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ABSTRACT: Concentrated ionic solutions present a potential
improvement for liquid electrolytes. However, their conductivity is
limited by high viscosities, which can be attenuated via cosolvation.
This study employs a series of experiments and molecular
dynamics simulations to investigate how different cosolvents
influence the local structure and charge transport in concentrated
lithium bis(trifluoromethane-sulfonyl)imide (LiTFSI)/acetonitrile
solutions. Regardless of whether the cosolvent’s dielectric constant
is low (for toluene and dichloromethane), moderate (acetone), or
high (methanol and water), they preserve the structural and
dynamical features of the cosolvent-free precursor. However, the
dissimilar effects of each case must be individually interpreted.
Toluene and dichloromethane reduce the conductivity by
narrowing the distribution of Li*—TFSI” interactions and increasing the activation energies for ionic motions. Methanol and
water broaden the distributions of Li*—TFSI™ interactions, replace acetonitrile in the Li" solvation, and favor short-range Li*—Li*
interactions. Still, these cosolvents strongly interact with TFSI™, leading to conductivities lower than that predicted by the Nernst—
Einstein relation. Finally, acetone preserves the ion—ion interactions from the cosolvent-free solution but forms large solvation
complexes by joining acetonitrile in the Li* solvation. We demonstrate that cosolvation affects conductivity beyond simply changing
viscosity and provide fairly unexplored molecular-scale perspectives regarding structure/transport phenomena relation in
concentrated ionic solutions.
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B INTRODUCTION soluble cosolvents to the concentrated systems is a sound
alternative as one can, for example, lower the solution’s
viscosity while preserving (or even enhancing) certain
physicochemical properties of the original solution.'"'* Low-
polar cosolvents with low dielectric constants have been mostly
used since they scarcely engage in ionic coordination and are
expected to be electrochemically inert.”"* This approach has
been used with the addition of cosolvents based on
hydrofluoroether to solutions of lithium bis-
(trifluoromethane-sulfonyl)imide (LiTFSI) in glymes14 and
of lithium tetrafluoroborate (LiBF,) in propylene carbonates.'®
In both cases, the cosolvation allowed for the original solvation
structures and anodic stabilities to be maintained. Similarly,
benefits related to the performance and stabilization of
batteries have been achieved with concentrated solutions of

Concentrated solutions of Li salts are among the most
promising classes of next-generation liquid electrolytes.
Typically, solutions with salt/solvent weight or volume ratios
>1"? have been intensively explored since such a concentrated
regime leads to unique solvation structures and physicochem-
ical properties.® At this condition, very few solvent molecules
do not participate in the ionic coordination, and highly
crowded solvation sheaths, also populated by the anions, may
be formed around the cations.* Typically, these arrangements
are charge-balanced by uncoordinated anions and/or smaller
and less predominant solvation complexes and, thanks to these
stable jon—ion and ion—solvent interplays, highly concentrated
solutions are often regarded as solvated ionic liquids.”’

As electrolytes, concentrated solutions of Li salts may
provide high thermal, chemical, and cycling stabilities,”® low —
volatility, and allow for large electrochemical voltage windows Received: October 18, 2022 gﬁ“@gmﬁ'}d ’
to be achieved."”” However, the high salt concentration itself Revised:  December S, 2022 | y B
brings drawbacks, such as high costs, salt precipitation at low Published: December 28, 2022 :
temperatures, and high viscosity, which may kinetically inhibit
intercalation in electrode materials and reduce overall device
performance.®”'’ To bypass these obstacles, the addition of
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sodium (fluorosulfonyl)imide (NaFSI) in 1,2-dimethoxyethane
(DME) and LiFSI in dimethyl carbonate and tetramethylene
sulfone cosolvated with fluorinated ethers.'®'” Chloroform has
also been used as a cosolvent in an acetonitrile/LiTFSI
solution and enabled higher specific capacitance and reduced
resistivity in carbon electrodes."® As a drawback, the addition
of cosolvents with low dielectric constants may promote the
formation of large ionic aggregates, which has been pointed out
as the main reason for a reduction in room-temperature
conductivity.”"? As discussed in this study, however, additional
effects may also contribute to this outcome. The addition of
polar cosolvents with high dielectric constants may lead to
ligand exchange in the first solvation shell, which increases the
number of uncoordinated molecules in the system and
decreases the electrochemical window.'® Still, cosolvents with
physicochemical properties somewhat comparable to those of
the main solvent can be used. In this case, although ligand
exchange may still occur, the formation of ionic aggregates is
not directly promoted, but ionic correlations, characteristic of
concentrated solutions, still occur via long-range interactions.'”
Hence, at least three cosolvation mechanisms may prevail
depending on the cosolvent’s properties.

Besides their practical applications, concentrated Li
solutions are also interesting for the fundamental under-
standing of charge transport in highly concentrated electrolytes
because of their unusual mechanisms of ion diffusion. In many
cases, the behavior of these systems cannot be solely explained
by a vehicular mechanism (the charge being transported by
molecular fragments as vehicles) since decoupling between
charge mobility and diffusivity and/or conductivity and
viscosity may occur. For rationalizing this decoupling,
microscopic diffusion mechanisms have been suggested based
on ligand exchange, formation of bulk-like diffusive channels,
establishment of percolating networks, Li" hopping, and
others.>’ ™ For these mechanisms, the role played by the
coordination structure, that is the close-contact ion—ion and
ion—solvent correlations, as well as correlations with longer
ranges, have been debated. Hence, in the present work, we
extend these discussions to cosolvated systems and reveal that
the interplay between both close-contact and long-range
interactions must be considered to explain the charge transport
in these solutions.

