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ABSTRACT: The molecular dynamics simulations of a “water-in-
salt” electrolyte, lithium bis(trifluoromethyl sulfonyl) imide
(LiNTf2), with a varying concentration range of 3 to 20 m were
performed to establish a direct connection between a dynamic
property like the ion-cage lifetime with the short-range vibrational
stretching frequency shift of the used probe, HOD. The properties
reported here are compared to that obtained from experiments
performed at the same concentrations. The time-series wavelet
transform was adopted as a preferable mathematical tool for
calculating the instantaneous fluctuating frequencies of the probe
O−D stretch mode and the concentration-dependent vibrational
stretch spectral signature based on the variable functions associated
with a particular chemical bond derived from classical molecular
dynamics trajectories. The decay time constants of frequency fluctuations and the lifetime of the ion cage (τIC) were estimated as a
function of salt concentration. Herein, we emphasize the correlation between the slowest time constant (τ3) of the decay of O−D
stretch frequency fluctuations and the timescales associated with the lifetime of ion cages (τIC). The results exhibit that the existing
relationships were also concentration-dependent. Therefore, this study highlights the connection between the ionic motions that
regulate the overall system dynamics with the short-range vibrational frequency shift of the used probe, which was used similar to
experiments. It also provides an understanding of the interionic interactions and the dynamical and spectral properties of the
electrolytic mixtures. We establish a direct correlation between short-range frequency profile and localized ion-cage lifetime, which
can fill the gap of understanding between viscosity, vibrational frequency, and ion-cage dynamics of electrolytes.

1. INTRODUCTION
Lithium-ion batteries (LIBs) are a significant source of
electrochemical energy storage, powering our daily digital
lives.1,2 LIBs are extensively used in small electronic devices
such as cell phones and computers because of their higher
energy density, smaller size, and weight.3−6 LIBs are growing in
popularity for automotive applications to reduce greenhouse
gas emissions and air pollution.7 In between the electrodes, the
principal component of LIBs is the electrolyte that helps
conduct lithium ions.2,8−10 The conventional electrolytic
systems include organic carbonate solvents with high volatility
and flammability, and the lithium-ion batteries based on these
solvent electrolytes have safety issues.11 However, the other
most common electrolyte, LiPF6, is thermally and electro-
chemically unstable. They tend to decompose at extremely
high temperatures and absorb moisture, leading to HF
formation that may corrode the battery constituents.12,13

Further, LIBs are far from their theoretical power density
maximum; therefore, new developments are required to fill the
scientific/technological gap.14 Neglected areas in developing
such storage devices are the choice of electrolytes that enhance

the conduction ability of lithium ions and the modification of
electrolytic composition to increase the efficiency, durability,
and safety of an LIB. To address a few shortcomings in battery
technology concerning high energy density, wide operating
voltage windows, and safety issues,15 aqueous electrolytes were
introduced to solve the problems of electrochemical energy
storage and conversion.6,16,17 A slight variation in the
composition of these aqueous electrolytes was expected to
significantly alter the physicochemical properties and perform-
ance of these batteries. Moreover, the “water-in-salt” electro-
lytes within aqueous batteries18,19 have recently attracted
attention owing to their diversified use.20,21 The water
environment in aqueous electrolytes primarily impacts the
properties to be tuned for applications and affects the
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reactivity. In the past, numerous experimental and theoretical
investigations were reported using superconcentrated salts in
aqueous solutions,22 known as the “water-in-salt” electrolytes
(WiSEs).20,23 The reason behind the study of these electrolytic
salt solutions is the ability of such superconcentrated
electrolytes to enhance the window of electrochemical stability
well beyond the thermodynamic limit of water, 1.23 V.16 The
difference in water speciation dictates reactivity and interfacial
properties and expands the voltage window of aqueous
electrolytic solutions.
Molecular dynamics (MD) simulations provide a funda-

mental understanding based on the molecular-level interpre-
tation of the electrolytic properties in battery research.24,25 Past
studies reported several works on aqueous LiNTf2 solutions
focusing on transport property calculations,6,26 exploring the
heterogeneity in ionic liquid microstructures,27,28 and studies
relating to aqueous solution dynamics in highly concentrated
electrolytic mixtures at varying salt concentrations.29 With the
combined efforts of infrared (IR) spectroscopic techniques and
molecular dynamics (MD) simulations, it was observed that
water molecules still seem to exhibit bulk-like behavior at ultra-
high concentrations of WiSEs, serving as a medium for ionic
transport.28 Herein, it was proposed that the solvated Li+
moves through nanometric water channels, providing a
mechanism of ion conduction in LIBs.30 The other study
employed small-angle neutron scattering (SANS) spectroscopy
and molecular simulations to systematically study the structural
variations within the ionic framework and the solvation and
transport properties.27 This work reported disruption of the
cationic solvation structures, resulting in microstructural
heterogeneity in conjunction with forming Li(H2O)4+ that
leads to faster transport of Li+ due to higher transference
numbers. However, several spectroscopic studies31,32 demon-
strated the local ordering and orientations of molecular
structure and the dynamical properties in concentrated
LiNTf2−H2O mixtures.33,34 Still, this study might be helpful
as it provides additional details that serve as the key to the
structural understanding and dynamic exchanging of the ionic
solvation behavior within aqueous LiNTf2 solutions at various
concentration regimes.
Moreover, conductivity is a critical property that depends on

