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Novel methyl sulfoxide imidazolium-based zwitterionic low melting salts was synthesized and characterized. The
combination of this functionalized zwitterion and lithium bis(trifluoromethylsulfonyl)amide (LiNTfs) salts at
different molar ratios of render to low melting mixtures, which can exhibit an ionic conductivity as high as 3.4 x

;:;S'i:;:sn};rt 10°Sem ' at30°Cor 2.9 x 10735 ecm™! at 120 °C and a high thermal decomposition temperature higher than
Diffusivityp 250 °C. The thermal activation energy shown two clearly different Arrhenius trend. For all the mixtures the

temperature where the slope of the Arrhenius plot changes is on the range of the melting temperature experi-
mentally observed for the mixture. Below the melting temperature, the values of activation energy are around of
two times higher than the values observed for all the mixtures above the melting temperature. On the other hand,
in all the mixtures, we have observed that conductivity increases monotonically on the composition of the
mixture. These non-volatile and highly polar novel materials can be used for the development of devices tar-

geting high ionic Li-ion conductivity.

1. Introduction

Tonic liquids are systems solely formed by the combination of cations
generally, of organic nature, and anions. The nature and structure of
both cations and anions define their chemical and physical properties.
ILs usually present a high ionic conductivity as they are molecules
enterally form by ions. Therefore, they have huge potential to be used
for electrochemical devices (i.e. electrolytes for rechargeable batteries
and fuel cells). Zwitterionic ionic liquids (ZIs) have been envisioned as
new electrolyte materials to achieve a high target-ion transference
number [1,2].

In ZIs cation and anion are covalently tethered in a single molecule.
Thus, in comparison with ILs, where both cation and anion present in-
dependent mobility when a potential gradient is applied, they can crit-
ically suppress the migration of the ions forming the ILs favouring the
migration of the specific ion (i.e. lithium cations. protons. sodium cat-
ions. or iodide anions) added to them [3]. This can render to a higher Lit

conductivity,when electrolytes based on zwitterionic ILs are used for
electrical devices [4,5]. For this reason, different ZIs with certain degree
of structural diversity have been designed and evaluated as electrolyte in
conjunction with a variety of lithium salts (i.e. lithium bis(tri-
fluoromethylsulfonyl)imide (LiNTfy), lithium bis(per-
fluoroethylsulfonyl)imide (LiBETI), LiBF4, LiCF3SO3 or LiClO4) [6,7].
The presence of the lithium salt not only contributes to the ionic con-
ductivity but also acts as a plasticizer reducing the melting point of the
components of the mixture. The ionic conductivity of these mixtures is
mainly governed by the interaction between both ionic components,
especially the cationic moiety of ZI with the anion of the added salt. In
general, higher ionic conductivity is reported when NTf; is used in
comparison with other anions (i.e. BFy, CF3SO3 ClOg).

Task-specific ionic liquids are ILs containing a covalently tethered to
one of both ions additional functional groups [8,9]. The presence of this
specific functionality provides the ILs specific characteristics (i.e. acid,
base, interaction with metal, etc.). In this regard, different authors have
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Scheme 1. Synthetic route of DMSO-ZI-1. i) K;CO4, KOH, CH,Cl,, 24 h, rt. ii) K2CO4, ACN, 30 min at 120 °C, 2 h at 90 °C; added 3 at 0 °C, 24 h, rt; KOH, 2 days, rt.

iii) ACN, 1,3-propanesultone, 48 h, 35 °C.

Table 1
Composition and thermal behaviour of the mixtures DMSO-ZI-1:LiNTf, pre-
pared.-

Entry Mixture x DMSO-ZI-1 x(LiNTf,) T (°C) Tq (°C)

1 M-1a (1:5) 0.17 0.83 37.5+0.1 284 +5
2 M-1b (1:3) 0.25 0.75 36.9 £ 0.1 273 +£5
3 M-1c (1:2) 0.33 0.67 36.4 £ 0.1 265 + 5
4 M-1d (1:1) 0.50 0.50 57.3 £ 0.2 248 £ 5
5 M-1e (2:1) 0.67 0.33 60.4 £ 0.1 234 +5
6 M-1f (3:1) 0.75 0.25 60.7 £ 0.1 232 +5
7 M-1g (5:1) 0.83 0.17 64.3 + 0.2 231+5
8 DMSO-ZI-1 1 0 68.7 + 0.2 220 £5

designed TSILs containing methyl sulfoxide moieties to be used in Swern
oxidation of various benzylic and allylic alcohols suppressing the un-
pleasant smell of dimethylsulfide by-product of this reaction by reducing
its volatility [10,11]. However, there is no reports, as far as we are
aware, of the use of zwitterionic ionic liquids bearing methyl sulfoxide
moieties, in a system that combined both the zweterionic unit and de
S=O0 that can further solvate the Li cations to modulate the ionic con-
ductivity of mixtures of ZI and lithium slats.
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The presence of functional groups on the side chain of the cation
presents a strong influence on the melting point of the ZI but also on
their conductivities [2,3,5,6]. For instance, the presence of a flexible
ethylene oxide unit and capable of interacting with ions are able effec-
tively regardless of the anion structure of the zwitterion to reduce the Zis
melting point increasing the conductivity as there is a good relationship
between T, and the ionic conductivity of the zwitterionic liquid/lithium
salt mixtures [12].

