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ABSTRACT: Concentrated solutions of Li-salts in acetonitrile are 
promising alternative electrolytes for the next generation of Li batteries as 
they may exhibit superior electrochemical properties. However, the reduced 
mobility of the chemical species is a barrier yet to be overcome and, for 
this, we explore the utilization of acetone as a co-solvent. Although acetone 
is a polar compound, we find that its addition to the LiTFSI/acetonitrile 
solution does not follow the trends expected for a simple dilution process. 
At a low concentration, acetone subtly shifts acetonitrile from the first to 
extended solvation sheaths of the ions. Still, most of the original structure 
of the solution is preserved and mobile high-concentration clusters are 
formed in the solution. At higher concentrations, the co-solvation promotes 
cation-anion interactions but with a different nature from those in the 
original solution and still allows for a further increase in conductivity. 
Additionally, the non-coordinating fraction of acetonitrile acquires features 
resembling the pure solvent, which is a possible additional facilitating factor 
for ionic diffusion.

Introduction

Although Li-batteries are vastly used to power electronic devices1–3, 
further developments are needed to meet the demands of present and future 
applications. For example, while the current state-of-the-art electrolytes 
based on LiPF6 solutions in ethylene carbonate provide high voltages and 
efficiently prevent the cathode’s degradation, they are flammable, non-
environment-friendly, and unstable in the presence of water traces4. Hence, 
different options have been explored as next-generation electrolytes, 
including aqueous solutions and ionic liquids. Nevertheless, water’s narrow 
electrochemical voltage and ionic liquids’ high viscosity restrict their 
applications5,6. Within this context, highly concentrated solutions of Li-salts 
in organic solvents are emerging alternatives, especially when they reach 
salt/solvent weight and/or volume ratios > 17. In particular, concentrated 
solutions of Lithium-bis(trifluoromethanesulfonyl)imide (LiTFSI) in 
acetonitrile have been widely investigated8–10 and with this combination, Li+ 
is coordinated by up to six solvent molecules that are, therefore, scarce in 
the free form. As for TFSI-, it may directly coordinate the cations, form 

solvent-separated ion pairs, be found as uncoordinated species or individual 
solvent-anion complexes11. 

From a positive perspective, the abundant ion-ion interactions in 
concentrated solutions allow for achieving unique electrochemical 
properties7,12,13. However, their commercial utilization as electrolytes is still 
limited by characteristics associated with the high salt concentrations, 
namely: high costs, high viscosity, and the tendency of salt precipitation at 
low temperatures4. The poor ionic conductivities are also a limiting 
characteristic14 and in such a saturated environment, the ionic transport 
cannot be solely explained by vehicular mechanism. Therefore, different 
mechanisms have been suggested based on, for example, ligand exchange 
15 and the formation of bulk-like diffusive channels16 or percolating 
networks17,18.   

In this work, we explore the concept of co-solvation to improve the 
conductivity of a highly concentrated LiTFSI/acetonitrile solution while 
preserving the abundance of ion-ion interactions. Once a stable and soluble 
co-solvent is added to this system, the viscosity decreases, increasing the 
overall diffusivities. Ideally, a low polar co-solvent should act as an inert 
component, and high-concentration clusters would move through the 
solution4,19. With this presumption, we recently explored the addition of 
chloroform to an acetonitrile/LiTFSI solution20 and did observe an 
improvement in the overall diffusivities. Nevertheless, the co-solvent led to 
the exacerbated formation of cation-anion correlations and, consequently, 
ionic aggregates, which rapidly suppress the room temperature 
conductivity, as also reported with hydrofluoroether being added to 
triglyme/LiTFSI concentrated solutions21.  

