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In this work, C2-Methylated [CsDMIM *][I™] versus C2-Protonated [CsMIM ™ ][I™] Imidazolium-Based Ionic Liq-
uids containing iodide anion, have been synthesized and characterized using 'H and >C NMR spectroscopy
methods. In order to investigate the methylation effect on thermal properties, we rely to three additional thermal
analysis techniques. The thermal behavior confirmed that the methylated [C;DMIM ™ ][] IL is more stable than
the protonated one [CsMIM ™ ][I”].The conductivity and dielectric relaxation properties of both ILs have been in-
vestigated in the frequency range [10 2, 107 Hz] and the temperature ranging between —30 °C and 60 °C. Dielec-
tric permittivity studies show that the substitution of the hydrogen atom by a methyl group has a significant
impact in both the reale’ and imaginary &’ parts. In addition, the analysis of the observed relaxation times for
the protonated IL [C3MIM *][I'] showed Arrhenius-type temperature dependence for the temperatures ranging
between 20 °C and 60 °C ~ and VFT temperature dependence for the temperatures ranging between —20 °C
and 20 °C~, while, the methylated IL [C;DMIM *][I”] showed Vogel-Fulcher-Tamman-type temperature depen-
dence in the entire investigated temperature range — 30 °C to 60 °C. The representation of 0" (v, T) shows the
buildup of the electrochemical double layer and interfacial effect. However the real part of complex conductivity
follows the empirical Jonscher equation. The determined dc-conductivity of both investigated Ionic liquids pres-
ent a new behavior regarding the thermal activation an anomalous thermal activation behavior. It follows an Ar-
rhenius relation at lower temperatures and then reach a steady state values at higher temperatures.

1. Introduction

understanding the how to optimise the accumulation of charge carriers
at the metal electrode/ ionic liquids' interface. From electrochemical

Recently, ionic liquids (ILs) become of great interest for researchers
and industrialistsdue totheir interesting and unique physicochemical
properties. These include the following properties: very low vapor pres-
sure [1]liquid at room temperature [2], non-flammability [3], high sol-
ubility power [4], good solvent capacity [5] potential products as
designer solvents for catalytic and chemical applications as well asin
processes relating to transport and storage of energy [6]. For this reason,
they have been deeply investigated and explored as novel electrolytes
for electrochemical devices including rechargeable lithium batteries
and hybrid super capacitors [7].the reliability study of an ionic liquid
for its use as electrolyte, requires its molecular structure analysis as
function of its physicochemical and electrical properties [8-10].So, es-
tablishing this relationships analysis will be the key parameter for
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point of view, the thermal stability, low melting point, dielectric con-
stant, electrochemical window, and electrical conductivity are impor-
tant parameters that determine the suitability of an IL for the desired
application [11]. In this context, many studies were reported in the liter-
ature investigating the thermal [12-15], dielectric and conductive prop-
erties of ionic liquids [16-20]. The aim of these works was to identify,
investigate and understand the dynamic behavior and ionic transport
in these fluids. During last year's, several experimental and simulation
studies have indicated that exchanging the proton at C2 position in
the cation of imidazolium-based ILs by a methyl group has an important
impact in their physicochemical properties. Tremendous effects on the
melting point, the viscosity, the vaporization enthalpy, the density and
the conductivity were reported [21-25].Weingdrtner [26] showed that
the impact of potential hydrogen bonds at C(2)-H of the 1-alkyl-3-
methylimidazolium cationon the static dielectric constant is not quite
clear as the influence was rather small. This was confirmed by Huang
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etal. [27], who also found that the substitution of the acidic hydrogen at
C2 by a methyl group does not notably affect the static permittivity, &.
Endo et al. [28] studied the effect of C2 methylation on the rotational dy-
namics of alkyl imidazolium bromide based ILs by estimating the rota-
tional correlation time obtained from the experimentally measured
T1-relaxation time. Their results show that an unusually small increase
in the rotational correlation time at the root of the butyl chain has
been observed upon the C2 substitution in a comparison between
[BMMIM][Br] and [BMIM][Br].

