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lon transport measures and details as well as physico-chemical and electrochemical properties are
presented for a small set of structurally flexible pyrrolidinium (Pyrr) and morpholinium (Morph) cation-
based ionic liquids (ILs), all with oligoether phosphate-based anions. All have high thermal stabilities, low
glass transition temperatures, and wide electrochemical stability windows, but rather moderate ionic
conductivities, where both the anions and the cations of the Pyrr-based ILs diffuse faster than those of
the Morph-based ILs. Overall, the Pyrr-based ILs show significantly more promise as high-temperature
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Introduction

In the past decades, ionic liquids (ILs) have demonstrated
promising performance characteristics in a range of exciting
potential applications, such as solvents," electrolytes for different
energy storage devices,” catalysts,® lubricants,® extractants,’
absorbents,® magnetic fluids,” optical fluids,® crystallization
media,” and antibacterial media for biomedical devices.'® The
main reasons for their use are their negligible vapor pressures,
large liquidus ranges, high thermal stabilities, non-flammable
properties with wide electrochemical stability windows (ESWs),
and great potential in structural designability compared with
organic solvents."""?

From the point of view of the IL cation structural designa-
bility, N-heterocycles such as pyrrolidinium (Pyrr) and morpho-
linium (Morph) rings are very interesting synthons for the
development of new task-specific ILs due to their small and
compact sizes."” These rings can be ionized upon quaternization
of the tertiary nitrogen atom, resulting in a stable positive
charge.® Furthermore, the oxygen atom in the Morph ring
widens the ESW and enhances the ionic conductivity."”” In
comparison with other ILs, both Pyrr- and Morph-based ILs
show higher ionic conductivities, wider ESWs, higher thermal
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supercapacitor electrolytes, rendering a specific capacitance of 164 F g‘1 at 1 mV s~
of 609 W kg™t and a specific energy density of 27 W h kg

! a power density

1 at 90 °C in a symmetric graphite

stabilities, and lower viscosities.">'® In addition, they are less
toxic and more biodegradable than conventional ILs based on
other cations."” ™’

Turning to the design of IL anions, interest in alkyl
phosphate-based anions is growing, not least due to safety
concerns regarding energy storage devices, where the anions
play a key role in the optimization of separator’® and electrode
materials," and are used as electrolyte additives for overcharge
protectors and redox mediators.”>** With respect to the latter,
the most common flame retardants are organophosphorus
organic compounds**™? or ILs;*®*° the former compounds,
however, are limited by their lower ESWs and thermal stabilities,
which is why ILs with phosphate-based anions are promising.

Here, ILs based on oligoether phosphate-based anions and
Pyrr- and Morph-based cations, with different oligoether chain
lengths are synthesized and subsequently studied with respect
to their physico-chemical and electrochemical properties along-
side their ion transport properties, with the overall aim of being
used as (high-temperature) electrolytes with high ionic con-
ductivities, wide ESWs, and low glass transition temperatures.

Experimental
Materials, synthesis and characterisation

Phosphorus(v) oxychloride (99% purity; Sigma Aldrich), diethylene
glycol ethyl ether (99% purity; Sigma Aldrich), triethylene glycol
monomethyl ether (95% purity; Sigma Aldrich), 1-methylpyrro-
lidine (98% purity; Sigma Aldrich) and 4-methylmorpholine (99%
purity; Sigma Aldrich), sodium sulfate (99% purity; Sigma Aldrich),
ethyl acetate (99.5% purity; Sigma Aldrich) and hexane (99% purity;
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Table 1 Molecular weight, water content, glass transition temperature,
decomposition temperature, and ionic conductivity values of the ILs

MW Water Tiecomp Ty 0 @ 20 °C

Tonic liquid (g mol™") content (ppm) (°C)  (°C) (mS cm ™)

[MmMPyrt|[TEEP]  621.70 87 +5 238 —76 0.14
[EmMPyrr[DEEP]  531.61 78 +5 239 —80 0.10
[MmMMorph]|[TEEP] 637.70 92 + 5 224 —69 0.03
[EmMMorph][DEEP] 547.61 74 +5 225  —73 0.03

Sigma Aldrich) were used without further purification. The synth-
esis and characterization details are provided in the ESL All of the
as-made ILs were kept in a vacuum oven at 90 °C for at least one
week until the water content was <100 ppm (Table 1), as deter-
mined via Karl Fischer titration using a 917 Coulometer (Metrohm)
placed inside a glovebox with a water and oxygen content of
<1 ppm.

