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ABSTRACT: Two isomeric anions used in Li-ion conducting electro-
lytes, TFSI and FPESI], have been compared through quantum-chemical
calculations. The FPFSI anion has more low-energy conformers, and its

asymmetry leads to an increased number of possible structures of FPFSI— Xr

Li complexes. The preferred geometry of the anion—Li ion pair for both ; %1 et

anions is the bidentate coordination of the cation through two oxygen TFs| X ).‘( 91"%
+

atoms; the binding effect is slightly weaker for the FPFSI anion. Ab initio G - \l %.
molecular dynamics simulations for salt solutions in tetraglyme have AT j
revealed that the amount of cation-to-solvent coordination increases in

the LiFPFSI electrolytes. Analysis of the vibrational spectra of anions and s

with Li*
ion pairs and the IR spectra of electrolytes obtained from the simulations
have indicated that the S—F stretching vibration of the FPESI anion above
600 cm™" can be used in experimental conditions to monitor the FPESI interactions with lithium cations.
1. INTRODUCTION Recently, several asymmetric perfluorinated sulfonimide

anions were studied experimentally,”*~*” including the TFSI

Development of new energy storage devices is of paramount
isomer, (fluorosulfonyl)(pentafluoroethanesulfonyl)imide

importance for addressing the rising demand in today’s society 212697 ) .
focused on a sustainable economy. The most successful are the (FPESI). The LiFPFSI/PEO electrolytes exhibited

lithium-ion batteries (LIBs), which have been commercially re.latively high cor'lc.luctivities and improved stazlgility, @ahng
available since the 1990s of the 20th century.'~* The quest for LiFPESI a promising salt for future works.”™ While the

safer, environment-friendly, and more effective LIBs stimulates symmetric TFSI anion was theoretically studied in a vast
interest in experimental and theoretical research on energy number of works, not much modeling has been performed on
storage technology. its asymmetric counterpart, FPFSL. The density functional

An jon-conducting electrolyte is an essential component of a theory (DFT) based calculations were reported for a series of
battery, contributing to its electrochemical performance. perfluorinated anions and their complexes with Li*.** The
Typical electrolytes for metal ion batteries are salt solutions general conclusions of ref 28 were that asymmetric anions
in molecular solvents or polymer matrices.”~’ Commonly show enhanced flexibility of the S—N bond and lower
applied in commercial devices is lithium hexafluorophosphate interaction energies with Li cations. Nevertheless, only a few
(LiPF;); however, several more promising salts are investigated selected geometries of Li—anion pairs were examined. The
experimentally. Among them are salts with weakly coordinating calculations were performed using an implicit continuous
anions, such as lithium bis(trifluoromethanesulfonyl)imide solvent, therefore the effect of explicit solvation on the

(LiTFSI).” LiTESI is widely used in research on liquid
electrolytes with oligoglyme solvents and solid electrolytes
based on poly(ethylene oxide) (PEO); another class of
prospective solvents are ionic liquids with TESI anions. It is
therefore not surprising that multiple computational works
investigated the properties of TFSI: conformational prefer-
ences,” ! binding to lithium cations'*™'® and the vibrational
spectra used to monitor the conformations of the anion and its
interactions in an electrolyte.”'”'*'*'® Molecular dynamics
(MD) simulations were employed to study the structure and
dynamics of LiTFSI solutions in molecular'’~*° or ionic

liquids.21 -3

structure of ion complexes is not obvious. In a more recent
work,”” DFT was used for screening of a set of lithium salts,
including LiFPFS], but only the lowest-energy structures of ion
pairs in vacuum were analyzed. Neither of these works”®*’
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discussed the effects of Li—anion interactions on vibrational
spectra.

The computational comparison of two isomeric anions and
the relation of their structure to the properties is an interesting
case, therefore we decided to perform a more detailed study of
FPFSI anions and LiFPFSI-based electrolytes. To that end, we
used quantum chemical calculations to find the conformations
of free anions, the geometries and binding energies of their
complexes with Li*, and the infrared (IR) or Raman spectra of
low-energy structures. Next, we employ ab initio molecular
dynamics (AIMD) simulations of salt solutions in tetraglyme
(G4) to confront the behavior of a condensed phase system
with the predictions made for isolated ions or aggregates. G4
was chosen as the solvent, because it was used in several
experimental or computational studies on LiTFSI solu-
tions.'®'”192%3% Although the TFSI anion and LiTFESI
complexes have already been well studied in the literature,
we repeat the calculations for these systems to compare the
data for both isomers obtained using exactly the same

methodology.

2. COMPUTATIONAL METHODS

The structures of both anions and the labeling of the atoms are
shown in Figure SI in the Supporting Information. Gaussian
09 rev. D.01 software’' was used for quantum-chemical (QC)
calculations. We applied the ab initio MP2 method®” and the
DFT methodology33’34 with three functionals: PBE*® (Gener-
alized Gradient Approximation functional commonly used in
solid-state physics), B3LYP*® (one of the most widely used
hybrid functionals), and the M062X hybrid.”” In all cases the
aug-cc-pVDZ basis set was used. The empirical dispersion
correction D3* was added to the potential energy in the DFT
calculations. The MP2 results, free from the arbitrariness of the
choice of the exchange-correlation functional, will serve as a
kind of reference. The computational cost of MP2 calculations
becomes prohibitive for larger systems and for AIMD
simulations, therefore one expects that DFT methods will be
used in these cases. Here, we want to compare two popular
hybrid functionals. Nevertheless, hybrid DFT functionals still
are quite expensive in AIMD and therefore we also investigate
the PBE, significantly cheaper and widely used in the studies of
condensed phase.

Multiple initial geometries, based on preliminary scans of
dihedral angles, were used for isolated anions in order to locate
different local minima of potential energy. Accordingly, for ion
pairs, several starting structures were prepared by placing Li" in
different positions around a few chosen conformations of the
anion. Harmonic frequency calculations followed geometry
optimizations to verify the nature of the stationary point; for
the lowest energy structures IR and Raman spectra were
calculated in the harmonic approximation. The default SCF
convergence criteria (energy change <107¢ a.u, RMS change
of the density matrix <107 au.) and tight geometry
optimization convergence (ma.ximum force <0.000015 a.u.,
RMS force <0.00001 a.u., maximum displacement <0.00006
au, RMS displacement <0.00004 a.u.) were used. The
ultrafine integration grid was requested in DFT calculations.
Integral equation formalism of the polarizable continuum
model (PCM) with default settings (Universal Force Field
radii and scaled van der Waals surface used to construct the
cavity) were applied in the implicit solvent calculations. The
value of the static dielectric constant of the solvent was set to 5.
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Ab initio molecular dynamics simulations were performed
for electrolytes with LiTFSI or LiFPFSI salt dissolved in
tetraglyme. Two salt concentrations were examined, corre-
sponding to Li/O(glgrme) ratios 1:20 and 1:8, as used in the
experimental work.™ With the limited size of the systems
tractable by AIMD, the number of Li—anion pairs in these
structures was 3 and 7, respectively; detailed compositions of
electrolytes are given in Table S1 in the Supporting
Information. All systems were constructed using Packmol
software.>” Two series of initial structures were used: in set a,
Li* cations were introduced in the form of Li—G4 complexes,
in set b, cations were placed independently. Initial equilibra-
tion through classical molecular dynamics was performed in
the NVT ensemble (T = 303 K) using the Tinker 5.1 package40
and the force field adapted from the APPLE&P para-
metrization.*" The size of periodic simulation boxes was set
to reproduce the experimental densities of LiTFSI/G4
electrolytes;®” the same densities were assumed for the
LiFPFSI/G4 systems. For the systems of type g4, rigid-body
dynamics was applied, therefore the coordination of the Li*
cations to G4 molecules was preserved. Standard (with flexible
molecules) NVT simulations were performed for systems b.
Therefore, after the 25 ns of equilibration in classical MD
simulations, all cations in systems a were coordinated solely to
the solvent molecules, whereas in systems b, Li* ions also
interacted with salt anions.