Specifically, we report a comprehensive study on the ion—
ion and ion—solvent interactions within a concentrated
LiTESI/acetonitrile solution cosolvated with compounds
with low (toluene and dichloromethane), moderate (acetone),
and high (methanol and water) dielectric constants, as listed in
Table 1. We combine several experimental techniques
including dielectric spectroscopy, rheology, X-ray scattering,
infrared (IR) spectroscopy, and quasi-elastic neutron scattering
(QENS), with molecular dynamics (MD) simulations.
Regardless of the cosolvents’ dielectric constants, it appears
that the resulting electrolytes preserve characteristics of
concentrated systems, including the degree of ion—ion
correlations found in the cosolvent-free solution. However,
while equally abundant, these correlations have different
natures depending on the cosolvent and so do also the ion—
solvent interactions. Toluene and dichloromethane diminish
the room-temperature conductivity by promoting a less
dispersed character to the Li*—TFSI” close-contact inter-
actions and increasing the activation energies for ionic
motions. Meanwhile, methanol, and especially water, promote
a disordered character to the Li*—TFSI™ interactions and a
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Table 1. Solvents Used to Prepare the Cosolvated LiTFSI/
Acetonitrile Solutions with the Respective Specifications”

dipole
dielectric ~ moment
constant (liquid molar viscosil
(&) at state) weight densitgf (mPa~g
cosolvent 25 °C (D) (g/mol) (kg/m’) at25°C
acetonitrile 36.0* 4.50* 41.05 786 0.34
toluene 2.40% 0.36>* 92.14 863 0.56
dichloromethane 8.85%° 1.83%¢ 84.93 1330 0.41
acetone 21.2% 3.567 58.08 784 0.31
methanol 33.1%*! 2.60%% 32.04 786 0.54
water 78.4% 2.90%° 18.01 997 0.89

“Data from ref 20 unless indicated otherwise.

prominent solvent exchange in the Li* solvation. However, the
strong interactions between these cosolvents and TESI™
prevent these systems from exhibiting conductivities as high
as expected. Finally, acetone, whose dielectric constant is
moderate compared with that of acetonitrile, promotes
intermediary mechanisms as the resulting ion—ion and ion—
solvent interactions are comparable to those in the cosolvent-
free solution even if acetone molecules are incorporated into
the cations’ solvation.

B MATERIALS AND METHODS

Preparation of Materials and Samples. Acetonitrile, the
cosolvents listed in Table 1, and LiTFSI were purchased from
Sigma-Aldrich. All solvents were stored over freshly activated 4
A molecular sieves for at least 24 h before use, and LiTFSI was
dried at 100 °C under vacuum for at least 3 days before
preparing the solutions. The solutions were prepared in an
argon glovebox by dissolving LiTFESI in acetonitrile in a
concentration of 8.1 mol/kg (mols of salt per kilogram of
solvent), that is an acetonitrile/LiTFSI = 3:1 molar ratio, and
allowed to stabilize for 30 min. The cosolvents were then
added to reach a final concentration of 5.5 mol/kg, and the
resulting solutions were allowed to stabilize for 3 h before the
experiments. The final cosolvent/LiTFSI/acetonitrile ratios are
displayed in Table 2.

Table 2. Final Cosolvent/LiTFSI/Acetonitrile Molar Ratios
of the Solutions

cosolvent LiTESI acetonitrile
toluene 0.63 1 3
dichloromethane 0.68 1 3
acetone 1 1 3
methanol 1.8 1 3
water 32 1 3

Conductivity Experiments. Conductivity measurements
were performed on an Alpha-A analyzer from Novocontrol in
the frequency range of 10" to 10° Hz between 190 and 340 K.
The samples were placed in a cell containing two parallel
electrodes with a diameter of 10.2 mm. Voltages with the
maximal amplitudes of 0.1 V have been applied across an
electrode distance of 0.4 mm. A Quattro temperature
controller (Novocontrol) was used for stabilizing the sample
temperature to an accuracy within +0.2 K.

Wide-Angle X-ray Scattering (WAXS). Wide-angle X-ray
scattering (WAXS) measurements were carried out on a
Xenocs Xeuss 3.0 instrument equipped with a D2+ MetalJet X-

https://doi.org/10.1021/acs.jpcb.2c07327
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ray source (Ga K,, 1 = 1.3414 A). The samples were aligned
perpendicular to the direction of the X-ray beam (transmission
mode) and the scattered beam was recorded on a Dectris Eiger
2R 4M hybrid photon counting detector with a pixel
dimension of 75 X 75 um? The sample-to-detector distance
was 55 mm. This configuration allowed for the momentum
transfer range Q = 0.17—5.1 A™" to be covered. The solutions
were loaded in quartz capillary cells with a 2 mm inner
diameter and sealed with epoxy resin, and the measurements
were performed under ambient conditions. The collected two-
dimensional (2D) WAXS images were circularly averaged and
expressed as intensity versus Q, where Q = (4xsin 6)/4 after
subtraction of background scattering, where the X-ray exposure
time was 600 s. The data were normalized to the incoming
beam intensity for absolute scale calibration, and the
contributions from the quartz cells were subtracted.

Infrared (IR) Spectroscopy. IR measurements were
performed at room temperature with an Agilent Cary 680
spectrometer equipped with a diamond attenuated total
reflection accessory (GoldenGate, Specac) at a resolution of
2 em™L

Quasi-Elastic Neutron Scattering (QENS) Measure-
ment and Analysis. QENS experiments were conducted at
the backscattering spectrometer BASIS*® at the Spallation
Neutron Source, Oak Ridge National Laboratory. For these
experiments, the solutions were prepared either with protiated
(p-)acetonitrile in combination with deuterated (d-) cosolvents
or with d-acetonitrile in combination with p-cosolvents. By
doing so, the discrepancy between the neutron incoherent
cross sections of 'H and *D was exploited to evaluate the
dynamical behavior of the protiated compounds, while the
contributions from the deuterated ones to the collected data
are nearly negligible.”” The solutions were loaded into flat
aluminum plates with a thickness of 0.25 mm and sealed with
indium wires in an Ar-filled glovebox. QENS spectra were
collected at 20, 260, 280, and 300 K with an instrumental
resolution of 3.7 yeV. A vanadium standard sample was used as
the instrumental resolution. The collected data were reduced
with the software Mantid*® following routine procedures
(normalization to a flat-plate vanadium standard, subtraction
of the instrumental background using the data collected from
an empty sample holder, and application of a mask file to
exclude noisy detector) and the analyses were performed using
the fitting packages qClimax™”*° and DAVE."'