The structure and purity of the intermediate compounds
and the final products were confirmed using a nuclear mag-
netic resonance (NMR) spectrometer with a Bruker Ascend
Aeon WB 400 magnet system (Bruker BioSpin AG, Fillanden,
Switzerland). CDCl; was used as a solvent in all the experi-
ments. The working frequencies were 400.21 MHz for 'H,
100.64 MHz for *C, and 162.01 MHz for *'P. The data were
processed using Bruker Topspin 3.5 software. *'P (161.988 MHz)
NMR spectra of the ILs as a function of temperature were recorded
by placing the sample in a 5 mm standard NMR tube. The sample
was heated at 10 K step-wise increments, and measurements were
carried out after 15 minutes of thermal equilibration. ESI-MS
analysis was performed using a Bruker Impact ESI-Q-TOF system.

Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra of the intermediate and the final products were
recorded using a Bruker IFS 80v spectrometer equipped with a
deuterated triglycine sulphate (DTGS) detector and a diamond
ATR accessory. The experiments were performed at room
temperature (~20 °C) using the double side forward-backward
acquisition mode. 256 scans were co-added and signal-averaged

at an optical resolution of 4 cm ™.

Thermal properties

A PerkinElmer 8000 TGA instrument was used for thermogravi-
metric analysis, which was carried out at a heating rate of 10 °C
min~" using nitrogen as the inert carrier gas. A sample of about 3—
5 mg was used for each experiment. Pyris software was used to
analyse the onset of decomposition temperature (Topse) by taking
the intersection of the baseline representing the weight loss and
the tangent of the weight vs. temperature curve.*® Differential
scanning calorimetry (DSC) was carried out using a PerkinElmer
DSC 6000 instrument. About 2-5 mg of sample was packed in an
aluminium pan for each experiment. Inert nitrogen gas was used
at a constant flow of 20 mL min~". DSC traces were recorded both
during cooling and heating from —135 to 0 °C, with a scanning
rate of 5 °C min ™. The glass transition temperature (T,,) values was
determined from the onset, while the decomposition temperature
(Tdecomp) Was determined from the intersection of the baseline and
the tangent of the weight vs. temperature, using the Pyris software.
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Electrochemistry

All measurements were carried out using an Autolab PGSTAT302N
electrochemical workstation (FRA32 M module). The ionic con-
ductivity was measured with a TSC 70 closed cell from RHD
instruments, Germany. In the Microcell HC system, the tempera-
ture was controlled through a Peltier element, which enables the
temperature to be regulated from —20 to 100 °C. For the electro-
chemical impedance spectroscopy (EIS) measurements, a two-
electrode system with a Pt wire as the working electrode (WE) and
a Pt cup as a counter electrode (CE), as well as a sample container,
was used with the cell constant determined using a 100 uS cm™*
KCI standard solution from Metrohm (K = 18.5396 cm ™). The
frequency range used was from 0.1 Hz to 1 MHz, and the ionic
conductivity was analyzed by fitting the EIS data to the Vogel-
Fulcher-Tammann (VFT) equation

where o, is a pre-exponential factor, B is a factor related to the
activation energy and Ty is the ideal glass transition temperature.
The activation energy of ionic conductivity is related to B via
E, = BR.

