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A set of six imidazolium ionic liquids (1a–b, 2a–c, 3), that were solids at room temperature, were

characterized by electrical impedance spectroscopy to obtain information about their polarization

resistance (Rp), conductivity (s) and charge transfer activation energy (Ea). These experiments

were performed at different temperatures in a glass micro-cell, equipped with three platinum

electrodes. The observed conductivities were due to charge transfer processes of molecular oxygen

at the electrode surface and mass transfer processes within the IL matrix. Higher temperatures

resulted for all ionic liquids in increased conductivities. X-Ray diffraction of the ionic liquids 2a–c

suggested that a higher degree of supramolecular two-dimensional organization, higher density, is

related to an easier oxygen-electrode approximation, lower Ea. Two distinct temperatures ranges

were observed. The larger conductivity increases in the higher temperature range were explained

by melting (ILs 1–2) and fluxional behavior/reorientation phenomena of the ionic liquids and are

due to enhanced oxygen diffusion (IL 3). In general, the understanding of imidazolium ionic

liquid electrochemical properties could facilitate the development of new applications.

1. Introduction

The discovery of air- and water-stable imidazolium room-

temperature ionic liquids (RTILs) by the suitable choice of the

anion initiated intensive research efforts towards their appli-

cation.1 Further attractive physical and chemical properties of

the imidazolium RTILs include,2–6 a negligible vapor pressure;

low inflammability; thermal stability; liquidity over a wide

temperature range; easy recycling; and being a good solvent

for a wide variety of organic and inorganic chemical com-

pounds. Besides, imidazolium RTILs are ‘‘designable’’ as

structural modifications in both the cation (especially the

1 and 3 positions of the imidazolium ring) and anion permit

the tuning of properties such as, e.g., miscibility with water

and organic solvents,7 melting point and viscosity.3 This

adaptability is also responsible for the easy preparation of

task-specific imidazolium ionic liquids, ionic liquids that con-

tain a specific functionality covalently incorporated in either

the cation or anion.8–11 As a result, applications of imidazolium

RTILs are numerous and found in the fields of, for instance,

extraction and separation processes,4,12,13 synthetic chemistry,4,6

catalysis (organometallic,5,6,14,15 transition-metal nanoparticle,14–19

bio20), and materials science.4,21

Another important imidazolium RTIL research area is in

the field of electrochemistry, which is due to their chemical and

electrochemical stability, wide electrochemical windows, and

high electrical conductivities and ionic mobilities.3–6,22–24

Electrochemical applications of imidazolium RTILs as

electrolytes are found in, e.g., fuel cells,25 electrodeposition,26

capacitors,27–29 solar cells,30,31 batteries32 and water electro-

lysis for hydrogen generation.33 However, the use of imida-

zolium RTILs could suffer from sealing problems due to

leakage issues. Possible alternatives are, e.g., imidazolium RTIL

polymer homologues such as gel34 or solid35 polyelectrolytes,

and imidazolium RTILs confined in silica-derived networks

(ionogels)36 and polymers.27 Without doubt, the direct appli-

cation of imidazolium ionic liquids (ILs), that are solids at

room temperature, instead of imidazolium RTILs, would be

another attractive option. As a consequence, we were inter-

ested in the electrochemical properties of imidazolium ILs

(solids at room temperature). In general, understanding the

physicochemical properties of ILs is of great importance

to provide information about their application scope.37,38

Herein, we report the results obtained with the imidazolium

ILs 1–3, presented in Fig. 1, which can be divided in two

classes: (1) hydrophilic ILs 1a–b and 3, and (2) hydrophobic

ILs 2a–c. Electrical impedance spectroscopy (EIS), a non-

destructive technique, was used to determine their temperature

dependent polarization resistance (Rp), conductivity (s) and

charge transfer activation energy (Ea).
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2. Experimental

2.1 Imidazolium ionic liquids

The de-aerated imidazolium ILs 1a–b,39,40 2a–c41–44 and 345

were prepared according to known procedures, and the NMR

spectral data were in agreement with the literature data.

Recrystallizations were performed to obtain high purity ILs

as white solids at room temperature.