Initially equilibrated structures were then used as starting
points for AIMD simulations in the CP2K package.*”** The
PBE functional was used, with the D3 dispersion correction,
Goedecker’s pseudopotentials,44 and a molecularly optimized
DZVP-MOLOPT-GTH basis set."” The AIMD simulations
were performed for 50 ps in the NVT ensemble at T = 303 K
with a time step of 1.0 fs. An additional simulation was
performed for neat G4 liquid.

The IR spectra were computed from the AIMD trajectories
as the Fourier transform (FT) of the autocorrelation function
of the total dipole moment of the system. Additionally, power
spectra of local vibrations were obtained as FTs of selected
bond lengths. For clear presentation, the calculated frequencies
were convoluted with Gaussian curves with ¢ = 10 cm™ (IR
spectra) or 6 = 20 cm™" (power spectra). We also calculated
the power spectra as FTs of the velocity autocorrelation
function using Travis software. "’

3. RESULTS AND DISCUSSION

3.1. Structure and Binding Energies. Geometries of the
few lowest energy conformations of both ions, calculated in
vacuum within the MP2 methodology are shown in Figure 1
along with their energies relative to the lowest conformer of a
given anion. As already well-known from several studies,”'” the
most stable conformation of the TFSI anion is the trans
geometry, followed by the gauche conformation at energy
about 1 kcal/mol higher. We found two gauche structures,
denoted here as gl and g2, differing in the values of the CSSC
dihedral angle: 39.9 and 76.7°, accordingly. There are some
other structures (cis and gauche conformations) at higher
energies, but corresponding to saddle points of the potential
energy surface; energies and torsional angles for these
structures are listed in Table S2 in the Supporting Information.

The presence of two gauche structures is somewhat
surprising, because earlier works reported only one gauche
conformation of the TESI anion.”'”*” We verified that both
our structures are the minima of the potential energy surface
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Figure 1. Lowest-energy conformations of TFSI and FPESI anions
calculated at the MP2/aug-cc-pVDZ level in vacuum. Relative
energies in kcal/mol.

(no imaginary frequencies) for all methods (MP2 and DFT,
vacuum or PCM) used in calculations in this work. Cartesian
coordinates for the final structures obtained at the MP2/aug-
cc-pVDZ in vacuum are provided in the Supporting
Information. Closer inspection of the data from the literature
revealed that both conformations have already been described,
and the results depend on the computational method used.
Values of the CSNS dihedral angles listed in ref 47 for the C,
structure are close to those found for our g2 conformer. On the
other hand, a recent work*® reports dihedral angles
corresponding to the gl geometry. In table 1 of ref 12,
CSSC and CSNS angles of the C,; structure obtained in the
Hartree—Fock method correspond to the g2 geometry, while
the B3LYP calculations yielded the gI structure. It is therefore
possible that for our combinations of the computational
method and the basis set (aug-cc-pVDZ), both conformations
are the minima in the relatively flat region of the potential
energy surface, but the change in the computational method-
ology (e.g, an increase of the basis set size) would result of a
disappearance of the higher minimum. Nevertheless, in the
calculations reported here, there are two gauche geometries of
the TFSI anion; therefore, we presented both of them in the
analysis. We should note that this issue of two conformers at
very close energies found for an isolated anion is of rather
limited relevance to the real electrolyte, where the preferred
conformations of anions result mainly from interactions with
cations and/or the solvent.

The potential energy of the FPFSI ion is approximately 8.6
kcal/mol lower than that for the trans conformation of TFESI,
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suggesting that the former isomer is more stable thermody-
namically. Several different orientations of the C,F; tail with
respect to the core of the FPESI anion, together with the
asymmetry of the SO,F group, lead to an increasing number of
possible structures. The four lowest geometries, with relative
energies up to 0.6 kcal/mol, are displayed in Figure 1 and
labeled ggc, ggg, ggt, and ggg’, according to the conformation
(cis, gauche or trans) at three dihedral angles, FSNS, SNCC
and NSCC. Structural data are collected in Table S3. In the
lowest-energy conformers, the FSNS and SNCC dihedral
angles correspond to gauche conformations, with the former
being close to 76° and the latter changing between 75 and
100°. The value of the NSCC dihedral, changing the
orientation of the C,F; group, has only a minor effect on the
potential energy.

Geometries of the conformations shown in Figure 1 and
their ordering according to the potential energy remain mostly
unchanged in the calculations using the PCM solvent (cf.
Tables S2 and S3). For an easy comparison, in Figure 2, we
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Figure 2. Correlation diagrams for the energies of conformers of TFSI
and FPFSI anions calculated using different methods.

show a correlation diagram for the structures presented in
Figure 1. In the case of FPEFSI, several higher-lying
conformations corresponding to the energy minima are also
marked in the plot. The trans conformer of TFSI is always the
most stable, regardless of the computational method and
accounting for the solvent, and its separation from the gauche
conformations remains fairly constant. The variations of the
relative energies for the lowest conformers of FPESI are in a
similar range for all methods. The lowest-energy structure is
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the ggc geometry, except for the MO062X calculations in
vacuum, where it is about 0.1 kcal/mol higher than the ggg
structure. As readily seen, there are many more possible
conformations of FPFSI, with smaller energy differences than
for the TFSI isomer. Although we have not calculated the
energy barriers between the different minima, an increased
number of conformations stems partially form the rotations in
the C,F; group, which should be relatively easy. Therefore, one
may expect an increasing conformational flexibility of the
former anion in the electrolyte, in agreement with the general
findings of ref 28. With small energy separations between
lowest-energy FPFSI conformations we can also conclude that
there are no major differences between the methods (MP2 or
DFT) tested here.

Partial atomic charges for both anions were obtained from
the fit to the electrostatic potential at the MP2/aug-cc-pVDZ
level in vacuum (using the MP2 density) according to the
Merz—Singh—Kollman scheme with 10 layers of points and 10
points per unit area used in the fitting. Calculated charges are
shown in Table S4. Comparing the average values, we may
note that the charges on oxygen atoms (the most relevant for
the complexation of simple cations) are almost the same:
—0.47 and —0.45 e in TESI and FPFS], respectively. The most
noticeable changes are in the charges on fluorine atoms. The
average charge in TFSI is —0.14 e and increases to —0.24 e for
the F1 atom in FPFSI. The charge —0.14 e on the F3 atom is
similar, and the charge —0.11 e on F2 is slightly smaller
compared to F atoms in TFSIL. Another quite large difference is
observed for C atoms: the charge 0.33 e in TFSI changes in
FPESI to 0.11 e and 0.39 e for C(F2) and C(F3) atoms,
respectively. The carbon atoms are hidden in the core of the
anion, and it is well-known that the charges of buried atoms
obtained from the electrostatic potential are less reliable.
However, the charges on the carbon atoms are less important
for interactions with other ions. Regarding the electric
properties of both anions, we should also mention that the
polarizabilities of both ions in MP2 calculations are practically
the same. In vacuum, the isotropic polarizabilities are 15.2 and
15.0 A? for TFSI and FPFS], respectively; these values increase
in the PCM solvent to 18.2 and 17.9 A%,

In Figure 3, we show the electrostatic potential of trans-
TFSI and ggc-FPESI calculated from the MP2 density at the

TFSI

-0.19 [

Figure 3. Electrostatic potential (in a.u.) of TFSI and FPFSI anions
from MP2/aug-cc-pVDZ calculations, plotted at the 0.02 isodensity
surfaces.

MP2/aug-cc-pVDZ level in vacuum. Indeed, the potential
around O atoms in both ions is similar, and the more negative
values on the F1 atom of FPFSI can be easily recognized. From
these results, we can conclude that both ions will coordinate
simple cations, like Li*, preferably via oxygen atoms, but there
could also be an increased probability of possible Li*—F1
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interaction in the case of FPFSI anions. We will verify this
hypothesis through analysis of calculated cation—anion
structures.