Here, we reported the synthesis and properties of a task-specific-
zwitterion ionic liquid functionalized with methyl sulfoxide moieties
to form in the presence of LiNTf, eutectic mixtures. The resulting
eutectic mixtures were analyzed and characterized by DSC, TGA, ATR-
FT-IR spectroscopy, Raman spectroscopy and impedance spectroscopy.
The conductivity of the resulting systems has been fully discussed and
the free ion diffusivity and free ion charge density were obtained with
the intention to quantify the concentration effect of the ZI in the mixture
depending on its functionality.

2. Results and discussion

Synthesis and characterization of DMSO-ZIs and related eutectic
mixtures. In order to prepare the task-specific zwitterionic salt 3-(1-
((methylsulfinyl)methyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate)
(DMSO-ZI-1), first the functionalized imidazole (7) was obtained by
alkylation of imidazole (5) with chloro(methylsulfinyl)methane (3). The
compound 3 was prepared on large scale and good yield (90 %) by
chlorination of DMSO (1) with chloro-N-succinimide (2) in the presence
of a mixture of bases (Scheme 1). Finally, the reaction between imid-
azole 7 and 1.3-propane sultone led to the DMSO-ZI-1 obtained as a
white solid. The thermal properties of this compound were analyzed by

T
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Fig. 1. Selected regions of the ATR-FT-IR spectra of DMSO-ZI-1, LiNTf, and different molar mixtures. The lines indicate the characteristic peak found for pure LiNTf,
and DMSO-ZI-1. Samples Conductivity determinations. Temperature and frequency measurement process.
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Fig. 2. Shows the Raman spectra (region 580-780 cm 1) of the pure DMSO-ZI-
1 together with the different mixtures evaluated.

DSC and TGA (see Figure SI1 and Figure SI2). The DSC shows that
DMSO-ZI-1 melts at 68.7 °C, while the TGA reveals that the ZI is ther-
mally stable up to 235 °C.

Different mixtures of DMSO-ZI-1 with LiNTf;, at a variety of molar
ratios were prepared by solving both components in methanol followed
by the evaporation of the solvent at high temperature (>120 °C) and
under high vacuum to remove any trace of organic solvent (Table 1). In
all the cases, the mixtures formed a molten salt due to the plastic effect
of the bis(trifluoromethylsulfonyl)imide anion. The melting tempera-
tures were lower than the ones for the individual components (see
Table 1, and Figure SI3). The mixtures are wax materials at room tem-
perature becoming, in all cases, liquid above 65 °C.

TGA experiments also showed that M-le-g (xz5.1 < 0.36) decom-
posed at similar temperatures to DMSO-ZI-1 (ca. 230 °C), while mixtures
with a larger amount of LiNTfs (xpinrf2 > 0.5. M-1a-d) decomposed at
higher temperatures 248 °C, 265 °C, 273 °C and 284 °C (Table 1 and
Figure SI4).

The FT-IR-ATR of equimolecular mixture of DMSO-ZI-1 and LiNTf,
shows that the band assignable to the asymmetric vibration of the SO5 of
the NTf, at near 1300 cm ! shifts from 1325 cm ™! in bulk LiNTf, to
lower frequencies with the presence of DMSO-ZI-1 (1324, 1328 and
1320 cm™! for M-1b, M-1d and M-1f, respectively, Fig. 1). A similar
trend was also observed for the stretching vibration band associated
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with the C-F group at 1059 cm ! for LiNTf. In this case, the observed
shifts are a function of the composition of the DMSO-ZI-1:LiNTf,
mixture. Thus, for an increase from 0.5 to 0.75 in the molar fraction of
DMSO-ZI-1 (M-1d and M-1f), the peak related to the symmetrical
stretching peak of ~SO5-N-SO,- shifts to 1049 cm™*, while lower shift
observed for the mixture with higher LiNTf; content (from 1059 em Lo
1053 cm™1). All these data suggest that in the mixtures the lithium
cation is less coordinated to the NTf; anions by intermolecular in-
teractions of the zwitterionic salt with the LiNTf, through hydrogen
bonding. These interactions are likely to be the responsible of the
reduction on the melting.

