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New structurally flexible 1-methyl- and 1,2-dimethyl-imidazolium phosphate ionic liquids (ILs) bearing
oligoethers have been synthesized and thoroughly characterized. These novel ILs revealed high thermal
stabilities, low glass transitions, high conductivity and wide electrochemical stability windows up to 6 V.
Both the cations and anions of 1-methyl-imidazolium ILs diffuse faster than the ions of 1,2-dimethyl-
imidazolium ILs, as determined by pulsed field gradient nuclear magnetic resonance (PFG-NMR). The
1-methyl-imidazolium phosphate ILs showed relatively higher ionic conductivities and ion diffusivity as
compared with the 1,2-dimethyl-imidazolium phosphate ILs. As expected, the diffusivity of all the ions
increases with an increase in the temperature. The 1-methyl-imidazolium phosphate ILs formed hydrogen

Received 3rd July 2022, bonds with the phosphate anions, the strength of which is decreased with increasing temperature, as

Accepted 8th September 2022 confirmed by variable temperature *H and P NMR spectroscopy. One of the representative IL,
[EmDMIm][DEEP],

supercapacitor composed of multiwall carbon nanotubes and activated charcoal (MWCNT/AC) composite

DOI: 10.1039/d2cp03022e presented promising elevated temperature performance as an electrolyte in a
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Introduction

Ionic liquids (ILs) have been extensively used as green solvents in
organic synthesis,"” as non-volatile thermally and electrochemi-
cally stable electrolytes in batteries,® fuel cells,” electrochemical
sensors,” in homogeneous and heterogeneous catalysis,® and,
more recently, in asymmetric organic synthesis.” The structural
designability of both cations and anions in ILs make them suitable
candidates for a variety of applications.® ILs are popular not only
for their wide applicability range but also for their important
physicochemical properties such as non-flammability, low vapor
pressure, a vast liquidus range, excellent thermal stability, and
wide electrochemical stability.”'® The permanent charges on ILs
expand their potential applicability in new applications such as
electroactive devices and actuators."* In such applications, ILs
enhance the existing films upon swelling, which tends to enhance
the conductivity of actuators.’” In this context, research interest is
growing to explore new versatile ILs in the preparation of novel
ionic materials based on the remarkable capabilities of ILs.*?
The ILs based on the imidazolium ring are very adaptable
scaffolds that are becoming increasingly popular in a variety of

Chemistry of Interfaces, Luled University of Technology, SE-971 87 Luled, Sweden.
E-mail: sourav.bhowmick@associated.ltu.se, faiz.ullah@Itu.se

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2¢cp03022e

This journal is © the Owner Societies 2022

applications including biphasic reaction catalysis,'* electrome-
chanical actuator membranes, "’ diluents,'® separation research
membranes,'” and water purification agents, among others.*®
Imidazolium-based ILs were initially introduced in 1984,
and since then, interest in their chemistry has exponentially
accelerated.’® When the tertiary nitrogen atom is quaternized,
the imidazolium ring current is easily ionized, resulting in a
permanently positively charged cation. Like other ILs,
imidazolium-based ILs have a number of advantages including
a constant charge,”® the capacity to act as green solvents,> and
high thermal stability.”” Imidazolium-based ILs are also known
for their potential as green organic solvents in different applica-
tions due to their non-volatility and structural desiganability.* >
The potential characteristics of imidazolium-based ILs can be
tuned by functionalizing the ring with various alkyl substituents
and combining the cation with different counter anions.
Imidazolium-based ILs have also received growing attention for
a variety of reasons including high thermal stability, relatively
high ionic conductivity, a broad electrochemical window, ampho-
teric features and plastic crystalline behavior.>¢™°

As with all other ILs, the imidazolium cation can be coupled
to a task-specific counter anion to boost the solubility, ionic
conductivity and electrochemical properties as electrolytes in
energy storage devices (ESDs).>° Due to the growing interest in
electrification, ESDs including batteries and supercapacitors
(SCs) are the most widely utilized energy storage systems.*">
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Compared to batteries, SCs have a high power output and a
long cycle life, and can be used either alone or in combination
with batteries in a variety of applications including electric
buses, light rail, wearable electronics, and energy storage
systems for intermittent renewable energy sources.**** Inde-
pendent of the type of ESD, an electrolyte plays a key role in
their overall performance, service life and safety.

