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ABSTRACT: Mixed electrolytes perform better than single
solvent electrolytes in aprotic lithium-O2 batteries in terms of
stability and transportation. According to an experimental study, a
mixed electrolyte consisting of dimethylacetamide (DMA)/
sulfolane (TMS) with lithium bisfluorosulfonimide (LiTFSI)
showed high ionic conductivity, oxygen solubility, remarkable
stability, and better cycle life than only DMA-based or TMS-based
electrolytes. In this work, we used classical molecular dynamics
simulations to explore the structure and ionic dynamics of the
DMA/TMS hybrid electrolytes at two compositions. We
calculated radial, combined, and spatial distribution functions for
the structural examination. These properties depict a minimal
change in the electrolyte structure by increasing the DMA content
in the electrolyte from 20 to 50% by volume. We used the diffusive regimes from mean square displacements for diffusion coefficient
calculations. Ionic conductivities calculated using the Green−Kubo equation have an acceptable agreement with the experimental
values, whereas the Nernst−Einstein relation is found insufficient to explain the ionic transport. The relatively lower value of the ion-
cage lifetime of electrolyte components with 50% DMA shows their faster dynamics. Moreover, we present the new physical insight
by focusing on ion-pair and ion-cage formation and their correlation with ionic conductivity. The atomic-level understanding
through this work may assist in designing electrolytes for aprotic Li-O2 cells.

1. INTRODUCTION
In the growing technical world, there is a need for well-
functioning electrical energy storage systems for the develop-
ment of portable electronic devices and hybrid electric
vehicles.1,2 Apart from conventional energy storage systems
like lithium-ion batteries and supercapacitors, lithium-air
batteries are emerging as a practical storage device for the
future because of their extreme theoretical specific energy
compared to Li-ion batteries.3 Out of different categories of
lithium-air batteries, the aprotic Li-O2 system4,5 got colossal
attention from the researcher’s community. Despite promising
specific energy, this battery system has several technical
hurdles to cross over. Aside from significant challenges, like
formulation of efficient catalysts6−8 for the cathodic surface,
dendrite growth at the anode, and stabilization of the desired
cathodic product (i.e., Li2O2), the instability of the electrolytes
equally contributes toward the non-commercialization of the
aprotic Li-O2 batteries.3,9 A suitable electrolyte for these
devices can reduce the problems mentioned above and
improve the dynamic properties, such as diffusion and
conductivity, which can play a crucial role in making the Li-
O2 battery a truly rechargeable efficient device.

Different varieties of aprotic electrolytes have been
investigated in the last several years.10 In the early research
on the electrolytic components of aprotic Li-O2 devices,
organic carbonates were mostly the focus.11−14 But carbonates
are chemically unstable toward the intermediate (i.e., super-
oxide O2

·− radical) formed during the discharge process. The
nucleophilic attack of O2

·− on carbonates gives lithium alkyl
carbonates (RCOOLi), Li2CO3, H2O, CO2, etc., instead of
Li2O2.

12,14,15 Consequently, there is a need to move toward
other aprotic solvents to construct a suitable electrolyte. Ethers
(e.g., tetraglyme) are better solvents than organic carbonates;
they are more stable toward the reactive O2 intermediate than
carbonates. But, still, they undergo decomposition to give
various unwanted products.16,17 Researchers also explored
many ionic liquids as electrolytes for lithium-air batteries.18−20
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They have been relatively safer solvents for the active
superoxide species. However, with the high viscosity of ionic
liquids, the mobility of Li-ions is affected, resulting in low
conductivity compared to organic electrolytes. They have
relatively low solubility and diffusivity of oxygen. Based on the
results from cyclic voltammetry and computational studies,21