The zwitterionic IL not only provides the required interaction with
the LiNTf, to reduce the melting point of the mixtures allowing easy
handing but also affects the solvation of the Li in a similar fashion to the
observed when DMSO is used as the electrolytic solvent. Raman can
provide further information about the solvation of the zwitterionic ILs
containing methyl sulfoxide moieties toward lithium ions in the binary
mixtures prepared. Fig. 2 shows the Raman spectra (region 580-780
ecm™!) of the pure DMSO-ZI-1 together with the different mixtures
evaluated. The spectrum of DMSO-ZI-1 showed three bands at 615, 658
and 697 cm ™!, which were assigned to the C—S symmetric and asym-
metric stretching modes of S=O of the dimethylsulfoxide moiety of the
DMSO-ZI-1 [13]. Fortunately, these peaks do not overlap with any
vibrational modes of LiNTf; providing information of this moiety across
the different DMSO-ZI-1-LiNTf, formulation assayed. Indeed, in the
mixtures these bands related to the S—O moieties are clearly split into
two bands associated with the states of DMSO moiety: free and solvating
DMSO. The newly observed bands at 623, 677 and 705 cm™! can be
assigned to the stretching modes of DMSO units that solvate lithium-ion
(denoted as bound-DMSO at Fig. 2). A more intense scatter at the higher
wavenumbers for the C—S—symmetric and asymmetric stretch of DMSO
is detected with an increase in the amount of DMSO-ZI-1 in the mixture.
This suggests a solvation state of DMSO-ZI-1 molecules with the lithium
salt by the formation of clustering structures between the two compo-
nents of the electrolytic mixtures. Indeed, the presence of the DMSO
units in the zwitterionic ILs provides to similar solvating effect than
those observed for DMSO/LiNTf, solutions [14]. The relative contribu-
tion of the free and bound S=O in the ZI to the Li" can be used to es-
timate the Li+ solvation number (n) of [Li(ZI),]* taking into account the
intensities of these bands, which change linearly with the molar ratio of
components of the mixture. Assuming that the Raman scattering co-
efficients for free and bound-DMSO were identical and constant in the
whole concentration range the n can be calculated from I,/(If + Ip) = n
(x LinTf2/X 7)) The amount of Li bound increased with of increasing ZI salt
concentration. The calculated solvation number decreased from ca. 3 to

B)

Coordination number (n)
°

T T T T T T T

0,1 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9
x (Li salt mol fraction)

Fig. 3. Coordination number obtained by Raman peaks of the corresponding ZI-LiNTf, mixtures. A) Ip/(If + It.) = n (xpinTs2/Xz1, It is the intensity of the free of S—O
peak centred at 615, 658 and 697 cm !, and I, is the intensity of the bound of S—O peak centred at 623, 677 and 705 cm ™. B) Ac/(A. + Ap,. A¢ is the integrated area

of the free NTf, peak centred at 742 cm™?

, and A, is the integrated area of the bound NTf, peak at ~748 cm™*.
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Fig. 4. Conductivity of the DMSO-ZI-1:NTf, samples in the temperature range compress between —20 °C and 140 °C in steps of 20 °C.

1 when the amount of Li*
On the other hand, the band at ~742 cm™

is increased.
! which was assigned to

the CF3 bending vibration, combined with that of the S — N stretching

vibration of NTfy
number with the i

is also observed. This peak shifts at a higher wave-
ncrease of the LINTf, in the mixture as this mode is

sensitive to the interactions of the anion with its local environment
[15,16]. This upward shift can be assigned to the anion bound to the

metal cation when

eutectic mixture. The band appearing at 748 cm™

the corresponding metal NTf; salt is dissolved in the
! can be attributed to

the contact ion pair formation with the NTf, anion coordinated to a

single Li cation, or to aggregates, where the anion is coordinated to more
than one Li cation. Thus, again the position of this peak allows us to
assess the “free” or “coordinate” state of the NTf, anion with the Li
cation. In this case, it is possible to perform the deconvolution of this
signal using a Voigt profiles obtaining the area for the “free” anion (A
and of coordinated species (A.). With these values is possible to deter-
mine the coordination number n of Li by taking into account the Li mole
fraction x against the integral ratio A./(Ac + Ap). The value of n can be
deduced from A./(Ac + Ap) = n X @iy [17]. If each lithium ion is
assumed to be coordinated by n NTf; anions, the concentration of these
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anions, which are responsible for the 748 cm ™! components, is given by
C. = nxCr, where Cr is the total molar concentration of the NTf; anions.
It follows that A, = KS74gnxCr, where K is a proportionality constant and
S74g is the molar Raman scattering coefficient of the considered
component. Similarly, the concentration of free NTf; anions, which are
responsible for the 742 em ™! components, is Cf = Ct — nxCr. Hence, A¢
= KS742(Cr — nxCr). By setting S 743/ S 742 = S, it is easy to deduce that
Ac/(Ac + Af) = Snx/(Snx — nx + 1) assuming a molar Raman scattering
coefficient Raman scattering coefficients for free- and bound NTf; anion
are comparable, then S ~ S./S ¢ = 1 and the ratio A./(A. + Af) can be
used to calculate the coordination number for a given eutectic compo-
sition. Fig. 3 shows how the coordination number change with the
composition of the mixture. This value drastically decreases from ca. 5.5
to around 0.5 in the Li salt high concentrated mixtures.