Relative energies E. of different Li—TFSI complexes are
shown in Figure 4. The complexation energies E_ are calculated
as

Ec = ELi—an - E

an

- Ey
where E, stands for the energy of species x (x = Li, an, Li—an),
and E,, is calculated for the most stable conformation of the
anion. The most negative complexation energy is indicated for
each computational method, and E. for other ion pairs can be
thus obtained by adding E, to this value. Three major types of
Li* coordination were found: (O,0)—the most stable
bidentate configuration, where the cation interacts with two
O atoms from two SO, groups, (20)—with Li* interacting
with two O atoms from the same SO, group, and (O,N)—with
Li* coordinated to one O atom and to the N atom. In vacuum
calculations using PBE or B3LYP functional, an (O,N,F) type
of complex was found, with the cation coordinated to three
atoms. For convenience, a summary of parameters for the most
stable complex of each type in MP2 calculations is collected in
Table 1; the geometries of these complexes in the solvent are
shown in Figure 4. In vacuum calculations, (O,N) complexes
are about 10 kcal/mol higher than (O,0) structures in
agreement with the DFT calculations in ref 15. The (20)
structures are about 15 kcal/mol above the most stable (O,0)
complex. In the PCM calculations, the energy differences
between the main types of structures are reduced about twice.
In the most stable structure of each type, the TFSI anion is in
the trans conformation (cf. Table 1), as shown in earlier
works."

The case of Li—FPFSI pairs is much more complicated
because there are two types of oxygen and three types of
fluorine atoms. We use the same convention as above to label
the structures, indicating the type of atoms to which the cation
is coordinated. Geometries of the most stable pairs in the PCM
calculations are displayed in Figure S, the plot of relative
complexation energies is shown in Figure 6, and the
parameters of complexes are listed in Table 1. In the
Supporting Information, we show the geometries of Li—
FPFSI pairs obtained in vacuum (Figure S2) and the statistics
of Li-anion distances for both anions (Figure S3).

In vacuum calculations, the most stable are the structures
with Li* coordinated to two oxygen atoms: (O,0f), which
corresponds to the (O,0) geometry of the Li—TFSI pair, and
the structures (0,0f,Fx) engaging two oxygen atoms and one
fluorine atom (in the following Fx and Ox stand for F or O
atom of either type). In MP2 and PBE structures. the fluorine
may be any of F1, F2, F3, and the (O,0fF1) complex has the
lowest energy. In M062X calculations the (O,OfF3) structure
is the most stable, in agreement with findings of ref 29, in
which this functional was employed. The differences between
(0,0f) and (O,0fFx) configurations are small (within 1.5
kcal/mol) and depend on the computational method. Similarly
to TEFSI, there are two more sets of complexes at higher
energies: one stemmed from (OxN) configurations and the
other of (20x) parentage—at the highest energies. In both
sets, there are also some geometries with a Li—Fx interaction.

This picture changes quite significantly in the solvent, where
no structures with Li—Fx coordination were found. Accord-
ingly, the most stable pairs are in the (O,0f) configuration, as
found in ref 28. Another type of complexes (Ox), with the
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Figure 4. Relative energies of Li—TFSI complexes and the geometries of the most stable structures of each type. The most negative complexation

energy, E. (in kcal/mol), is indicated for each method.

Table 1. Energies, Complexation Energies, and Selected Geometrical Parameters for the Most Stable Li—Anion Complexes of

Each Type Calculated at the MP2/aug-cc-pVDZ(PCM) Level

TFSI
coord. type E,, kcal/mol E,, kcal/mol distances, A ¢(CSSC), ° ¢(CSNS),°
(0,0) 0.0 -248 1.983, 1.983¢ 179.4 96.4, 96.5
(O,N) 3.6 212 2117, 2.276 165.4 867, 92.1
(20) 69 —179 2218, 2.340 1723 89.3, 96.5

FPFSI

coord. type E,, kcal/mol E,, kcal/mol distances, A ¢(FSNS),° ¢(SNSC),° ¢(NSCC),°

(0,0f) 0.0 -233 2.017, 2.024 64.4 —983 372
(ON) 3.1 —20.1 2.143, 2.212 77.5 75.9 141.6
(OEN) 37 -19.6 2.198, 2.188 73.1 97.1 —177.6
(0) 49 —18.4 1.973 76.8 95.2 ~171.3
(20) 6.0 -173 2.147, 2.502 78.8 827 30.5
(20f) 7.0 -163 2.240, 2.407 729 96.6 ~170.8
(of) 8.5 —14.8 1.967 922 -76.2 —164.6

“Distances from Li* to the coordinating atoms indicated in the coordination type.

cation attached to a sole oxygen atom, is located on the energy
scale between (Ox,N) and (20x) structures. There are, indeed,
some Li—FPFSI complexes with Li—F1 interactions, as
predicted from the electrostatic potential, and few structures
with cation coordinated to F2 or F3 atom (owing to the
flexible FPFSI anion). Nevertheless, all these structures were
found only in vacuum. In the solvent, both anions exhibit the
same coordination modes, and only the number of possible
distinct Li—FPFSI structures increases due to the inequiva-
lence of atoms in an asymmetric anion. In vacuum and in PCM
calculations, energy differences between the (O,0x), (Ox,N),
and (20x) types are similar for TFSI and FPFSL
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The binding energies of Li—FPFSI pairs are only slightly
lower than those for Li—TFSI complexes. At the MP2 level in
is —136.1 and —134.5 kcal/mol for TFSI and
FPESI anion, respectively. These values are reduced in the
solvent to —24.8 and —23.3 kcal/mol. A similar trend is
observed in the DFT results. Therefore, the general conclusion
of ref 28 about weaker Li* binding to asymmetric anions is

vacuum, E_

confirmed by the detailed analysis, but the actual difference
calculated for TFSI/FPFSI isomeric anions is very small.
While the implicit solvent used in calculations for cation—
anion complexes can account fairly well for the electrostatic
screening, affecting the interaction energies, some effects are
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missing in the model. In particular there is no explicit Li*—
solvent complexation and no charge transfer between the
solvation shell and the cations, known to be important in
electrolyte solutions.'®*” These features can be modeled when
larger systems (containing explicit solvent molecules) are
investigated, preferably using ab initio MD simulations.
Regarding the comparison of MP2 and DFT, one can
observe that all DFT functionals tested here predict stronger
Li—anion interactions. The PBE is the closest to MP2, and
hybrid functionals yielded the largest stabilization of the ion
pair. It can also be noted that the energy separation between
the (O,0x) and (Ox,N) structures increases in DFT, and it is
the largest in the B3LYP calculations. Accordingly, the Li-Ox
or Li—N distances in PCM calculations (Figure S3) are the
largest in the MP2 results and decrease when the DFT
methodology is used. The Li-Ox distances are similar in all
three functionals used, whereas the Li—N distances obtained in
the M062X calculations are larger than those for PBE or
B3LYP and are quite close to the MP2 results. However, the
probability of the Li—N coordination in an electrolyte will be
marginal because of the much higher energy of complexes. The
overall agreement of structural data and relative energies of
complexes between MP2 and DFT is the best for the PBE
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functional. Therefore, using the relatively computationally
cheap GGA PBE functional instead of more expensive hybrid
functionals in ab initio MD simulations seems a rational
choice.

3.2. Vibrational Spectra. Vibrational spectroscopy is used
to monitor the conformations of molecules and ions in
solutions and to detect the ion—ion interactions in electrolytes;
therefore, comparing the spectra of both ions can provide some
suggestions for the analysis of experimental data. The
vibrational spectra (IR and Raman) in harmonic approxima-
tion were calculated for selected lowest-energy conformations
of TFSI and FPFSI anions. The results obtained in vacuum
and in the PCM solvent are compared in Figures S4 and S$ in
the Supporting Information. There are differences observed in
the spectra of different conformers, nevertheless, we will not
discuss this issue here, focusing instead on the effect of the
computational method and the shifts induced by interactions.
An analysis of the conformational effects in the spectra of TESI
has been presented, e.g. in refs 10,12.