Several works concerning chemical and physical properties
highlighted the differences between the C2-methylated ILs and their
C2-protonated analogues. However, according to the authors' knowl-
edge, there are no reported works in the literature dealingwith the ef-
fect of methylation on the dielectric properties.

In the present paper, we report the effect of C2 methylationon the
thermal and dielectric properties of two glass forming imidazolium
ionic liquids (ILs).The compounds 1-methyl-3-propylimidazolium
[GGMIM™][I7] and 1,2-dimethyl-3-propylimidazolium [CsDMIM *][17]
were synthesized and theirchemical structures were confirmed by'H,
13C-NMRspectroscopy. The thermal properties were investigated in
the temperature range [25 °C, 350 °C] using thermogravimetric analysis
(TGA), differential thermal analysis (DTA), and differential scanning cal-
orimetry (DSC)from —100 to 100 °C. Dielectric measurements were
performed in the frequency range [10~!,10’Hz] and temperature rang-
ing between —30 °C to 60 °C allowing us to probethe different
relaxationmechanisms and the associated activation energies. The
variation of dielectric and electrical parameters allows us to analyzethe
effect of C2 methylation on the relaxation dynamics and the charge-
carrier mobility.

2. Experimental

The chemical reagents used in this study are: 1-methylimidazole
(>99%), 1,2-dimethylimidazole (98%), and propyl iodide (98%). They
were purchased from Fluka and used as received. Deionized H,0 was
obtained with a Millipore ion-exchange resin deionizer. '"H NMR
(400 MHz), '3C NMR (100.6 MHz), spectra were recorded on a DRX
400 MHz spectrometer. The chemical shifts (6) are given in ppm and
referenced to the internal solvent signal namely TMS and CFCls,
respectively.

2.1. General procedure for the synthesis of investigated ILs

The synthetic routes used to prepare both [CsMIM *][I7] and
[CsDMIM *][I7] are reported in our previous work [29]. Briefly,
[CsMIM *][I7] and [CsDMIM *][I”Jwere prepared in high yields;
(87%) from 1-methylimidazole and (92%) for 1,2-dimethylimidazole
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precursors and propyl iodide. The chemical structures of the target ILs
are shown in Fig. 1. Prior to use, both ionic liquids were dried under vac-
uum at 70 °C overnight, and kept either under nitrogen or in a vacuum
desiccator to protect them from ambient moisture. Moreover,inorder to
further improve the purity, the obtained ILs were dried on a high-
vacuum line (P < 1072 bar) for 4 days at approximately a temperature
of 40 °C.To confirm the structures of both ILs and the absence of resid-
uals from the synthesis, the obtained ILs were confirmed using 'H,'>C
asreported inour previous work [29].The water content in [CsMIM ]
[I"] and [CsDMIM *][I”] was below 350 ppm. This measure was carried
out by colometricKarl Fischer titration, performed by a Metrohm 831
[29].

2.2. TGA and DTA measurements

TGA and DTA measurements were performed using a Setaram Setsys
1200 instrument, under an inert helium flux of 60 ml/min, heating from
25 °C with a rate of 5 °C/min.

2.3. DSC measurements

Differential scanning calorimetrywascarried out using a TA Q20 in-
strument applying a rate of 5 °C/min between —100 and 100 °Cto iden-
tify the phase transition temperatures.

2.4. Dielectric spectroscopy

Dielectric measurements were performed in the temperature range
[—30 °C,60 °C] and in the frequency range between 10~! and 107 Hz
using a Novocontrol Alpha impedance analyzer. All the measurements
are carried out isothermally, where the temperature was controlled by
a QuatroNovocontrolcryo-system with a stability of 0.1 K. The output
data are the dielectric permittivity €* and the complex conductivity
o™, The relationship between both parameters is expressed as:
0" (0,T) = igywe + (©,T) (1)
implying that 0’ = g,w&”"and 0" = g,0w¢’,where &,is the free-space per-
mittivity , is the radial frequency = 2nf (f is the frequency), & and &”
are the real and imaginary parts of the dielectric permittivity, respec-
tively. For more details see Refs. [30-33].