When the concentration of the ZI increases its interaction with Li
allows the exchange of the NTf; of the Li-salt by the tethered sulfonic
group of the ZI together with the solvation with the S=O group. At a
higher molar ratio of ZI, the ZI anions start to participate in the complex
formation of Li* contact ion-pairs (CIPs), where the anions directly
interact with the cation, and aggregates, due to the high electron-pair-
donating ability of S=O of the ZI and its stronger affinity toward Li*
This stronger interaction between Li™ and S=O of the ZI in comparison
with the Li* and NTf; results in scarce participation of the NTf, anion in
coordinating to Li* when the concentration of the ZI is increased leading
to separated ion pair between them, where NTf; is not involved in the
first solvation shell of Li™.

2.1. Impedance spectroscopy measurements

Initially, the eutectic mixtures M-1a-f were molded by heated them
up to 100 °C to get fluid from the semi-solid samples enabling to
introduce into a Teflon mold consisting of a 100-um-thick sheet with a
circular hole of with 8.3 mm of diameter. The mold and sample are then
placed between two parallel flat electrodes to proceed with the imped-
ance measurements. The experiments were carried out for all mixtures
in the interval of temperature compress between —20 °C to 150 °C to
obtain the conductivity. To ensure the reproducibility of the results,
measurement sweeps were carried out by raising the temperature up to
150 °C, lowering it to —20 °C and raising it back to 150 °C. These sweeps
were made in 5 °C isothermal steps. In each of them, 5 measurements per
decade were taken in the descending range of frequencies between 10
MHz and 10 mHz.

The experimental data obtained at Novocontrol for the mixtures
were analyzed in terms of the complex dielectric permittivity function,
€*(®,T), and the complex conductivity 6*(»,T) =j 0 €9 *(»,T), where j is
the imaginary unity, g is the vacuum permittivity and o the angular
frequency of the applied electric field (o = 2xf). From the relationship
between the complex dielectric permittivity ¢*(®,T), and complex con-
ductivity 6*(w,T); the dc-conductivity (c4c) can be obtained using three
different procedures [18]. i) From the complex dielectric measurements.
Where the direct current conductivity (64.) can be calculated from the
imaginary part of the permittivity, when the Maxwell-Wagner-Sillars
(MWS) [19,20] conditions are met, concisely when the bulk conduc-
tivity dominates as for pure Ohmic conduction (¢’ = 64c), with €” = 64c/
(eow) where g represents the vacuum permittivity and o the angular
frequency of the applied electric field. This can be seen by the fact that
the plot of log(e”) versus log(w) yields a straight line with slope =~ —1
over an extended range in the region of high frequency. ii) Another
method to determine the 64, is by means of the Nyquist diagrams, where
the imaginary part is plotted versus the real part of impedance (—Z” vs
77) [21,22].

iii) And finally, the third method to obtain the o4 is from the Bode
diagram [23].In this work data for the real part of the conductivity in dry
conditions were analyzed using the later approach by means of the
corresponding Bode diagrams in which the conductivity (in S cm™1)
versus frequency (in Hz) is plotted for all ranges of temperatures. Fig. 4
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Fig. 5. Effect of added LiTFSI on the ionic conductivity and Tm of DES salt 1, at
different temperatures: 30, 60, 90 and 120 °C.

shows these Bode diagrams for the different mixtures analyzed from
—20 °C to 140 °C in steeps of 20 °C, respectively. On the other hand,
Figure SI5 shows the variation of the phase angle (¢) versus frequency at
the same temperatures. A closer inspection of both figures reveals that
conductivity tends to a constant value (plateau) when the phase angle
(¢) tends to zero or to a maximum. Besides, a section where the con-
ductivity decreases when the frequency decreases was observed. A
transition zone was also observed in the range of 10* to 10! Hz,
depending on the mixture composition and temperature. The first pro-
cess is directly related with the resistance/stability of the sample and the
second process is related to the diffusion (charge transfer) due to the
mobility of the NTf; anions as a consequence of the electrode polari-
zation [24,25]. The reported values of the conductivity were obtained
from the plateau at the frequency where the phase angle was practically
zero.