Here, we use a co-solvent, acetone, whose dipole moment and dielectric 
constant at room temperature are comparable but still lower than of 
acetonitrile – acetonitriledipole moment = 3.92 vs acetonedipole moment = 2.69; 
acetonitriledielectric constant = 37.5 vs acetonedielectric constant = 20.722.  Then, 
acetone was added to an acetonitrile/LiTFSI = 3:1 (molar ratio) solution 
and, as somewhat expected, behaves as an active co-solvent gradually 
shifting acetonitrile to extended solvation shells. Nevertheless, the 
consequences of this mechanism are concentration-dependent, and the 
solutions can be tailored to achieve higher conductivities than those 
obtained with a simple increase in acetonitrile content. At a low 
concentration, acetone does not drastically change the original solvation 
structures and high-concentration clusters are formed in the solution 
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without increasing the content of free acetonitrile. At higher concentrations, 
acetone reduces the participation of acetonitrile and TFSI- in the cations’ 
first solvation sheath but cation-anion interactions with a different nature 
are still promoted. Additionally, the non-coordinating acetonitrile 
molecules exhibit vibrational features resembling the pure solvent, as 
detected by infrared spectroscopy, which possibly facilitates ionic 
diffusion.

Materials and Methods

Materials and Samples preparation

Protiated acetonitrile (p-acetonitrile), deuterated acetonitrile (d-
acetonitrile), protiated acetone (p-acetone), deuterated acetone (d-acetone), 
and LiTFSI were purchased from Sigma-Aldrich.  All solvents were stored 
over freshly activated 4A molecular sieves for at least 24 h before use and 
LiTFSI was dried at 100 oC under vacuum for at least 3 days. 

The solutions were prepared in an Ar glovebox by dissolving LiTFSI in 
either p-acetonitrile or d-acetonitrile, depending on the experimental 
requirements, in an acetonitrile/ LiTFSI = 3:1 molar ratio. Sequentially, 
either p-acetone or d-acetone was added to the resulting solutions in three 
molar ratios: acetone/ acetonitrile/ LiTFSI = 1:3:1, 3:3:1, and 9:3:1 leading 
to solutions with 5.5, 3.4, and 1.5 mol.kg-1 (mols of salt per kg of solvents).  
For some of the experiments, solutions without the addition of acetone were 
prepared with the molar ratios of acetone/ acetonitrile/ LiTFSI =   0:3:1 (8.1 
mol.kg-1) and 0:7.3:1 (3.4 mol.kg-1, which is comparable with that of the 
acetone-containing sample with the composition 3:3:1).

Conductivity experiments

Conductivity measurements were performed on an Alpha-A analyzer 
from Novocontrol in the frequency range of 10-1 Hz to 106 Hz between 190 
K and 340 K. The sample with the composition acetone/ acetonitrile/ 
LiTFSI = 9:3:1 could not be measured up to 340K due to the high vapor 
pressure of acetone. A cell with a cap as a bottom electrode, fixed electrode 
distance of 0.4 mm, and diameter of 10.2 mm was used and the samples 
were placed between the electrodes and measured with a voltage amplitude 
of 0.1 V. A Quattro temperature controller (Novocontrol) was used for 
different temperature measurements and the samples were stabilized for 20 
minutes at each temperature to an accuracy within ± 0.2 K.

Pulsed-field gradient nuclear magnetic resonance (PFG-NMR)

PFG-NMR experiments were performed on a Bruker Avance Neo 
spectrometer operated at 9.4 T. The self-diffusion coefficients of 
acetonitrile and acetone were evaluated by assessing the signals from 1H, 
while for Li+ and TFSI- the signals from 7Li and 19F were evaluated. For the 
study of the solvents, the solutions were prepared with p-acetonitrile and d-
acetone to evaluate the dynamics from acetonitrile and with d-acetonitrile 
and p-acetone to investigate the behavior of acetone. The solutions were 
measured at 240 K, 260 K, 280 K, and 300 K and the stimulated echo 
intensities were measured as a function of the gradient strength, with the 
optimum gradient pulse widths found in the range of 1.2‒6.0 ms and the 
diffusion delays of 20‒120 ms. Further experimental details are described 
elsewhere23.

