions.

Overall, all ILC mesophases are typical mesophases also
described in the literature for other ILCs - zwitterionic®"**""

852 | Phys. Chem. Chem. Phys., 2025, 27, 844-860

and non-zwitterionic.*>**%*7? Interestingly, there are signifi-
cant differences in the mesophase behavior between the hydro-
gen sulfate based and the mesylate based ILCs:

1. Broader temperature windows of the mesophases in the
HSO, based ILCs. These broader temperature windows and
higher Tis, of the mesophases for the HSO, based ILCs have
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already been discussed above and are tentatively attributed to a
presumably more extensive hydrogen bond network in these
ILCs. Moreover, it has already been shown that smaller anions
and longer alkyl chains can significantly increase Ty, in ILCs as
electrostatic interactions have a significant influence on meso-
phase stability.*>*>*676%70737% 1 the current case, the hydro-
gen sulfate anion is smaller than the mesylate anion and
indeed the hydrogen sulfate based systems show higher Tjg,.

2. A higher number of different mesophases for MeSO;
based ILCs. One possible explanation may be that a number
of factors contribute to this behavior: (i) a slightly larger anion,
(ii) a somewhat amphiphilic nature of the mesylate anion (as
opposed to the hydrogen sulfate anion), and (iii) a lower
number of hydrogen bonding sites due to the presence of the
methyl group in the mesylate anion. In combination, these
three effects may lead to higher structural flexibility in the
mesylate based ILCs. This in turn may facilitate the formation
of a larger number of ILC phases.

3. Different types of columnar mesophases even for shorter
chained ILCs (Coly, vs. Col,, see Fig. 7). Fig. 8 shows a packing
model for both DmC,,S based compounds. Overall, the dimen-
sions of the unit cells are quite similar for both compounds. We
tentatively attribute the slight distortion to the presence of the
methyl group in the mesylate anion and therefore differences in
hydrogen-bonding and overall ionic and hydrophobic interactions.
Possibly, the mesylate anion resides in the ionic section and in the
more hydrophobic section, while the hydrogen sulfates are pre-
dominantly located in the ionic section of the ILCs. A wide
hydrogen-bonding network associated with the hydrogen sulfate
anions along the columns, but also between neighboring columns,
may increase the volume fraction of the hydrophilic domains and
therefore lead to the slight distortion between the Col, and Col,
arrangements.

In order to support the model shown in Fig. 8 with the ionic
domains on the outside of the columns we have performed DFT
calculations of DmCy,S MeSO;. The image below (Fig. 9) shows
the ball and stick (a) and space filling model (b); the hydro-
philic portion - including the methanesulfonic acid - is shown
in blue, while the hydrophobic chain is shown in salmon
(pink). The partial molecular volume of the hydrophilic group
(i.e. hydrophobic: total volume) was calculated to be 0.40.
Therefore, in the C;, and C;, derivatives, the hydrophobic
chain occupies an appreciably smaller volume than the hydro-
philic section, and hence should reside in the center of the
column. As this chain increases in length, its size approaches
that of the hydrophilic portion, the columnar nanostructure is
replaced first with the cubic phase (C4), followed by the
lamellar phase. If the situation was reversed, i.e. the hydro-
phobic volume was larger in the case of the C;, and Cj,,
increasing the chain length would not push the mesogens into
the regime of cubic and lamellar phases; they would remain
columnar. Thus, the volume calculations are fully consistent
with the series trend. Note that the charged groups are more-
over able to interact strongly when they are on the exterior of
the column, since they are surrounded by other charged groups
from both the same column and neighboring column.

This journal is © the Owner Societies 2025
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Fig. 9 DFT calculation results for DmC;,S MeSOs: (a) ball and stick model,
and (b) space filling model (blue: hydrophilic portion including the anion,
salmon: hydrophobic alkyl tail).

The electrochemical behavior of the ILCs was furthermore
investigated by cyclic voltammetry (CV) to determine the electro-
chemical stability window (AEW = Enodic — Ecathodic): AEW is
defined as the region where no noteworthy faradaic current is
observed in the voltammogram.”>””” CV is therefore an important
tool to assess their applicability for e.g. electrochemical devices.