viscosity which can often limit the usefulness of these
electrolytes and should be optimized for enhanced dynamics.
Numerous studies to date focused on the influence of viscosity
in the structural design and the reorganization dynamics of
ILs.35−38 Viscosity correlates well to the breakup of local ion
cages that often lead to structural randomization of the

coordinated environment.37 Previous proceedings further
suggested the connection between the experimentally meas-
ured longer picosecond timescale of IL reorganization with the
calculated time constant of the dynamics of ion cages.35,37−40 It
was found that the longer timescale of spectral diffusion is in
the same range as the relaxation timescale associated with the
breaking and reformation of the ionic complexes that activate
translational diffusion and determines viscosity. Therefore, one
can understand the molecular origin of viscosity for extensive
applications of these fluids as electrolytes. However, the
correlation of ion-cage dynamics with other experimentally
observed properties, like spectral profile, is not well established.
It was proposed that the vibrational frequency shifts of the
probe could be a better measure of ion pairing.37 However, the
direct one-to-one correlation has not been well presented in
earlier studies. In the current study, we investigate the
structural arrangement and molecular picture of the ionic
solvation shells of “water-in-salt” electrolytic mixtures and
aqueous LiNTf2 solutions at six varying salt concentrations and
the connection between dynamics and vibrational frequency.
We focus on the dynamics of the lithium salt solutions by
calculating the time-dependent frequency−frequency correla-
tion functions (FFCFs) and ion-cage dynamics for a series of
electrolyte compositions. We have reported the correlations
between the changing composition and the changes in the
timescales observed in the FFCFs, and the lifetime of ion
cages. Both the frequency profile and ion-cage lifetime vary
with electrolyte composition. Moreover, we establish a
correlation between these two properties by employing MD
simulations.

2. COMPUTATIONAL METHODS
We explore the dynamical response of the probe OD modes of
HOD molecules in the solvated electrolyte system, similar to
samples in ultrafast vibrational spectroscopy. The isotopically
diluted deuterated hydroxyl (O−D) stretch modes serve as the
sensitive reporter of the ultrafast dynamical transformations
within the LiNTf2 salt solutions. We simulated seven systems,
4% HOD−H2O mixture along with 3, 6, 10, 15, 18, and 20 mol
kg−1 aqueous LiNTf2 salt solutions, each consisting of 100
HOD probe molecules using the classical MD simulation
method. The electrolytic salt solutions of 3 and 6 mol kg−1 fall
within the relatively lower concentration regime, and molal
solutions beyond 10 mol kg−1 represent higher salt
concentrations. The simulation parameters of the Li+ ions
were derived from the work of Lee and Rasaiah.41 The flexible
force field model with harmonic descriptions was adapted for

Figure 1. Snapshots of the cubic simulation box at a lower salt concentration, 3 mol kg−1, and a higher concentration, 20 mol kg−1.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c04391
J. Phys. Chem. B 2023, 127, 236−248

237

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04391?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04391?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04391?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04391?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c04391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the ionic liquid counteranion, NTf2− ion,42 while the
parameters of the simple point-charge water model (SPC-
Fw)43,44 were used for treating the probe and water molecules.
Table S1 lists the non-bonded interaction parameters of HOD,
water molecules, and ionic liquid LiNTf2 contributing to the
interatomic potential. We have presented the atomistic models
of the packed contents at two different LiNTf2 concentrations
in Figure 1.
All molecular geometries were optimized using the Gaussian

0945 software with the HF/6-31G (d) basis set. The random
initial ionic structures were packed inside the cubic simulation
box with the Packmol46 software package. The energy of initial
configurations was minimized with the steepest descent47

integrator. The Particle Mesh Ewald (PME)48−50 summation
method with a cutoff value of 0.14 nm was employed to treat

the long-range electrostatics and the van der Waals interactive
forces. The equations of motion were integrated using the
Verlet algorithm.51 Further, two consecutive equilibration steps
were carried out in an NVT ensemble, one at room
temperature for 1 ns and the other at a higher temperature
of 600 K for a total runtime of 2 ns. After the isothermal−
isochoric (NVT) equilibration, the heated solution contents
were brought back to room temperature in the NVT ensemble,
following a stepwise procedure known as annealing. Next, the
cooled constituents of the ionic mixtures were subjected to an
isothermal−isobaric (NPT) simulation for 30 ns, subsequent
NVT equilibration for a total duration of 50 ns, and further
simulations in an NVE ensemble for 200 ns. The V-rescale52

thermostat regulated the temperature of the solution contents
during the NPT simulation, and the Parrinello−Rahman53

Scheme 1. Flowchart Representing the Theoretical Method Employed to Determine the Time-dependent Instantaneous
Vibrational Stretching Frequencies of the Probe, Applying the Wavelet Transform of Classical Trajectories (WTCT).55,56,a

aIn this scheme, a refers to the scale variable, b refers to the time variable, σ indicates the shape of the Gaussian time window, and λ denotes the
center frequency.
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barostat maintained a constant pressure of 1 bar. During the
simulation course, bonds containing hydrogen and deuterium
atoms, except for the probe OD modes, were constrained with
the LINCS algorithm.54 The densities and box lengths
calculated from the last 20 ns trajectory of the NPT simulation
run are reported in Table S2. Finally, a production run was
carried out for a total time of 1 ns. The final trajectories
generated with a time step of 1 fs were utilized to calculate the
instantaneous vibrational frequencies of the O−D stretch
probe modes employing the wavelet method.55,56 All MD
simulations were performed with Gromacs version 5.1.2.57−59