In this context, great interest is seen in phosphate-based
electrolytes due to the safety considerations, optimizing
separators®® and electrode materials,’® as well as overcharge
shielding and redox-shuttle species.’”*® The choice of an electro-
lyte lowers the safety risk of ESDs, especially when a non-
flammable electrolyte is used.** The use of flame-retarding
chemicals can improve the fire properties of electrolytes by
reducing the flammability of the electrolytes.**** Organopho-
sphorus compounds,*>*® fluorinated ethers®” or esters,*® fluori-
nated sulfones,*® and ionic liquids®>*" have all been studied to
improve the fire properties of electrolytes. However, the disad-
vantage of using organophosphorus compounds as flame-
retardants is their poor electrochemical compatibility with
lithium battery electrodes.’>™* Interestingly, ILs provide many
unique properties in addition to non-flammability and improved
electrochemical behavior, as discussed earlier.

In this study, we introduce new classes of ambient tempera-
ture liquid imidazolium-phosphate ILs with oligoether alkyl
chains linked to both the cations and the anions. The design
motif for developing these ILs is that the phosphorus moiety
might improve the flame-retardant properties,® whereas the
ethylene oxide units of the alkyl chains provide structural
flexibility. Multinuclear (*H, "*C, and *'P) nuclear magnetic
resonance (NMR) spectroscopy and mass spectrometry analysis
are used to analyze the purity and chemical structures of the
products. Systematic physicochemical and electrochemical
properties of all the ILs are evaluated and discussed in detail.

Results and discussion

The synthesis and structural characterizations of the ILs are
described first, followed by a thorough investigation of the
thermal behavior, ionic conductivity and ion diffusivity.
Variable-temperature 'H and *'P NMR spectroscopy is used to
investigate the interactions between the imidazolium cations
and the phosphate anions in the neat ILs. Finally, the electro-
chemical stability of all the neat ILs and the electrochemical
performance of one representative IL as an electrolyte in a
supercapacitor is discussed.

Synthesis and characterization

The imidazolium-based ILs have been synthesized via a single
step reaction using trialkyl phosphate with longer oligoether-
based chains (Scheme 1) as a synthon. Trialkyl phosphate reacts
with the respective 1-methyl-imidazole and 1,2-dimethyl-
imidazole without any solvent in a 1:1 stoichiometric ratio at
80 °C for four days to obtain the corresponding [MmMIm|TEEP]
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Scheme 1 Synthesis of [MmMMIm][TEEP] and [MmDMIm][TEEP] ionic
liquids.

and [MmDMIm][TEEP] ILs in a single step with high yield
(Scheme 1).

Using the same protocol shorter oligoether-based chain ILs
are synthesized by reacting trialkyl phosphate with either
1-methyl-imidazole or 1,2-dimethyl-imidazole in a 1: 1 stoichio-
metric ratio to obtain [EmMIm][DEEP] and [EmDMIm][DEEP]
ILs with high yield (Scheme 2).

The new ILs are characterized by multinuclear (*H, *'P and
13C) NMR spectroscopy and mass spectrometry analysis. The
31p{'"H} NMR spectra of these ILs reveal single and symmetric
resonance lines, confirming completion of the reaction
between the trialkyl phosphate and the corresponding imida-
zole. The *'P resonance lines are shifted by A§ = 1.63 and
1.04 ppm for ILs [MmMIm][TEEP] and [MmDMIm][TEEP],
respectively, as compared with the neutral trialkyl phosphate
synthon. A similar shift is observed for the other two ILs as well.
The "H NMR spectra of these ILs also confirmed the formation
and purity of the synthesized ILs. In the "H NMR spectrum of
[MmMIm][TEEP] IL, three singlet resonance lines appeared at
10.43, 7.58 and 7.28 ppm, and are assigned to the protons of
the imidazolium unit. The 'H resonance lines at 4.54-4.52,
3.99-3.95, 3.83-3.81, 3.64-3.57, 3.50-3.49 and 3.33 ppm are
attributed to the ether moieties of the anion and the cation in
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Scheme 2 Synthesis of [EmMIm][DEEP] and [EmDMIm]IDEEP] ionic
liquids.
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[MmMIm][TEEP] IL. Similarly, all '"H resonance lines are
assigned in the case of the other three ILs. In addition, the
3C{"H} NMR spectra showed all the characteristic resonance
lines for both the cation and anion in these ILs. All the NMR
spectra are provided in the ESL¥

Thermal properties

TGA thermograms of the imidazolium-phosphate ILs are
shown in Fig. 1(a). The decomposition temperatures (Ty), as
determined from the intersection of the baseline weight and
the tangent of the weight dependency on the temperature
curve, have been used to characterize the thermal stability of
the ILs. The [TEEP]™ anion based ILs show up to 10 °C higher
decomposition temperatures than the ILs with the [DEEP]”
anion. The extra methyl group attached to the imidazolium ring
has revealed no significant influence on the thermal stability of
these ILs. The Ty of these four functionalized imidazolium-
phosphate ILs occur within a narrow temperature range from
252 to 260 °C (Table 1). Overall, the thermal stability of these
ILs is comparable and/or better than the reported ILs with
imidazolium cations.>®™®