3. Results and discussion
3.1. Thermal properties

The knowledge of the thermal properties of ILs, such as the glass
transition, melting and decomposition temperature is crucial from an
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Fig. 1. Structures of [CMIM *][I” Jand [CsDMIM *][I"].
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engineering point of view as they are important parameters for deter-
mining process conditions and also to identify the impact and contribu-
tion of each transition on the dielectric and electric phenomena.ln this
context, threecomplementary thermal analysis techniqueswere used:
TGA, DTG and DSC. The obtained results with TGA and DTG are pre-
sented in Figs. 2 and 3. The values corresponding to the maximum de-
composition temperature, which was found from derivative peaks, are
reported in Table 1.

Comparing the thermal stability of both ILs, the methylated
[C:DMIM™*][17] IL is more stable than the protonated one[CsMIM™]
[I7]. In fact, the C(2) methylation increased the decomposition temper-
ature from 308 to 324 °C. Ngo et al. [34], Awad et al. [35], and Maton
et al. [36] reported similar observations. The thermal decomposition of
both ILs occurs in the temperature range [300 °C, 400 °C], which reaches
100% at 342 °C for [CsMIM™][I"] and at 362 °C for the methylated IL.

From the DSC curve, the protonated IL [CsMIM *][I”] does not show
a glass transition during the heating scan, while in the methylated case a
small peak at —25 °C can be observed as result of a deviation from the
thermo-grams baseline under the same experimental conditions used
corresponding to the glass transition temperature. Additionally, a clear
exothermic peak at 29 °C was observed in this latter IL. This exothermic
peak probably reflects the melting process.

3.2. Dielectric analysis

The real part and the imaginary part of complex dielectric permittiv-
ity and conductivity as function of temperature and frequency for the
C2-protonated [CsMIM ][] and C2-methylated [C3DMIM *][I7] are
presented in Figs. 4 and 5 respectively.

It is found that the real part of the permittivity Figs. 4(a) and 5
(a) decreases with the increase of frequency. The appearance of this
process is more clearly seen in &'’vs frequency plot (Figs. 4(b) and 5
(b)). A relaxation process is detected through the presence of a strong
dispersion in &'(), the high value of permittivity at low frequencies is
attributed to the electrode polarization phenomenon occurring as a re-
sult of an accumulation of ions near the electrodes [37-39]. Comparing
the variations of ¢ and &'’for both ILs, the temperature dependence of
the dielectric permittivity exhibits distinct differences. These differ-
ences are expected due to the substitution of the hydrogen atom by a
methyl group with its own properties. It can be concluded that the sub-
stitution contributes to the increase of both the real (¢') and imaginary
(€¢'") parts of the dielectric permittivity of the C2-methylated IL .This
phenomenon could be attributed to the hindrance effect of the —-CH3
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group [40,41]. In addition, it could come from the absence of the relax-
ation pathway above the C2 atom. This might be responsible for the
slower ion transport of the methylated ionic liquids as was previously
reported in the literature [42]. Another important insight is that the
methylation at the C2 position leads to a reduction of the free move-
ment of the anion around the cation as the number of potential bonding
sights at the imidazolium ring is reduced.

The relaxation mechanisms can also be observed via the dielectric
loss tangent tané defined as:

/1

tans(f) (2)

T

The relaxation time is obtained by studying tané as a function of fre-
quency and temperature. of the variations of tané at different frequen-
cies and temperatures of [C;MIM™][I7] and [CsDMIM *][I7] are
presented in Fig. 6.

The dielectric loss peak maxima allow us to determine the relaxation
time 7.

It seems that both ILs become flexible and show relaxation peaks in
the frequency range between 10? and 10° Hz. As clear observed in Fig. 6
(a), the relative peak intensity for the C2-Protonated [CsMIMT][17] is
increasing with increasing temperature up to a temperature of 20 °C, in-
dicating that the relaxation is thermally activated. It can be easily ob-
served that the detected loss tangent peaks in the case of the
protonated ionic liquid [CsMIM™][17] has a more pronounced ampli-
tude compared to those detected in the case of the methylated
[CsDMIM™][17] (Fig. 6(b)). This suggests that the the methyl group in
the C2-position inhibits the diffusion of ions [40,42,44,45] and enforces
a restricted rotation of the propyl chain, promoting alkyl chain associa-
tion between cations and thus contributing to a decrease of the relaxa-
tion mechanisms.