Linear sweep voltammetry (LSV) was carried out using a
three-electrode system, with a Pt wire as the WE, a Pt cup as the
CE, and a Ag wire (coated with AgCl) as a pseudo-reference
electrode (RE), and with a scan rate of 1 mV s~ '. The electro-
chemical potentials were recorded with ferrocene as the internal
reference.>' The ESW limits were determined using 0.1 mA cm >
as the cut-off current density.**

Furthermore, both cyclic voltammetry (CV) and EIS of the
ILs as electrolytes for supercapacitors made using graphite
electrodes were carried out. Commercially available graphite-
coated copper sheets (Cambridge Energy Solutions, UK) were
used as electrodes and a TSC battery cell (RHD instruments,
Germany) was employed, where the details can be found in our
previous publications.**** CV was performed at different scan
rates from 1 mv s~ to 200 mV s~ ' at several temperatures, and
EIS was carried out in the frequency range from 0.01 Hz to
1 MHz. The specific capacitance (C, [F g~ ']) was calculated from
CV using:*®

B (]"IdV
ST 2mKAV

where [IdV is the absolute area under the CV curve (I is the
current, in A), m is the mass of one electrode (in g), K is the scan
rate in (V s'), and AV is the potential window (in V).

Using the galvanostatic charge discharge (GCD) data, the
specific capacitance was calculated using the following equa-
tion:*>**7

(i x Ar)

= (m x Av)

where Cg denotes the capacitance, I is the current density, m is
the mass of both electrodes (3.6 mg), and At/AV denotes the
direct slope of the liberation curve, where At is the discharge
time and AV is the potential difference. The energy and power

This journal is © the Owner Societies 2023
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densities are given by the equations below, where Ep, is the
energy density, V is the potential window, Pp is the power
density, and the discharge time is given by At.

cr?
En——
P736x2

Epx3600
Pp = —2x360
b At

NMR diffusometry

Pulsed gradient spin echo-nuclear magnetic resonance (PGSE-
NMR) measurements were performed using the Bruker Ascend
Aeon WB 400 NMR spectrometer. NMR self-diffusion measure-
ments were carried out for 'H (400.21 MHz) using a Diff50
(Bruker) PGSE-NMR probe. The sample was placed in a standard
5 mm glass sample tube and closed with a plastic stopper to avoid
air contact. Before measurements, the sample was equilibrated at
a specific temperature for 30 min. The diffusional decay (DD) was
recorded using the stimulated echo (StE) pulse train. For single-
component diffusion, the form of the DD can be described as:*®

2
A(t,71,8,8) o< exp (—— - —) exp(—y70°g* Dty)
|

Here, A is the integral intensity of the NMR signal; 7 is the time
interval between first and second radiofrequency pulses; 7 is the
time interval between second and third radiofrequency pulses; 7y is
the gyromagnetic ratio for 'H; g and J are, respectively, the
amplitude and the duration of the gradient pulse; ¢4 = (4 — J/3)
is the diffusion time; 4 is the time interval between two identical
gradient pulses; and D is the diffusion coefficient. In the mea-
surements, the duration of the 90° pulse was 7 ps, J was in the
range from 1 to 2 ms, t was in the range of 3-5 ms, and g was
varied from 0.06 up to the maximum of the gradient amplitude,
29.73 T m™ *. The diffusion time ¢4 was varied from 4 to 100 ms.
The repetition time during accumulation of the signal transients
was 3.5 s. Data were recorded at temperatures ranging from 295 to
373 K. The following VFT equation was used to further analyze the
diffusion data:

Il
/0\/\0/\/0\/\0/ I,’\O/\/O\/\O/\/O\
[0]

O / E
@

\O/\/O\/\O/\/T

[MmMPyr][TEEP]
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where T, and B are adjustable parameters. The activation energy
for diffusion is related to B via Ep, = B-R.

Results and discussion

First, a brief description of the synthesis and structural char-
acterization of the ILs is given, followed by the thermal beha-
viour, ionic conductivity, ion diffusivity and electrochemical
assessment data. Finally, the ion-ion interactions and their role
in ion transport and dynamics are described and discussed
using both the NMR and FTIR spectroscopy data.