The DSC curves are shown in Fig. 1(b) and the values of glass
transition temperatures (T,) are tabulated in Table 1. The DSC
data demonstrated that all these ILs are glass forming liquids, as
suggested by the T, in the temperature range from —70 to —75 °C
(Fig. 1(b)). When compared to the 1,2-dimethylimidazolium-
based ILs, the 1-methylimidazolium-based ILs revealed slightly
lower T, values. In addition, the ILs with [TEEP]™ anions showed
relatively higher T, values as compared to the ILs with [DEEP]™
anions. The main differences in these two ILs are the lengths of
the oligoether chains attached to both the anions and the
cations, and the terminal alkoxide units. This DSC data indicate
that the presence of terminal ethylene oxide units play a key role
in lowering the glass transition temperature by permitting low-
energy rotations of the two alkyl chains.*

In general, the ILs exhibiting a freezing transition when
cooled have a high proclivity for producing crystals. In this
context, crystal packing is an intriguing phenomenon that is
dependent on many non-covalent intra and inter molecular
interactions including as ion-ion, ion-dipole, dipole-dipole,
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Table1 Molecular weights, glass transition temperatures, decomposition

temperatures, and ionic conductivity of the imidazolium-phosphate ionic
liquids

My Ty T, o(mScm ')ato (mSecem™')at
Tonic liquid (g mol™) (°C) (°C) 25 °C 100 °C
[MmMIm][TEEP] 618.65 260 —70 0.1 1.9
[EmMIm][DEEP] 528.57 250 —74 0.08 1.8
[MmDMIm][TEEP] 632.68 258 —72 0.07 1.4
[EmDMIm][DEEP] 542.60 252 —75 0.05 1.3

hydrogen bonding, van der Waals forces, etc.°*"®* In the case of
our ILs, the key determinant of crystal packing is the ion-ion
interactions between the imidazolium cations and the
phosphate-based anions. In this case, the stronger ion-ion
interactions cause crystal packing in the structures and affect
the T, values. The T, values are also affected by the nature of
alkyl chains. It is known that T, values decrease when ether
groups are incorporated into the alkyl side chain of the ion.*?
We observed that the ILs with larger number of ethylene oxide
units in the alkyl chains have slightly higher glass transition
temperatures than the ILs with a fewer number of ethylene
oxide units. This increase in the glass transition temperatures
might be due to the enhanced polarity with increasing ethylene
oxide units in the alkyl chains, facilitating efficient crystal
packing of the ions.

Ionic conductivity

Ionic conductivity is one of the most essential characteristics of
ionic materials, particularly when used as electrolytes in energy
storage devices. Ionic conductivity of the imidazolium-
phosphate ILs is measured over a wide temperature range from
—20 to 100 °C (Fig. 2). As expected, a sharp increase in the ionic
conductivity of all the ILs is observed with increasing tempera-
ture, which is due to the decrease in the ionic interactions
leading to ion dissociation at elevated temperatures. The ILs
with longer oligoether chains showed higher ionic conductivity
than the ILs with shorter oligoether chains. The ionic conduc-
tivity of [MmMIm][TEEP] and [EmMIm][DEEP] ILs is higher
throughout the whole studied temperature range as compared
with the methyl substituted imidazolium-phosphate ILs,
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(a) TGA thermograms and (b) DSC curves of the imidazolium-phosphate ionic liquids.
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Fig. 2 lonic conductivity of the imidazolium-phosphate ionic liquids. The

symbols indicate experimental points and the lines represent the best fits
to the VFT equation.

[MmDIm][TEEP] and [EmDMIm][DEEP]. Despite their similar
chemical structures, the latter contain extra methyl groups
attached to the imidazolium ring of the cation and increased
cation size resulting in lower ionic conductivity. It is also found
that the ionic conductivity increases with an increase in the
number of ethylene oxide units of the alkyl chains of cation and
anions.

The ionic conductivity data is fitted to the Vogel-Fulcher—
Tammann (VFT) eqn (1). Nonlinear fits are used to obtain the
VFT parameters (Table S2, ESTt).

where o, is a pre-exponential factor, B a factor related to the
activation energy and T is the ideal glass transition tempera-
ture. The energy of activation for ionic conductivity is related to
B as E, = B-R. The T, values obtained from the DSC data are
larger for these ILs than the reference T, values. The T, — T,
values are about 50 K, which is in accordance with the empiri-
cal approximation for ionic liquids.®* The E, are comparable for
these ILs.