Molecular Dynamics (MD) Simulations. Details of the
MD simulations are presented in Section S1. The simulations
were initialized with mBuild*>* (using PACKMOL*) and
parameterized with foyer and GAFF-foyer software pack-
ages.**® Both software packages fall under the Molecular
Simulation and Design Framework (MoSDeF)*"* suite of
tools. The whole simulation workflow was managed through
the signac Framework.”” ™! In the course of the simulations,
partial charges were assigned with RESP through the use of the
R.E.D. Server and Gaussian 09, following concepts presented
in refs 53—5S5. Once initialized and parametrized, the
simulations were performed with GROMACS 2020°° and
the analyses of self-diffusivities and radial distribution functions
(RDFs) were made with MDTraj.””>®

B RESULTS

Conductivity and Viscosity Measurements. Temper-
ature-dependent conductivity data are presented in Figure la
for the acetonitrile/LiTFSI solutions with the different
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Figure 1. (a) Temperature-dependent conductivity measurements of
acetonitrile/LiTFSI solutions (3:1 molar ratio) with different
cosolvents. (b) Walden plot of acetonitrile/LiTFSI solutions with
different cosolvents. The red dashed line refers to the ideal case
corresponding to a dilute aqueous solution.

cosolvents. The lines in the figure represent fits with the
Vogel—Fulcher—Tammann (VFT) expression, which is usually
employed for ions diffusing through viscous media® and
describes well the data for all solutions in the entire
investigated dynamic range. In Figure 1b, the molar
conductivities at room temperature (A = ¢/c, where c is the
molar concentration) are displayed as a function of the
reciprocal viscosities (') (fluidity) of each system. Fully
dissociated salts follow Walden’s Law (A# = constant) as
indicated by the red dash line in Figure 1b that presents the
ideal line normalized by molar conductivity of dilute aqueous
LiCl solution.’”®" All of the Walden products calculated in the
present work are below this ideal line, in the so-called subionic
regime in which either not all of the available ions participate
in the conductivity process or their diffusion is slower than
expected at the given viscosity. In comparison with the
cosolvent-free solution, the fluidities increase with the addition
of cosolvents with low dielectric constants (toluene and
dichloromethane), but the corresponding conductivities
decrease. Meanwhile, the addition of acetone, methanol, and
water increases both the fluidities and the conductivities
compared with the original solution. Interestingly, however,
changing the cosolvent from acetone to methanol leads to an
increase in fluidity but with no benefits in conductivity. For
these cases, as shown in Figure la, the conductivities are fairly
superposed in the entire temperature range assessed by our
experiments. Finally, the addition of water leads to a solution
with the Walden product being somewhat closer to the
reference line of a dilute system among all of the solutions.
Intermediate-Range Atomic Ordering: Wide-Angle X-
ray Scattering (WAXS) and Radial Distribution Func-
tions (RDF). While referring to the structure of the solutions
in this work, we consider both a short-range arrangement,
defined by the coordination of the ions by the solvents as well

https://doi.org/10.1021/acs.jpcb.2c07327
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Figure 2. Results obtained with wide-angle X-ray scattering (WAXS) for acetonitrile/LiTFSI solutions (3:1 molar ratio) with different cosolvents.
(a) Fit of the main Bragg reflections with Voigt functions. The red-shaded peak is assigned to an intermediate-range atomic ordering within the
solutions, the blue-shaded peaks arise from correlations between the solvent molecules and the respective nearest neighbors, and the nonshaded
peaks are likely part of the TFSI™ molecule’s structure factor. (b) Position of the reflections from the intermediate-range atomic ordering (Quy) as
extracted by fitting the peaks with a Voigt function. (c) Widths of the reflections from the intermediate-range atomic ordering (AQ). (d) Atomic

ordering sizes calculated with Scherrer’s equation; see text for details.

as ion—ion interactions, and an intermediate—range atomic
organization, whose dimensions are beyond the ions’ first
solvation sheath. We investigated the room-temperature
intermediate-range ordering within the electrolytes using
WAXS and the corresponding intensity patterns were fitted
with a sum of Voigt functions (see Figure 2a). All of the
solutions present three categories of Bragg reflections, as also
observed in the respective structure factors obtained via MD
(see Figure S4). Shaded in blue, the peaks centered around Q
= 1.5 A™! arise from nearest neighbors correlations and, as
shown in Figure S4, can also be found in the neat solvents.
These reflections are sensitive to the properties of the solvents
(such as the size and polarity of their molecular constituents)
and are not of particular interest in our work. At Q-values
greater than 2.5 A™', the nonshaded reflections are within the
order of intramolecular correlations (SZ.SA in real space

according to d = %ﬂ) and are likely related to the partial

structure factor of TESI™, as they are not detected in the neat
solvents (see Figure $4).°> For the solutions with no
cosolvents and with toluene and dichloromethane, additional
Pseudo-Voigt components were needed to fit these reflections.
Therefore, the discussions regarding the width and position of
this peak in the cosolvent-free system and the solutions with
toluene and dichloromethane are limited. Still, as described in
the Supporting Information (SI) (Figure S4), a meaningful
difference can be observed in the broadening of this reflection
between the solutions with acetone and methanol, thus
suggesting that the flexible molecules of TFSI™ can undergo
intramolecular changes depending on the cosolvents. Finally,
the red-shaded reflections at Q < 1 A" are assigned to the
above-mentioned intermediate-range atomic ordering whose
dimensions in real space surpass 7 A. Qian et al.”* ascribed this
atomic arrangement to a charge-ordering process where the
anions and cations are strongly coordinated. Complementary,
Lundin et al.® highlighted the contribution of acetonitrile in
the formation of this atomic arrangement via a parallel and
antiparallel alignment of the molecules among first neighbors

311

and radial orientation in the coordination of Li*. Figure 2b,c
shows the influence of the cosolvents on the position and
width of the peaks assigned to the intermediate-range atomic
ordering as extracted from the fits. These parameters are
presented as functions of the cosolvents’ dielectric constants, &,
and are inversely related to the size of the repetition units
within the atomic arrangement and their ordering degree,
respectively. In Figure 2 and the subsequent data presentation
along with the manuscript, a value of € = 1 has been assigned
to the cosolvent-free solution. Together, the results in Figure

2¢,d were used to estimate the size of the probed atomic

0.9/ .
Yt where L is the
cos

size of the atomic ordering, 0.9 is a dimensionless shape factor
(considering a spherical shape of the correlated region), 4 is
the wavelength of the X-ray beam, B is the broadening of the
Bragg reflection, and @ is the scattering angle. The sizes of the
atomic orderings are presented in Figure 2d and primarily
allow for a qualitative discussion, while the quantitative
estimates must be considered with caution for small structural
dimensions, as explained in ref 64. Here, the most relevant
differences are associated with the addition of water to the
solution, which leads to a shorter intermediate-atomic
ordering.