Synthesis and characterization

Following the TMOP and TEOP synthesis (Scheme S1, ESI{),* the
first set of Pyrr- and Morph-based ILs was synthesized efficiently
using single-step reactions between TMOP and either 1-methyl-
pyrrolidine or 4-methylmorpholine in a 1:1 stoichiometric ratio.
The corresponding [MmMPyrr|[TEEP] and [MmMMorph][TEEP]
ILs were obtained in quantitative yields (Scheme S2, ESIt). To
investigate the effect of the ion size, [EmMPyrr|[DEEP] and
[EmMMorph][DEEP], ie., ILs with shorter oligoether chains on
the anions and cations, were prepared using the same procedure
(Scheme S3, ESIt). The chemical structures and abbreviations of
the synthesized ILs are shown in Scheme 1. In the 'H NMR
spectrum of [MmMPyrr|TEEP], the sharp singlet at 3.25 ppm is
assigned to the methyl protons attached to the nitrogen atom of
the Pyrr ring. The other two different sets of 'H resonance lines
observed in the ranges of 3.80-3.76 ppm and 2.25-2.16 ppm
correspond to the methylene protons of the Pyrr ring in
[MmMPyrt][TEEP]. The 'H resonance lines in the ranges of
3.97-3.82 ppm, 3.63-3.59 ppm and 3.52-3.50 ppm are due to
the ethoxy protons, and those in the range of 3.36-3.32 ppm are
due to the methoxy protons. All the characteristic >C resonance
lines are observed in the *C{"H} NMR spectra of all the synthe-
sized ILs. The *'P{"H} NMR spectra of these ILs reveal sharp single
resonance lines for the phosphorus nuclei present in the anions.
All the 'H, **C and *'P NMR spectra are presented in the ESL{

Thermal properties

The TGA data show that the Pyrr-based ILs exhibit 10-15 °C
higher decomposition temperatures compared with the

1l
/O\/\O/\/O\/\O/ I,J\O/\/O\/\O/\/O\
o 0.
ne
o R
SO

[MmMMorph][TEEP]

[EmMMorph][DEEP]

Scheme 1 Chemical structures and abbreviations of the ionic components for the ILs.
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Morph-based ILs (Fig. 1a and Table 1), while there are no sig-
nificant differences upon changing the length of the oligoether
chain. Differential thermogravimetric (DTG) analysis (Fig. 1b)
shows the highest rate of weight loss in a single step for the Pyrr-
based ILs, while the maximal rate is reached in two steps for the
Morph-based ILs, where >20 wt% min " is observed from 270 to
320 °C. Overall, the thermal stabilities are comparable to/or better
than other Pyrr- and Morph-based ILs.****

The DSC data reveal that all the ILs are glass-forming liquids
with glass transition temperature (Ty) values in the range from
—59 to —80 °C (Fig. 2). The Pyrr-based ILs show lower T, values
than the Morph-based ILs, pointing towards weaker cation-anion
interactions, and there is weak effect of the oligoether chain
length, where the ILs with the longer oligoether chains, ie.,
[MmMPyrr|[TEEP] and [MmMMorph][TEEP], exhibit higher glass
transition temperatures (Fig. 2 and Table 1), which possibly
indicates a more effective packing of the longer oligoether chains.

Ionic conductivity

The ionic conductivities of the Pyrr-based ILs are between
around half and one order of magnitude higher than those of
the Morph-based ILs (Fig. 3); this may be due to the Morph
cations being somewhat bulkier and having stronger ion-ion
interactions,'® including the role of the ring oxygen atom
making them more polar, which is also manifested in the
higher glass transition temperatures.

The VFT fit parameters (Table S1, ESIt) show that the
activation energies for the Morph-based ILs are slightly higher
than for the Pyrr-based ILs, and likewise for the [DEEP] - and
[TEEP] -based ILs, which corroborates well with the DSC data.
The ideal glass transition temperatures (7,) are 50-60 K lower
than the measured glass transition temperatures (T,), which is in
accordance with the common empirical approximation for ILs
(and other liquids).**

NMR diffusometry

The PFG NMR diffusion data reveal a continuous increase in the
diffusivity of all ions as a function of increasing temperature,
which follows the VFT behavior (Fig. 4 and Table S2, ESI}). Both
ions in the [MmMPyrr|[TEEP] IL diffuse faster than those in the
[EmMPyrr|[DEEP] IL, thus indicating that ion-ion interactions

(a) 1004 —— [MmMPyrr][TEEP]
—— [EmMPyrr|[DEEP]
—— [MmMMorPh][TEEP]
—— [EmMMorph][DEEP]
80
S
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Fig. 1
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Fig. 2 DSC traces of the Pyrr- and Morph-based ILs.
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Fig. 3 lonic conductivities of the Pyrr- and Morph-based ILs. The symbols

denote the experimental data and the solid lines show the best fit to the
VFT equation for each.

are more important than the ion sizes - as also observed
previously for other ILs** - and that the stronger positive
resonance or mesomeric effect of the ethoxy groups in both
the [EmMPyrr]" cation and the [DEEP] ™ anion stabilizes both.