The spectra of both anions are similar, although the spectra
of FPFSI are richer in features due to different structure and
lower symmetry of the anion. For both anions, the spectra
calculated in PBE and B3LYP functionals are shifted to lower
wavenumbers compared to the MP2 results. The shift is larger
for PBE, amounting to about 100 cm™'. On the other hand, the
MO062X spectra are about 30 cm™" blue-shifted with respect to
MP2. Accounting for the solvent in the PCM calculations
results in a small red-shift of the spectrum and an increase in
intensity. The measured frequencies of TFSI vibrations in PEO
solvent’ are higher than the results of our calculations;
therefore, the best agreement to the experiment is obtained in
MO062X DFT calculations and then in the MP2 method. The
PBE functional yielded the most underestimated band
positions. We can expect that the same relation holds for the
FPFESI spectra. Although the poor performance of PBE in
reproducing experimental frequencies may seem problematic
in the AIMD simulations employing this functional, this is not
a significant limitation. In studies of ion complexation effects,
frequency shifts are more important than the actual band
positions, and the former are quite well described in PBE
calculations, as we will see later.

In Figures 7 and 8, we compare the MP2(PCM) spectra
obtained for free anions and two lowest-energy ion pairs with
(0,0x) and (O,N) interactions. The TESI anion coordinates
the Li" cation via the oxygen atoms, and the changes in the S=
O stretching frequencies are therefore expected upon complex-
ation. As seen in Figure 7, bands corresponding to both
symmetric and asymmetric O=S$=O modes in (0,0)
complexes are shifted to lower wavenumbers. Another band
sensitive to interactions is the Raman active vibration at about
750 cm™’, with the frequency increasing upon Li* coordina-
tion. Both these spectral regions are used to monitor the
anion—Li* interactions in the experiments.m’16

According to Figure 8, S=O stretches and S—F vibrations in
the range 600—700 cm ™' can also be used to detect the Li"
coordination in the FPESI-based electrolytes. In particular, the
latter band is advantageous because (unlike TFSI) it is IR and
Raman active, and the complexation-induced shift is larger
than that calculated for TFESIL. In both anions, also the
asymmetric S—N stretching vibration at about 1000 cm™
responds with a blue-shift to the (O,0x) coordination of the
cation. It can also be noted, that the effects of the (Ox,N)-type
coordination depend on the vibration. For symmetric O=8=
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Figure 7. Vibrational spectra of lowest-energy conformers of free
TFSI anion and the most stable Li—TFSI complexes with different
types of coordination.

O vibrations and the C—F/S—F band between 600 and 750
cm™}, the shift is in the same direction as for the (O,Ox)
coordination. On the other hand, for asymmetric S=O and
S—N vibrations, the changes caused by both types of
coordination are opposite. However, as the probability of
formation of the (Ox,N) complexes in the real electrolyte is
negligible, these observations are of little practical importance.

3.3. Structure of Electrolytes from AIMD Simulations.
To assess the evolution of the structure of the Li* coordination
shell during the AIMD simulations of LiTFSI(LiFPFSI)/G4
electrolytes, we plotted in Figure 9 changes in the average
number of O, and O, atoms interacting with the cation. Here,
O, and O, denote the oxygen atom from an anion or a
tetraglyme molecule, respectively, and the interaction was
counted when the Li—O distance was less than 3 A.

In the systems with Li cations initially coordinated to G4
molecules (type a structures), at the beginning of the
trajectory, Li" ions interacted solely with 5 O, atoms.
Coordination changes in this type of electrolytes are very
slow, and after 50 ps of simulations the average values changed
by no more than 0.4 (the largest change in the 1:8 LiFPFSI
system). Although the average coordination numbers for
structures a and b tend to converge, which is better
pronounced at the 1:8 concentration, the convergence is
very slow due to the viscosity of the salt solutions.

Radial distribution functions (RDFs) and integrated RDFs
for Li—O atom pairs in the 1:8 electrolytes of type b are shown
in Figure 10. The first maximum in the Li—O, RDF appears at
2.00 or 2.05 A for the system with TFSI or FPFSI anions,
respectively. The maximum corresponding to Li—O, pairs is
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located at slightly lower distances —1.95 A for TFSI anions or
1.98—1.99 A for O atoms from SO, and SO,F groups of FPESI
anions. The larger distances observed for Li—Ogpgg; RDFs

the solutions with FPFSI salt, the degree of Li* coordination to
glyme molecules is increased. It can also be noted that the CNs
to O and Of atoms of FPFSI anions are similar. Although this
suggests the (O,0f) type of coordination, we will see later that
this is only partially true.

Low Li* coordination to TFSI anions in glyme solutions has
already been documented in the literature from classical or ab
initio MD simulations.'” > The difference between the Li
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Figure 9. Changes in the average number of O, and O, atoms coordinating the Li" ions in the AIMD simulations of electrolytes.
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CNs to anions and to glyme oxygens is particularly well
pronounced for G4 solutions,'”"” because the G4 molecule
wraps around the cation, effectively forming the solvates with
CN = 5. The average number of O, atoms coordinating the
cation found in our simulations is smaller than in the classical
MD simulations for LiTFSI/G4 solutions;*° accordingly, our
data show larger numbers of coordinating Oqgg atoms. To
some extent, the difference may be due to a different
methodology (AIMD vs force field-based MD), but the most
obvious cause is that the time of AIMD simulations is too short
to allow the complete equilibration of the system. Therefore
the CNs are different from the “true” values in the fully relaxed
systems. On the other hand, positions of the RDF maxima are
more reliable as even the short trajectories are sufficient to
adjust the distances in the first solvation shell.

In addition to Li—O coordination, we also examined the Li—
F RDFs, shown in Figure S6 in the Supporting Information.
Regardless of the anion, the RDF values in the range 2—3 A are
very small, and with the largest Li—F CN calculated at 3 A less
than 0.07 (for the 1:8 LiFPFSI electrolyte), we can conclude
that there are no appreciable direct Li—F interactions in the
studied electrolytes. The peaks at 4 A and above correspond to
Li—F distances in configurations in which the Li* ion is
coordinated to one or two Of atoms. In particular, the
maximum in the Li—F1 RDF obtained for the 1:8 LiFPFSI
electrolyte arises from the structure of this system (shown in
Figure S7 in the Supporting Information), where one of the Li*
ions interacts with two Of atoms from two different FPFSI
anions and one O atom from the third anion forming a
[Li(FPFSI);]*” quadruplet. However, with small number of
ions in the system is hard to assess how often such a
configuration can appear in the entire population of ions. Lack
of direct Li—F coordination in the AIMD data for LiFPFSI
electrolytes is consistent with the QC data in Section 3.1,
showing that such structures are not stable in the solvent.

To complete our analysis of Li coordination, we calculated
the probability of different local Li environments, that is,
combinations of different numbers of interacting O, and O,
atoms (O atoms within the 3 A distance from the cation). The
data are shown in Figure S8 in the Supporting Information.
Because of the uncertainty of the results for the 1:20 systems,
easily affected by the configuration of a single ion in the system
with just three ion pairs, we note only that in the 1:20 LiFPFSI
electrolyte, about half of Li* ions are not coordinated to any
anion and interact solely with 4—6 G4 oxygen atoms. In the
LiTESI electrolyte no such cations are found. At the 1:8 ratio,
the most probable is the coordination to one O, atom and
three O, atoms in the LiTFSI solution (28%) or to one O,
atom and four O, atoms in the LiFPFSI electrolyte (39%). The
overall probability distribution in the LiFPFSI electrolyte is
shifted toward a lower number of O, atoms and a higher
number of coordinating O, oxygens. In the LiTFSI electrolyte,
there are Li* ions (26%) interacting with 3 O, atoms from two
different ions; similarly, the configuration in which the two
coordinating O, atoms come from two anions (15%) is more
probable than the bidentate coordination to one anion (10%),
and 47% of Li" is engaged in monodentate coordination. In the
LiFPSI solution, two coordinating O, oxygens are almost
always from one anion (28%). Nevertheless, there is also a
possibility of coordination to three O, atoms from two or three
anions: 15% and 10%, respectively; these geometries
correspond to the coordination shell of one of the Li" cations,
shown in Figure S7. The monodentate coordination to a single
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anion is the most probable (42%). Similar Li* CNs for the O
and Of atoms (Figure 10) resulted therefore mainly from
approximately equal probabilities of (O) and (Of) config-
urations. In the bidentate coordination in the FPFSI
electrolyte, the average number of O, oxygens is increased
compared to the LiTFSI solutions. This results probably from
the asymmetric structure of the FPFSI anion, allowing for
more easy access to the G4 molecule when the cation is
coordinated in a (O,0f)-type structure. These data on Li
coordination shells indicate that in the LiFPESI electrolytes,
the degree of interactions with anions is reduced in favor of
Li—G4 interactions, in agreement with QC results showing
that Li* binding to FPFSI is slightly weaker than interactions
with TFSI. Finally, we should mention that the probability of
cation interactions with TFSI in our AIMD simulations is
larger than in the classical MD results,”® in accord with the
differences in the average CNs.