In order to study more deeply the mechanisms involved in the relax-
ation and especially those related to the thermal activation, the loss
peak frequency fi,qwWas analyzed as a function of 1000/T. The resulting
Arrhenius plot is presented in Fig. 6. The studied ILs show two different
behaviors:

a) Arrhenius-type temperature dependence in the temperature range
of 20-60 °C for the protonated IL [CsMIM ™ ][T7].

b) VFT-like temperature dependence in the temperature range of
—20-20 °C for the protonated IL [CsMIM™][I"] and in the entire in-
vestigated temperature range — 30 °C to 60 °C for the methylated IL
[CsDMIM *][17].
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Fig. 2. TGA and DTG curves of C2-Methylated [CsDMIM *][I™ Jversus C2-Protonated [CsMIM™][I™] Imidazolium-Based Ionic Liquids.
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Fig. 3. DSC curves of C2-Methylated [CsDMIM *|[I™] versus C2-Protonated [CsMIM*][I™] Imidazolium-Based lonic Liquids.

The obtained results are comparable to those previously obtained for
polymerized ionic liquids as reported by Nakamura et al. [46]. The ob-
served behavior changing from VFT to Arrhenius is attributed to the
petitive ion-pair formation and dissociation processes, and counterion
diffusion associated with the motion of cation groups [47]. The blue
and redlines in Fig. 7 presents the best mean square fit curves for both
ILs using the VFT and Arrhenius laws, respectively, given by the follow-
ing equations:

E
T = Toa €Xp {— kb_lT} (3)

E,
mafnﬂ @

T = Tovrr €Xp [—
Subscribes A and VFT are used to distinguish between the Arrhenius
and VFT laws, respectively. E; and E; are the activation energies, Ty is the
Vogel temperature, Toa, Tover, and kpare the pre-exponential factors and
the Boltzmann constant, respectively. Activation energies are extracted
from the best fits reached in Fig. 6 and are reported in Table 2.
According to the values reported in Table 2 using the VFT equation,
the [CsMIM™ ][] IL activation energy is significantly higher compared
to the [C;DMIM ™ ][I7] IL activation energy (about six times higher in

Table 1
Comparison of thermal properties of C2-methylated versus c2-protonated imidazolium-
based ionic liquids.

ILs P (25°C)  Te(°CO)®  Twm(°C)  Ta reay(°CQ)*  Traeraa)(°C)°
[CsMIM *][I7]  Liquid - - 308 342
[CsDMIM *][17]  Solid —25 29 324 362

- =Not detected.

@ Ps Physical state at 25 °C.

b
c
d

e

Glass transition temperature (Tg).

Melting point (from DSC onset of the endothermic peak) (Trm).
Decomposition temperature (from TGA onset decomposition peak) (Tq(rca))-
Total Decomposition temperature (from TGA decomposition peak) (Trq(tca))-

the case of C2-Protonated IL). This result makes sense, as the activation
energy of the relaxation mechanisms are related to the cooperative mo-
tion and the conformation changes in both ILs. In addition, this mecha-
nism is related to the rotation of the propyl group and it is coupled with
the structural relaxation [43]. Consequently, the activation energy indi-
cates a local re-arrangement.

3.3. Conduction mechanisms

The AC-conductivities of both ILs are presented as function of fre-
quency for different temperatures in Figs. 4(c) and 5(c). The conductiv-
ity is found to increases with frequency. Moreover, at high frequencies,
the conductivity values rapidly increase in the entire temperature
range. In contrast, the values of 0’ decrease with increasing tempera-
ture. As the conductivity is related to the mobility of the charge carriers,
this can be explained by the higher thermal activation. Considering the
conductivity at the same temperature and frequency reveals that the
protonated [CsMIM™][I"] IL is more conductive than the methylated
[C3DMIM™][I"] one. Based on the results that were reported by
Izgorodina et al. [42], the high conductivity observed in the case of the
protonated ionic liquid can be explained by the stronger coordinating
anion (iodide) that tends to form much shorter contacts with the
imidazolium-type cation in the IL protonated case.