The change in 64, of the different samples at different temperatures is
observed and can be extracted from the plateau in the high-frequency
range. Furthermore, the frequency value where the plateau is reached
is shifted to higher frequencies by increasing the temperature because of
the thermal activation of ionic liquid NTf; transport. For example, Fig. 5
shows, at 30 °C, the conductivity values followed the trend: opzw.NTe2
(M—1d) (3.7 x 10 °Sem™) < orzw.ntrz (M—1e) (4.1 x 107 Sem™)
< orzwntiz M—16) (1.7 x 1077 S em™) < o1zw.ntie M—1¢) (1.9 x
10°%s cm’l) < orzw-nti2 (M—1b) (4.2 x 10°%s cm’l) < OLZW-NTf2
(M—1a) (3.4 x 10> S cm ). Similar trends can be observed for the
other temperatures studied (for example, 60 °C, 90 °C and 120 °C). For
120 °C the conductivity values obtained, follow the trend, orzw-Nrf2
M—1d) (1.7 x 107*Sem™) = orzwntez M—1e) (1.7 x 1074 S em™)
< opzwntrz (M—1f) (2.6 x 1074 S cm’l) < orzwntee (M—1b) (7.4 x
107* S em™) < orzwntize (M—1¢) (1.0 x 1072 S em™) < orzw.NTR2
(M—1a) (2.9 x 10735 cm’l), respectively.

These differences in conductivity with the composition can be
associated with the concentration of the mobile anions (LiNTfy) and
their mobility associated with the strength of the interactions with the
different stages of the mixtures at these temperatures. The DSC studies
reveal that the mixtures containing a larger molar mass of LiNTf; (x
(LiNTfp) > 0.7 (M-1a and M1-b) displayed lower glass transitions (T, =
37.5 and 36.9 °C, Fig. 5, Table 1 and Figure SI.3), while those more
reach in zwitterionic salt (x(DMSO-ZIs-1) > 0.3. M-1d and M-1f) present
melting points higher than 50 °C increasing from 57.9 up to 64.3 with
the increase of the zwitterionic salt (Table 1 and Figure SI.3). Thus,
bellow the Ty, the mixtures present lower conductivity than tempera-
tures above the Ty, of the mixtures. The ionic conductivity of the mix-
tures with higher lithium salt displays higher values (i.e. ¢ (M-1a)
DMSO-ZI-1:NTf, 2.9 x 1072 S cm™). On the other hand, the
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Fig. 6. Arrhenius plot of the LZW-NTf;, samples in the entire temperature range compress between —20 °C and 150 °C in steeps of 10 °C.

conductivity of mixtures with higher content of zwitterion (M-1d, M-1e
and M-1f) was smaller than those with higher LiNTf; content, two or
three orders of magnitude at low temperatures and about one order of
magnitude at high temperatures. These results suggest that the plasticity
effect of the NTf, anion significantly governs the high ionic conductivity

of zwitterionic-type materials. The frequency range for the highest
values of conductivity is compressed between 10* to 10° Hz in the
sample at higher temperatures and at low frequencies in the interval of
temperatures compress between —20 °C and 70 °C, depending on NTf;
content. Furthermore, the conductivity in that frequency range (high
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Table 2
Activation energy calculated from the fit below and above the melting tem-
perature for all the mixtures.

Entry  Sample Eact (below Eact (above T (ap)” T 0sc)”
Tm) Tm) (] (9]

1 M-1a (1- 90 +5 41.6 + 1.3 35+1 37.5+0.1
5)

2 M-1b (1- 103+ 6 53+1 34+1 36.9 £0.1
3)

3 M-1c (1- 167 £ 12 60 +2 31+1 36.4 £0.1
2)

4 M-1d (1- 195 + 12 755+ 1.4 55+1 57.3+0.2
1)

5 M-1e (2- 199 +£13 66.8 + 1.0 60 £1 60.4 £0.1
1)

6 M-1f (3- 143 £ 6 50 +3 62+1 60.7 £ 0.1
1)

? Tm (ap) is the melting temperature observed by Arrhenius’s behavior in
conductivity.
b Tm (psc) is the melting temperature obtained by DSC.

frequencies) is practically constant; as we can see from Fig. 4, and this
behaviour is related to a good interaction of ZI with the NTf,. The
variation in conductivity with the NTf; loading can be rationalized by
two factors. One of them is the concentration of the mobile anions, and
the other is their mobility associated with the strength of the intermo-
lecular interactions between the species present in the mixture.