3.4. IR Spectra from AIMD Simulations. To assess the
effects of anion—cation interactions in the IR spectra, we
compared the spectra for the two systems with the largest
difference in coordination: the 1:20 electrolyte of type a, where
almost all anions are free, and the 1:8 electrolyte of type b, in
which most anions interact with Li* cations. Band assignments
in the AIMD-based spectra and the analysis of coordination-
induced frequency shifts are facilitated by the power spectra of
bond length oscillations, providing information about the
contributions of local modes to the total spectrum. We used
such an analysis, e.g. to correlate ion—solvent interactions with
IR spectra of salt solutions in cyclic carbonates.’””" In the
experimental spectra, interactions manifest quite often as
changes in the width or in the shape of the band, and the
effects of ion coordination are visible only after the spectrum is
decomposed into individual bands corresponding to free and
interacting molecules/ions. Analysis of the power spectra helps
to determine the frequencies at which these bands are expected
to appear. For the assignments of anion bands in the spectra of
the electrolytes studied in this work, we used the FT's of bond
lengths averaged over all free anions in the 1:8 a electrolytes.
To detect the shifts caused by interactions, we compared these
data with power spectra averaged over coordinated anions in
the systems of type b at 1:8 concentration. The calculated IR
and power spectra for LiTFSI/G4 and LiFPESI/G4 electro-
lytes are shown in Figures 11 and 12, respectively; the
spectrum of neat G4 is shown for comparison. Additionally,
power spectra from the velocity autocorrelation function are
presented in Figures S9 and S10 in the Supporting
Information.

The three most intense bands in the IR spectrum of the 1:20
LiTFSI type a electrolyte appear at 984, 1070, and 1299 cm™".
The band at 1444 cm™' corresponds to G4 vibrations. Based
on the FTs of bond lengths, the band at ~990 cm™ can be
attributed to S—N stretching vibrations, the 1299 cm™ band is
due to S=0 oscillations, and in the region of the middle band,
the S=0, C—F, and S—N vibrations of the anion are mixed,
overlapping the most intense band of G4. This assignment
agrees with the QC data in Figure 7; the upper S=O band is
due to asymmetric stretches, whereas the lower corresponds to
symmetric vibrations. Power spectra in Figure S9 lead to
similar conclusions about the frequency ranges in which the
contributions from the anion and the solvent appear in the
spectrum.

In the spectrum obtained at higher LiTFSI concentration,
the S—N band upshifts to 991 cm™}; the maximum of the
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Figure 11. Simulated IR spectra of LiITFSI/G4 electrolytes and neat
G4 (top panel); power spectra of selected TFSI oscillations (middle
panel); changes in the power spectra upon Li coordination (bottom
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Figure 12. Simulated IR spectra of LIFPFSI/G#4 electrolytes and neat
G#4 (top panel); power spectra of selected FPESI oscillations (middle
panel); changes in the power spectra upon Li coordination (bottom
panels).

asymmetric S=O band is shifted to 1294 cm™, with

accompanying intensity shift toward the low energy side of
the band. The main maximum of the symmetric S=O
vibrations appears at 1114 cm™', and an additional peak
develops at 1060 cm™'. These observations agree with the
general expectations from MP2 results for an isolated ion pair
(Figure 7), predicting a blue-shift of the S—N band and red-
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shifts of the S=O vibrations; however, the changes of S=0O
frequencies in AIMD-based spectra are smaller.

Using FTs of bond lengths, we can relate these changes in
the IR spectra to the local coordination patterns of TFSI
anions; the red curves in the lower panels of Figure 11 show
the power spectra averaged over all S—=N and C—F bonds in
the anions interacting with cations and over those S=O bonds
which are Li" coordinated. We should remember that these
plots show only contributions of frequencies to the vibrational
modes but not the IR intensity. The blue-shift of the S—N
maximum and the red-shift of the asymmetric S=O vibrations
(both by 6—7 cm™) are well noticeable.

The case of the band at ~1100 cm™, corresponding to
symmetric S=O stretches (coupled to C—F and S—N
oscillations), is more complicated. As seen in Figure 11, the
corresponding band in the S=O power spectrum is wide and
has some structure. In MP2 calculations (Figure 7), two
separate maxima for this v1brat10n are assigned to in-phase and
out-of-phase oscillations.'* The distribution of the IR intensity
(and the power spectra) in this frequency range depend on the
conformation of the anion. Therefore, the wide structure of the
power spectrum around 1100 cm™ can be attributed to the
TESI anions in different conformations and/or changing the
conformation during the AIMD simulation. In Figure 11, the
S=O power spectrum at 1100 cm™' shows some redistrib-
ution of frequencies for S=O bonds coordinated to cations,
but the overall effect is rather very limited. These results agree
with the findings of ref 14, where it was concluded that the
sensitivity of S=O oscillations in the vibrational spectrum of
TESI to the interactions with Li" is unexpectedly small, as per
the bond directly involved in the coordination of the cation.

A Raman-active vibration at 740 cm™' is often used in
spectroscopic studies of TFESI interactions.'*'® The MP2
spectra in Figure 7 indicate a clear blue-shift of this band upon
Li* coordination. In our AIMD-simulated IR spectrum in
Figure 11, there is, of course, no corresponding band, but the
power spectra can be used to analyze the frequency changes.
Indeed, both S—N and C—F power spectra indicate a vibration
at 720—735 cm™". The power spectra for coordinated anions
are blue-shifted by 5—10 cm™ with respect to the maxima
obtained for free TFSI. Although the shift is not very large, it is
readily visible in the spectrum, confirming that the 740 cm™
Raman band can be used to monitor the coordination status of
TESI ions in solution. Its value agrees well with the
coordination-induced upshifts of 6 or S cm™' observed for
the 740 cm™' Raman band of TFSI in a Li salt solution in an
ionic liquid'* or in LiTFSI/G4 electrolyte.'® However, we
should note that a recent study indicates that the picture of
only two (uncoordinated and coordinated) bands is an
oversimplification and the electrolyte spectrum should be
deconvoluted into more bands, corresponding to different
degree of Li—TFSI interaction/ aggregation.52

Three bands from the IR spectrum of the 1:20 LiFPFSI type
a electrolyte (Figure 12) are of our interest: a weak maximum
at 640 cm™, the most intense peak at 1066 cm ™', and the band
with a maximum at 1317 cm™". The power spectra in Figure
S10 and the FTs of bond lengths allow us to assign these
features to the FPFSI vibrations. The two upper bands
correspond to S=O stretches. In the 1:8 type b electrolyte,
with more FPFSI—cation interactions, these bands behave
similarly to the peaks in the LiTFSI electrolytes. The maximum
of the highest peak is unaffected, but the IR intensity increases
in the low-energy shoulder of the band. Similarly, for the most
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intense band, the main maximum shifts to higher energies, but
a small shoulder develops below, at about 1050 cm™. We can
attribute these red-shifted features to the S=O bonds in the
FPFESI anions interacting with Li'.