A flowchart representing the employed method is shown in
Scheme 1.
The time-series wavelet transform (WT) is a preferable

mathematical tool to calculate the fluctuating frequencies from
variable functions associated with a particular chemical bond
from the MD trajectories. Based on earlier reports, both the
Laskar60,61 approach and the Arevalo and Wiggins56 method
determine the instantaneous vibrational frequencies of the
probe molecule in the complex molecular environment along
the trajectory. The Laskar method divides the entire trajectory
into several short time intervals. After that, the windowed
Fourier transform generates the instantaneous vibrational
frequencies in each short disjoint time interval. However, in
the method of Arevalo and Wiggins, the time-dependent
vibrational frequencies of the probe modes are calculated
through the continuous WT of the trajectories. In all previous
reports, the Arevalo and Wiggins56 method has been used to
calculate the time-dependent instantaneous fluctuating vibra-
tional stretching frequencies and the normalized stretch
frequency distribution.62−67 The time-series WT is useful
because the method automatically adjusts the time window size
to the frequency of oscillations, providing better time
localization and detailed spectral information than the Laskar
method of the windowed Fourier transforms. In the wavelet
method of Arevalo and Wiggins,56 the Fourier trans-
formation68 of the time domain data generates the frequencies
at each timestep.
The mathematical formulation of the wavelet theorem

initiates the construction of a complex time-dependent
function f(t) consisting of the real and imaginary components,
r(t) and ip(t), respectively

= +f t r t ip t( ) ( ) ( ) (1)

In the above expression, the real term r(t) represents the
instantaneous distance fluctuations along a specific bond vector
and the imaginary constituent ip(t) expresses the relevant
relative momentum along the corresponding bond.
Next, in this method, the translations and dilations of the

mother wavelet ψ are expressed in terms of two variables, the
scale variable a, and the time variable b

i
k
jjj y

{
zzz=t a t b

a
( )a b,

1/2

2
To make the above equation useful, the a and b values of

ψa,b(t) were chosen such that ψ is real, ψa,b(t) decays to 0 at t
→ ±∞, and it satisfies the admissibility condition,

< = | | | | <+
0 c 2 ( ( ) / )d2 , wherein ψ̂ repre-
sents the Fourier transform of ψ.

The WT of f(t) determines the expansion coefficients in
terms of a and b, according to the following equation provided
a > 0, and b is real

i
k
jjj y

{
zzz=L f a b a f t t b

a
t( , ) ( ) d1/2

(3)

At each time interval t = b, the time−frequency
representation of f(t) stores local information in Lψ f(a,b).
Hence, Lψ f(a,b) describes the frequency content in terms of
variable parameters a and b. We perform our analysis using the
Grossman−Morlet wavelet69

=t e e( )
1
2

i t t2 /22 2

(4)

In the above equation, the shape parameter σ2 controlling
the shape of the Gaussian time window and the center
frequency λ could be readily varied. Mostly, the values of λ and
σ considered were 1 and 2, respectively, and those values could
be tuned to get a better resolution in the calculated
frequencies.
In our calculations, we considered a periodic oscillatory

function, =f t e( ) i t2 0 , and the WT of f(t) employing eq 3
yields
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wherein the modulus of WT Lψ f(a,b) is given by

| | =L f a b a a( , ) ( )0 (5)

In the above expression, = e( ) 2 ( )2 2 2
and ψ̅

provides for localization in frequency with the global maximum
lying at = [ + + ]a (1/2) (1/2 )0

2 2 2 . Thus, the
frequency variable defined with the Morlet−Grossman wavelet
is as follows

i
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jjjj
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a
( )

1
2

1
2

2
2 2 (6)

Herein, we summarize the stepwise process of calculation of
wavelet spectra. First, we compute the unit vector, that is, the
intramolecular bond vector’s distance and the corresponding
bond’s average distance. After that, we determine the time-
varying distances of the probe and the corresponding distance
fluctuations from the average value. Next, we determine the
relative velocities and the projection of relative velocity along
the specific bond. Henceforth, the relative velocities along the
corresponding bond are multiplied by the reduced mass of the
involved atoms to obtain the relevant momentum along the
stretching mode. Subsequently, two scale values a1 and a2 that
approximate the largest modulus of WT are estimated. Next,
the moduli of the WT at scale value a and time value b are
evaluated using Simpson’s formula for numerical integration.
After WT at each time window t = b, we get the instantaneous
vibrational frequencies from the inverse of the scale factor a.
The scale value a governs the width of the time window. The
small a value automatically narrows the time window at a high
frequency and widens it at a lower frequency due to the large a
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value. Thus, WT runs repeatedly through the entire trajectory
timeframe to calculate the vibrational stretching frequencies of
the probe modes and determine the frequency distribution
directly comparable to the experimental absorbance spectrum.
Previously, the wavelet theorem had already been applied to
determine the frequency distribution and examine the process
of spectral diffusion in neat systems,62,70 aqueous solvation
shells,64,71 solutions of neutral moieties,63,72 and ionic liquid
solutions.67,73 We have presented a detailed discussion on the
WTCT method employing classical MD simulations in our
recent reports.67,74−76