These results are like those observed by Yoshizawa et al. for other
functionalized ZI — LiNTf, mixtures, where the conductivity was 3.8 x
10°*Scm~at80°C [3,6]. The introduction of task-specific functional
groups (i.e. ether bonds) to zwitterions clearly affects the ionic con-
ductivity. Furthermore, they reported a clear effect of the Li-salt con-
centration. For salt-in-zwitterion concentration range, the ionic
conductivity of the composites is ~107> S cm ™! at 40 °C. In contrast, in
the zwitterion-in-salt concentration range, the ionic conductivity
decreased upon the increase in the Li-salt concentration, except for 80
mol%. The dependence of the ionic conductivity of the ZI/Li-salt com-
posites on the salt concentration is consistent with the dependence of
melting on the concentration of the salt.

From the plot shown in Fig. 6, we observe that the dc-conductivity of
all mixtures increases with temperature increase. For the thermal acti-
vation energy, two clearly different Arrhenius trends are observed. For
all the mixtures the temperature where the slope of the Arrhenius plot
changes is on the range of the melting temperature experimentally
observed for the mixture (Fig. 6). The values of the activation energy
calculated from the slopes below and above melting temperatures are
given in Table 2. Below the melting temperature, the values of activation
energy are around of two times higher than the values observed for all
the mixtures above the melting temperature. In Table 2, we can see the
activation energy obtained in each one of the mixtures below and above
melting temperature together with the temperature where the slope of
the Arrhenius plot changes. The calculated activation energy for the
mixtures in the interval of temperatures compress between —20 °C and
the melting temperatures follow the trend E,.t (M-1d) = E,¢ (M-1e) >
Eact (M-1¢) > Eger (M-1f) > Eper (M-1b) > Eue (M-1a), respectively.
These values are higher than the activation energy obtained for the
temperatures above melting temperature, where the activation energy
follows the trend Eyc¢ (M-1d) > Eqee (M-1€) > Eqe¢ (M-1¢) > Eqee (M-1b)
> Egct (M-1f) > E,r (M-1a), respectively.

2.2. Diffusion coefficients and ionic charge concentration

The parameters more important to characterize and estimate in ionic
transport are the mobility and the total charge carrier concentration,
however, they are in general difficult to quantify. Many investigations
have been carried out trying to obtain equations that allow giving some
approximate information to the experimental results, in order to
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determine the ion diffusion coefficient, the complex permittivity and the
ionic charge concentration, under an applied electric field.
[16,20,24-35]. Some of them use a generalization of the theory of
Trukhan [36] following the Nernst-Planck electrodiffusion equations
linearized for the dielectric dispersion caused by the electrodiffusion of
ions in the mixtures confined between two electrodes [17,18,30,31].
When the maximum in tan § is not seen, there is difficult to deter-
mine the parameter k;, where k is the inverse of Debye length and L the
sample thickness. However, in some cases, we may use the fact that the
specific conductivity, ¢, can be determined easily from measurements of
Bode or Nyquist diagrams. In the region of frequencies where the
Maxwell-Wagner-Sillars (MWS) effect is dominant over effects of surface
polarization (low frequencies) and internal relaxations in the polymer
(high frequencies) the MWS permittivity can be expressed as [20,21]:

. kL€ M
s = =& |1+~ (@]
MWS QU s { JQ}

Where ¢ is the static permittivity, (s fim iS the dimensionless Maxwell-

Wagner-Sillars film impedance, and Q = w-x 2 \/ﬁ. Eq. (1) we can

transformed in the familiar expression:

« + O L
€ =€ +—= 2
MW o joZyws 2
Where,
, Vi Dy +v_22D_
C=€EK | ———— 3

vzt +v

To obtain the true contribution of each ion into ionic transport in
polymerized ionic liquids and their mixtures is not an easy task. For this
will be necessary to know the respective roles of cations and anions in
the mixtures from conductivity measurements. How this conductivity is
obtained for all the system, this is the sum of the contributions of total
charge mobile, i.e., 6 = 6.+ o_. For this, although all the available
charges participate in the ionic transport, we are assumed in our study
that the highest contribution plausible to the true conductivity, 6 = o4,
in all our samples, is the mobility of the anions because the zwitterion is
practically suppressed [3]. Therefore, we can calculate the diffusion
coefficient from the conductivity measurements assuming that this is
only associated to the contributions of anions (D = D). Then equation (3)
can be transformed as:

4

Slle}

D_ |D
6= 6}1('27 {D—++ 1} ~ K’

When the values of the inverse Debye length can be obtained from the
peaks of loss tangent or from the maximum in ¢” which is often difficult
to observe, we can estimate the values of &5. Our composites formed by
functionalized Zwitterionic ILs and LiNTf, were treated as one salt, at
different concentrations of ZI and LiNTf,, respectively.