At the same temperature and frequency, the C2 methylated ionic lig-
uid [CsDMIM*][I7], exhibits lower values compared to [CsMIM™*][I7].
This is in good agreement with the commonly high viscosity and slow
dynamics observed for C2 methylated ILs from experimental and com-
putational results. Izgorodina et al. [42] found the conductivity of
[CsMIMT][I7]is (0 = 12.6 mS cm™!) to be about six times higher
than that of [CsDMIM™][I7] (0= 1.95mScm™ ') at T = 85 °C.

While, this latter has (1) = 195 cP) to be about five times higher than
that of C2-Protonated IL (1) = 35 cP) at T = 25 °C. Also, Liao et al. [48]
reported that the introduction of functional groups atthe C-2 position
generally increased the viscosity and lowered the conductivity, as the
conductivity of ILs largely depends on their viscosity values. Increasing
the length of the alkyl side chain increases slightly the impact of the
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Fig. 4. Complex dielectric permittivity and conductivity as function of frequency at different temperatures for C2-Protonated [CsMIM ™ ][I™].

methylation on the conductivity difference between the protonated and
C-2 methylated ionic liquids.

The electrochemical double layer formed at the interface by ions
attracted towards the metal electrodes is now of great interest. Figs. 4
(d) and 5(d) show the frequency dependence of the imaginary part of
the complex conductivity,0”, at different temperatures for the sample
C2- methylated [CDMIM ™ ][I ]. The Eq. (1) given in the experimental
part was used to calculate 0” [30].

The figure shows a characteristic frequency (vi,) that represents
the boundary or the sharp limit of the characteristic bulk from above.
Starting from this characteristic frequency, 0” increases gradually, ac-
companied by increase of the real part of permittivity, €', with decreas-
ing frequency indicating the build-up of the electrode polarization. The
values of 0” reach a peak at another characteristic frequency, Viax, at
which the build-up of electrode polarization is completed. This became
a main feature in ionic liquids and many other conducting polymers and
glasses. Both characteristic frequencies are shifted towards higher fre-
quencies with increasing temperatures till about 20-30 °C and then
the rate of change is attenuated and the order is changed. Similar behav-
ior was also noticed in the o' representation (Figs. 4(c) and 5(c)).

Fig. 8 shows the frequency dependence of the real part of the com-
plex conductivity function, o', at three selected temperature (as repre-
sentative examples) for [C3DMIM™][I"]. The figure shows three
regions of conductivity, with electrode polarization occurring at low fre-
quencies, frequency independent (dc) conductivity at intermediate fre-
quencies, and the onset of ac conductivity at higher frequencies.

Our attempt to explain the conduction mechanism by Dyre's func-
tion was not successful because of the rather large margin of error in
the fitting. We have approximated the frequency dependence of &' by
the empirical Jonscher power law even it is not based on a physical
model [30]:

o'(V) = opc {1 + <Lc> "} (3)

The characteristic frequency, f. (= 1/2n7) characterizes the onset
of the dispersion and is related to the DC-conductivity by the empirical
Barton-Nakajima-Namikawa relation (BNN): opc~f.. [49-51].The expo-
nent n takes values between 0.5 and 1.By fitting using Jonscher equation
(Eq. 5) to the data, both DC-conductivity values was estimated and pre-
sented against temperature for both ionic liquids under investigations
as shown in Fig. 9. Like many other kinds of glass forming materials,
both ionic liquids under investigations follow mostly the Arrhenius law:

—E
Oy = O €xp <KB;> (6)

where Kjp is Boltzmann constant and 0wis a pre-exponential factor, at
relatively lower temperatures till 10 °C for C2- methylated [C3DMIM "]
[I7] and 20 °C for C2-Protonated IL [C3MIM™ ][I~ ]. Further increase of
temperature shows temperature in dependence of dc-conductivity.