2.2 Electrical impedance spectroscopy

The device used to perform the electrical impedance measure-

ments of the room-temperature ionic solids consisted of a

home-made glass micro-cell (Fig. 2) with a free area of

0.65 cm2, equipped with three platinum wire electrodes. This

micro-cell was inserted in a three-way round-bottom flask

allowing the control of the gas atmosphere and humidity.

The working electrode was located at the center of the micro-

cell, the counter electrode was placed at the full length of the

inner wall, and the reference electrode was located in between

the working and counter electrodes. A computer-controlled

potentiostat Autolab PGSTAT 30 was connected to the ionic

solid in the glass-cell by the corresponding electrodes, and the

temperature were kept under control. The electrical impedance

spectra were measured over the frequency sweep range from

50 kHz to 5 Hz and the amplitude of the applied sine wave

voltage was 10 mV. The experimental data were corrected

by the software, taking into consideration the influence of

connecting cables and other parasite capacitances, to obtain

the polarization resistance (Rp) of the samples. The RP values

were obtained from the intercepts of the electrode impedance

arc on the real impedance axis and were used to calculate the

corresponding conductivities (s).

2.3 Differential scanning calorimetry

The melting points of the ILs 1a–b and 2a–c were determined

using a TA Instruments DSC 2010 differential scanning

calorimeter, equipped with a manual cooling unit. The DSC

instrument was calibrated using an indium primary standard.

An average sample weight of 7–12 mg was sealed in an

aluminium pan in a nitrogen-filled glove box. The DSC

measurements were carried out under a nitrogen atmosphere.

The melting points (Tm, determined at the maximum of the

endothermic peaks) were determined on heating in the second

heating run.

2.4 X-Ray diffraction studies

Crystallographic data were collected at room temperature

and/or �100 1C on a Bruker Kappa Apex II CCD diffracto-

meter using Mo-Ka radiation (l = 0,71073 Å). The experi-

mental set-up did not allow full rotations. Hence, the data sets

are of lower coverage. Crystal structures were refined with full-

matrix least squares on F2 using all data (SHELXTL crystal

structure solution software). Non-hydrogen atoms were

refined anisotropically. Hydrogen atoms were fixed on geo-

metrically ideal positions during the refinement. The free

refinement of hydrogen atom parameters gave low data/

parameter ratios and led to high correlations. Relevant crystallo-

graphic data, and collection and refinement details, are

compiled in Table S5 of ESI.w The structures presented in

Fig. 6 were obtained from the original X-ray data using the

DIAMOND software (version 2.1c, Crystal Impact GbR,

http://www.crystalimpact.com/diamond/).

3. Results and discussion

3.1 Impedance spectrum analysis

A home-made glass micro-cell (Fig. 2), equipped with three

platinum wire electrodes, was used for the electrical impedance

spectroscopy measurements of the imidazolium ILs 1–3

(Fig. 1). Furthermore, the partial oxygen pressure of the gas

atmosphere was kept constant. The Nyquist plots of IL

[PhC3MIm][NTf2] 2b at different temperatures are presented

in Fig. 3(a). As for most of the ILs 1–3, electrical impedance

spectroscopy measurements with 2b afforded partial semi-

circles. An equivalent circuit is proposed taking into account

that there exists a semicircle corresponding to one time constant

that represents an electrochemical circuit with two resistances

and one parallel combination of phase constant (CPE, Fig. S1,

ESIw). In contrast, complete semicircles were observed with IL

[C2O2MIm][Cl] 3 at higher temperatures (Fig. 3(b)). Perfor-

mance of these electrical impedance spectroscopy measure-

ments under vacuum resulted in confuse and irreproducible

Fig. 1 Imidazolium ionic liquids (solid at room temperature) applied

in this work.

Fig. 2 Illustration of the home-made glass micro-cell: (a) top view;

(b) section.
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Nyquist plots. This strongly suggested that a charge transfer

process of molecular oxygen at the platinum electrode surface

was responsible for the observed phenomena, which is repre-

sented by the equilibrium reaction of Scheme 1.