—
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(@) TGA thermograms and (b) DTG curves of the Pyrr- and Morph-based ILs.
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In stark contrast to the Pyrr-based ILs, both the cation and
the anion in the [EmMMorph]|[DEEP] IL diffuse faster than the
corresponding ions in the [MmMMorph][TEEP] IL. Overall, the
ion mobility in the Pyrr-based ILs is significantly higher than in
the Morph-based ILs, primarily due to the smaller cation sizes
and (presumably, see below) weaker ion-ion interactions, as
shown by the D, value being more than twice as large, whilst at
the same time showing rather similar molar activation energies
(Table S2, ESIt).

Electrochemistry

Starting with the anodic stabilities, the ILs are stable up to
+3.32 Vvs. Fe/Fc*, while the cathodic limits are close to —1.75 V
vs. Fe/Fe' (Fig. 5, and Table S3, ESIT). We stress that our set cut-
off current density is 0.1 mA cm 2 and thus all the ESWs are
very conservative.*> Overall, the ESWs of these ILs are ~4.5 V,
with the [MmMMorph|TEEP] IL being the most stable
(>5.0 V), which is wider compared with previously reported
Pyrr- and Morph-based ILs.*®*” After establishing the electro-
chemical stability, the [EmMPyrr|[DEEP] and [EmMMorph]
[DEEP] ILs were further evaluated as electrolytes in symmetric
graphite supercapacitors (SCs).

Moving to the evaluation of these ILs as electrolytes in SCs,
the [EmMPyrr][DEEP] IL shows a much better performance
compared with the [EmMMorph][DEEP] IL (Fig. 6 and Fig.
S23 (ESIY)), which can simply be attributed to its higher ionic
conductivity and ion diffusivity. At a device level, the specific
capacitance decreases with increasing scan rate whereas it
increases as a function of temperature (Fig. S24 and S25, ESIT),
where the latter is enabled by the thermal stability of the ILs
and improved ion-ion dissociation and mobility. Overall, the
Pyrr-based IL shows typical capacitive behaviour, with a uni-
form current-potential fluctuation and no CV plot distortion,
while a modest distortion and poor capacitive performance is
observed for the Morph-based IL, suggesting worse wetting of
the electrode pores.*®
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a 12 ® [MmMMorph][TEEP], Anion and Cation
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Fig. 4 lon diffusion coefficients for the ions in the Pyrr- and Morph-based

ILs. The symbols denote the experimental data and the solid lines show the
best fit to the VFT equation for each.
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Fig. 5 Cathodic and anodic LSV scans of the Pyrr- and Morph-based ILs.

That the SC with [EmMPyrr|[DEEP] IL as an electrolyte has
both a higher specific capacitance and reversibility at elevated
temperatures is due primarily to this IL’s higher ionic conductivity
and lower resistivity, as confirmed by the EIS data (Fig. S26, ESIT).
Both ILs exhibit straight lines in the lower frequency domain, and
hence capacitive behaviour,*® while their redox behaviour leads to
uneven semicircles.’® In terms of the performance, the SC with
the [EmMPyrr|[DEEP] IL as an electrolyte rendered a specific
energy density of ~27 W h ke ' and a power density of
~609 W kg™ " at a current density of 0.5 A g~ '. By comparison,
the SC with the Morph-based IL as an electrolyte exhibited around
a ten-fold lower energy density, but a comparable power density
(Fig. S27 and Table S4, ESIt). However, both the ILs showed a
similar cyclic stability and capacitance retention up to 150 cycles
at a current density of 1.5 A g~ (Fig. S28, ESIY).