This reflected the thermally activated ion hopping over an energy
barrier E5 up to the some characteristic temperature, after which
there is no effect of heating in the activation of the ion hopping process.
The coincidence at lower temperature is somewhat anomalous since
the coupling between conductivity viscosity and glass transition tem-
perature as well is expected. The two ionic liquids under investigations
are completely different in both viscosity (C2- methylated [C3DMIM "]
[I7] is solid at room temperature) and glass transition. Enhancement
of conductivity is also expected with reducing glass transition which is
not the case here at least at relatively lower temperatures. The coupling
between conductivity and viscosity was found to be varying in many re-
cent studies of different ionic liquids [52-54].
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The dissipation factor (usually called tan 8) D (= %f ) investigation
may suppresses undesirable capacitance effects due to electrode contacts
at least at temperatures under considerations and provides a clear peak
of the dc conduction. D (usually called tand) is presented against fre-
quency at different temperatures for both investigated ionic liquids as
shown in Fig. 6. Tané spectra show a peak- its maximum position charac-
terizes what is called the conductivity hopping time. The peak shifts to-
wards higher frequency i.e. the dynamic became faster, with increasing
temperature which is not the case at higher temperatures [55,56].

The dissipation factor (tané) as illustrated graphically against fre-
quency can be used to define what called conductivity-relaxation
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time T,p. This relaxation time supposed to be equivalent to the hop-
ping time and characterizes the ionic dynamics. The peak of tané as a
function of frequency thought to ascribed the translational ionic mo-
tions and T,p is determined from the frequency at the maximum
peak positionfax(= 1/(2nTep). We are convinced that the peak in
tand spectra originated from relaxation of conductivity since it is ac-
companied by the frequency independent range of conductivity
(characterizing the dc-conductivity) and not a peak in the &” (v)
spectra. In other words; this peak does not characterize any orienta-
tional dynamic at molecular scale or any terminal groups' dynamics
but describes the translational motions of ionics.
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Fig. 6. Temperature dependence of loss tangent (tans) for C2-Protonated [C;MIM™][I] (a) versus C2-Methylated [CsDMIM *][17] (b).
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Fig. 7. Temperature dependence of the relaxation frequency peaks for the C2-Methylated IL [C;DMIM *][I"] and the C2-Protonated IL [CsMIM™][17].

Table 2

Activation energies for the C2-Methylated IL [C3DMIM*][I"] and the C2-Protonated IL
[CGMIMT][I7].

[CMIM* ][] [CsDMIM*][17]
Arrhenius  R*(corr.coef.) VFT R?(corr.coef.) VFT R?(corr.coef.)
0.215 eV 0.957 0.063 eV 0.998 0.010 eV 0.999

c' [S/cm]

Freq. [Hz]
Fig. 8. Real part of complex conductivity function against frequency for C2- methylated
[C3DMIM™][I] at the indicated temperatures. Lines are fits of the Jonscher equation.
4. Conclusion
Synthesis and characterization of C2-Methylated [CsDMIM ][]

versus C2-Protonated ILs has been reported. The structure of both ILs
was identified by using 'H, >C NMR. The dielectric measurements in

o, [S/cm]

B C2-Methylated [C3DMIM+][I-]
@® C2-Protonated [C3MIM+][I-] ?

107 £ . . : .
30 32 34 36 38 40 4.2

1000/T [K™]

Fig. 9. DC-conductivity opc versus 1000/T for the two ionic liquids under investigations as
indicated. The solid lines are linear regression using all data points.

the temperature range of —30 °C to 60 °C have been performed in the
frequency range from (1072 to 107 Hz). Based on the experimental re-
sults and above discussion, following conclusions were obtained. The
thermal behavior confirmed that the methylated [C3DMIM ™ ][I7] IL is
thermally more stable than the protonated one [CsMIM™][I™]. The di-
electric data show two different behaviors: The temperature depen-
dence of relaxation times of the protonated [CsMIM™][I"] described
by the Vogel-Fulcher-Tamman (VFT) law in the temperature range of
—20-20 °C and by the Arrhenius law in the temperature range of
20-60 °C, while, only VFT-like temperature dependence in the entire in-
vestigated temperature range from —30 °C to 60 °C for the methylated
IL [CsDMIM *][I7]. Also, the differences in the apparent activation ener-
gies in relaxation processes may be related to the decoupling phenom-
enon between ion migration and structural relaxation times. On the
other hand, analysis of the conductivity spectra shows that the charge



carriers transport accompanied by the electrode polarization are the
main dynamics processes could be determined and they screened out
any contribution of other dynamic processes at the molecular or sub-
molecular scales.
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