NMR diffusometry

PFG NMR diffusometry is employed to better understand the
relative ionic mobility in the imidazolium-phosphate ILs as a
function of temperature (Fig. 3). It is clear that diffusivity of all
the ions increases with increasing temperature as a result of
thermal activation of the diffusion process. Both the cation and
anion in [EmMIm][DEEP] IL diffuse much faster than the ions
in [MmMIm][TEEP] IL, which is obvious because the latter IL
has relative larger sizes and masses of both anion and cation.
Similarly, the same is true for the faster ion diffusion in
[EmDMIm][DEEP] IL than in [MmDMIm][TEEP] IL. The extra
methyl group attached to the imidazolium ring increases mass
of the cation resulting in a comparatively slower diffusion of
ions in [MmDMIm][TEEP] and [EmDMIm][DEEP] ILs. Another
plausible explanation is the positive inductive effect of the
methyl group in the 1,2-dimethyl-imidazolium ring, stabilizing
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Fig. 3 Diffusion coefficients of ions in imidazolium-phosphate ionic
liquids. The symbols represent experimental points and the lines are best
fits to the VFT equation.

the positive charge on the nitrogen centre. The [MmDMIm]
[TEEP] and [EmDMIm][DEEP] ILs are stabilized by the positive
inductive effect, leading to stronger interactions between the
cations and the anions, and thus a slower ion mobility.

The diffusivity is further analyzed by fitting the data into the
VFT equation over a wide temperature range. The following
Arrhenius equation describes the temperature dependency:

D(1) = Dy-exp( 2 @)
where D, denotes a temperature-independent parameter, Ey, is
the molar activation energy of diffusion and R is the gas
constant. In Arrhenius coordinates, the Arrhenius function
has a linear dependence D(T), which is not the case for these
ILs. For many ILs, non-Arrhenius dependences are
common.®>®® The reason for this is that the glass transition
temperature, Ty, is close to the measurement temperature.
Under such conditions, the diffusion data are better analyzed
using a VFT equation (eqn (3)).

where T, and B are variables that can be changed. As Ej, = B:R,
the activation energy for diffusion is related to B. In the high-
temperature range (7, — 0), this form is equivalent to the
Arrhenius dependency. The corresponding fitting parameters
are tabulated in Table S3 (ESIt). The ions in [EmMIm][DEEP] IL
have much larger D, values (more than twice) than the ions in
[MmMIm][TEEP] IL. The values of D, on the other hand, are
opposite for [MmDMIm][TEEP] and [EmDMIm][DEEP] ILs. The
ions in [MmDMIm][TEEP] IL have significantly higher D, values
(more than twice) than the ions in [EmDMIm]|[DEEP].

'H and *'P NMR spectroscopy

Variable temperature 'H and *'P NMR spectroscopy is
employed in order to better understand the changes in the
local environment of the ions as a function of temperature.

This journal is © the Owner Societies 2022
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An instant observation of Fig. 4 is that the chemical environ-
ment of phosphorus atom in the phosphate anions is tempera-
ture dependent. A substantial downfield shift is observed in the
3P NMR resonance lines of all the four ILs with an increase in
the temperature, clearly reflecting on the decrease in ionic
interactions between the phosphate anions and the imidazo-
lium cations. The lower ionic interactions further lead to a
decrease in the electron shielding effect from the phosphorus
nucleus in the phosphate anions, and thus facilitating the
phosphorus atom of the cation to become more positively
charged leading to a downfield chemical shift.

A clear evidence of hydrogen bonding between the imidazo-
lium cations and the phosphate anions is seen by analyzing the
variable temperature 'H NMR spectra of these ILs (Fig. 5). The
appearance of broad 'H resonance lines in the case of neat ILs,
in comparison to the resonance lines of the same samples
dissolved in CDCl;, is due to the incomplete averaging of the
dipole-dipole spin interactions in these viscous systems. A
significant downfield change in the "H NMR chemical shift of
N-CH=N- group present in the imidazolium ring of
[MmMIm]TEEP] and [EmMIm][DEEP] ILs is seen with increas-
ing temperature (Fig. 5(a) and (b)). This shift points towards
hydrogen bonding between the proton of N-CH=—N- group and
oxygen atoms present in the phosphate anion, the strength of
which decreases by increasing the temperature leading to

(@) [ (MmMImTEER]
T T T T
1.5 1.0 05 0.0 05 1.0
Chemical shift (ppm)
(c)
[MmDMIm][TEEP]
5
293 K
L L B L A B R | T
1.5 1.0 0.5 0.0 0.5 1.0