The radial distribution functions (RDF) obtained via MD
(Figure 3) provide good complementary insight into the
structure of the solutions. Note that the RDFs simulated for
the cosolvent-free solution and the one cosolvated with
acetone are replicated from ref 19. The WAXS data in Figure
2d show that adding toluene or dichloromethane may slightly
reduce the size of the intermediate-range atomic ordering and,
as recognized from the RDF in Figure 3a (for the peak at
~0.35 nm), alters the acetonitrile population in the cations’
first solvation sheath. Here, the RDF shows a change in the
intensity of its peaks but not in their areas, indicating that a
narrower distribution of Li*—acetonitrile interactions is
obtained but these do not become more abundant in
comparison with the cosolvent-free system. In addition, neither

ordering with Scherrer’s formula L =

https://doi.org/10.1021/acs.jpcb.2c07327
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Figure 3. RDF curves for the different interactions within the acetonitrile/LiTFSI solutions (3:1 molar ratio) with different cosolvents. The legend
in (a) stands for the whole figure. (a) Li*—acetonitrile interactions. The curves from the solutions cosolvated with toluene (orange) and
dichloromethane (green) are superposed as well as those from the cosolvent-free solution (black) and that with acetone (pink). (b) Li*—cosolvent
interactions. The curves from the solutions cosolvated with toluene (orange) and dichloromethane (green) are not visible in the presented scale.
(c) TESI —acetonitrile interactions. Most of the curves are nearly superposed. (d) TFSI —cosolvent interactions. (e) Li"—TFSI™ interactions. The
curves from the solutions cosolvated with toluene (orange) and dichloromethane (green) are superposed, as well as those from the cosolvent-free
solution (black) and that with acetone (pink). (f) Li*—Li" (top) and TFSI"—TFSI" (bottom) interactions. The curves from the solution with no
cosolvent are reproduced from ref 19. Figure 1: (a) Temperature-dependent conductivity measurements of acetonitrile/LiTFSI solutions (3:1
molar ratio) with different cosolvents; (b) Walden plot of acetonitrile/LiTFSI solutions with different cosolvents; the red dashed line refers to the

ideal case corresponding to a dilute aqueous solution.

toluene nor dichloromethane engages in cations coordination
(Figure 3b).

As revealed by the WAXS data, the dimension of the
intermediate-range atomic ordering is not altered by the
addition of acetone and methanol. As discussed in ref 20, the
addition of acetone leads to the incorporation of the cosolvent
into the Li" solvation sheath but without fully releasing
acetonitrile as “free” molecules. With methanol, a more
prominent substitution of acetonitrile by the cosolvent in the
solvation of Li" occurs, as exposed in Figure 3a. Meanwhile,
the RDFs also show that the shorter intermediate-range
ordering formed upon the addition of water is accompanied by
an efficient replacement of acetonitrile by the cosolvent in the
coordination of the cations (see Figure 3a,b).

Differently from the situation for cations, the TESI™—
acetonitrile RDF is not drastically affected by any of the

cosolvents (Figure 3c). In principle, the peaks in Figure 3c are
related to the characteristic coordination of the anion’s S=0O
groups by acetonitrile’s CH; termination.” However, the
distances between the peaks and the subsequent minima
exceed the sum of the van der Waals radii from the anion’s
atoms and the acetonitrile’s methyl group, not allowing for the
consideration of prevalent direct TFSI™—acetonitrile coordi-
nation. Following the same rationale, direct interactions
between TFSI” and the cosolvents are also not likely, as
shown in Figure 3d. The cosolvents with the highest dielectric
constants, water and methanol, present populations around the
anions, possibly related to interactions involving TFSI™’s O
and S atoms,* but at distances larger than those expected for
direct coordination. As shown in Figure S5 (SI), however, our
IR experiments do show that the vibrations from the S=O
bonds in TFESI™ are sensitive to the addition of these
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Figure 4. (a) Coordination numbers determined via molecular dynamics simulations of Li* by the cosolvents and of Li* by TFSI". The Li*—TFSI~
coordination was determined for the water-containing system despite the disordered character of these interactions, as explained in the text. (b)
Coordination numbers of Li* by acetonitrile determined by molecular dynamics simulations (MD) and infrared (IR) spectroscopy experiments. (c)
Sum of the molecular weights from the molecules of acetonitrile, cosolvents, and TFSI™ coordinating the Li*. (d) Illustration of the solvation
structures based on the coordination numbers determined via MD and IR (Li* by acetonitrile) for the solutions with the different cosolvents.

cosolvents. Likewise, toluene and dichloromethane interact
with the anion’s C—F groups (see Figure $5)% but not via
direct coordination.

The cation—anion interactions are not drastically altered by
acetone in comparison with the cosolvent-free solution (Figure
3e). For the cases of toluene and dichloromethane, the
increase in the intensities of the RDF peaks could, in principle,
suggest an increase in the populations of anions around the
cations. However, as also discussed for the Li*—acetonitrile
interactions, the areas of the peaks are not significantly altered,
indicating that the TFSI™ population around the Li* becomes
less dispersed but not more abundant. Contrarily, the addition
of methanol inhibits the Li*—TFSI™ short-range interactions
and partially shifts these from close contact (~0.35 nm) to
solvated pairs (0.6 nm). This effect is even more pronounced
in the presence of water, which drives the formation of a highly
disordered distribution of anions around the cations. As shown
in Figure S§, the IR experiments corroborate the simulations as
they indicate a disturbance in the cation—anion coordination
with the addition of water via the redshift of the vibrations
from TESI”’s S—N—S bonds.”® Regarding the cation—cation
interactions (Figure 3f, top), these are promoted by water in
the short range and by toluene and dichloromethane in the
longer range. These interactions are also diminished by the
addition of methanol and not considerably altered by acetone.
As for the anion—anion interactions (Figure 3f, bottom), these
do not occur as close contact in any of the cases but are
promoted by toluene and dichloromethane, impeded by
acetone and especially methanol, and shifted to even longer
distances by water.