Molecular dynamic (MD) simulations

Details of the MD simulations are presented in the Supplementary 
Information (SI), Section S1. The simulations were initialized with 
mBuild24,25 (by using PACKMOL26) and parameterized with foyer and 
GAFF-foyer software packages27,28.  Both software packages fall under the 
Molecular Simulation and Design Framework (MoSDeF)29,30 suite of tools.  
The whole simulation workflow was managed through the signac 
Framework31–33.  In the course of the simulations, partial charges were 
assigned with RESP through the use of the R.E.D. Server and Gaussian 0934, 

following concepts presented in refs.35–37. Once initialized and 
parametrized, the simulations were performed with GROMACS 202038 and 
the analyses of self-diffusivities and radial distribution functions were made 
with MDTraj39,40.

Infrared spectroscopy (IR)

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 cm-1. 

Quasielastic neutron scattering (QENS) measurement and analysis

For the QENS experiments, the samples were loaded into flat aluminum 
plates and sealed with indium wires in an Ar-filled glovebox. Benefiting 
from the discrepant neutron incoherent cross-sections of 1H and 2D 41, 
solutions prepared with p-acetonitrile and d-acetone were used to 
investigate the dynamics from acetonitrile while samples with d-acetonitrile 
and p-acetone were used to study acetone. QENS measurements were 
performed at the HFBS spectrometer42 at the National Institute for 
Standards and Technology (NIST) Center for Neutron Research (NCNR). 
With this instrument, temperature-dependent elastic scattering intensity 
scans were performed between 10 K and 300 K with an instrumental 
resolution of 0.8 μeV, and mean square displacements (MSD) were 
obtained as described in the SI (Section S1)43. QENS experiments were also 
performed at the backscattering spectrometer BASIS44 at the Spallation 
Neutron Source, Oak Ridge National Laboratory, USA. At this instrument, 
QENS spectra were collected at 300 K with an instrumental resolution of 
3.7 μeV, a vanadium standard was used as the instrumental resolution, and 
data from an empty sample holder was used for background subtraction. 
The data analyses were performed using the fitting package qClimax45 and, 
following the concepts described in the SI (Section S1), self-diffusion 
coefficients of acetonitrile and acetone were obtained. At BASIS, we have 
also investigated the behavior of the solutions under confinement in 
mesoporous carbon, as described in detail in the SI (Section S3).

Results and discussions
 
Hereafter, the solutions are referred to considering their acetone/ 

acetonitrile/ LiTFSI molar ratios (0:3:1, 0:7.3:1, 1:3:1, 3:3:1, and 9:3:1). 
With these compositions, the acetone-free composition 0:3:1 is our starting 
point and represents a highly concentrated system with the salt/solvent 
weight and molar ratios > 1. With 1:3:1, we obtain a still highly 
concentrated co-solvated system with a salt/solvent volume ratio ~1 and 
weight ratio > 1. Then, the composition 3:3:1 allows for observing the 
competitive ionic solvation by the solvents, and 9:3:1 is a limiting case with 
an excessive addition of acetone. Finally, the composition 0:7.3:1 is an 
acetone-free solution with the same ionic concentration (in mols of salt per 
kg of solvent) as the composition 3:3:1. For the NMR-PFG and QENS 
analyses, protiated and deuterated solvents were combined in the 
formulation of the solutions, and these are indicated by the indexes p- and 
d-, respectively.   

Temperature-dependent conductivity measurements are presented in Fig. 
1, and the inset shows the conductivities at 298K of the above-cited acetone-
containing solutions and solutions with the same ionic concentrations but 
with acetonitrile as the only solvent (extracted from refs. 46 and 18). In the 
acetone-containing compositions 1:3:1 and 3:3:1, the room-temperature 
conductivities are ~ 40% higher than in the correspondent acetone-free 
samples but no benefits are observed with 9:3:1 (1.5 mol.kg-1). Accordingly, 
Borodin et al.18 reported no differences in the conductivities of acetonitrile/ 
LiTFSI solutions with concentrations ranging from 1 to 2 mol.kg-1 at 
temperatures above 273K indicating that the balance between the factors 
contributing and those damping the conductivities is subtle at this 
concentration range. These factors are further discussed in the manuscript.   