This was further supported by the Nyquist plots obtained

when the experiments were performed under a pure argon

atmosphere and a pure oxygen atmosphere (Fig. S2, ESIw).
The charge transfer process was not observed under an argon

atmosphere. However, this process did take place in the

presence of a pure molecular oxygen atmosphere.

The polarization resistance (RP) values were determined by

fitting the obtained impedance semicircles. The Rp values

represent the polarization resistances related to the charge

transfer process of oxygen on the platinum electrode surface,

since the platinum electrode is inactive under the applied

conditions. For all ILs 1–3, RP decreased with increasing

temperatures. Eqn (1) was used to convert RP into the

conductivity (s) of oxygen within the ILs, where l (0.1 cm)

and A (3.14 � 10�2 cm2) represent the length and active

surface area of the working platinum electrode, respectively.

These conductivities were due to charge transfer processes and

transport phenomena of molecular oxygen and were not

related to the ionic conductivities of the bulk ILs. This strategy

was applied to determine the activation energies of the oxygen

Fig. 3 (a) Nyquist diagram of [PhC3MIm][NTf2] 2b at 19 1C (’),

26 1C (K), 42 1C (m) and 60 1C (window); (b) Nyquist diagram of

[C2O2MIm][Cl] 3 at 5 1C (’), 17 1C (K), 31 1C (m), 34 1C (E) and

42 1C (.).

Scheme 1 Charge transfer processes of molecular oxygen at the

platinum electrode surface.

Fig. 4 Conductivities of (a) IL [PhC3MIm][NTf2] 2b and (b) IL

[C2O2MIm][Cl] 3 at different temperatures.

Fig. 5 Arrhenius conductivity plot of IL [PhC3MIm][NTf2] 2b.
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redox processes on the platinum electrode surface as

described below.

s = l/RPA (1)

Fig. 4(a) and (b) show the conductivities of the ILs

[PhC3MIm][NTf2] 2b and [C2O2MIm][Cl] 3 at different

temperatures. The same conductivity–temperature correlation

was observed for all ILs 1–3. Higher temperatures resulted in

higher conductivities. As such, the transport of the species

involved in the charge transfer reaction is temperature depen-

dent. Furthermore, the conductivity was characterized by two

distinct temperature dependences: (1) small conductivity in-

creases in the lower temperature range; and (2) large conducti-

vity increases in the higher temperature range. In case of the ILs

2b and 3, these dependences showed their intersection at 42 and

35 1C, respectively, which indicates that the transport processes

are differently affected below and above this temperature.

It was found that the experimental conductivity data of the

lower temperature range fitted the conventional Arrhenius

eqn (2), where Ea is the activation energy for the charge

transfer process. Fig. 5 shows the Arrhenius conductivity plot

of IL 2b and the activation energies calculated from the

Arrhenius formula are presented in Table 1. The hydrophilic

ILs showed the higher charge transfer activation energies,

which decreased in the order: [C2O2MIm][Cl] 3 4
[C10MIm][Mes] 1b 4 [C4MIm][Mes] 1a 4 [Ph2C2MIm][NTf2]

2a4 [PhC2MIm][NTf2] 2c4 [PhC3MIm][NTf2] 2b. Now, it is

important to remember that these activation energies were

measured in the presence of atmospheric oxygen. The values of

51.6 kJ mol�1 (0.53 eV) to 110 kJ mol�1 (1.14 eV) are very

close to those observed for charge transfer processes of oxygen

at polycrystalline oxide surfaces,46 LSCF-SDC composite47

and multi-metallic electrodes.48 Apparently, the determined IL

charge transfer processes are due to electrochemical reactions

of molecular oxygen at the electrode surface.49

ln s = ln s0 � (Ea/RT) (2)

3.2 X-Ray diffraction studies

The charge transfer processes involving molecular oxygen

should be the same for all ILs 1–3. As a consequence, it is

reasonable to infer that the IL crystalline structure influences

the transport of molecular oxygen inside the crystal. The

crystal data concerning the ILs 2a–c are listed in Table S5 (ESIw)

and their structures at room temperatures are presented in

Fig. 6. The electrostatic interactions of IL 2a generate a

tri-dimensional structural organization (Fig. 6(a)). In contrast,

the existing interactions in the ILs 2b and 2c are of

two-dimensional nature, generating structures in the form of

layers as can be verified in Fig. 6(b) and (c). This structural

organization at room temperature is reflected by the

density of these ILs at room temperature, which decreases

in the order: [PhC3MIm][NTf2] 2b (d = 1.553 g cm�3) 4
[PhC2MIm][NTf2] 2c (d = 1.539 g cm�3) 4 [Ph2C2MIm]-