3. RESULTS AND DISCUSSION
3.1. Structure of Aqueous Electrolytic Mixtures of

Varying Compositions. 17O nuclear magnetic resonance
(NMR) spectroscopy study reported changes in the solvation
shell of the lithium cation with a significant rise in the
concentration of aqueous LiNTf2 salt solutions.20 Based on
chemical shifts of the 17O signal of water oxygen nuclei, the Li+
ions were observed interacting with the lone pair on water
oxygen. However, to understand the structure of the water-in-
salt lithium-ion battery electrolytes, we calculated the spatial
(SDFs) and radial (RDFs) distribution functions. We examine
structural interactions within the ionic entities of the aqueous
electrolytic solutions based on the corresponding SDFs and
RDFs shown in Figure 2.
The atomic cloud density distribution in three-dimensional

space was computed using the TRAVIS software package.77

We examine the position of cations (represented by the blue-
colored isosurface representation) and anions (represented by

the black-colored isosurface representation) relative to the
probe HOD molecule. Isosurface plots reveal the preferred
cationic and anionic locations in 3D space; the oxygen atomic
cloud interacts with the lithium cation, while the hydrogen and
d e u t e r i um a t om s a r e o r i e n t e d t o w a r d t h e
bis(trifluoromethylsulfonyl)imide anionic cloud. Herein, we
examine that the gap between the blue isosurface lithium atom
cloud and the oxygen of the probe decreases with an increase
in the concentration of the LiNTf2 salt solutions. However, the
anionic density distribution is similar irrespective of the
concentration rise of these aqueous electrolytic solutions.
Thus, we infer enhanced ion-probe interactions within Li+ and
oxygen atomic cloud of the HOD probe molecule with an
increase in salt concentration in these aqueous mixtures.
Therefore, it might be crucial to inspect further the structural
interactions from a cationic perspective based on the probe’s
dynamical and spectral response in different lithium salt
solutions.
To further analyze the ionic structures, we analyze the Li−

OHOD, ONTfd2
−DHOD, and Li−ONTfd2

RDFs and the correspond-
ing number integrals (NIs) for characterizing the structural
environment of the liquid salt around the vibrational reporters.
For the cation-probe structural interactions between Li+ and
the oxygen atom of the probe HOD molecules, a significant
difference lies at the well depth of the first RDF peak minimum
and the peak maxima corresponding to the second solvation
shell, hinting at long-range electrostatic correlations. The
minimum depth between the first and second solvation shells
suggests the strength of hydrogen-bonding structural inter-

Figure 2. Computed SDFs (a−f) of the lithium cations (blue-colored isosurface, isovalue: 4.5) and NTf2− ions (black-colored isosurface, isovalue:
3.5) around the probe. The RDFs and NIs of (g) Li−OHOD, (h) ONTfd2

−DHOD, and (i) Li−ONTfd2
pairs at different LiNTf2 salt concentrations.
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actions. Therefore, the Li−OHOD RDFs depict well-structured
interactions with an increase in salt concentration. However, a
slight variation in the peak heights and the well depth of the
first minimum of the ONTfd2

−DHOD RDFs is observed as a
function of concentration. Our results indicate that the
strength of anion−probe interactions is weaker in the
superconcentrated solutions (∼20 m) than in dilute ones.
Besides, the interaction between lithium cation and the specific
oxygen site of the NTf2‑ ion decreases with an increase in
concentration owing to the increase in relative probabilities at
the first peak minimum. The number integral values follow a
specific trend; the predicted numbers decrease for the cation−
probe interactions with increased LiNTf2 salt concentrations.
In contrast, the coordination numbers predicted for the site-
specific anion−probe and cation−anion interactions are higher
for the superconcentrated solutions.
Based on the above observations, we elucidate that lithium

ion strongly interacts with the lone pair of electrons on the
oxygen atom of the HOD probe molecule, complementing our
SDF data. Based on well depth at the first minimum of the
RDF plots, the cation−anion interactions within the aqueous
ionic mixtures are more pronounced than the ion−probe
interactions in previously reported solutions.78−80 Moreover,
past studies20,81−83 revealed the lithium-ion solvation sheath
structure�in the dilute regime, Li+ coordinates with at least
four solvent water molecules within the solvation shell, and the
ion NTf2− remains hydrophobic.81 However, as the weight or
volume of salt outnumbers the solvent in WiSEs, water
molecules tend to associate with Li+ and form relatively long-
lived Li(H2O)n+ complexes owing to strong ion−water
interactions.20,82 However, we observe enhanced ion−water
interactions relative to water−water associations in solution
with an increase in salt concentration. Also, computer
simulations further suggested a quasi-solvate ionic liquid
structure composed of Li(H2O)n+ weakly bound to the anionic
counterpart at high salt concentrations.83 Besides, force-field-
based classical MD simulations portraying ion−water correla-
tions throughout the concentration range depicted the
formation of anionic nanodomains that weakened cation−
anion correlations at higher salt molalities, leading to larger
values of the Li-ion transport numbers well in agreement with
our RDF data.16,26 Previously, synchrotron X-ray spectroscopy
(SAXS) was used to investigate the structural variation of the
NTf2− ion over the whole concentration regime.10 This study
revealed different anionic solvation behaviors at low, medium,
and high concentrations. At a relatively lower salt concen-
tration (∼1 m), NTf2− solvated structures exist owing to the
solvation of the anionic species by bulk water molecules.
However, the structural exchange as a function of concen-
tration and temperature results in the coexistence of solvated
NTf2− and network structures formed through hydrogen bond
associations within the anion and interfacial water at a medium
concentration range (∼2−15 m). With a further increase in
concentration beyond 15 m, the NTf2− solvated structures
gradually disappear, and the anionic network structure comes
into the picture at a higher concentration solution regime (∼20
m).
3.2. Vibrational Stretch Spectral Signature and the