 The diffusivities (D) of acetonitrile, acetone, and the ions were 
determined via PFG-NMR, Fig. 2a and 2b. With the co-solvation, the 
percolation networks found in highly concentrated solutions are no longer 
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expected to be found in the electrolytes or are limited to very small 
distances. Hence, one can assume that vehicle-type mechanisms dominate 
the transport properties in the co-solvated solutions. As such, the overall 
mobility within the solutions, that is the diffusion coefficients of all the 
chemical species, increases with the addition of acetone following the 
expected reduction in the viscosities. Still, as discussed further in the 
manuscript, the solvation structures within the electrolytes can be rather 
complex in comparison with simply diluted systems. 

In all compositions, Dacetonitrile > Dacetone, which may reflect the higher 
molecular weight of the co-solvent but also suggests that acetone is more 
often involved 
in the ions' 
coordination. 
As shown in 
Fig.2a (inset), 
this difference 
drops in the 
composition 
9:3:1 
indicating an 
increase in the 
content of free 
acetone. In the 
composition 
1:3:1, 𝐷𝐿𝑖+≈ 
𝐷𝑇𝐹𝑆𝐼― (Fig. 
2b) and with 
3:3:1, from 
280K to 300K, 
TFSI- is more 
accelerated 
than any other 
component in 
the solution. 
Consequently, 
TFSI- becomes 
faster than Li+ 
and this 
behavior 
remains in the 
composition 
9:3:1 
regardless of 
the 
temperature. 
The evolution 
of 𝐷𝐿𝑖+/𝐷𝑇𝐹𝑆𝐼― 
is highlighted 
in Fig. 2b 
(inset). 
Considering 
the small ionic 
radius of Li+ as 
compared with 
TFSI-, these 
results indicate the progressive formation of large solvation structures 
around the cations. 

The values of D at 300K were also determined via MD, as shown in the 
SI (Fig. S3). Qualitatively, MD’s results show a good agreement with PFG-
NMR, and quantitatively are comparable with those obtained 
experimentally at 280K, possibly because of inherent thermodynamic 
deviations of the simulations47. The composition 0:7.3:1, whose ionic 
concentration is the same as in 3:3:1, was also included in the simulations. 
In Fig. S3 a comparison between D in these compositions is presented and 
while no significant difference in 𝐷𝐿𝑖+ is observed, 𝐷𝑇𝐹𝑆𝐼― and Dacetonitrile are 
~20% and ~16% respectively higher with acetone.

The PFG-NMR-determined 𝐷𝐿𝑖+ and 𝐷𝑇𝐹𝑆𝐼―were then combined with 
the experimental conductivities to calculate the so-called inverse Haven 
ratio (H-1) - the ratio between the experimental conductivities (𝜎𝑒𝑥𝑝) and the 
ideal ones where no ion-ion correlations occur, that is, the Nernst-Einstein 
conductivity (𝜎𝑁𝐸):  

𝐻―1 =
𝜎𝑒𝑥𝑝

𝜎𝑁𝐸
;  𝜎𝑁𝐸 =

𝑞2

𝑘𝐵𝑇 (𝑛+𝐷+ +  𝑛―𝐷―)

(1)

where 𝑘𝐵 is the Boltzmann constant, q is the elementary charge, D+ and D- 
are the ions’ diffusion coefficients, and n+ and n- are the corresponding ionic 
concentrations. H-1 inversely depicts the degree of cation-anion correlations 
and as shown in Fig. 2c, H-1 < 1 for all samples at temperatures ≥ 280 K, as 
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expected for concentrated solutions. For comparison, the composition 1:3:1 
presents at 280K and 300K values of H-1 higher than those reported for an 
acetonitrile/LiTFSI = 3:1 mixture46. That is, at low concentrations and 
temperatures close to ambient, acetone promotes a better separation 
between the ions as one could expect upon the addition of a polar co-
solvent. Below 280K, however, the influence of the addition of acetone 
cannot be exaplained as a simple dilution process.  H-1 is exceptionally high 
and reaches values above the unity. Here, experimental deviations must be 
considered, for example, because of the difference in the vapor pressures of 
acetonitrile and acetone in the experimental container and consequent 
variations in the concentration of the solution under analysis. Another 
possibility is the presence of large ion-solvent complexes that may 
contribute to the experimental conductivity at low temperatures but are too 
slow to be detected by PFG-NMR. Even considering these hypotheses, the 
unusual behavior of H-1 must be investigated in future works. 