Fig. 10 shows the voltammograms of all ILCs (except the
DmC;6S compounds) grouped by anion (a, b) and a comparison
between the two DmC;,S based ILCs (c). All voltammograms,
independent of the anion, show a clear reduction process
starting around —0.5 to 0.6 V. This process can be assigned to
the reduction of the cation, i.e., the reduction of protons, which
is a typical process for protic ILs.”* %" Overall, the mesylate
based ILCs show a slightly higher stability towards reduction
compared to the hydrogen sulfate based ILCs. This has already
been observed by Shmukler et al. for diethylammonium (DEA)
based ILs,*” whereas they found the opposite trend for ILs
containing the triethylammonium (TEA) cation.*’ Moreover,
Rana et al. found ILs based on the mesylate anion to also have
one of the highest stabilities towards reduction in a series of
similar ILs (with mesylate, triflate, bistriflimide anions).”®

An analogous observation can be made for the anodic side of
the voltammograms. Here, the mesylate-based compounds
show a higher stability (of up to +0.15 V) towards oxidation.
The mesylate anion has already been reported to be rather
stable towards oxidation and is often one of the most stable
anions in a series of protic ILs.*>®' In spite of this, for the
aforementioned IL diethylammonium mesylate its hydrogen
sulfate based counterpart showed higher oxidation stability.*

Generally speaking, however, oxidative processes around +1.4—-
1.6 V for the ILCs investigated in this study are in good agreement
with results published for other protic ILs based on the same
40:42:43,8283 Qverall, the size or composition of the ZIs in
this study do not seem to influence the electrochemical stability,

anions.
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Fig. 10 Cyclic voltammograms of (a) hydrogensulfate based ILCs, (b)
mesylate based ILCs, and (c) a comparison of DmC,S based ILCs.

whereas the anion has a slight influence on both the stability
towards oxidation and towards reduction (see Table 4). Therefore,
the mesylate based ILCs show slightly wider AEW, with the most
stable compound being DmC,,S MeSO;. In general, the AEW of
the ILCs investigated in this study are comparable to those found
for other protic ILs.***"**8*

The ionic conductivities of the ILCs were analyzed via broad-
band dielectric spectroscopy (DS). Table 5 shows the conductiv-
ities of all ILCs at three different temperatures. As the ILCs show
quite different phase behavior and mesophase types over varying
temperature windows, a straightforward comparison of ionic
conductivities by simply comparing the data for one specific
temperature is not easily possible. Therefore, Table 5 shows the
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Table 4 Electrochemical stability windows of ILCs? and solvent
Potential limits [V vs. Fc/Fc']

Compound Anodic Cathodic AEW [V]
ACN 1.87 —2.40 4.27
DmC,4S MeSOj; 1.56 —0.60 2.16
DmC;,S MeSO; 1.59 —0.54 2.13
DmC;,S MeSO; 1.54 —0.60 2.14
DmC,,S HSO, 1.45 —0.51 1.96
DmC;,S HSO, 1.43 —0.50 1.93
DmC,,S HSO, 1.40 —0.50 1.90

“ DmGC;6S MeSO; and DmC;6S HSO, were not measured as they show
limited solubility in the CV measuring solution.

Table 5 lonic conductivities of ILCs at different temperatures. Indices:
Cub = cubic mesophase, Col, = columnar rectangular mesophase, Col,, =
columnar hexagonal mesophase, | = isotropic liquid

020°c [S em™] ooc [S em™] 150°c [S em™']