Frequency Distribution. Figure 3 represents the normalized
stretch frequency distribution of the OD bonds of the probe at
different LiNTf2 concentrations, applying the wavelet
method.55,56 The peak position of maximum intensity in the

normalized O−D stretch frequency distribution of 4% HOD−
H2O solution represents a principal spectral peak centered at
2510 cm−1. In contrast, the calculated O−D stretch signatures
of 3, 6, and 10 mol kg−1 aqueous solutions depict a bimodal
spectral line shape. The asymmetric line shape represents a
peak for the O−D stretching vibrations around 2510 cm−1,
corresponding to water−water hydrogen bond associations like
the bulk water. Gradually, a peak develops along the blue side
of the spectrum centered at 2630 cm−1 with an increase in the
LiNTf2 concentration representing the anion-bound popula-
tion of the deuterated hydroxyls. The blue shift also indicates
weaker hydrogen-bonding associations in the lithium salt
solution relative to bulk water. Thus, the peak due to the
water−water hydrogen-bonding network completely disap-
pears in the water-in-salt regime with an increase in
concentration beyond 15 m. We also observe the frequency
profile of the OD stretching vibrations to shift toward the blue
side of the spectrum with an increase in the bulk LiNTf2
concentrations. The blue shift in the spectral peak indicates
that the water-associated deuteroxyl population hydrogen-
bonded to the vicinal water molecules gets distorted with an
increase in the concentration of the lithium salt solutions. It is
also important to note that the ion-bound water population is
weakly hydrogen-bonded compared to the water molecules
hydrogen-bonded with the surrounding solvent water within
the ionic framework. The calculated linewidth of the water-
associated spectral peak is approximately 140 cm−1, and the
width of the spectral line shape of the anion-bound deuteroxyl
population is about 60 cm−1. For the aqueous mixtures, the
peak positions of maximum intensity and the linewidth of the
spectral peak in the computed frequency distribution correlate
with the experimentally reported peak center frequency, ∼2510
cm−1 (bandwidth 140 cm−1) for the water-associated water
population and ∼2630 cm−1 (bandwidth 60 cm−1) for the
water molecules hydrogen-bonded to the NTf2− ions.84 Our
findings match well with the experiment.28 Based on another
report, increasing salt concentrations from 1 to 21 m, the
intense peak at 2510 cm−1 representing HOD···OH2 species in
the FT IR absorption spectra fades. However, the peak at 2630
cm−1 assigned to HOD···NTf2− population gets intensi-
fied.85,86 This study further emphasized that the spectral
band at 2630 cm−1 is independent of the cationic influence but
appears due to hydrogen bond associations between the D
atom of the HOD probe molecule and the sulfonyl oxygen
atoms, O−D···O�S, of NTf2− ion.

Figure 3. Normalized frequency distribution of the OD stretch probe
modes in 4% HOD−H2O mixture and aqueous electrolytic solutions
at varied salt molalities.
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3.3. Dynamics of Frequency−Time Correlation versus
Ion-Cage Dynamics in the Aqueous Ionic Framework.
We calculated the frequency−frequency correlation function
(FFCF) expressed as Cω(t) that estimates the sub-picosecond
dynamics of the associated system

=C t
t

( )
( ) (0)

(0)2 (7)

In the above equation, Cω(t) refers to the decay of time−
frequency representations, and δω(t) yields the instantaneous
shift in frequency from the average value. The frequency of the
vibrational chromophore is sensitive to its local environment.
The probe modes oscillate at a particular intrinsic frequency at
an initial instant. With time, differential site-specific
interactions of the probe with the vicinal environment result
in vibrational frequency changes, which causes vibrational
spectral diffusion.62,63,87−91 Further, infrared (IR)
probes37,92−98 interrogate spectral diffusion dynam-
ics74,91,99−104 based on their structural and dynamical response
within the aqueous ionic framework. However, aqueous ionic
dynamics within the liquid microenvironment are governed by
ionic motions relating to the disruption and reformation of the
hydrogen-bonded structural configurations. Experiments sug-
gested the existence of neutral aggregates within the aqueous
ionic mixtures.105,106 The ions within the electrolytic solutions
are held together by the electrostatic Coulombic forces. The
concept of ion pairing (ions present in close vicinity) is highly
ambiguous at extremely high ionic concentrations.107−109 In
such a scenario, the ion cage definition might be appropriate to
understand ionic dynamics within the solvated environ-
ment.6,38,40,110,111 The idea of ion-cage dynamics was
conceptualized based on Luzar and Chandler’s method112−114

of determining hydrogen bond dynamics. Therefore, to
calculate the continuous lifetimes of the hydrogen-bonded
pairs, the population variable parameter h(t) is defined based
on interactions within the ionic entities. Similarly, the ion-cage
lifetime is computed by fitting the following time correlation
function38,40,108,109