In such systems, the ions are not separated by solvent molecules, and
hence, there are always in contact. Then, these mixtures may be regar-
ded as media where the ions are completely distributed, and the only
interaction is of type ion-ion. However, independently of the theory used
in the description of ionic conduction, an addition of Il to an ionic liquid,
should result in the modification of ion-ion interactions, to different
ionic species present in the system such is also observed by other re-
searchers in the study of the conductivity of different mixtures between
ionic liquids (ILs) and molecular liquids (ML). In such mixtures, has been
observed that the specific conductivity increases monotonically on the
composition of the mixture [37]. In our study, we are supposed to
neglect ion-ion interactions and the electroneutrality at the equilibrium
condition is satisfied for the mixed of the sample. Then, we have n, (eq)
= n.(eq) = n. For such suppositions, the inverse Debye length in the
mixed ZI/LiNTf, (x:y) can be written as:
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combining equations (4) and (5) we may calculate the mobile charge

concentration n as:

_RTo

"D

(6)

Where R is the gas constant, T is the absolute temperature, F is the
Faraday’s constant, ¢ the dc-conductivity of the samples, and D is the
diffusion coefficient of the anions (D = D_).

The equation (6) permits us to determine the concentration of charge
carriers from the values of the ionic dc-conductivity measured from the
high-frequency domain where the loss tangent reaches a maximum in
the dielectric spectra, a value that is determined knowing the diffusion
coefficient according to the equation (A16. See appendix).
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Fig. 8. Temperature dependence of diffusion coefficient of the samples in all
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wlan& .LZ
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32(tan’s) 7

max,m

Fig. 7 shows the experimental results for tan § as a function of the
perturbation frequency for all the samples at different temperatures
from —20 °C to 140 °C in steeps of 20 °C.

As we can see in Fig. 7 a clear peak in Tan § is observed for all the
samples from —20 °C to 140 °C to shift towards higher frequencies,
increasing their value at the peak as the temperature increases, which is
associated with the plateau of the real part of the conductivity observed
in the Bode diagrams (see Fig. 4). This maximum always shifts to higher
frequencies increasing in intensity as a function of temperature. Some
differences, however, are observed for the different mixtures. As we can
see for the samples M-1c and M-1b, the increase in the temperature
produces a growth in maximum intensity with respect to the samples M-
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1e and M-1f where the melting temperature and the amount of LiNTf; is
higher. On the other hand, a close inspection of these figures shows that
samples M-1¢, M-1b and M-1a are louder and more shifted towards high
frequencies than samples M-1e and M-1f, respectively. That’s means
that the amount of LiNTf; is the true responsible for increasing the
conductivity in the samples.

The diffusivity values (D) obtained using equation (10) are shown in
Fig. 8 as a function of the temperature. From this figure, a diffusivity
effect like the one observed in conductivity is esteemed. From the
analysis of our results, we can observe that diffusivity can be affected by
interactions between the two ILs depending on their concentrations.

We can notice that the diffusivity of Zw/LiNTf, (1:X) with X =2, 3
and 5) is higher than Zw/LiNTf5 (Y,1) where (Y = 1, 2 and 3). On the
other hand, a strong change in diffusivity with temperature is clearly
observed for all Mixtures of DMSO-ZIs-1 with different molar ratios of
LiNTf,, where the corresponding diffusion coefficients have an anoma-
lous temperature variation, particularly it is more appreciated below
100 °C, where the activation energy is very much higher than at high
temperature, up to 100 °C. This variation is closely related to the density
of charge carriers existing in the mixture, and possibly due to both the
anion binding energies and stabilization energy. A close inspection of
diffusion coefficient variation shows that a decrease in the coefficient of
diffusion is observed for Zw/LiNTf; (Y,X) when X — Y.

The free ion density can be obtained from the dc-conductivity and
diffusion coefficient according to the Einstein relation considering that
the valence of cation and anion are the same and the mobility of both
ions are quite similar, then the total charge carrier density can be
calculated from equation (9). Where we have supposed that in our study
the dissociation-association dynamics are satisfied completely being
much faster than the macroscopic electrode polarization.

Fig. 9 displays mobile ion concentrations in agreement with equation
(9). The obtained values are very different depending on the amount of
IL of each mixture, varying practically linearly for the mixed M-1¢, M-
1b and M-1a while in the case of the mixed M-1e and M-1f like the
behaviour observed in conductivity. Both behaviours tend to have a
fixed value at high temperatures around of 5x10%* m~2. This value is
within 20-30 % of the expected value. On the other hand, the

10 =
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1028 ® M-1b(1:3)
-% A M-1a(1:5) v
-1 v M-1e21) .
1074 & m-113E1) v .
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Fig. 9. Temperature dependence of the ionic charge density for all the mixtures in the entire range of temperatures.
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dependence with temperature of diffusion coefficient and charge carrier
density of the mixed revealed that the abrupt change observed for the
conductivity between 40 and 80 °C depending on the mixed is domi-
nated by a charge carrier density, such is observed n in Fig. 9. This is a
typical behaviour also observed in the crystalline melting samples.