Chemical shift (ppm)
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cation-anion dissociation. Electron density of the hydrogen-
bonded proton gradually decreases with an increase with
temperature resulting in a downfield shift in the 'H NMR
resonance line. The hydrogen bonding is further confirmed
by the shift in "H NMR resonance lines for the protons in close
vicinity of the oxygen atoms in the phosphate anion (Fig. S23 in
the ESIt). Here it is noteworthy that the "H NMR resonance
lines of the -CH=—CH- group in the 1,2-dimethyl-imidazolium
ring are less affected with an increase in temperature, indicat-
ing that these protons are less influenced by the hydrogen
bonding (Fig. 5(c) and (d)). It is already known that the proton
in the N-CH=N- group of the imidazolium cation is acidic and
can spontaneously be released leading to formation of the
N-heterocyclic carbene.®”” However, there is no evidence of
spontaneous carbene formation in these ILs.

Electrochemical stability

It is critically important to investigate the electrochemical
stability of an electrolyte before using it in an electrochemical
energy storage device. Fig. 6 shows the cathodic and
anodic scans of the LSV curves for the neat imidazolium-
phosphate ILs on the platinum working electrode at 20 °C
and the values of respective cathodic (E.) and anodic (E,)
limits are tabulated in Table S1 (ESIt). Overall, the 1,2-
dimethylimidazolium-based ILs have revealed much wider ESWs

(®) [MmMIm][DEEP]

T T
1.5 1.0 0.5 0.0
Chemical shift (ppm)

T
-0.5 -1.0

(d

~

[EmDMIm][DEEP]

—
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Chemical shift (ppm)

Fig. 4 3P NMR spectra of the neat imidazolium-phosphate ionic liquids (a—d) as a function of temperature.
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Fig. 6 Cathodic and anodic LSV curves of the neat imidazolium-
phosphate ionic liquids on the Pt working electrode at 20 °C temperature.

than the 1-methylimidazolium-based ILs. For both [MmMIm)]
[TEEP] and [MmDMIm][TEEP], the ESWs are getting wider as the
oligoether chain length increases at the imidazolium cation and
at the phosphate anion suggesting that the increasing number of
ethylene oxide units in the chains contribute to the electroche-
mical stability. Among these four different ILs, [MmDMIm]
[TEEP] provide the largest ESW due to the combination of the

23294 | Phys. Chem. Chem. Phys., 2022, 24, 23289-23300

1,2-dimethylimidazolium-based cation and the longer oligoether
chains in both the cation and the anion.

The different scan rates CVs at 20 °C of the supercapacitor is
presented in Fig. 7. The shape of voltammograms gradually
changes from less distorted to a completely elongated shape
with increasing scan rate from 0.002 to 0.100 V s~ " revealing an
acceptable capacitive behavior (Fig. 7(a)). The distorted pattern
of the CV curves with scan rates indicates that the [EmDMIm]
[DEEP] IL is not suitable for quick charge and discharge
conditions at ambient temperature. The supercapacitor reveals
lower current and specific capacitance at lower scan rates but
increases with an increase in the scan rates. This inverse
relation of capacitance versus scan rate can be explain by the
ion interactions with the electrode materials. At lower scan
rates, the ions have enough time to interact and accommodate
in the smaller pores of the electrodes producing higher current
and capacitance. However, at a higher sweep rates the ions can
interact and accommodate only in the larger pores and, there-
fore, produced a lower capacitance.®®”’° An inverse relation of
capacitance retention as a function of potential scan rates is
shown in Fig. 7(b). The capacitor retained about 41.7%, 33.3%
and 20.8% of its initial capacitance at 0.020, 0.050 and
0.100 V s, respectively.

The shape of CV curves get more rectangular with an
increase in the temperature (Fig. 8(a)) and the current and
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Fig. 7 CV curves (a) and capacitance retention (b) as a function of potential scan rates for the supercapacitor composed of MWCNTs/AC composite

electrodes and [EmDMIm][DEEP] IL as an electrolyte.

the specific capacitance increase continuously with increasing
temperature. A steady increase in the capacitance retention
with an increase in the temperature is also found (Fig. 8(b)).
This increase in the specific capacitance with an increase in the
temperature can be described by the higher ionic mobility of
the IL electrolyte at elevated temperature, resulting in a higher
ionic conductivity and ion-surface interactions. The relatively
higher specific capacitance at higher temperatures (40 F g *
at 100 °C, at 0.005 V s ') can also be explained from the
variable temperature impedance spectra of [EmDMIm][DEEP]-
MWCNTSs/AC composite supercapacitor as shown in Fig. S26
(ESIT), where the solution resistance and charge transfer resis-
tance are greatly reduced at high temperatures.