In the compositions 3:3:1 and 9:3:1, an unexpected increase in the cation-
anion correlations is indicated by the low values of H-1, which are 
comparable with the one reported for a co-solvent-free acetonitrile/LiTFSI 
= 3:1 solution46. Here, it is clear that the addition of acetone to the 
acetonitrile/LiTFSI solution does not constitute a simple dilution process, 
in which a reduction of cation-anion correlations should occur. In principle, 
one could argue that our observations are in line with a previous report with 
aqueous LiTFSI solutions, where a slight decrease in ionicity was detected 
as the ionic concentrations changed from 5 to 1 mol.kg-1 18. For the aqueous 
systems, however, the ionicities are much higher in this concentration range 
and a reduction in conductivity was also detected, which is not the case in 
the acetone-containing solutions. Therefore, especially in 9:3:1, the 
formation of ion-ion correlations promoted by acetone and reduction of 
ionic concentration, do not surpass the benefits of the reduction in viscosity 
and the enhancement of vehicle-type ionic transport. 
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To comprehend the effects of acetone on the ion-ion and ion-solvent 
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correlations within the solutions and elucidate the experimental results 
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presented so far, we have used MD to determine the radial distribution 
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functions (RDFs), shown in Fig. 3a, b, and c, and coordination numbers of 
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the cations by acetonitrile, displayed in Fig. 3d. For TFSI-, coordination 
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numbers by the solvents were not accurately determined because of the 
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absence of clear minima in the RDFs. Details of the calculations are given 
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in the SI, Section S1a, and one should notice that the RDFs were calculated 
considering the center of mass of the molecules and, therefore, represent 
intermolecular interactions. From the results in Fig. 3a and d, acetone 
gradually replaces acetonitrile in the coordination of Li+ and, most 
importantly, changes the profile of the Li-acetonitrile interactions. In Fig. 
3a, while the peak in the RDF at ~ 0.4 nm due to the interactions between 
Li+ and acetonitrile’s N-atoms decreases, the interactions between Li+ and 
the solvent’s C-atoms (~ 0.8 nm) subtly increase indicating radial 
coordination of the cations by acetonitrile48.  Overall, the Li-solvent 
interactions in the concentration 0:7.3:1 are more comparable with the 

compositions 0:3:1 and 1:3:1 than with 3:3:1. As shown in Fig.3b, the effect 
of the addition of acetone on the anions’ solvation is not clear but there is a 
smooth shift of the acetonitrile molecules to larger distances. For the 
composition 0:7.3:1, as the green dot in Fig. 3d shows, the number of 
solvent molecules coordinating Li+ is similar to the composition 3:3:1. 

From the composition 0:3:1 to 1:3:1, the Li+-TFSI- coordination 
decreases in agreement with the behavior of H-1 (considering the H-1 
reported elsewhere for 0:3:146). Still, the RDFs (Fig.3c) show very similar 
distributions of TFSI- around Li+ in these compositions. For the 
compositions 3:3:1 and 9:3:1, the evolution of H-1 exposes subsequent 
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increases in the cation-anion interactions with the addition of acetone, but 
the coordination numbers indicate otherwise. Interestingly, the RDFs in 
Fig.3c also show a change in the profile of the Li+-TFSI- interactions. While 
acetone damps the interactions between Li+ and the anion’s O-atoms (peak 
at ~ 0.3 nm) (and these were considered for the calculation of the 
coordination numbers), the gradual increase in the peak at ~ 0.8 nm 
indicates interactions between Li+ and the anions’ S-atoms48. Therefore, the 
increase in cation-anion correlations led by acetone is not based on the 
dominant short-range Li-OTFSI interactions but the partial participation of 
TFSI- in an extended solvation shell in which Li-STFSI interactions gain 
relevance. Yet, a relevant fraction of the anions do not participate in this 
process and perform fast diffusive motions, as reflected by the evolution of 
𝐷𝐿𝑖+/𝐷𝑇𝐹𝑆𝐼― (Fig.2b). 

