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The lithium ion—ion interactions in protic ionic liquids can be very
different compared to those in aprotic ionic liquids. In this study we
show that, for equal lithium ion concentration, the lithium coordi-
nation number in protic ionic liquids is lower than that in aprotic
ones. This lower coordination makes lithium ions more “free” to
move in protic ionic liquids and it might have an important con-
sequence in the lithium mobility.

1. Introduction

Ionic liquids (ILs) are presently regarded as one of the most
interesting chemical compounds.? ILs display ionic character,
negligible vapor pressure, high chemical and thermal stability.
These properties make ILs very attractive for use in catalysis, as a
solvent in synthetic processes and as a heat carrier in solar thermal
energy generators.” Moreover, because of their high ionic con-
ductivity and large electrochemical stability, ILs are presently
considered as promising electrolyte candidates for fuel cells,
lithium batteries and electrochemical double-layer capacitors.®™>
As ILs display negligible vapor pressure, their introduction in these
electrochemical storage devices would be extremely beneficial for
the safety of these systems, which presently use flammable and
volatile organic solvents."*™** To date, however, the introduction of
ILs in commercial devices has been hindered by the lower perfor-
mance and higher costs of IL-based systems compared to that of
systems containing organic solvents. In lithium-ion batteries
(LIBs), for example, the higher viscosity of ILs compared to that of
an organic-based electrolyte might dramatically reduce the lithium
mobility and consequently the electrochemical performance of
these devices, particularly when high current densities are applied.
In order to overcome this limitation, and increase the lithium
mobility in IL-based electrolytes, several strategies have been
proposed in the last few years, e.g. modification of the cation side-
chain and the use of mixtures of ILs and organic solvents."®"”
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Recently, we proposed the use of protic ionic liquids (PILs)
as electrolytes for LIBs. We showed that the use of PILs makes
possible the realization of LIBs displaying promising performance
also at high current densities at room temperature.'® Taking into
account these results, PILs can be regarded as an interesting class
of IL-based electrolytes for LIBs. Additionally, since they are
typically cheaper than AILs, their use could be helpful to overcome
the cost limitation related to the use of the IL-based electrolytes.
Nevertheless, in order to understand the advantages and the
limitations of these electrolytes a deeper investigation of their
chemical-physical properties is needed. Particularly, the lithium
mobility in PIL-based electrolytes, which has never been studied,
should be carefully investigated as it is a key factor for the
development of advanced electrolytes for high performance LIBs.

Herein, we report for the first time an investigation on
the lithium coordination in PIL-based electrolytes. Two PILs,
pyrrolidinium bis(trifluoromethanesulfonyl)imide (PYRyTFSI)
and N-butylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(PYRy,TFSI), were synthesized and used in combination with the
lithium salt lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
for the realization of electrolytes suitable for LIBs. With the aim to
compare the behavior of PIL-based electrolytes with that of
“conventional” aprotic ionic liquid (AIL) based electrolytes,
electrolytes containing N-butyl-N-methylpyrrolidinium bis(trifluoro-
methanesulfonyl)imide (PYR;,TFSI) and LiTFSI were also con-
sidered. Initially, the conductivity and the viscosity at 30 °C of
the IL-based electrolytes were determined. Afterward, the lithium
coordination as well as the influence of the salt concentration
on the lithium coordination of these IL-based electrolytes were
investigated via Raman spectroscopy.

2. Experimental

Pyrrolidine (Aldrich >99%) and 1-butylpyrrolidine (Aldrich >98%)
were distilled directly before use. HCl (37%), lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI), N-methylpyrrolidine
(>97%) 1-iodobutane (>99%), and ethyl acetate (ACS grade, >99.5%)
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were used as received. The pyrrolidinium-based ILs, PYRyyTFSI
and PYRy, TFSI, were synthesized following a procedure similar to
that described elsewhere."* PYR,,TFSI was synthesized following
the procedure described in ref. 16. At the end of the synthesis the
obtained ILs were dried under vacuum at 60 °C. The water content
of the ILs was measured using coulometric Karl-Fisher titration,
and was found to be less than 10 ppm.

Binary mixtures containing PYR;,TFSI, PYRy,TFSI and
PYRyyTFSI with a molar ratios of LiTFSI between 0.03 and
0.22 were prepared. All binary solutions displayed a water content
less than 10 ppm.

The conductivity and the viscosity of the prepared solutions
were determined as reported in ref. 17 and 18.

The Raman spectra were recorded using a RAM II FT-Raman
module of a Bruker Vertex70 FT-IR spectrometer with a laser
wavelength of 1064 nm. The collected spectra are the average of
512 scans at an optical resolution of 2 cm™'. The samples were
sealed in glass ampules under vacuum and measured at room
temperature. The resultant spectrum was fit with the multipeak
fitting package in IGOR PRO 6.22A using a Voigt function with a
fixed Lorentzian : Gaussian ratio.