The capacitance of a supercapacitor is greatly influenced by the
ion diffusion in the bulk as well as inside the porous electrodes. A
faster ion diffusion facilitates faster charging and discharging
processes.”® Due to their smaller cation size, Pyrr-based ILs
improve the specific capacitance and show a lower resistance
than conventional imidazolium- and pyridinium-based ILs for the
same anion, which mechanistically is attributed to an increased
ion concentration in the double-layer.>* The nature of the anion
also plays a crucial role; the [Pyr, 4]J[C(CN);] IL shows a much
better performance than the analogous IL based on the [TFSI|™
anion, especially at higher C-rates.”® Similarly, the [EmMPyrr]
[DEEP] IL outperforms the [EmMMorph]|[DEEP] IL due to the
faster ion diffusion and higher ion conductivity.

NMR and FTIR spectroscopy

The *'P NMR resonance lines are broader at lower temperatures and
become sharper as a function of temperature (Fig. 7a), suggesting
faster re-orientational dynamics,> and in the case of the Morph-
based ILs this is also due to ion-ion dissociation, which is sup-
ported by the observed chemical shifts as a function of temperature
that also suggest decreased interactions between the anions and the
corresponding cations (Fig. 7b and Fig. S29, ESIY).

Turning to the FTIR spectroscopy data, all the character-
istic stretching frequencies for the functional groups of the
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Fig. 6 Cyclic voltammograms obtained using different scan rates at 90 °C (a) and (c) and the specific capacitance as a function of temperature (b) and (d)
for SCs made using the [EmMPyrr][DEEP] IL (a and b) and [EmMMorph][DEEP] IL electrolytes (c and d).

neutral TMOP and TEOP compounds, such as P—=0, POj,
O-P-0 and P-O-C, are shifted, which confirms the formation
of the [TEEP]™ and [DEEP]  anions in the Pyrr- and Morph-
based ILs (Fig. 8).>> The symmetric P=O stretching band
shifts to a lower wavenumber (~1250 cm™ ') for both
[MmMPyrr][TEEP] and [MmMMorph][TEEP], and to ~1255
em ™" for [EmMPyrr][DEEP] and [EmMMorph]|[DEEP] (Fig. 8a
and c). The PO; stretching band shifts to a higher wavenum-
ber (~1066 cm™') for all ILs, while the O-P-O stretching

band shifts towards a lower wavenumber (~950 cm™ '
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Fig. 8c and d) due to the formation of anions from the neutral
TMOP and TEOP compounds. Overall, larger shifts are
observed for the Morph-based ILs than for the Pyrr-based
ILs, suggesting stronger ion-ion interactions. In addition,
some prominent changes are observed between 700 and
800 cm ™', ie., the (P-0)-C stretching band, where the
band around 775-780 cm ' in the spectra of the Morph-
based ILs is shifted down for the Pyrr-based ILs, again clearly
indicating that the Morph-based ILs have stronger ion-ion
interactions.
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Fig. 7 (a) *'P NMR spectral line widths and (b) *P NMR chemical shifts of the ILs as a function of temperature.
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Fig. 8 FTIR spectra of the neutral compounds and the ILs in the frequency range of 600-1500 cm™".

Conclusions

The new Pyrr-based ILs exhibited favourable properties com-
pared with the structurally analogous Morph-based ILs that
bear common oligoether phosphate anions. Despite their com-
parable molecular masses and ion sizes, the Pyrr-based ILs
displayed higher thermal stabilities and better transport prop-
erties over a wide temperature range than did the corres-
ponding Morph-based ILs. The rapid ion dissociation as a
function of temperature, particularly for the Morph-based ILs,
is a result of weaker cation-anion interactions, as confirmed via
both FTIR and NMR spectroscopy. Having superior transport
properties, the Pyrr-based ILs performed much better as elec-
trolytes in supercapacitors, particularly at elevated tempera-
tures. Altogether, this study confirmed that the Pyrr-based ILs
offered more beneficial properties than the structurally similar
Morph-based ILs, suggesting that the Pyrr-based ILs can poten-
tially be used as electrolytes in energy storage devices.
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