Power spectra calculated for S=O oscillations confirm the
above conclusion. In both bands, corresponding to symmetric
and asymmetric S==O0 stretches, oscillations of S=0 bonds in
the SO,F group are at frequencies higher than the S=O
oscillations in the SO, group, in agreement with MP2 data in
Figure 8. Power spectra calculated for S=O bonds involved in
Li* coordination are shifted to lower wavenumbers. The shifts
for the SO, group are similar in the symmetric and asymmetric
vibrations (—20 and —10 cm™, respectively), whereas the
maximum of the symmetric mode of SO,F is not shifted. For
the asymmetric SO,F mode, shift of the maximum is —7 cm™,
which is close to that observed for the SO, group. In general,
red-shifts of the S=O vibrations in the FPFESI electrolyte are
better pronounced than in TESI solutions, suggesting that S=
O bands can be used to monitor the coordination of the
former anions.

Power spectra indicate that the band at 640 cm™" is related
to S—F vibrations, as already concluded for the MP2-based
spectra in Figure 8. An upshift of the IR intensity is very well
pronounced in the spectrum of 1:8 type b electrolyte, with the
maximum appearing at 666 cm™'. A similar blue-shift of 26
cm™! is observed for the power spectrum of S—F vibrations in
coordinated FPESI anions. We can, therefore, confirm the
conclusions drawn from QC calculations in Section 3.2, that
the S—F band above 600 cm™}, IR and Raman active, and
exhibiting a clear shift upon cation coordination, seems to be
very convenient for experimental studies of FPFSI interactions
with lithium cations.

Finally, we can note that the band corresponding to S—N—S§
deformation, located at 742 cm™" in the IR spectrum of 1:20
LiFPFESI type a electrolyte, is another promising candidate for
coordination studies of FPESI. Both the IR spectra and the
power spectrum of S—N oscillations show a clear coordination-
induced blue-shift of this mode. Although its IR intensity is
weak, the band is Raman active (cf. Figure 8); therefore, it can
be studied using Raman spectroscopy.

4. CONCLUSIONS

We computationally compared two isomeric anions, TFSI and
FPFS], using quantum chemical calculations to assess the
conformational properties, binding energies, and structure of
ion pairs, and performing AIMD simulations to investigate the
structure of salt solutions in tetraglyme and their IR spectra.

Asymmetry of the FPFSI anion and the flexibility of C,F;
group lead to an increased number of low-energy conforma-
tions and possible structures of anion—Li" pair. Nevertheless,
the preferred structure of an ion pair for both anions is a
bidentate coordination of the Li" ion by two oxygen atoms
from two SO, groups. Binding of lithium cation to FPFSI
anions is weaker than to TFSI, but the difference is relatively
small (1.5 kcal/mol in the solvent). These findings agree with
an earlier QC study on ion pairs with asymmetric fluorinated
anions.”®

In the G4-based electrolytes with LiTFSI and LiFPFSI salts,
the preferred Li* coordination is to oxygen atoms from the
solvent molecules. The average number of coordinating O
atoms increases in the electrolytes based on LiFPESI;
therefore, according to our AIMD results, the asymmetric
anion reduces ion pairing and promotes cation interactions
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with ether molecules, in agreement with slightly lower stability
of Li—FPESI ion pairs obtained from QC calculations.
However, the AIMD simulations are limited to small systems
and short simulation time; therefore, statistics of coordination
are poor, and the long-time dynamics is inaccessible, rendering
impossible to analyze the effects of rather subtle differences
between the two anions in the first-principles MD. To obtain
more reliable statistics and some estimates of transport
properties (diffusion coefficients, conductivity), classical MD
simulations with parametrization tailored to TFSI/FPFSI
anions will be necessary. We plan such investigations, based
on the QC data obtained in this work, for future research.

According to the analysis of the IR spectra obtained from
AIMD simulations, supported by QC calculations for isolated
ion pairs, we can suggest that the IR and Raman active S—F
stretching vibration of the FPFSI anion in the range 600—700
cm™! exhibits sensitivity to interactions with Li*. The band is
well separated from other features in the spectrum, and the
blue-shift induced by interactions is quite large, making this
band a perfect candidate for spectroscopic monitoring the
coordination of FPFSI anions in solutions.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c08414.

Compositions of simulated systems, energies and
structural data for TFSI and FPFSI conformers, partial
atomic charges, geometries of LiFPFSI structures in
vacuum, Li-anion distances, vibrational spectra of TFSI
and FPFSI obtained with MP2 and DFT methods, Li—F
RDFs, a sample snapshot of the 1:8 LiFPFSI-b
electrolyte, probabilities of different coordination
environments, power spectra of LiTFSI/G4 and
LiFPFSI electrolytes, Cartesian coordinates of gauche
TFSI conformers (PDF)

B AUTHOR INFORMATION

Corresponding Author
Andrzej Eilmes — Faculty of Chemistry, Jagiellonian
University, 30-387 Krakéw, Poland; ® orcid.org/0000-
0002-4690-2611; Email: eilmes@chemia.uj.edu.pl

Authors
Piotr Kubisiak — Faculty of Chemistry, Jagiellonian University,
30-387 Krakéw, Poland; ® orcid.org/0000-0002-2680-
2461
Domantas Narkevicius — Faculty of Physics, Vilnius
University, LT-01513 Vilnius, Lithuania; Faculty of
Chemistry, Jagiellonian University, 30-387 Krakéw, Poland;
orcid.org/0009-0000-2796-529X
Chiara Nicotri — Faculty of Chemistry, Jagiellonian University,
30-387 Krakéw, Poland; Department of Applied Science and
Technology, Politecnico di Torino, 10129 Torino, Italy;
orcid.org/0009-0007-5306-6731

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.4c08414

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acs.jpcb.4c08414
J. Phys. Chem. B 2025, 129, 2560—-2572


https://pubs.acs.org/doi/10.1021/acs.jpcb.4c08414?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c08414/suppl_file/jp4c08414_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrzej+Eilmes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4690-2611
https://orcid.org/0000-0002-4690-2611
mailto:eilmes@chemia.uj.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piotr+Kubisiak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2680-2461
https://orcid.org/0000-0002-2680-2461
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Domantas+Narkevic%CC%8Cius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0000-2796-529X
https://orcid.org/0009-0000-2796-529X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiara+Nicotri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-5306-6731
https://orcid.org/0009-0007-5306-6731
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c08414?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c08414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

B ACKNOWLEDGMENTS

We gratefully acknowledge Polish high-performance comput-
ing infrastructure PL-Grid (HPC Center ACK Cyfronet AGH)
for providing computer facilities within computational grant
no. PLG/2023/016895. This work was supported by the
Faculty of Chemistry of the Jagiellonian University. The study
was in part carried out using research infrastructure funded by
the European Union in the framework of the Smart Growth
Operational Programme, Measure 4.2; grant no.
POIR.04.02.00-00-D001/20, “ATOMIN 2.0—Center for
materials research on ATOMic scale for the INnovative
economy”. C.N. acknowledges the support from the French
government through the Program “France 2030” (SFRI project
GRAEL/ANR21SFRI00S) managed by the National Research
Agency.

B REFERENCES

(1) Whittingham, M. S. Lithium Batteries and Cathode Materials.
Chem. Rev. 2004, 104, 4271—4302.

(2) Li, M; Luy, J.; Chen, Z.; Amine, K. 30 Years of Lithium-Ion
Batteries. Adv. Mater. 2018, 30, 1800561.

(3) Zubi, G.; Dufo-Lépez, R; Carvalho, M.; Pasaoglu, G. The
Lithium-Ton Battery: State of the Art and Future Perspectives.
Renewable Sustainable Energy Rev. 2018, 89, 292—308.

(4) Grey, C. P,; Hall, D. S. Prospects for Lithium-Ion Batteries and
Beyond — A 2030 Vision. Nat. Commun. 2020, 11, 6279.

(5) Xu, K. Nonaqueous Liquid Electrolytes for Lithium-Based
Rechargeable Batteries. Chem. Rev. 2004, 104, 4303—4418.

(6) Xu, K. Electrolytes and Interphases in Li-Ion Batteries and
Beyond. Chem. Rev. 2014, 114, 11503—11618.