DmC;6S MeSO; 5.3 x 107 Cub 3.7 x 107 ¥ Cub 3.2 x 10 ® g1a
DmC;,S MeSO; 1.0 x 10°°Cub 2.4 x 10°°Cub 1.3 x 107*1
DmC;,S MeSO; 4.8 x 10°° Col, 2.5 X 107> Col;, 5.1 x 10°*1
DmC;,S MeSO; 1.8 x 1077 Col;, 5.6 x 107 ° 1 6.7 x 10°*1
DmC;6S HSO, 1.9 x 1077 Col, 3.0 x 107> Col, 2.6 x 10~* Cub
DmC,;,S HSO, 2.9 x 1077 Col, 3.6 x 10°° Col, 3.0 x 10~* Col,
DmC;,S HSO, 1.6 x 107 Col, 3.1 x 107> Col, 3.2 x 10 Col,
DmC;,S HSO, 1.1 x10 °Col, 1.2 x 10 *Col, 1.1 x 10 °1

ionic conductivities at room temperature (20 °C), 90 °C and
150 °C. Indices denote the state of the compounds at the
respective temperature.

Fig. 11 shows the ionic conductivities vs. 1000 T~ for all
ILCs. Overall, the ionic conductivities increase with increasing
temperature and also clearly show the respective phase transi-
tions (Fig. S7, ESIT). The mesylate-based ILCs hereby show a
clear dependency of the ionic conductivity on chain-length. The
conductivities decrease with increasing chain length of the ZIs.
However, the differences in conductivity are more pronounced
when the chains get longer, as the values for DmC;,S MeSO;
and DmC;,S MeSO; are quite similar. The pronounced differ-
ences in the conductivities might therefore not only be
explained by the increase in chain length, but more importantly
by the mesophase type of the respective ILCs. As the two shorter
chained ILCs both exhibit a Col;, mesophase, their ionic con-
ductivities are less influenced by the differences in chain
length, as the ion conduction inside the mesophase could
appear along the columns, independent on the size of the ZI.
The differences in chain length do, however, have an influence
on the conductivity in the Cub phases exhibited by DmC;S
MeSO; and DmC,,S MeSO;. Here, the longer chain seems to
significantly influence the possible conduction pathways, as
the longer chains expand the overall hydrophobic domains and
might therefore limit possibilities for conduction.

Overall, the hydrogen sulfate-based ILCs in their Col, meso-
phase show slightly higher ionic conductivities than their
mesylate-based counterparts (Fig. S7, ESIf). Moreover, the
chain lengths of the ZIs do not show such an influence as for
the mesylate ILCs. All three longer chained hydrogen sulfate-
based ILCs exhibit almost equal ionic conductivities. This
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Fig. 11 lonic conductivities of (a) mesylate based ILCs, and (b) hydro-

gensulfate based ILCs from room temperature to elevated temperatures.

suggests that the bulk conductivity measured for these systems
is not significantly influenced by the chain length, as conduc-
tion seems to arise along the columns, as previously seen for
DmC;,S MeSO; and DmC,,S MeSO;. It is therefore indepen-
dent of the actual size of the cation structure. This is in
agreement with the results found by DSC measurements, where
all three long chained ILCs show similar behavior and high Tjg,.
Moreover, it has already been shown in the literature that
longer alkyl chains do not always correspond with lower ionic
conductivities.”> DmC;,S HSO,, however, shows a higher con-
ductivity than the longer-chained compounds. This is in agree-
ment with a slightly different phase behavior in the form of
lower Tis, found via DSC. One possible explanation might be
that DmC,;,S HSO, is the last representative in the hydrogen
sulfate group to show LC behavior (with DmCgS HSO, being
liquid) and might therefore already experience significantly less
intermolecular interactions and lower viscosity, lowering Tis,
but increasing the conductivity. Overall, DmC,,S HSO, exhibits
the highest conductivities over the temperature range investi-
gated. However, the highest ionic conductivity in an LC phase
at 150 °C is observed for DmC;,S HSO,.