The increase in acetone’s concentration also promotes drastic changes in 
the cation-cation and anion-anion interactions. As shown in Fig. 3c, the 
RDFs of the compositions 3:3:1 and 9:3:1 are strongly shifted to higher 
distances corroborating with the formation of extended solvation (Fig. 3c). 
This effect is only detected with acetone and the composition 0:7.3:1 
presents RDFs much comparable with the composition 1:3:1, despite the 
67% higher ionic concentration in the latter. As previously mentioned, even 
with the formation of extended solvation, 𝐷𝐿𝑖+ is nearly the same in the 
compositions 3:3:1 and 0:7.3:1 (Fig. S3), exposing enhanced mobility 
guaranteed by acetone.

With IR, it is possible to distinguish the vibrations from coordinating and 
non-coordinating acetonitrile molecules in the spectral region between 2220 
and 2320 cm-1, where the main contributions are from the stretching 
vibrations from the solvent’s 𝐶 ≡ 𝑁 bond, as depicted in Fig.4a (data for 
neat acetonitrile and the compositions 0:3:1 and 0:7.3:1 are displayed in 
Fig. S4). To explore this feature, we fitted the different contributions with 
Gaussian curves and determined experimental coordination numbers (N) of 
Li+ by acetonitrile as10,11,49:

𝐴𝐴𝑐𝑛―𝑐𝑜𝑜𝑟𝑑
𝐴𝐴𝑐𝑛―𝑐𝑜𝑜𝑟𝑑 + 𝐴𝐴𝑐𝑛―𝑢𝑛𝑐𝑜𝑜𝑟𝑑

= 𝑁
[𝐿𝑖+]
[𝐴𝑐𝑛]

(2)

where 𝐴𝐴𝑐𝑛―𝑐𝑜𝑜𝑟𝑑 and 𝐴𝐴𝑐𝑛―𝑢𝑛𝑐𝑜𝑜𝑟𝑑 are the integrated areas of the bands 
from the coordinating and uncoordinated acetonitrile molecules, and [Li+] 
and [Acn] are the cation’s and acetonitrile’s concentrations. The evolution 
of N is displayed in (Fig. 4b). While the MD-based coordination numbers 
are calculated based on the number of molecules in the first solvation sheath 
of the cations, the experimental value N is influenced by acetonitrile 
molecules that are disturbed by the cations regardless of whether they are 
in the first or outer solvation sheaths. Hence, N is expected to be somewhat 
higher than the MD-based coordination numbers. When the composition 
changes from 0:3:1 to 1:3:1, no considerable difference is detected in N 
indicating that the acetonitrile molecules shifted from the cations’ 
coordination, as pointed by MD, are prone to be allocated in extended 
solvation shells rather than readily released as free molecules. With 
subsequent additions of acetone, N decreases and is nearly the same in the 
compositions 0:7.3:1 and 3:3:1 in contrast with the discrepancy indicated 
by MD. This is yet another indication that acetonitrile is not fully released 
as free molecules upon the addition of the co-solvent. 