Coordination Structure: Molecular Dynamics and
Infrared Spectroscopy. To understand the short-range, or
coordination structures within the solutions, coordination
numbers at room temperature were obtained from the
integrated areas below the first peaks of the RDFs (details in
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Section S1) and are presented in Figure 4 as functions of the
cosolvents’ €. Graphical representations of the predominant
solvation structures conceived based on the data presented in
Figure 4a—c, are displayed in Figure 4d. These illustrations are
intended to represent the more likely, but not the only possible
solvation complexes in the solutions, and are charge-balanced
by smaller solvation complexes and/or uncoordinated anions.
In Figure 4a, the coordination numbers of the cation by the
cosolvents and TFSI™ (interacting molecules per Li* unit) are
presented. The coordination numbers of Li* by toluene and
dichloromethane were not determined due to the absence of
well-defined minima after the first RDF peaks (which suggests
a scarcity of cosolvent molecules in Li* coordination).
Similarly, the RDF describing the Li*—=TFSI” interactions for
the case of water as cosolvent does not present a clear
definition of the first peaks because of the disordered nature of
the interactions. Hence, a coordination number of Li* by water
was estimated by integrating the area under the RDF curve
until g(r) = 0.52 nm, where the end of a peak-like feature is
observed (note that following this procedure to determine the
coordination of Li" by toluene and dichloromethane led to
very low coordination numbers ~0.1). Toluene and dichloro-
methane do not change considerably the Li*—TFSI™
coordination in comparison with the cosolvent-free solution.
In all of these cases, we determined that ~2.4 molecules of
TESI™ participate in the solvation of Li*, which is somewhat in
line with the value reported by Kameda et al.®” These authors
used neutron diffraction measurements and determined that
Li* is coordinated by ~2 molecules of TFSI™ in a cosolvent-
free solution with acetonitrile/LiTESI ~ 3:1. Also, the results
in Figure 4a reinforce a larger population of water molecules
around the cations compared with the other cosolvents.

In Figure 4b, the MD-determined coordination numbers of
Li* by acetonitrile are compared with their counterparts
determined experimentally with IR spectroscopy (details in
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Section S1). In comparison with the MD-based coordination
numbers, the values obtained with IR are expected to be
higher, since they account for the content of acetonitrile
molecules that are under influence of the cations, regardless of
the solvent being at the first or outer solvation sheaths. For the
cases with toluene, dichloromethane, and methanol, the IR-
based coordination numbers are less than 20% higher than
those obtained via MD. In contrast, this difference is higher
than 55% for the solution with acetone, indicating that the
molecules of acetonitrile are considerably influenced by the
cations beyond the first solvation sheath as discussed in ref 19.
For the solution with water, the IR-based coordination number
of Li" by acetonitrile is slightly lower than the MD-based
result, indicating that the replacement of the main solvent by
the cosolvent might be even more drastic than predicted by the
calculations and that the influence of the cations over
molecules of acetonitrile beyond the first solvation sheath is
minimal. Likewise observed for the Li*—TFSI~ coordination,
toluene, and dichloromethane do not significantly change the
Li*—acetonitrile coordination compared with the cosolvent-
free solution. In these cases, ~2.1 molecules of acetonitrile (as
determined by MD) are involved in the solvation of each
cation, while Kameda et al, report a coordination of ~1.7
molecules of the solvent per Li*.”*’ In Figure 4c, the sum of
the molecular weights of the molecules of acetonitrile,
cosolvents, and TFSI™ coordinating the cations (based on
the MD-determined coordination numbers) is displayed and
the reader can appreciate how the solvation structures
promoted by water are lighter in comparison with the other
cosolvents. As summarized in Figure 4d, toluene and
dichloromethane barely change the coordination structure
found in the cosolvent-free solution (Figure 4d-I), and acetone
induces the formation of large complexes with considerable
presence of acetonitrile and TFSI™ (Figure 4d-II). Such an
effect is reduced with methanol (Figure 4d-III) as well as the
Li*—TESI™ close-contact interactions, which become less
ordered and are partially shifted to longer distances. Water
leads to small complexes and aggravates the effects on the Li'—
TESI™ interactions observed in the methanol-containing
solution (Figure 4d-IV).

Dynamics in the Solutions: QENS and MD. While
presenting the QENS experiments, the indexes p- and d- stand
for the protiated and deuterated solvents, respectively.
Primarily, for the analysis of the dynamics within the
electrolytes, QENS experiments were performed at 260, 280,
and 300 K and combined with MD. Additional QENS data
were collected at 20 K and these data were initially intended to
be used as the instrumental resolution as conventional diffusive
and rotational motions in the electrolytes are expected to be
inactive at such cryogenic temperature. As discussed in the SI
(Figure S14), however, all samples containing p-acetonitrile
and d-cosolvents presented detectable QENS signals. This
feature has been reported in QENS measurements with ionic
liquids that form crystalline structures upon cooling and is
associated with methyl rotation tunneling, which is facilitated
by the addition of LiTESL**® In our case, although broad
distributions of tunneling peaks are observed, they show that
all of the solutions retain the characteristics of the original
cosolvent-free electrolyte.