Conclusions

The newly synthesized oligoether functionalized imidazolium-
phosphate ILs revealed excellent thermal and electrochemical
stabilities, low glass transition temperatures, and promising
ionic conductivity. The ILs with smaller ion sizes showed lower
ionic conductivity but faster ion diffusivity, and vice versa.

(@

Current (mA)
s

Potential (V)

The ions diffused much faster in the case of 1-methyl-
imidazolium based ILs than in the 1,2-dimethyl-imidazolium
based ILs. As expected, an increase in the ionic conductivity
and ion diffusivity is observed with an increase in the tempera-
ture due to the ion dissociation at elevated temperatures. A
temperature dependent hydrogen bonding is observed in the
case of 1-methyl-imidazolium based ILs, as revealed by variable
temperature "H and *'P NMR spectroscopy. Overall, these new
classes of ILs exhibit promising physicochemical and electro-
chemical properties over a wide temperature range. This study
provides a foundation to the development of fluorine-free and
structurally flexible ionic liquid-based electrolytes for next
generation energy storage devices.

Experimental
Materials

TMOP and TEOP have been synthesized using phosphorus(v)
oxychloride (99% purity, Sigma Aldrich) and respective alcohol
triethylene glycol monomethyl ether (95% purity, Sigma
Aldrich) and di(ethylene glycol) ethyl ether (99% purity, Sigma

(b) 100 o

90

80
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T
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Fig. 8 CV curves (a) and capacitance retention (b) as a function of temperature for the MWCNTs/AC composite electrodes and [EmDMIm]IDEEP] IL

electrolyte supercapacitor.
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Aldrich). 1-Methylpyrrolidine (98% purity, Sigma Aldrich) 1,2-
dimethylimidazole (99% purity, Sigma Aldrich), 1-methyl-
imidazole (98% purity, Sigma Aldrich), sodium sulfate (99%
purity, Sigma Aldrich), ethyl acetate (99.5% purity, Sigma
Aldrich) and hexane (99% purity, Sigma Aldrich) were used
without further purification. All the synthesized ILs were kept
in a vacuum oven at 90 °C for at least 3 days until the water
content was less than 100 ppm (Table S4, ESIt), as determined
by the Karl-Fischer titration using a 917 coulometer (Metrohm)
placed inside a glovebox with water and oxygen contents less
than 1 ppm. Multi-walled carbon nanotubes (Sigma Aldrich,
95% carbon, O.D. x L 6-9 nm X 5 um), activated charcoal
(Sigma Aldrich, 100 mesh size), polyvinyl alcohol (Merck, My,
72000) and glass microfiber filters (Whatman®) were used as
received.

Synthesis of [MmMIm][TEEP]Jand [MmDMIm][TEEP]

Triphosphate ester TMOP (10.00 g, 18.64 mmol) and 1-methyl-
1H-imidazole (1.49 ml, 18.64 mmol) were taken in a Schlenk
flask in an inert atmosphere. The reaction mixture was heated
at 80 °C in an inert atmosphere for 4 days. After completion, the
reaction mixture was washed with hexane three times to get the
desired IL. The remaining solvent was evaporated using a rotary
evaporator and the IL was placed in a vacuum oven at 90 °C for
at least 3 days.

[MmMIm][TEEP]. Yield: 11.10 g, 96%. 'H NMR (400 MHz,
CDCLy): 6 3.33 (s, 9H), 3.64-3.49 (m, 29H), 3.83-3.81 (m, 2H),
3.99-3.95 (m, 6H), 4.54-4.52 (m, 2H), 7.26 (s, 1H), 7.58 (s, 1H),
10.43 (s, 1H). *"P{'"H} NMR (162 MHz, CDCL,): § 0.60. >C NMR
(CDCl;, 100 MHz): § 139.46, 123.48, 122.46, 72.05, 72.00, 71.36,
71.28, 70.74, 70.53, 70.48, 70.45, 70.38, 70.30, 69.44, 64.31,
64.25, 59.03, 49.64, 36.41. IR (ATR): 2878.06, 1569.67, 1456.45,
1355.81, 1255.16, 1104.19, 1066.45, 953.22, 852.58, 789.67,
656.79, 627.44 cm™ . MS (ESI). [C;11H,;N,05]": caled for m/z
229.15. Found m/z 229.157, MS (ESI). [C14H30010P] : caled for
m/z 389.16. Found m/z 389.162.