S t
h h t

h
0

( )
( ) ( )

IC
(8)

Herein h(t) is unity if the ionic groups are within a particular
cutoff radius at a time t and 0 otherwise if the ion leaves the
first solvation shell. This work unveils the relationship between
the relaxation time constant of the long decay component of
the time-dependent frequency fluctuations and the timescale
associated with the breakup of local ion cages employing
classical simulations. The frequency correlation function decay
is further fitted with a triexponential fitting function shown
below to yield the dynamical timescales associated with the
fluctuating frequencies of the OD bonds in the water-in-salt
mixtures listed in Table 1. The triexponential function best fits
the calculated decay curves

= + +X t a e a e a e( ) t t t
1 2 3

/ / /1 2 3 (9)

The spectral diffusion quantified by the decay of FFCFs
shown in Figure 4 provides an insight into water dynamics
associated with ultrafast molecular motions. Spectral dynamics
in these aqueous ionic mixtures depict three timescales: a rapid
initial fast decay timescale indicating the local structural
fluctuations of the intact hydrogen-bonded configurations,
followed by the intermediate decay time constant correspond-

ing to more significant length-scale fluctuations about the
hydrogen bond networks115,116 and the slowest timescale
representing the exchange of the hydrogen-bond partners
accompanied by large angular jumps.86,117 A past study28

revealed the rotational relaxation time constants of the
anisotropy IR pump−probe signals, wherein the faster time
constant approximately varying within the range of 1 ps
originating from the inertial rotational motion of the OD
groups in the restricted ionic environment is observed to be
independent of the LiNTf2 concentration. However, the
slowest timescale (∼17 ps) associated with the large amplitude
rotational diffusion becomes further slower with increased
concentration. Also, the longest decay time component of the
anisotropy decay agrees with the slowest spectral diffusion
relaxation timescale of the fluctuating OD stretch modes.
Further, the time-dependent experimental nodal line slope
(NLS) after being fitted with the biexponential function
depicted two timescales, a faster component (1.1 ps) and a
slower relaxation time constant (13.4 ps). Our calculated faster
FFCF decay timescale is similar to the aqueous LiNTf2
solutions. However, the intermediate and longer decay time
constants gradually lengthen with an increase in concentration,
indicating sluggish dynamics at higher salt molalities. Hence,
the changes in local molecular structure induced by the
modification of the hydrogen-bonding networks govern the
overall dynamical transformations within the aqueous electro-
lytic framework.
To further obtain time-resolved information about the ionic

solvation state and its dynamic correlations with the local
environment, we determine the lifetime of ion cages in the

Table 1. Time Constants in Picoseconds Obtained by
Fitting the Decay of the Frequency−Frequency Time
Correlation Functions Are Listed Below

frequency−frequency correlation function, Cω(t)

concentration
(mol kg−1) τ1 τ2 τ3 a1 a2 a3

3 0.49 2.38 30.57 0.38 0.51 0.11
6 0.52 3.41 32.41 0.44 0.23 0.33
10 0.65 4.99 34.96 0.52 0.28 0.20
15 0.82 5.93 38.39 0.50 0.27 0.23
18 0.96 6.87 40.32 0.48 0.35 0.17
20 1.03 7.82 41.91 0.36 0.49 0.15

Figure 4. Time-dependent decay of frequency correlation at various
LiNTf2 salt concentrations. The raw data are shown with squares,
while the solid lines depict triexponential fits to the calculated data
sets.
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super concentrated salt water electrolytic systems. The
concerned times are obtained by fitting the corresponding
autocorrelation function decay curves with the stretched
exponential fitting function as follows

=Y t a e( )
t

0
( )

IC (10)

In the above expression, τIC represents the lifetime
associated with the dynamics of the local ion cages. The
formation of ion cages within the aqueous solutions depicts
long-range structural ordering. At a relatively high LiNTf2 salt
concentration, the probe HOD molecules are expected to be
intercalated within the Li+ and NTf2− ionic aggregates. The
time the ions stay in proximity within the cage describes the
overall dynamics of the associated electrolytic solutions. The
ion cages are defined based on the cutoff distance of the first
RDF peak minimum of the corresponding pair of the central
ion and the surrounding counterions.40,118 Moreover, the
microscopic system dynamics in the liquid phase are governed
by the breaking and reformation of ion complexes. Therefore,
we calculated the ion-cage correlation functions of Li−O of
HOD, O of [NTf2]−D of HOD, and Li−O of NTf2− ions to
explore the probability of the corresponding ions staying
within a certain cutoff distance from the reference ion. Herein,
the continuous-time correlations of the ion-cage formation
were determined and are shown in Figure 5 to explore the
escape dynamics from the caged structure.39,119