Turning to the analysis of the solutions’ dynamics, Figure Sa
displays the ions’ diffusion coefficients, D;; and Drgg;, at 300 K
as determined with MD and these values are listed in Table 2.
The coefficients for the sample with no cosolvent are
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Figure 5. (a) Diffusion coefficients of Li* and TFSI™ as obtained via
MD at room temperature for electrolytes containing different
cosolvents. (b) Ratios between the Einstein—Helfand (6gy) and
Nernst—Einstein (oyg) conductivities. Red dots are experimental data
extracted from refs 19 and 31. (c) Diffusivities of p-acetonitrile as
obtained via MD (black) and QENS (red) for electrolytes containing
different d-cosolvents. (d) Diffusivities of the different p-cosolvents as
obtained via MD (black) and QENS (red).

reproduced from ref 19. In the solutions with toluene and
dichloromethane, Dy; and Dy are very similar to each other
and slightly higher than in the absence of cosolvents. Upon the
addition of acetone, Dy; and Drgg; slightly increase but remain
similar to each other, whereas methanol increases the ionic
mobility with a higher value of D;; compared with Drygg. In the
water-containing solution, the ions are further accelerated and
the discrepancy between Dy; and Drpg; is more noticeable. The
temperature dependences of D;; and Dqpg are displayed in
Figure S6, where one can recognize that at all experimental
temperatures, they present the same trend shown in Figure Sa.
Also in Figure S6, the activation energies of Dy; and Dy as
obtained with the interpolations with the Arrhenius equation
are displayed. For the cases with no cosolvent, water, acetone,
and methanol, the activation energies of the ionic motions are
comparable and have an average value of ~6 kcal/mol, whereas
in the solutions with toluene, and dichloromethane this value
increases to ~8 kcal/mol. We note here that these values are
higher than those determined elsewhere for even more
concentrated LiTFSI/acetonitrile solutions in which Li"
hoping has been considered the main mechanism of ionic
transport, and the corresponding activation energy was
reported to be ~3 kcal/mol.**

The conductivities of the solutions at 298 K were calculated
with MD using the Nernst—Einstein and Einstein—Helfand
equations, oyg and ogy. As shown in eq 1, oy solely considers
the ionic diffusivities and concentrations while opy also
accounts for the translational dipole moments of the solvents
and provides better approximation with experimental results, as
shown in Figure §7.7°
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Table 3. Diffusion Coeflicients Obtained for Different Chemical Species via Different Methods”

cosolvent Dy; (MD) Diggi (MD) D, cetonitsie (MD) Deosotvent (MD) Dceronitste (QENS) Deogolvent (QENS)
no cosolvent 0.186 + 0.005 0.154 + 0.005 0.844 + 0.012 0.920 + 0.013
toluene 0.324 + 0.018 0.284 + 0.012 1.861 + 0.021 2.014 + 0.039 1.345 + 0.016 1.499 + 0.068
dichloromethane 0.389 + 0.028 0.332 + 0.027 1.987 + 0.030 3.829 + 0.134 1.510 + 0.019 2.861 + 0.132
acetone 0.700 =+ 0.020 0.622 + 0.025 2.631 + 0.078 1.351 + 0.020 1.310 + 0.080 1.180 + 0.010
methanol 1.270 + 0.043 1.065 + 0.034 3.823 + 0.055 2.397 + 0.078 3.382 + 0.042 2.728 + 0.032
water 2.690 + 0.052 1.720 + 0.042 4.601 + 0.064 3.946 + 0.061 3.825 + 0.029 3.598 + 0.031

“All values are presented in 1071 m?/s.
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where ky is the Boltzmann constant, q is the elementary charge,
n, and n_ are the corresponding ionic concentrations of

—_—
cations and ions, ]VIJ(t) are the translational dipole moments,

and 7:(t) and g; are the center-of-mass coordinate and charge
for ion i, respectively. Then, as displayed in Figure 5b, the
ratios between opyy and oy were obtained and these are known
in the literature as the inverse Haven ratio (H™'), which
provides us with a measure of the strength of ion—ion
correlations that negatively affect the conductivity. For
reference purposes, the values of H™' determined exper-
imentally in previous works for the cosolvent-free”’ and the
acetone-containing” solutions are also displayed. For the
solutions with dichloromethane, acetone, methanol, and water,
H™' is comparable with the cosolvent-free system, whereas the
addition of toluene leads to a detectable increase in the ionic
correlations’ strength (or a decrease in H™').

For the diffusivities of acetonitrile and the cosolvents, Figure
Sc,d, the MD simulations were benchmarked by the
experimental QENS results. The results obtained with both
MD and QENS are listed in Table 3. These figures contain the
results obtained at 300 K, while those obtained at 260 and 280
K are displayed in Figure S8. The respective activation energies
are also displayed in Figure S7 and vary between 6 and 7 kcal/
mol, with no remarkable differences between all of the samples.
For the analyses of the QENS data, the measured signals, I(Q,
E), were described as

I(Q, E) = [x(Q)S(E) + (1 - x(Q))S(Q, E)]
® R(Q, E) + B(Q, E) 2)

where x(Q) is the fraction of elastic scattering (zero energy
transfer) arising from molecules that are either immobilized or
are slower than the instrument resolution timescale (longer
than ~0.36 ns), 5(E) is a Dirac & function that accounts for the
elastic scattering, S(Q, E) is the model-dependent dynamic
scattering function, B(Q, E) is a linear temperature- and
sample-dependent background, and R(Q, E) is the instrument
resolution function. Since in the temperature range explored in
the present work we may expect that all molecules in the fluid
perform detectable motions, no elastic contributions were
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considered, ie., x(Q) = 0. The dynamic structure factor was
fitted in most cases with a stretched Cole—Cole distribution

1

S(Q; E) = JTF(Q_)

(%)—a cos(%)

1-a 2(1-a)
E . o E
1+ 2(g) () + ()
3)

where I'(Q) corresponds to the half-width at half-maximum of
the signal and « is a stretching factor (0 <a<1). The only
exception is the sample with d-acetonitrile/p-toluene/LiTFS]I,
to which eq 3 did not describe the data well, as described in
detail in the SI (Figure S11). For this sample, a model with two
Lorentzian functions was used, and the presence of a fast and a
slow component was considered. To obtain the diffusion
coefficients, the Q*-dependences of I'(Q) were fitted with the
jump-diffusion model (the fits are shown in Figures S9 and
$10)

hDQ?
rQ)= ——
@ 1 + DQ’r,

(4)

where 7, is the residence time between jumps. In most cases,
I'(Q) could be fitted considering 7, = 0, and eq 4 was reduced
to a continuous diffusion equation.