[MmDMIm][TEEP]. Yield: 11.45 g, 97%. *H NMR (400 MHz,
CDCl,): & 2.68 (s, 3H), 3.31 (s, 9H), 3.61-3.41 (m, 29H), 3.81-
3.79 (m, 2H), 3.92-3.88 (m, 6H), 4.47-4.44 (m, 2H), 7.61-7.60
(d,J = 1.6 Hz, 1H), 7.78-7.77 (d, J = 1.6 Hz, 1H). *'P{"H} NMR
(162 MHz, CDCI3): 6 0.01. *C NMR (CDCl;, 100 MHz): § 144.86,
122.94, 122.25, 72.03, 71.98, 71.41, 71.33, 70.73, 70.49, 70.43,
70.40, 69.68, 64.14, 64.09, 59.03, 59.01, 48.94, 35.53, 10.33. IR
(ATR): 2878.06, 1599.67, 1536.77, 1461.29, 1360.64, 1247.41,
1209.67, 1096.45, 1071.29, 945.48, 857.41, 781.93, 668.70 cm ™.
MS (ESI). [C1,H,3N,05]": caled for m/z 243.17. Found mj/z
243.171, MS (ESI). [C14H30040P] : caled for m/z 389.16. Found
m/z 389.159.

Synthesis of [EmMIm][DEEP] and [EmDMIm][DEEP]

Triphosphate ester TEOP (10.00 g, 22.39 mmol) and 1-methyl-
1H-imidazole (1.78 ml, 22.39 mmol) were taken in a Schlenk
flask in an inert atmosphere. The reaction mixture was heated
at 80 °C in an inert atmosphere for 4 days. After completion,
the reaction mixture was washed with hexane three times.
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The solvent was evaporated in a rotary evaporator and the
product was placed in vacuum oven at 90 °C for at least 3 days.

[EmMIm][DEEP]. Yield: 11.4 g, 96%. '"H NMR (400 MHz,
CDCl): 6 1.15-1.13 (t, 9H), 3.63-3.45 (m, 22H), 3.82 (s, 2H), 3.99
(s, 6H), 4.53 (s, 2H), 7.32 (s, 1H), 7.55 (s, 1H), 10.45 (s, 1H).
3'p{'"H} NMR (162 MHz, CDClL;): § 0.50. *C NMR (CDCls,
100 MHz): § 139.33, 123.33, 122.58, 71.35, 71.27, 70.54, 69.97,
69.59, 69.40, 66.65, 66.60, 64.33, 64.28, 49.67, 36.49, 15.27. IR
(ATR): 2865.48, 1582.25, 1456.45, 1355.80, 1247.41, 1110.12,
1072.25, 946.45, 782.90, 662.90, 625.16 cm ‘. MS (ESI).
[C1oH10N,0,]": caled for m/z 199.14. Found m/z 199.146, MS
(ESI). [C1,H,604P] : caled for m/z 329.14. Found mj/z 329.139.

[EmDMIm][DEEP]. Yield: 11.60 g, 95%. "H NMR (400 MHz,
CDCl3): 6 1.21-1.18 (m, 9H), 2.73 (s, 3H), 3.57-3.45 (m, 14H),
3.67-3.63 (m, 8H), 3.87-3.85 (m, 2H), 3.91 (s, 3H), 3.99-3.96
(m, 4H), 4.51-4.49 (m, 2H), 7.58-7.56 (d, J = 1.6 Hz, 1H), 7.79-
7.78 (d, J = 2.0 Hz, 1H). *'P{'"H} NMR (162 MHz, CDCl;): §
—0.03. *C NMR (CDCl;, 100 MHz): § 144.85, 122.90, 122.26,
71.41, 71.33, 70.66, 70.51, 70.01, 69.67, 69.64, 66.62, 64.25,
64.19, 49.04, 35.69, 15.30, 10.55. IR (ATR): 2865.48, 1599.67,
1549.35, 1461.29, 1360.64, 1247.41, 1109.03, 1071.29, 945.48,
781.93, 668.70 cm~ ‘. MS (ESI). [C1;H,;N,0,]": caled for m/z
213.1 6. Found m/z 213.161, MS (ESI). [C1,H,c0gP] : caled for
m/z 329.14. Found m/z 329.131.

NMR spectroscopy

The structure and purity of the newly synthesized ILs were
characterized by using a Bruker Ascend Aeon WB 400 (Bruker
BioSpin AG, Fillanden, Switzerland) nuclear magnetic reso-
nance (NMR) spectrometer. CDCl; was used as a solvent for
all these samples. The working frequencies were 400.21 MHz
for 'H, 100.64 MHz for **C and 162.01 MHz for *'P. The 'H and
31p spectra of the neat ILs were recorded by placing the samples
in a 5 mm standard NMR tube. The "H spectra were referenced
to water (4.7 ppm) and *'P spectra were referenced to phos-
phoric acid (0 ppm). Data were processed using Bruker Topspin
3.5 software.