From the fits of the IR bands, we have obtained the following additional 
information. As shown in Fig.4c, the vibrational frequency of the main band 
from the non-coordinating fraction of acetonitrile rapidly evolves to the 
frequency observed for the pure solvent when either acetone or acetonitrile 
are added to the original solution. This effect is slightly less pronounced 
with the dilution with acetonitrile. In other words, acetone promotes a 
chemical environment for the free molecules of acetonitrile closer to the 
pure solvent, which agrees with the higher mobility of acetonitrile in the 
composition 3:3:1 as compared with 0:7.3:1 (Fig. S3). For the solvating 
molecules of acetonitrile, the addition of acetone leads to a reduction in 
vibrational frequency, which also occurs with the simple dilution with 
acetonitrile but in a less pronounced manner. We also used IR to evaluate 
the vibrational features of acetone and TFSI- 50 (Fig. S5 and S6). For 
acetone, the results corroborate the discussions made based on the RDFs, 
and the presence of free and/or weakly interacting molecules of the co-
solvent increases with its concentration, concomitantly with an increase in 
the presence of strongly coordinated molecules. For TFSI-, the IR results 
show that the S=O bonds are susceptible to the additions of acetone and 
dilution with acetonitrile, confirming that the O and S atoms of the anions 

play key roles in the Li-TFSI coordination. Contrarily, the S-N bonds are 
not sensitive to the addition of the co-solvent. Lastly, the IR results show 
that the C-F bonds, which are very much involved in anion-anion 
interactions18, seemingly become freer upon the addition of acetone, in 
agreement with the damping of the TFSI--TFSI- interactions suggested by 
the RDFs in Fig.3c.   

Finally, we used quasielastic neutron scattering (QENS) to assess the 
solutions on a sub-nanometric length scale rather than the micron-scale 
assessed by PFG-NMR. Therefore, since large and slow solvation 
complexes co-exist with small and fast ones, the latter are more likely to 
influence the results from PFG-NMR. In other words, the QENS data can 
reveal the dynamics of complex solvation structures that may contribute to 
the conductivity of the electrolytes but are not fully assessed with PFG-
NMR. In Fig. 5a, the mean-square displacements, <u2>, obtained at the 
spectrometer HFBS for the compositions 1:3:1, 3:3:1, and 9:3:1 are 
presented. The offsets at T > 200K indicate the activation of motions in the 
samples and p-acetone also presents the activation of methyl rotations 
around 50K. For the composition 1:3:1, <u2> at room temperature is higher 
for p-acetone than p-acetonitrile confirming that the latter is dominant in 
ionic coordination. In 3:3:1, the displacements from both solvents are 
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almost superposed and in 9:3:1, the larger content of free acetone manifests 
itself as a higher <u2>.

For the experiments performed at the BASIS spectrometer, the 
composition 9:3:1 was not prioritized since it presented no advantages in 
terms of its conductivity (Fig. 1). In Fig. 5b, the QENS data are presented 
as dynamic susceptibilities at Q = 0.7Å-1, and p-acetonitrile and p-acetone 
present similar relaxations in both 1:3:1 and 3:3:1, but the relaxations are 
faster in the latter. In Fig. S7, the Q-dependence of the dynamic 
susceptibilities are presented. The dynamic scattering functions of the 
QENS signals were fitted with a Cole-Cole equation51 (details in SI) whose 
stretching factor “α” reflects the diversity of the populations under 
analysis52. As presented in Fig. 5c, “α” is Q-independent for p-acetonitrile 
in the acetone-containing samples and slightly drops from the composition 
1:3:1 to 3:3:1. Contrarily, in the composition 0:7.3:1, “α” is strongly Q-
dependent and reaches values close to unity indicating that more than a 
single relaxation is relevant in the signal. For p-acetone, “α” is also Q-
independent in both the compositions 1:3:1 and 3:3:1. Nevertheless, for p-
acetone, the somewhat higher values of “α” in the composition 1:3:1 
indicate a greater influence of more than a single relaxation in the signal, 
which contributes to the substantially higher MSD as compared with p-
acetonitrile.  