We investigate the time the Li+ and NTf2− ion stay in the
vicinity of the probe molecules and the lifetime of the cation−
anion correlations between the lithium cation and the oxygen
site of the NTf2− ion. The radial distance cutoff for these
calculations is taken from the pair correlation curves, Li−OHOD
(3.25 Å), ONTfd2

−DHOD (2.75 Å), and Li−ONTfd2
(3.30 Å) RDFs

presented in the earlier part of the paper. The fitting
parameters of the autocorrelation functions are listed in
Table 2. For the Li+−OHOD, we observe an increase in ion-cage
lifetime values when the concentration increases. Based on the
RDF data, the computed results match well with our earlier
observations wherein we examine enhanced structural
interactions between the probe HOD and lithium cations
within the electrolytic solutions at higher salt concentrations.
An increased number of vicinal anions at higher salt molalities
make it difficult for Li+ to leave the ionic solvation and stay
trapped inside the cage for an extended period. Besides, the
increase in salt concentration slows down the motion of
lithium ions, so they take more time to leave the ion cage. For
the site-specific anion−probe (ONTfd2

−DHOD) and the cation−
anion (Li−ONTfd2

) caged complex, the time the ions remain
trapped inside the ion cage before escaping out decreases with
an increase of concentration. Thus, it takes lesser time for the
NTf2− ions to hop out of the caged structure at higher salt
concentrations. Our observations match the strength of the
ion−probe and cation−anion structural interactions predicted
by the spatial and radial distribution functions. SDF plots
reveal the atomic cloud of the probe oxygen oriented toward
Li+, while the deuterium or hydrogen atoms of the HOD probe
molecules are directed toward the anionic density distribution.
Also, the strength of structural correlations between the probe
HOD and lithium cations increases with an increase in
concentration, and the pronounced interaction prevents the
escape of the probe HOD molecules from the Li−OHOD caged
complex. However, the anion−probe structured interactions

within the oxygen atom of NTf2− ions and the deuterium of
probe (ONTfd2

−DHOD) based upon the isosurface plots are
almost similar irrespective of salt concentration, indicating
faster movement of the anions than the cations from the ion-
probe local ion cages. Moreover, the pair correlation curves of
the anion−probe interactions suggest weaker interactive
associations relative to the cation−probe structured inter-
actions, in agreement with the ion-cage dynamical predictions.

4. CONCLUSIONS
An MD simulation study was carried out on LiNTf2−H2O
mixtures to examine the microstructural aspects and ultrafast
dynamical changes within the lithium solvation structure due
to the formation of two separate domains: the aqueous (water-
associated water population) and anionic nanostructured
(anion-associated water population) domains. LiNTf2 was
the chosen aqueous electrolytic system for this study due to its
high water solubility and thermal and electrochemical stability
at high molal (m) concentrations. Water-in-lithium salt is the
chosen electrolyte in this study for battery applications. It is an

Figure 5. Time-dependent decays of the (a) Li−OHOD, (b) ONTfd2
−

DHOD, and (c) Li−ONTfd2
ion-cage correlation functions at varying salt

concentrations. The dotted lines show the raw data, while the solid
lines depict the fitted data, fit by a stretched exponential fitting
function. The inset of each figure displays the structural snapshots
from MD simulations depicting orientations of the HOD probe
molecule relative to Li+ and NTf2− ions and the conformation of Li+
cations and NTf2− ions within the ion cage.
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alternative to conventional organic electrolytes owing to its
nonflammability and enhanced electrochemical stability
window. The structural modification of the aqueous hydro-
gen-bonding environment within the Li+ solvation sheath
impacts the performance of WiSEs.20 Also, water speciation
due to the distinct arrangement and size of nanostructures in
highly concentrated LiNTf2-based water-in-salt systems
drastically changes the physicochemical properties.
The OD stretch probe modes of the HOD molecule

sensitively report associated system dynamics through hydro-
gen-bonding structural interactions with the vicinal ions in the
aqueous LiNTf2 solutions. This study provides a detailed
description of the Li+ solvation structure and solution
dynamics. Water molecules tend to solvate the cationic species
in dilute salt solutions, forming a sheath structure. At a lower
salt concentration regime of 3 mol kg−1, the Li+ ions are bound
to the solvent water molecules within the solvation sheath, and
the NTf2− ions are weakly bound. Water molecules are free at a
relatively lower concentration in the aqueous ionic mixtures.
However, the scarcity of solvent water transforms the Li+
solvation sheath structure with a further increase in salt
concentration beyond a concentration range of 10 mol kg−1.
Herein, water molecules associate with the anionic constituent
of the electrolytic solutions to form anion-bound water
structures at higher salt concentrations above 10 mol kg−1.
Thus, the normalized distribution of the OD stretch probe
modes in the LiNTf2−water mixtures at higher salt molalities
mainly exhibits effects due to interactions with the NTf2− ions.
Based on the previous experimental studies120,121 and MD
simulation results,67 it was observed that the anion-bound
deuterated hydroxyls dominated the stretch spectral signature
in the ionic systems more than the contribution from the
cationic counterpart. A peak develops on the blue side of the
stretch spectral signature of the bulk water molecules in the
frequency distribution owing to the structured interactions of
the anion-bounded OD pairs. In contrast, a change in the
cationic constituent keeping the same anionic counterpart

results in a shift of the spectral band toward a higher or lower
wavenumber, depending on the type of IL constituting the
cation. In this study, we take up different aqueous LiNTf2 salt
solutions at varied concentrations; as a result, we do not
examine cation-dominated spectral changes based on the
response of the local OD probe modes.
Also, we calculated the longest picosecond FFCF timescale