Thermal analysis

A PerkinElmer 8000 TGA instrument was used for the thermo-
gravimetric analysis (TGA). The temperature range was 303-
873 K at 10 K min~ " under nitrogen as the inert atmosphere.
The Pyris software was used to analyse the onset of decomposi-
tion temperature, Tonset, Dy taking the intersection of the base-
line representing the weight loss and the tangent of the weight
vs. temperature curve.”"

Electrochemical measurements

The electrochemical measurements were carried out on an
Autolab PGSTAT302N electrochemical workstation (FRA32 M
module). The ionic conductivity was measured with a TSC 70
closed cell which is sealed with a Microcell HC cell stand, also
connected to a temperature controller (RHD instruments, Ger-
many). In the Microcell HC system, the temperature is mea-
sured through a Peltier element, which allows regulating the
temperature from —20 to 100 °C. A two-electrode cell with Pt
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wire as the working and Pt cup as the counter electrode was
used for ionic conductivity measurements. The measurements
were performed in the frequency range from 0.1 Hz to 1 MHz
with an AC voltage amplitude of 10 mV,,s. The cell constant
was determined by using a 100 uS ecm ™" KCI standard solution
from Metrohm (K. = 18.5396 cm™'). The cell was thermally
equilibrated for at least 10 min before each measurement.

The linear sweep voltammetry (LSV) was carried out at 20 °C
temperature, using a standard three-electrode cell: Pt wire as a
working electrode, a Pt cup as a counter electrode, and Ag wire
(coated with AgCl) as a reference electrode. The LSV scan rate
was 1 mV s~ ' and electrochemical potentials were obtained
with ferrocene as an internal reference. The ESW limits were
determined using a 0.1 mA cm ™2 cut-off current density. The
electrodes were polished with a Kemet diamond paste 0.25 pm
prior to each experiment.

The capacitive performance of [EmDMIm][DEEP] IL as an
electrolyte is evaluated in a symmetrical two electrodes system
at different scan rates of potential and variable temperatures
using TSC battery cell (RHD instruments, Germany). The cell
consists of stainless steel current collectors with an average
contact area of 8 mm in diameter each. The electrode-
separator—electrode sandwich assembly was adjusted between
the cathode and the anode of the cell. The cell was crammed
with screw cap and the contact pressure was adjusted with a
gold platted spring having spring constant of 2.3 N mm "
(40.7 kPa). The cell was assembled within a glovebox filled with
nitrogen gas and water/oxygen levels less than 0.5 ppm.

The electrode material was prepared by stirrer-dispersing
MWCNTs (60 wt%), activated charcoal (30 wt%) and polyvinyl
alcohol (10 wt%, PVA) binder in distilled water for 24 h. After
filtration and drying, the composite was finely ground and
about 22 mg was pelletized at 80 MPa in a diameter of 10 mm.
The supercapacitor was prepared by sandwiching the separator,
12 mm diameter glass microfiber filter-Whatman® previously
soaked in the IL electrolyte, between the pellets. In the electro-
chemical tests, the capacitor was activated by recording an
impedance spectra (from 1 MHz to 0.1 Hz at 10 mV amplitude)
followed by 60 cycles of cyclic voltammetry at 0.005 V s~ and at
20 °C (Fig. S24 and S25, ESI¥). After the CV cycles, impedance
was recorded again to check the cell resistance, and a decrease
in the charge transfer resistance (R ) was found. Afterward, CVs
were recorded at different scan rates (0.002-0.100 V s ') and at
different temperatures (20-100 °C), interrupted by impedance
measurements at each temperature. From CV tests, the specific
capacitance (Cs,) was calculated by using eqn (4).”

21

() ’

where I is the current (A), m is the mass loading of the electrode
material (g), dv/d¢ is the potential scan rate (Vs ).

NMR diffusometry

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

A(1,71,8,0) o exp (—— - T—) exp(—y*6°¢*Diq) (5)
1

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. y is the gyromagnetic ratio for the magnetic nucleus
(*H); g and 0 are the amplitude and the duration of the gradient
pulse; t4 = (4 — 9/3) is the diffusion time; 4 is the time interval
between two identical gradient pulses. D is the diffusion
coefficient. In the measurements, the duration of the 90° pulse
was 7 us, 6 was in the range of (0.5-2) 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~ . Diffusion time ¢4 was varied
from 4 to 100 ms and the repetition time during accumulation
of signal transients was 3.5 s. Measurements were performed in
the temperature range from 295 K to 373 K.
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