In Figure 5¢,d, the diffusivities determined by QENS and
MD for acetonitrile and the cosolvents follow the same trends
with the change in permittivity, and the differences between
experiments and simulations are explained below. In Figure Sc,
D, ceonitrile has a comparable behavior to the ionic diffusivities,
as it goes along with the solutions” viscosities (Figure 1b),
inversely correlates with the dimensions of the intermediate-
range ordering (Figure 2d), and agrees with the evolution of
the Li*—acetonitrile coordination (Figure 4). As such, the
higher values of D, .oniniie Upon the addition of water and
methanol highlight the occurrence of solvent exchange in the
ionic coordination and, consequently, the release of “free”
molecules of acetonitrile to the solution. As presented in
Figure S12, this trend is directly reflected in the raw QENS
data and is, therefore, model-independent, and the differences
between the MD and QENS results are likely due to an
overestimation of the contributions from free molecules of
acetonitrile and small Li"—acetonitrile complexes in the
simulations. In any case, the values of D, .pninile Obtained by
either QENS or MD are considerably lower than the values
estimated elsewhere for neat acetonitrile (~40 X 107! m?/

S).71
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Differently from acetonitrile, the differences between the
QENS data from the cosolvents are not directly detectable in
the raw experimental data (see Figure S12). Hence, the
outcomes of the data analysis are more dependent on the
model used to describe S(Q, E) but good agreements with the
MD results are still obtained, as shown in Figure 5d. Here,
although water strongly engages in ionic coordination, the
resulting solvation complexes are small and light enough to
allow for the fast motions determined for the cosolvent. For
toluene, since the QENS data was described by a two-
component model, Dy in Figure 5d refers to the slow
component. Given the very low dielectric constant, a more
pronounced microscopic phase separation due to the presence
of weakly interacting molecules of toluene is expected and
justifies the need of using two independent dynamic
components in the QENS data. For the fast component,
Digjuenc.fast Was determined as ~(22 + 5) X 107° m?/s at 300 K
(Figure S10), which is nearly half of the value determined
elsewhere with NMR for the neat solvent.””

B DISCUSSION

According to our results, the changes in conductivity in the
LiTESI/acetonitrile solution driven by different cosolvents
cannot be solely explained by the changes in viscosities and the
ionic mobilities in the systems. The effects driven by each of
the cosolvents are different and ought to be individually
discussed. Hence, we focus on two interesting comparisons: (i)
between the cosolvent-free solution and the solutions
containing toluene and dichloromethane and (ii) between
the solutions with acetone, methanol, and water. Regarding the
first comparison, neither toluene nor dichloromethane is fully
inert in the solutions as one could assume based on the low
dielectric constants. Although these cosolvents do not engage
in direct ionic coordination, they disturb the vibrational bands
of the nonpolar CF; groups in the TFSI”’s molecules, as
revealed by our IR experiments. Still, the QENS analysis
suggests that a fraction of the cosolvents with low dielectric
constants is less involved in the overall interactions within the
system. In the particular case of the toluene-containing
solution, the diffusive dynamics of the cosolvent could only
be reasonably described with a two-component model. For this
case, the diffusivity associated with a faster fraction of toluene
is only lower by a factor of ~2 in comparison with the neat
compound while the viscosity of the cosolvated solution is
higher by a factor of ~18. Even though this is a model-
dependent outcome, it suggests the existence of microscopic
phase separation within the solution in which a fraction of the
cosolvents with low dielectric constants are less influenced by
the ions and perform more independent motions.

At room temperature, in comparison with the cosolvent-free
solution, toluene and dichloromethane reduce the solution’s
conductivity although the viscosity decreases, and the overall
mobilities of solvents and ions increase. In several works, the
mechanisms reported to explain unusual conductivities in
concentrated systems are highly dependent on the coordina-
tion of the cations. For example, Li* hopping mechanisms have
been associated with the transit of Li" toward sites previously
occupied by the cations themselves, with critical participation
of coordinating anions and solvents.*”***> Here, however,
both toluene and dichloromethane do not promote relevant
changes in the coordination numbers of Li", either by TESI™ or
acetonitrile (Figure 4), but, in comparison with the cosolvent-
free solution, these cosolvents slightly narrow the distributions
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of anions and acetonitrile in the solvation sheath of the cations
(Figure 3e). Then, the abundant Li*—TFSI™ close-contact
interactions in these systems promote the existence of ion pairs
that diffuse together but with zero net charge movement and
thus no contribution to conductivity. Such an effect is
enhanced upon the addition of toluene as this sample
combines similar values of Dy; and Dqpg, a lower value of
H7', and slightly higher activation energies for ionic motions.
The anion—solvent interactions have also been proven to be
determinant for the decoupling between conductivity and
viscosity in concentrated solutions via, for example, percolation
mechanisms.>”*®> They are not critical in the solutions
containing toluene and dichloromethane since, as indicated
by MD, the TESI —acetonitrile interactions remain fairly
unaltered. The interactions between TFSI™ and the cosolvents
are potentially more critical in the solutions cosolvated with
water and methanol, as described in the sequence. Finally, our
results obtained for the solutions containing toluene and
dichloromethane indicate an increase of both the anion—anion
and cation—cation interactions in comparison with the
cosolvent-free solution (Figure 3f). However, these are
promoted at fairly long distances and do not indicate the
occurrence of correlated motions that could positively
influence conductivity.