[NTf2] 2a (d= 1.47 g cm�3). This suggests that a higher degree

of two-dimensional organization as in IL 2b results in a more

dense packing. However, the observed activation energies

decrease in exactly the opposite order: [Ph2C2MIm][NTf2]

2a 4 [PhC2MIm][NTf2] 2c 4 [PhC3MIm][NTf2] 2b. As a

consequence, it is possible to infer that the diffusion of

molecular oxygen is faster in two-dimensional organized ILs.

Importantly, it is not possible to verify the formation of

structures in the form of channels or tunnels.

3.3 Differential scanning calorimetry

The melting points of the ionic liquids 1–3 were determined by

differential scanning calorimetry (DSC) to check if there exists

a correlation with their temperature dependent conductivities

(Table 1). Most of these ionic liquids have melting points that

are close to their intersection temperatures as determined from

the conductivity plots (e.g. Fig. 4). This indicates that the

change from the slowly to the faster changing conductivity is

most likely due to the changeover from the solid to the liquid

state. In strong contrast, IL [C2O2MIm][Cl] 3 showed an

intersection temperature (42 1C, Fig. 4(b)) far below

its melting point (197 1C). As a consequence, IL 3 was not

melted at the beginning of the second temperature range. This

behavior allows us to infer that the faster increasing conduc-

tivity in the second temperature range of IL 3 should be

associated with the oxygen diffusion inside the crystal arrays.

A possible explanation could be an increase in fluxional

behavior/reorientation phenomena in the solid state, which

enhances the molecular oxygen diffusion.50,51 This was further

supported by the low degree of organization of IL 2c observed

at 25 1C by X-ray diffraction, and high quality data were only

obtained at 100 K due to a more defined organization.

4. Conclusions

In conclusion, electrical impedance spectroscopy is a suitable

analytical tool for the determination of important imida-

zolium IL properties, including polarization resistance (Rp),

conductivity (s) and activation energy (Ea) for a charge

transfer reaction involving molecular oxygen. Increased tem-

peratures result in higher conductivities, showing two distinct

temperature ranges. The detected conductivities were due to

charge transfer processes of molecular oxygen at the platinum

electrode surface and mass transfer processes of oxygen inside

the IL matrix. Comparison of the oxygen charge transfer

process activation energies with the X-ray diffraction data of

2a–c suggests that the oxygen mobility in the ionic liquids

(solids at room temperature) is affected by their nature

of structural supramolecular organization: tri-dimensional

Table 1 Activation energy, conductivity intersection and melting
point of the ILs 1–3

Entry IL Ea
a/kJ mol�1 Ea

a/eV Tis
b/1C Tm

c/1C

1 [C4MIm][Mes] 1a 78.1 0.81 63 77
2 [C10MIm][Mes] 1b 79.0 0.82 31 57
3 [Ph2C2MIm][NTf2] 2a 73.7 0.76 40 62
4 [PhC3MIm][NTf2] 2b 51.6 0.53 42 50
5 [PhC2MIm][NTf2] 2c 56.6 0.58 28 41
6 [C2O2MIm][Cl] 3 110 1.14 42 197 (204)d

a Activation energy calculated from the Arrhenius formula. b Tem-

perature at the intersection of the low- and high-temperature range of

the temperature dependent conductivity. c Melting point determined

by differential scanning calorimetry on heating. d Ref. 42.
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vs. two-dimensional. Furthermore, the changeover from the

solid to the liquid state and fluxional behavior/reorientation

phenomena in the solid state are most likely the responsible

factors for the faster increasing conductivity in the second

temperature range. As such, electrical impedance spectroscopy

could accelerate the discovery of new electrochemical ionic

liquid (solid at room temperature) applications and the sub-

stitution of ionic liquids where beneficial.
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