The broadenings of the QENS signals were fitted with a DQ2 diffusion 
law (details in SI, Fig. S8) and the obtained diffusivities are displayed in 
Fig. 5d (𝐷𝐿𝑖+and 𝐷𝑇𝐹𝑆𝐼― determined with PFG-NMR are reproduced in the 
figure). For the composition 1:3:1, Dacetonitrile is equivalent to Dacetone 
considering the experimental errors (Dacetonitrile = 1.31 ± 0.08 x 10-10 m2/s and 
Dacetone = 1.18 ± 0.01 x 10-10 m2/s), which are also comparable with 𝐷𝐿𝑖+and 
𝐷𝑇𝐹𝑆𝐼―. Therefore, this is further confirmation that a considerable fraction 
of the ions and the solvents coexist as clusters within the solution. In the 
composition 3:3:1, Dacetonitrile is still very similar to  Dacetone (Dacetonitrile = 2.99 
± 0.16 x 10-10 m2/s and Dacetone = 3.14 ± 0.02 x 10-10 m2/s) but slower than 
𝐷𝐿𝑖+and 𝐷𝑇𝐹𝑆𝐼―. Therefore, the presence of the solvents in slow-moving 
structures is dominant in the QENS experiment, but faster motions of the 
ions independently of these clusters are enabled. In the composition 0:7.3:1, 
Dacetonitrile = 4.29 ± 0.39 x 10-10 m2/s, which is higher than in the composition 
3:3:1, in contradiction with the MD results, likely due to a model-dependent 
artifact, given the behavior of the stretching parameter.

We have also used QENS to investigate the solutions with the 
compositions 1:3:1 and 3:3:1 under confinement in mesoporous carbon, as 
presented in detail in Section S3. Although these are preliminary results, 
they provide an impression of how the configuration of the bulk solutions 
may affect their behavior while confined in an electrode-like matrix. 
Briefly, in the composition 1:3:1, we observe that acetone is more prone to 
interact with the carbon walls as it is more often found as free molecules in 
the bulk solution. In the composition 3:3:1, both solvents equally interact 
with the pore walls. As for the remaining mobile molecules within the pores, 
Dacetonitrile and Dacetone cannot be distinguished beyond the experimental errors 
in the composition 1:3:1, indicating that both solvents either diffuse 
together as part of the ion-solvent complexes formed in the bulk solutions 
or are subjected to similar interactions with the the carbon matrix. In the 
composition 3:3:1, Dacetonitrile and Dacetone are still comparable, but the 
detectable difference between the diffusivities may indicate a likely change 
in the original solvation structures formed in the bulk. Overall, Dacetonitrile and 
Dacetone tend to decrease when the composition changes from 1:3:1 to 3:3:1 
(although the difference for Dacetone is not beyond the errors), which may be 
related to the formation of larger solvation structures in the bulk as the 
concentration of acetone increases. Finally, in all cases, the diffusivities are 
higher than those obtained for the bulk samples as reported for several 
confined fluids 53,54. 

Conclusions

In the present work, we used acetone as a co-solvent in an 
acetonitrile/LiTFSI concentrated solution and evaluated the effects on 
structure and dynamics within the system. The co-solvent has 
concentration-dependent effects that can be tuned to promote different 
solvation structures and higher conductivities than those obtained with 
acetone-free solutions with the same ionic concentrations. At low 
concentrations, acetone slightly shifts acetonitrile to an extended solvation 
shell but the original solvation structures around the ions are mostly 

preserved. Then, high-concentration clusters are formed in the solution 
likewise expected with low polar co-solvents. By increasing acetone’s 
concentration, the profile of the solvation structures gradually changes 
promoting the formation of Li+-acetonitrile and Li+-TFSI- interactions with 
different natures than those observed in the original solution. Regarding the 
Li-acetonitrile coordination, the interactions between the cations and the 
solvent’s C-atoms in extended solvation shells are favored at expense of the 
presence of acetonitrile in the cation’s first solation shell. For the cation-
anion correlations, these are promoted by acetone thus not following the 
trend expected for a simple dilution with polar co-solvents. These 
interactions, however, are not based on the direct coordination between Li+ 
and the anions. Instead, the cation-anion correlations occur via long-range 
interactions in which TFSI-’s S-atoms play an important role. Lastly, either 
at low or high concentrations, acetone leads the non-coordinating 
acetonitrile molecules (that is those devoid of influence from the ions) to 
exhibit vibrational features resembling the pure solvent as detected by IR 
spectrometry, which is possibly an additional facilitating factor for ionic 
diffusion.
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