Now we turn to the comparison between the solutions
cosolvated with acetone, methanol, and water, which, in
contrast to the solutions containing toluene and dichloro-
methane, present more drastic alterations in the coordination
arrangements, as follows. According to the IR results, acetone
engages in the coordination of the cations but without
releasing acetonitrile as free molecules. Here, we highlight
that the content of acetonitrile molecules under influence of
the cations is underestimated by the simulations (Figure 4b),
which, in turn, overestimates the average diffusivity of this
solvent (Figure Sc). This effect has also been observed and
discussed in detail in our previous publication'’ and is a
consequence of the comparable dipole moments of acetonitrile
and acetone. While the latter engages in the solvation of Li", it
does so without efficiently screening the cations and thus
allowing molecules of acetonitrile to form an extended
solvation shell. Although such an effect is more critical for
the experiments in the present work, it is well captured by the
simulations when solutions with larger contents of acetone are
investigated.19 Also, the addition of acetone changes the
coordination number of Li* by TFSI” from 2.5 (in the
cosolvent-free solution) to 2. Meanwhile, methanol promotes a
more prominent solvent exchange in the coordination of the
cations and impairs the Li*—TFSI™ close-contact interactions
by reducing the coordination number of Li* by TESI™ to 1.5
and water further intensifies such effects. At a first glance, one
could argue that water and methanol promote ionic mobility
via mechanisms that resemble a simple dilution process: (i) the
viscosity decreases as an inherent consequence of the
reduction in ionic concentration upon cosolvation; (ii) the
ionic screening improves due to the cosolvents” high dielectric
constants;”® (iii) in the water-containing solution, the
intermediate-range atomic ordering in the cations’ solvation
is highly packed and light, thus allowing for rapid motions of
Li*; and (iv) acetonitrile molecules are released from the ionic
coordination, which improves the overall mobility in the
solution. Nevertheless, some relevant outcomes cannot be fully
interpreted as a simple dilution. First, by comparing the
samples with acetone and methanol, the latter presents lower
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viscosity and higher mobility of ions and solvents but with no
benefits to conductivity. In additionality, Popov et al.>' have
previously determined H™' ~0.75 for a water/LiTFSI solution
(1:3 molar ratio), whereas our estimation for the water/
acetonitrile/LiTFSI solution points to a comparable value
despite the lower salt concentration (4.2:1 solvents/salt molar
ratio). As such, the room-temperature conductivity reported by
Popov et al. for the water/LiTFSI solution is nearly 2-fold
higher than for our cosolvated water/acetonitrile/LiTFSI
system, which is, in turn, more than S times less viscous.
From our results, we hypothesize that the interactions between
the cosolvents and TESI™ play a very important role in these
discrepancies. As shown in Figure Sa, while the cosolvation
with methanol and water does improve the ionic mobility, such
an effect is less pronounced for TESI”, which becomes slower
than Li* in the solutions with those cosolvents, even if the
proposed solvation structures around the cations are much
larger than a single TFSI™ molecule (Figure 4d). Also, as
revealed by the RDFs in Figure 3d, as the dielectric constant of
the cosolvent molecules increases, they approach the TFSI™
molecules. Indeed, even though the populations of methanol
and water are located at somewhat long distances from the
anions, these can disturb the vibrational behavior of TESI™, as
revealed by IR (Figure SS). To a certain extent, the distinct
influence of methanol and water over the molecules of TFSI,
compared with the effect of acetone can also be appreciated in
the WAXS experiments. In these, the Bragg reflections assigned
to the internal structure factor of the anions are broader in the
presence of acetone (see Figure S4). Once more referring to
the work by Popov et al,,”" the authors have comprehensively
described the influence of the strong interactions between
TFSI™ and solvent molecules (water and acetonitrile) as a
critical factor in the reduced conductivities in comparison with
similar solutions of lithium bis(fluorosulfonyl)imide (LiFSI).
In such a case, the authors highlight that the consequent lower
mobility of solvent molecules is directly associated with lower
conductivities. In the present work, it is also possible to
highlight how the anions/cosolvent interactions influence the
Li*—Li* and TFSI"—TFSI" interactions and potentially affect
the conductivities, especially in the water-containing solution.
From the RDFs presented in Figure 3f, water promotes an
increase in close-contact Li*—Li" interactions, which indicates
the occurrence of collective dynamics of cations that could, in
principle, benefit conductivity. Nevertheless, an opposite effect
occurs for the anions, and only long-range TESI"—TFSI™
interactions are promoted.

B CONCLUSIONS

Combining various experimental and simulation results, we
report a comprehensive analysis of the physicochemical factors
controlling the conductivities of acetonitrile/LiTFSI solution
cosolvated with liquids with different dielectric constants. In all
cases, the resulting solutions exhibit features resembling the
original (undiluted) electrolyte, and the cosolvation-induced
effects cannot be ascribed to simple dilution processes. The
present work revealed that among these specific features, there
is, for example, an intermediate-range atomic ordering whose
origin is based on both ion—ion and solvent-ion interactions.
Also, and most importantly, the cosolvated solutions present
abundant ion—ion correlations, which are correspondingly
expected in concentrated systems. The strength of these
correlations does not seem to be altered upon the addition of
the different cosolvents, except in the case of toluene, which
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seemingly enhances such correlations. When cosolvents with
low dielectric constants (toluene and dichloromethane) are
added, the room-temperature conductivity decreases despite
the decrease in viscosities and increase in ionic mobilities. Such
an effect is related to the populations of TFSI™ around Li’,
which are equally abundant but become more ordered upon
the addition of those cosolvents. Inversely, the addition of
cosolvents with high dielectric constant, such as methanol and
water, promotes a disordered character to the Li*—TFSI~
interactions and a prominent solvent exchange in the cations’
solvation. Still, the conductivities of the resulting solutions are
not as high as one could expect in a simple dilution mechanism
due to strong interactions between the cosolvents and TFSI™.
Finally, as we perform the cosolvation with acetone, whose
dielectric constant is moderate compared with acetonitrile,
intermediary mechanisms are triggered. For this case, most of
the features associated with ion—ion and ion—solvent
interactions are comparable with the cosolvent-free solution
even if acetone molecules are incorporated into the cations’
solvation. From our results, one could, in principle, expect that
systems containing different solvents and cosolvents with
similar ratios of dielectric constants should present similar
behaviors. However, it has been shown that local solvation
effects, such as the formation of hydrogen bonds, may affect
dipole moments of solvents in solutions % and, therefore, their
interactions with ions. The possibility that different systems
may exhibit some other interesting individualities will be
scrutinized in our future investigations.
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