Quantifying the real value of the ionic carrier density in a system
where there are many parameters which have influence on the process is
a difficult task and the values are always subject to the model used for
their determination, as well as the approximations made to simplify the
mathematical calculation [38-40]. The results found for the mixtures M-
le and M-1f show a diminution of free charge density when the tem-
perature increases. It could be possible due to the strong electrostatic
interaction between ion pairs and mobile anions the formation of tran-
sient pairs Li*"NTf, in case of these type of mixtures. However, in the
case of the mixtures Zw/LiNTfy (1:X) with (X = 2, 3 and 5) this
behaviour is very different where an increase in charge carriers density
when the temperature increase was observed being this behaviour
practically linear with the reciprocal of the temperature. Therefore, our
results showed in Fig. 9 are subject to the model used and the approx-
imations made, since our results can be described approximately by a
simple Debye relaxation. In the case that dielectric properties could not
be described by means of a simple Debye, will be convenient to use
different models described by Cole-Cole and Havriliak-Negami equa-
tions [30-32,41-43]. In such circumstances the analysis on carrier’s
density based on electrode polarization can over-estimates the effective
dissociated ion density respect the stoichiometric concentration such as
previously have been evidenced in membranes containing ILs
[23,30-32,44,45].

3. Conclusions

In this study, we have designed a series of Zweterions ionic liquids
functionalized with methyl sulfoxide moieties. As far as we are aware,
the use of these functionalized zwitterionic combining both the zwit-
terionic unit and de S=O that can further solvate the Li cations to
modulate the ionic conductivity of mixtures of ZI and lithium slats has
never reported before. This task-specific zweterions form low tempera-
ture eutectic mixtures with LiNTf, we observed that in the mixtures the
lithium cation is less coordinated to the NTf; anions by intermolecular
interactions of the zwitterionic salt with the LiNTf, through hydrogen
bonding. These interactions are likely to be responsible of the reduction
in melting. The Raman studies reveal a different Li+ coordination
number depending on the molar mixture composition. The competition
between the S=O of the NTf; anion and the dimethylsufoxide units of
the ZILs results in a different coordination of the lithium with weaker ion
paring compared to LiNTf,.

The ionic conductivity of these mixtures is mainly governed by the
interaction between both ionic components, especially the cationic
moiety of ZI with the anion of the added salt. Our conductivity values
follow the trend: OLZW-NTf2 (M-ld) < OLZW-NTf2 (M-le) < OLZW-NTf2 (M-
1f) < orzwntre (M-1¢) < 61 zw.ntr2 (M-1b) < 61z7w.NTr2 (M-14) in all the
range of temperatures studied. In the interval of temperatures compress
between -20 °C and the melting temperatures the activation energy
calculated from an Arrhenius behavior follows the trend E,¢; (M-1d) =
Eaet (M-1€) > Eaee (M-1¢) > Eaee (M-1f) > Eae¢ (M-1b) > Euc (M-1a),
respectively. These values are higher than the activation energy ob-
tained for the temperatures above melting temperature, where the
activation energy follows the trend E,¢¢ (M-1d) > E,¢t (M-1€) > Eaet (M-
1c) > Eger (M-1b) > Ey¢ (M-1£) > Eye (M-1a), respectively.

Using a generalization of the theory of Trukhan the diffusivity and
charge carriers density, have been calculated for each mixed of ILs. Our
results, observed with the caution of the model and suppositions
usedshowed for the diffusivity a similar behaviour to the conductivity
where the diffusion coefficient in each mixed can be affected by in-
teractions between the two ILs depending on its concentrations being
the diffusivity of Zw/LiNTf, (1:X) with (X = 2, 3 and 5) is higher than
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Zw/LiNTf5 (Y,1) where (Y = 1, 2 and 3).

Finally, the temperature dependence of the diffusion coefficient and
charge carrier density of the mixed revealed that the abrupt change
observed for the conductivity between 40 and 80 °C depending on the
mixed is dominated by a charge carrier density.

Although the introduction of the methyl sulfoxide functionality onto
the zwitterion caused an increase in Tm for the corresponding ionic
mixture, they present reasonable low-temperature melting points and
good thermal stability (>200 °C) with interesting conductivity proper-
ties for the development of different electrochemical applications.
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