(τ3) and the lifetimes of the caged ionic complexes (τIC) at
multiple salt concentrations. It is observed that the slowest
timescale (τ3) of frequency fluctuations indicates the escape
dynamics of ions out of the caged complexes. The ion-cage
structure and the escape dynamics after the breakup of the
local ion cages are expected to play an essential role in
determining the ionic transport properties relevant to battery
functions. Ionic conductance and viscosity further regulate the
extent of molecular motions in the liquid medium. The
electrochemical performance122,123 of the lithium electrolytic
solution depends on ionic conductivity. Higher conductivity
and lower viscosity facilitate faster ionic transport and enhance
battery performance. The lifetime of the caged ionic complex
also dictates ion transport in electrolytes. A longer lifetime of
the ions within the cage results in slower escape events, leading
to sluggish dynamics. The breakup of the caged complex
influences the diffusivity of ions that determines transport
within the electrolytic mixtures. All these properties of the
battery electrolytes further govern ionic dynamics and largely
affect the performance of LIBs. Several past studies proposed
the computed lifetime of ion cages to be correlated to the
slowest timescale of frequency fluctuation time correlation
functions derived from ultrafast experiments.39,40 This study
determines the time-dependent dynamics of Li−OHOD, ONTfd2

−
DHOD, and Li−ONTfd2

ion cages, the escape of counterions,
HOD probe molecules, and the NTf2-ions out of the solvation
shell of the Li−OHOD, ONTfd2

−DHOD, and Li−ONTfd2
caged

complexes. Herein, we draw attention to the existing
correlation and the dynamical trends by computing these
properties for the water-in-salt lithium bis(trifluoromethyl
sulfonyl)imide solution as a function of salt concentration. We
solely employed classical MD simulations for the first time to
obtain the relationship between the longest time constant of
the frequency−time correlation functions and the lifetime of
ion-cage formation. The data sets are presented in Figure 6.
At lower salt concentration ranges of 3 and 6 mol kg−1, the

calculated slowest time constant obtained from the decay fit of
the FFCF curve is approximately the same as the lifetime of
Li−OHOD and ONTfd2

−DHOD ionic species. In comparison, the
timescale of the Li−ONTfd2

cage is relatively longer when the
concentration of the salt solution is 3 mol kg−1. Moreover, it is
observed that the longer time decay component of frequency
fluctuations (τ3) and the lifetime of the Li−OHOD caged
complex increase with an increase in the molal salt
concentration. This observation hints at slower dynamics of
the probe O−D modes with an increase in the lithium salt
concentration. Further, the results imply that cation−probe
interactions between Li+ and the specific oxygen site of the
probe HOD molecules within the ion cage directly modulate
the time-dependent instantaneous fluctuating frequencies of
the OD bonds. However, for the anion−probe (ONTfd2

−DHOD)
and cation−anion (Li−ONTfd2

) correlations, the time taken to
restructure the ion complexes decreases with an increase in
LiNTf2 concentration. Thus, the breakup of the local ion cages

Table 2. Picosecond Time Constants of the Li−OHOD,
ONTfd2

−DHOD, and Li−ONTfd2
Ion-Cage Autocorrelation

Functions at Various LiNTf2 Salt Concentrations and the
Correlation Coefficients (χ2) Are Listed Here

SIC(t)
concentration
(mol kg−1) a0 τIC α χ2

Li−OHOD 3 0.75 31.84 0.52 0.92
6 0.68 33.02 0.67 0.94
10 0.86 36.80 0.59 0.95
15 0.54 38.39 0.63 0.92
18 0.82 42.78 0.70 0.94
20 0.78 45.41 0.55 0.94

ONTf2−DHOD 3 0.52 32.60 0.48 0.96
6 0.68 30.98 0.57 0.95
10 0.74 27.54 0.74 0.94
15 0.86 22.17 0.66 0.97
18 0.63 21.26 0.59 0.98
20 0.73 19.06 0.62 0.96

Li−ONTf2 3 0.61 58.06 0.58 0.95
6 0.54 53.27 0.69 0.93
10 0.78 50.02 0.50 0.96
15 0.67 49.65 0.57 0.97
18 0.82 47.47 0.71 0.92
20 0.59 43.53 0.74 0.95
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governs molecular diffusion and determines viscosity trends. A
linear relationship was found between the calculated quantities,
τ3, of FFCFs and lifetime of ion cages, τIC. All these
observations suggest the overall system dynamics being
controlled by the breaking and making of ion cages, that is,
the counterions leaving the ionic solvation sphere of the
reference ion. Thus, the water−ion solvation structure,
dynamics, and interplay among Li+, NTf2−, and water
molecules aid in the atomistic interpretation and help to
strategize faster system dynamics by minimizing the ion-cage
lifetimes that might also open up new research avenues in
battery electrolytes.124,125
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