(7) Xue, Z.; He, D.; Xie, X. Poly(ethylene oxide)-Based Electrolytes
for Lithium-Ion Batteries. J. Mater. Chem. A 2015, 3, 19218—19253.

(8) Nowinski, J. N.; Lightfoot, P.; Bruce, P. G. Structure of
LiN(CF,S0,),, a Novel Salt for Electrochemistry. J. Mater. Chem.
1994, 4, 1579—1580.

(9) Rey, L; Johansson, P.; Lindgren, J.; Lassegues, J. C.; Grondin, J.;
Servant, L. Spectroscopic and Theoretical Study of (CF,SO,),N~
(TESI™) and (CF,S0,),NH (HTFSI). J. Phys. Chem. A 1998, 102,
3249-3258.

(10) Hersted, M.; Smirnov, M.; Johansson, P.; Chami, M.; Grondin,
J.; Servant, L.; Lassegues, J. C. Spectroscopic Characterization of the
Conformational States of the Bis(trifluoromethanesulfonyl)imide
Anion (TFSI”). J. Raman Spectrosc. 2005, 36, 762—770.

(11) Vitucci, F. M,; Trequattrini, F.; Palumbo, O.; Brubach, J. B;
Roy, P.; Navarra, M. A,; Panero, S.; Paolone, A. Stabilization of
Different Conformers of Bis(trifluoromethanesulfonyl)imide Anion in
Ammonium-Based Ionic Liquids at Low Temperature. . Phys. Chem.
A 2014, 118, 8758—8764.

(12) Fujii, K.; Fujimori, T.; Takamuku, T.; Kanzaki, R.; Umebayashi,
Y.; Ishiguro, S.-I. Conformational Equilibrium of Bis-
(trifluoromethanesulfonyl) Imide Anion of a Room-Temperature
Ionic Liquid: Raman Spectroscopic Study and DFT Calculations. J.
Phys. Chem. B 2006, 110, 8179—8183.

(13) Umebayashi, Y.; Mitsugi, T.; Fukuda, S.; Fujimori, T.; Fujii, K.;
Kanzaki, R.; Takeuchi, M.; Ishiguro, S.-I. Lithium Ion Solvation in
Room-Temperature Ionic Liquids Involving Bis-
(trifluoromethanesulfonyl) Imide Anion Studied by Raman Spectros-
copy and DFT Calculations. J. Phys. Chem. B 2007, 111, 13028—
13032.

(14) Lasségues, J. C; Grondin, J; Aupetit, C.; Johansson, P.
Spectroscopic Identification of the Lithium Ion Transporting Species
in LiTFSI-Doped Ionic Liquids. J. Phys. Chem. A 2009, 113, 305—314.

(15) Bauschlicher, Jr. C. W.; Haskins, J. B.; Bucholz, E. W.; Lawson,
J. W,; Borodin, O. Structure and Energetics of Li*-(BF,”),, Li*-
(FSI7),, and Li*-(TFSI"),: Ab Initio and Polarizable Force Field
Approaches. J. Phys. Chem. B 2014, 118, 10785—10794.

2571

(16) Aguilera, L.; Xiong, S.; Scheers, J.; Matic, A. A Structural Study
of LiTFSI-Tetraglyme Mixtures: From Diluted Solutions to Solvated
Ionic Liquids. J. Mol. Lig. 2015, 210, 238—242.

(17) Tsuzuki, S.; Shinoda, W.; Matsugami, M.; Umebayashi, Y.;
Ueno, K.; Mandai, T.; Seki, S.; Dokko, K.; Watanabe, M. Structures of
[Li(glyme)]* Complexes and their Interactions with Anions in
Equimolar Mixtures of Glymes and Li[ TFSA]: Analysis by Molecular
Dynamics Simulations. Phys. Chem. Chem. Phys. 2018, 17, 126—129.

(18) Callsen, M.; Sodeyama, K.; Futera, Z.; Tateyama, Y.; Hamada,
1. The Solvation Structure of Lithium Ions in an Ether Based
Electrolyte Solution from First-Principles Molecular Dynamics. J.
Phys. Chem. B 2017, 121, 180—188.

(19) Shinoda, W.; Hatanaka, Y.; Hirakawa, M.; Okazaki, S.; Tsuzuki,
S.; Ueno, K. Watanabe, M. Molecular Dynamics Study of
Thermodynamic Stability and Dynamics of [Li(glyme)]* Complex
in Lithium-Glyme Solvate Ionic Liquids. J. Chem. Phys. 2018, 148,
193809.

(20) Dong, D.; Bedrov, D. Charge Transport in [Li(tetraglyme)]-
[bis(trifluoromethane)sulfonamide] Solvate Ionic Liquids: Insight
from Molecular Dynamics Simulations. J. Phys. Chem. B 2018, 122,
9994—10004.

(21) Neumann, J; Golub, B; Odebrecht, L.-M.; Ludwig, R;
Paschek, D. Revisiting Imidazolium Based Ionic Liquids: Effect of the
Conformation Bias of the [NTf,] Anion Studied by Molecular
Dynamics Simulations. J. Chem. Phys. 2018, 148, 193828.

(22) Ray, P; Balducci, A; Kirchner, B. Molecular Dynamics
Simulations of Lithium-Doped Ionic-Liquid Electrolytes. J. Phys.
Chem. B 2018, 122, 10535—10547.

(23) Kubisiak, P.; Wrébel, P.; Eilmes, A. Molecular Dynamics
Investigation of Correlations in Ion Transport in MeTFSI/EMIM-
TFSI (Me = Li, Na) Electrolytes. J. Phys. Chem. B 2020, 124, 413—
421.

(24) Han, H. B.; Zhoy, Y. X,; Liu, K; Nie, J.; Huang, X. J.; Armand,
M.; Zhou, Z. B. Efficient Preparation of (Fluorosulfonyl)-
(pentafluoroethanesufonyl)imide and Its Alkali Salts. Chem. Lett.
2010, 39, 472—474.

(25) Giffin, G. A.; Laszczynski, N.; Jeong, S.; Jeremias, S.; Passerini,
S. Conformations and Vibrational Assignments of the
(Fluorosulfonyl) (trifluoromethanesulfonyl)imide Anion in Ionic
Liquids. J. Phys. Chem. C 2013, 117, 24206—24212.

(26) Deng, P.; Zhang, H.; Feng, W.; Zhou, Z.; Armand, M.; Nie, J.
Lithium (Fluorosulfonyl) (pentafluoroethanesufonyl)imide/poly-
(ethylene oxide) Polymer Electrolyte: Physical and Electrochemical
Properties. Solid State Ionics 2019, 338, 161—167.

(27) Tong, B.; Wang, P.; Ma, Q;; Wan, H.; Zhang, H.; Huang, X,;
Armand, M.; Feng, W.; Nie, J; Zhou, Z. Lithium Fluorinated
Sulfonimide-based Solid Polymer Electrolytes for LillLiFePO, Cell:
The Impact of Anionic Structure. Solid State Ionics 2020, 358, 115519.

(28) Zhang, H.; Arcelus, O.; Carrasco, J. Role of Asymmetry in the
Physicochemical and Electrochemical Behaviors of Perfluorinated
Sulfonimide Anions for Lithium Batteries: A DFT Study. Electrochim.
Acta 2018, 280, 290—299.

(29) Osborne, D. A.; Breedon, M.; Riither, T.; Spencer, M. J. S.
Towards Higher Electrochemical Stability of Electrolytes: Lithium
Salt Design Through in Silico Screening. J. Mater. Chem. A 2022, 10,
13254—13265.

(30) Yoshida, K; Tsuchiya, M; Tachikawa, N.; Dokko, K;
Watanabe, M. Change from Glyme Solutions to Quasi-ionic Liquids
for Binary Mixtures Consisting of Lithium Bis-
(trifluoromethanesulfonyl)amide and Glymes. ]. Phys. Chem. C
2011, 115, 18384

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R;; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A,; et al. Gaussian 09. Revision D.01; Gaussian, Inc.:
Wallingford CT, 2009.