3. Results and discussion

Table 1 presents the conductivity and the viscosity at 30 °C
of several electrolytes containing PYR;,TFSI, PYRy,TFSI and
PYRyyTFSI, with LIiTFSIL In these binary mixtures the molar
ratio of LiTFSI was between 0.03 and 0.22 (the values of con-
ductivity and viscosity of other binary mixtures are reported in the
ESIt). It is important to notice that the presence of water might
have dramatic effects on the physical-chemical properties of
ILs."? As indicated above, all ILs and binary solutions investigated
in this work display comparable water content (less than 10 ppm)
and therefore their properties can be safely compared.

As shown in the table, when dry PILs are considered,
a marked difference in terms of ionic conductivity between
PILs and AILs cannot be observed.'® For example, the solution
containing PYRyyTFSI, PYRy, TFSI and PYR,,TFSI and having a
molar ratio of LiTFSI equal to 0.03 displayed a conductivity of
3.6, 3.5 and 3.3 mS cm ™', respectively. For all binary mixtures
an increase of the molar ratio of LiTFSI led to a decrease of
conductivity. As shown, the viscosity of all binary solutions was

Table 1 Conductivity and viscosity at 30 °C of binary solutions containing
PYR14TFSI, PYRL4TFSI and PYRLTFSI and the lithium salt LiTFSI. The molar
ratio of LiTFSI was between 0.03 and 0.22

1

Conductivity/mS cm ™ Viscosity/mPa s

Molar ratio Molar ratio

0.03 0.14 022 0.03 014 022
PYRyyTFSI  3.6° 1.7 1.1 73.0° 1702  307.2
PYRy, TFSI 3.5 2.0 1.4 55.8 99.7  175.3
PYR,,TFSI 3.3 1.9 1.1 67.4 1367 237.7

“ These values are obtained at a molar ratio of 0.026 and are included
for comparison.
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also rather comparable. Nevertheless, it is interesting to note
that the solution containing PYRyyTFSI displayed higher visco-
sity compared to the one containing PYRy, TFSI and PYR,,TFSI.
Taking into account the conductivities of the electrolytes, this
difference appears somehow surprising. This behavior might
have originated due to the different sizes of the cations of the
ILs as well as their different interaction with the TFSI anion.
The PYRyy' cation is smaller than the other cations. At the
same time, as it is less shielded, the cation PYRyy" is probably
subjected to a stronger interaction with the anion TFSI™ com-
pared to the cation PYRy, and PYRy,', and this interaction
might explain the higher viscosity of the electrolyte containing
PYRy»TFSI compared to that containing PYRy,TFSI and
PYR,,TFSI. Nevertheless, in order to understand such behavior
further investigations (in progress) appear necessary. For all
binary solutions an increase of the molar ratio of LiTFSI leads
to an increase of the viscosity.

In ionic liquids containing the TFSI anion, the peak located
at wavenumbers around 742 cm ' in the Raman spectra is
typically considered one of the most suitable to investigate
the TFSI~ environment.'®*° Such a peak is associated to con-
traction/expansion of the whole TFSI™ anion as well as to the
presence of a transoid (C2) and cisoid (C1) conformation in the
liquid state'®*"** and this distinct mode is very sensitive to
the interaction of the TFSI™ anion with the surrounding ions,
e.g. lithium.

In the past years, the term ‘“free” was commonly used to
describe (lithium) non-coordinating TFSI™ anions. This term was
used because it is assumed that no interactions, except the urge
for electroneutrality, between cations and TFSI™ anions are
present in ILs. A comparison of the peak wavenumbers available
in the literature assigned to contraction/expansion modes of
“free” TFSI anions of several aprotic ILs indicates that the type
of cation as well as the length and chemical composition of its
side chains do not have a strong influence on the peak wave-
numbers, which is for ILs at around 742 cm ™ (see Table in S2,
ESIT).*"*® It is worth mentioning, however, that in the litera-
ture almost no studies have reported investigation on the “free”
TFSI™ in protic ionic liquids. To the best of our knowledge only
Martinelli et al.>* have reported a study about the cis-/trans-
isomerism of the TFSI™ anion in protic as well as aprotic ionic
liquids in which they showed a comparable conformer ratio in
both types of ILs.

Fig. 1 compares the peak of the “free”” TFSI as observed in
the pure ILs PYR,,TFSI, PYRy,TFSI and PYRyyTFSI. As shown,
the peak wavenumber of PYR,,TFSI was found at around
742 cm™ . This value is in accordance with those reported in the
literature. Interestingly, the peak wavenumbers of PYRy,TFSI and
PYRyyTFSI shifted to higher values of 744 cm™" and 745 cm™ ',
respectively. Most likely, such a shift was caused by the withdrawal
of electron density from the TFSI™ anion, which could be
generated by the less shielded positive charge (compared to AILS)
of the PIL-cations and/or by the presence of hydrogen bonds.
Considering these results, it appears reasonable to suppose that
the presence of a proton in the cation of ILs might have an impact
on the ion-ion interactions of ILs and it can generate differences
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Fig.1 Raman mode of the TFSI™ anions in the ionic liquids PYR:4TFSI,
PYRu4TFSI and PYRyHTFSI.

in terms of the TFSI™ environment between PILs and AlLs.
Taking into account this point, in the following we will use the
term “lithium non-coordinating TFSI™ anions” (TFSL,o, )
instead of the commonly used ‘““free”.