The literature is not conclusive in regards to comparisons of
ionic conductivities of mesylate and hydrogen sulfate-based
compounds. For example, Shmukler et al. found higher con-
ductivities for a series of TEA based ILs with mesylate compared
to hydrogen sulfate as the anion,” whereas they made the
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opposite observation for DEA based ILs and the same anions.*?
However, the ionic conductivities found for the zwitterionic
ILCs of this study are comparable with other (zwitterionic) ILCs
found in the literature.*>”>**® Soberats et al described
sulfobetaine-based ILCs that showed a maximum conductivity of
10~* S em ™! in the cubic phase at 130 °C.”* ILCs based on a long-
chained benzoic acid and sulfobetaine zwitterions were reported
by Qiao et al. They found higher conductivities for shorter zwitter-
ions with a maximum conductivity of 107> S em ™" at 110 °C in the
lamellar phase.®

All ILCs clearly show non-Arrhenius behavior for their con-
ductivities. This is illustrated by a curvature in the graphs
showing a non-linear dependence of conductivity on inverse
temperature, as can be clearly seen in figure sigma (Fig. 11).
This non-Arrhenius behavior is characterized by a curvature of
the graphs, which has been observed for many ILs and
ILCs.”>**® The conductivity of all ILCs is therefore best
described with the Vogel-Fulcher-Tamann (VFT) relationship
(eqn (1)).°°°% In this equation, ¢, represents the maximum
conductivity at infinite temperature, T, is the ideal glass transi-
tion temperature and B is the pseudo activation energy (or an
adjustable parameter). B is hereby related to segmental mobility
as the dependence of the conductivity on the VFT equation
suggests a liquid-like nature of the system and activation
energies that are more dependent on segmental or side relaxa-
tion dynamics than elastic or electrostatic contributions.”*%°

The results of the VFT fitting can be found in Table 6 and
representative VFT fits for DmC;6S HSO,, DmC;,S HSO, and
DmC;,S MeSO; are shown in Fig. S8 (ESI). It is hereby noteworthy
that for DmC;,S HSO, and DmC;,S MeSO; two individual VFT
plots were used, as these ILC exhibit two mesophases.

= (1)

o= aoexp[T_ 7

When comparing the B values in Table 6 the same observa-
tions as already seen for the conductivities can be made. For
the mesylate-based compounds comparison of the B values is
not straightforward, as B is determined in different meso-
phases. Overall though, B is lower for shorter chains and more
or less follows the trend C;¢ & Ci4 > C;, > Cyg, with DmC;,S
MeSO; showing the smallest pseudo activation energy of all
ILCs studied here. For the hydrogen sulfate-based ILCs all B

Table 6 VFT fitting results obtained at different temperatures in different
LC phases

0o [S em™] B[K] T, [K] LC
DmC;¢S MeSO; 2.1 x 1072 738.2 235.0 SmA

1.5 x 10" 1734.4 162.4 Cub
DmC,,S MeSO; 2.7 x107° 1196.1 166.0 Cub
DmCy,S MeSO; 5.3 x 107" 799.6 179.5 Coly,
DmC,,S MeSO; 1.0 x 107+ 600.2 188.4 Coly,
DmC,¢S HSO, 1.7 x 107° 1193.7 109.9 Cub

3.2 x 10" 800.1 164.4 Col,
DmC,,S HSO, 1.7 x 107+ 707.6 170.3 Col,
DmC,,S HSO, 2.7 x 107! 746.5 173.3 Col,
DmC;S HSO, 3.4 x 107" 664.6 171.1 Col,
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values with the exception of DmC;¢S HSO, in the Cub phase are
quite similar. This again hints at the formation of the same
mesophase, as already discussed above. All pseudo activation
energies for the ILCs in this study are comparable with values
found for other ILCs or ILs analyzed via VFT fitting.*"**°%

Conclusion

New zwitterion based ILCs can be synthesized in fairly large
amounts using a simple protocol. The resulting ILCs show a rather
complex phase behavior and the nature of the counter ion and the
length of the alkyl chain are two main influences controlling this
phase behavior. Somewhat surprisingly the most likely arrange-
ment of the ILC molecules in the columnar phases has the ionic
groups on the outside of the columns and the alkyl tails in the
centers. Possibly, this arrangement contributes to the relatively
good ionic conductivities observed for these compounds. This also
suggests that the major structure controlling interactions are the
ionic forces of the hydrophilic part and not the alkyl tails. The ILCs
are stable up to slightly above 200 °C and show an electrochemical
stability window of around 2 V. As a result, these materials are
promising candidates for ion or proton conduction.
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