(32) Moller, Ch.; Plesset, M. S. Note on an Approximation
Treatment for Many-Electron Systems. Phys. Rev. 1934, 46, 618—62.2.

(33) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys.
Rev. 1964, 136, B864—B871.

https://doi.org/10.1021/acs.jpcb.4c08414
J. Phys. Chem. B 2025, 129, 2560—-2572


https://doi.org/10.1021/cr020731c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1016/j.rser.2018.03.002
https://doi.org/10.1016/j.rser.2018.03.002
https://doi.org/10.1038/s41467-020-19991-4
https://doi.org/10.1038/s41467-020-19991-4
https://doi.org/10.1021/cr030203g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030203g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500003w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500003w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5TA03471J
https://doi.org/10.1039/C5TA03471J
https://doi.org/10.1039/jm9940401579
https://doi.org/10.1039/jm9940401579
https://doi.org/10.1021/jp980375v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980375v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jrs.1347
https://doi.org/10.1002/jrs.1347
https://doi.org/10.1002/jrs.1347
https://doi.org/10.1021/jp504833e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp504833e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp504833e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0612477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0612477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0612477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp076869m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp076869m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp076869m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp076869m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp806124w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp806124w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp506422p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp506422p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp506422p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2015.04.053
https://doi.org/10.1016/j.molliq.2015.04.053
https://doi.org/10.1016/j.molliq.2015.04.053
https://doi.org/10.1039/C4CP04718D
https://doi.org/10.1039/C4CP04718D
https://doi.org/10.1039/C4CP04718D
https://doi.org/10.1039/C4CP04718D
https://doi.org/10.1021/acs.jpcb.6b09203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b09203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5009814
https://doi.org/10.1063/1.5009814
https://doi.org/10.1063/1.5009814
https://doi.org/10.1021/acs.jpcb.8b06913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b06913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b06913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5013096
https://doi.org/10.1063/1.5013096
https://doi.org/10.1063/1.5013096
https://doi.org/10.1021/acs.jpcb.8b06022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b06022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b10391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b10391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b10391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/cl.2010.472
https://doi.org/10.1246/cl.2010.472
https://doi.org/10.1021/jp408565b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp408565b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp408565b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ssi.2019.05.015
https://doi.org/10.1016/j.ssi.2019.05.015
https://doi.org/10.1016/j.ssi.2019.05.015
https://doi.org/10.1016/j.ssi.2020.115519
https://doi.org/10.1016/j.ssi.2020.115519
https://doi.org/10.1016/j.ssi.2020.115519
https://doi.org/10.1016/j.electacta.2018.05.109
https://doi.org/10.1016/j.electacta.2018.05.109
https://doi.org/10.1016/j.electacta.2018.05.109
https://doi.org/10.1039/D2TA01259F
https://doi.org/10.1039/D2TA01259F
https://doi.org/10.1021/jp206881t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp206881t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp206881t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1103/PhysRev.136.B864
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c08414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(34) Kohn, W.,; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133—
Al138.

(35) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(36) Becke, A. D. Density-functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(37) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics,
Noncovalent Interactions, Excited States, and Transition Elements:
Two New Functionals and Systematic Testing of Four M06-class
Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120,
215-241.

(38) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(39) Martinez, L; Andrade, R; Birgin, E. G.; Martinez, J. M.
Packmol: A Package for Building Initial Configurations for Molecular
Dynamics Simulations. J. Comput. Chem. 2009, 30, 2157—2164.

(40) Rackers, J. A; Wang, Z.; Lu, C.; Laury, M. L,; Lagardere, L.;
Schnieders, M. J.; Piquemal, J. P.; Ren, P.; Ponder, J. W. TINKER 5.1:
Software Tools for Molecular Design. J. Chem. Theory Comput. 2018,
14, 5273—5289.

(41) Borodin, O. Polarizable Force Field Development and
Molecular Dynamics Simulations of Ionic Liquids. J. Phys. Chem. B
2009, 113, 11463—11478.

(42) VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.;
Chassaing, T.; Hutter, J. QUICKSTEP: Fast and Accurate Density
Functional Calculations Using a Mixed Gaussian and Plane Waves
Approach. Comput. Phys. Commun. 2008, 167, 103—128.

(43) Hutter, J.; Iannuzzi, M.; Schiffmann, F.; VandeVondele, J.
CP2K: Atomistic Simulations of Condensed Matter Systems. Wiley
Interdiscip. Rev.: Comput. Mol. Sci. 2014, 4, 15-25.

(44) Goedecker, S.; Teter, M.; Hutter, J. Separable Dual-Space
Gaussian Pseudopotentials. Phys. Rev. B 1996, 54, 1703—1710.

(45) VandeVondele, J.; Hutter, J. Gaussian basis Sets for Accurate
Calculations on Molecular Systems in Gas and Condensed Phases. J.
Chem. Phys. 2007, 127, 114105.

(46) Brehm, M.; Kirchner, B. TRAVIS - A Free Analyzer and
Visualizer for Monte Carlo and Molecular Dynamics Trajectories. J.
Chem. Inf. Model. 2011, $1, 2007—2023.

(47) Johansson, P.; Gejji, S. P.; Tegenfeldt, J.; Lindgren, J. The
Imide Ion: Potential Energy Surface and Geometries. Electrochim. Acta
1998, 43, 1375—1379.

(48) Wagaye, A. M.; Yohannes, T.; Workneh, G. A. Structure and
Molecular Interactions in 1-Ethyl-3-methylimidazolium Bis-
(trifluoromethylsulfonyl)imide Ion Pair Conformers: Abinitio DFT
Based Study. Discover Appl. Sci. 2024, 6, 60.

(49) Yamada, Y; Wang, J; Ko, S; Watanabe, E; Yamada, A.
Advances and issues in developing salt-concentrated battery electro-
lytes. Nat. Energy 2019, 4, 269—280.

(50) Wrébel, P.; Kubisiak, P.; Eilmes, A. MeTFSI (Me = Li, Na)
Solvation in Ethylene Carbonate and Fluorinated Ethylene Carbo-
nate: A Molecular Dynamics Study. J. Phys. Chem. B 2021, 12§,
1248—1258.

(51) Wrébel, P.; Eilmes, A. Effects of Me-Solvent Interactions on the
Structure and Infrared Spectra of MeTFSI (Me = Li, Na) Solutions in
Carbonate Solvents — A Test of the GFN2-xTB Approach in
Molecular Dynamics Simulations. Molecules 2023, 28, 6736.

(52) Henderson, W. A.; Helm, M. L.; Seo, D. M.; Trulove, P. C.; De
Long, H. C; Borodin, O. Electrolyte Solvation and Ionic Association:
VIIIL Reassessing Raman Spectroscopic Studies of Ion Coordination
for LiTFSL J. Electrochem. Soc. 2022, 169, 060515.

2572

https://doi.org/10.1021/acs.jpcb.4c08414
J. Phys. Chem. B 2025, 129, 2560—-2572


https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21224
https://doi.org/10.1002/jcc.21224
https://doi.org/10.1021/acs.jctc.8b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp905220k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp905220k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1063/1.2770708
https://doi.org/10.1063/1.2770708
https://doi.org/10.1021/ci200217w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci200217w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0013-4686(97)10047-0
https://doi.org/10.1016/S0013-4686(97)10047-0
https://doi.org/10.1007/s42452-024-05627-5
https://doi.org/10.1007/s42452-024-05627-5
https://doi.org/10.1007/s42452-024-05627-5
https://doi.org/10.1007/s42452-024-05627-5
https://doi.org/10.1038/s41560-019-0336-z
https://doi.org/10.1038/s41560-019-0336-z
https://doi.org/10.1021/acs.jpcb.0c10622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c10622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c10622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules28186736
https://doi.org/10.3390/molecules28186736
https://doi.org/10.3390/molecules28186736
https://doi.org/10.3390/molecules28186736
https://doi.org/10.1149/1945-7111/ac71d4
https://doi.org/10.1149/1945-7111/ac71d4
https://doi.org/10.1149/1945-7111/ac71d4
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c08414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