When lithium ions are introduced in TFSI-based ILs, the
TFSI™ anions coordinating with lithium (TFSIL...,; ) generate an
additional signal, which is shifted to higher wavenumbers
in the Raman spectra. The comparison of the area of this
additional signal with that of the peak at around 742 cm ™"
can be used to determine the lithium coordination of these
binary systems.>*** Fig. 2 shows the peak fittings for TFSI,o;
and TFSI.,, in electrolytes containing PYR,,TFSI, PYRy, TFSI
and PYRyy»TFSI having a molar ratio of 0.22 LiTFSI. As shown,
in the case of the aprotic PYR,,TFSI, the additional signal for
the Li coordinating TFSI™ anions can be clearly seen in the
shoulder at around 748 em™" (Fig. 2A). Such a shoulder was
already reported for electrolytes containing PYR,,TFSI.**** In
the case of the two PIL-based electrolytes, due to the shift of the
TFSL,on peak to higher wavenumbers (see Fig. 1), such a
distinct shoulder cannot be observed. Instead, a broadening
and asymmetric deformation of the peak (to higher wavenum-
bers) was observed for both electrolytes (Fig. 2B and C). Despite
this difference, for all investigated electrolytes it was possible to
fit the areas assigned to coordinating and non-coordinating
TFSI anions and consequently to determine the TFSI.,,, ratio
in the ILs.

Fig. 3A shows the averaged ratios of TFSI.., versus the molar
fraction of LiTFSI in the ILs. In all electrolytes the amount of
coordinating TFSI anions increases with increasing amounts of
LiTFSI. However, it is important to notice that in the case of low
molar fractions of LiTFSI (0.03) the TFSI” anion coordinated to
lithium in PYR,,TFSI is one order of magnitude higher than
that coordinated in the protic PYRy,TFSI and PYRyyTFSL. With
increasing molar fraction of LiTFSI the relative amount of
TFSI.oor increases linearly for all electrolytes. Here, PYR;,TFSI
shows the stiffest slope, followed by PYRy,TFSI and finally by
PYRyTFSI.
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Fig. 2 Raman mode of lithium non-coordinating TFSI™ anions and lithium
coordinating TFSI™ anions in binary solutions containing LiTFSI and
PYR4TFSI (A), LiTFSI and PYRu4TFSI (B) and LiTFSI and PYRuyTFSI (C).
In all solutions the molar ratio of LiTFSI was equal to 0.22.
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A better understanding of the ion-ion interplay in these salt
mixtures can be achieved by plotting the Li* coordination
number, m, versus the molar fraction of LiTFSI. Fig. 3B shows
that the trend observed for PYR,,TFSI is completely different with
respect to the one observed for PYRy,TFSI and PYRyyTFSL As a
matter of fact, in the case of PYR,,TFSI the lithium coordination
number decreases when the molar fraction of LiTFSI increases.
In contrast, when the molar fraction of LiTFSI increases, the
lithium coordination number for the protic ionic liquids
PYRy,TFSI and PYRyyTFSI increases.

4. Conclusions

The results of this investigation show that the lithium ion
coordination in PIL-based electrolytes can be extremely different
compared to that in AIL-based electrolytes. This difference
can be mainly attributed to the different ion-ion interactions
occurring in these two types of ILs. In AILs, due to sterical
shielding of the IL cations, the interactions between the cation
and TFSI anions are very weak.>”>”>* In PILs, on the other hand,
interactions between the ions of ILs take place due to the less
shielded (positive) charge of the cation. When a lithium salt
(in the case of this work, LiTFSI) is introduced into these ILs,
this different ion—-ion interaction has an important consequence
in the lithium coordination. In the case of AILs, the TFSI™ ions
preferentially coordinate to the lithium ions and, due to
thermodynamics, when the concentration of the lithium inside
the electrolytes increases such coordination decreases. In the
case of PILs, due to the presence of interactions between the
cation of the PIL and the anion, the TFSI™ ions are coordinated
by both, the lithium ions and the cation of the IL. Therefore,
in this type of ILs a sort of “competition” for the coordination
of the TFSI™ anion occurs between these two positively charged
ions. Here, when the lithium concentration is increased, the
coordination number of lithium increases, too. It is important
to notice that as a consequence of the ‘“competition” between
cation and lithium ions, in the case of equal lithium ion con-
centration, the coordination number of lithium in PIL-based
electrolytes is always lower than that of AIL-based electrolytes.
This lower coordination makes lithium ions more ‘“free” to
move in PIL-based electrolytes than in AIL-based electrolytes
and it might have an important consequence in the lithium
mobility. As mentioned above, the low lithium mobility in
IL-based electrolytes is one of the main drawbacks holding
the introduction of these safe electrolytes in LIBs. Taking into
account the results of this study, although the conductivity and
viscosity of AILs and (dry) PILs appear comparable, the use of ILs
containing low-shielded cations, like PILs, might be regarded as
a promising strategy to improve the lithium mobility of IL-based
electrolytes for LIBs.
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