nitrogen-based solvents, like amides, nitriles, and lactams, are
the better option for lithium-air electrolytes. Linear alkyl
amides, like dimethylacetamide (DMA), were very stable
toward the oxygen reduction species,22 but solvents of this
family are unable to form a solid electrolyte interface (SEI) at
the anodic terminal. However, the salt LiNO3 and the
fluorinated amides as additives stabilized the SEI.22,23 Similarly,
despite being stable against O2-active species, solvents like
acetonitrile, phosphate, and siloxane are also reactive toward
the Li electrode. Several groups have studied electrolytes based
on DMSO24−26 and shown their suitability for the Li-O2
system as it has better oxygen diffusivity, conductivity, and
sensational stability toward superoxide. However, the increas-
ing number of cycles undergoes decomposition and poor
battery performance. These solvents also interact with the Li-
electrode and show a low-cycling tendency.27,28 Moreover, the
vapor pressure of DMSO is not low enough. Hence, DMSO
demonstrates partial fulfillment for this battery. In the family of
sulfones, sulfolane (TMS) gave better results for lithium-air
cells, confirmed by experimental29−31 and quantum mechan-
ical-based21 studies. This dipolar aprotic solvent has high
electrochemical stability. It is even stable while operating at a
voltage of more than 4.5 V. TMS has remarkable cycling
performance, much better than DMSO and many others. Also,
the five-membered cyclic structure contributes sulfolane to
construct a genuine rechargeable Li-O2 battery. But the
problem with this solvent is that it stays in the solid state at
room temperature; therefore, it results in low mobility of Li+
and possesses slower dynamics than organic electrolytes.
Of the above-addressed electrolytes, none is ideal for

lithium-oxygen batteries according to the requirements�
better stability and conductivity. Therefore, the scientific
community has been designing the above-described solvents to
give a further edge to forming different mixed electrolytes.
Earlier studies32−36 showed the exclusive functioning of mixed
electrolytes over single electrolytes in various aspects of the Li-
O2 device. Recently, Wang and coworkers reported36 a binary
hybrid electrolyte for the aprotic lithium-air cell. This
electrolytic system has stable TMS and high-conducting
DMA with LiTFSI as the salt. They investigated two
compositions, 20:80 and 50:50 (% v/v) mixtures of
DMA:TMS in 1 M LiTFSI. The increase in the DMA
percentage decreases the mixture’s viscosity, resulting in the
fast transport of the Li-ion and enhanced ionic conductivity as
well. The authors confirmed the fair oxygen solubility, high
stability, and relatively much better cycling performance than
TMS-based or DMA-based electrolytes. In this work, our
investigation aims to uncover the structure and dynamical
properties of the above-described compositions of DMA/TMS
(20:80 and 50:50) mixed solvent in 1 M LiTFSI with the help
of classical molecular dynamics (MD) simulations. We
examine the changes in the solvation structure and transport
properties with the increasing amount of DMA in the
electrolyte. We use experimental data36 to compare the ionic
conductivities. Moreover, we present the new physical insight
by focusing on ion-pair and ion-cage formation and their
correlation with ionic conductivity.

2. COMPUTATIONAL METHOD
The chemical entities considered for this study are shown in
Figure 1, with snapshots of the simulation boxes. The chemical

entities (Figure 1c−f) were filled into the cubical box using
Packmol37 with 0.2 nm tolerance. The system with
20DMA:80TMS contains 433 LiTFSI, 3633 TMS, and 934
DMA units. The system with 50DMA:50TMS has 430 LiTFSI,
2252 TMS, and 2318 DMA units. The structure of each entity
was obtained from the geometry optimization with the B3LYP
method38−40 and 6-311+G(2d,p) basis set using the Gaussian
09 package.41 We used GROMACS 5.0.442,43 to perform MD
simulations. We have used Optimized Potentials for Liquid
Simulations-All Atom (OPLS-AA)44 force field parameters for
bonded and nonbonded interactions.45 Nonbonded parame-
ters of Li+ were taken from Lee and Rasaiah’s work.46 To fit the
charges on individual ions, we used the RESP method47

available in the Antechamber package48 and scaled the charges
to 0.8. A particle-mesh Ewald method with a cutoff distance of
1.2 nm was used for the long-range electrostatic interactions,
and a grid spacing of 0.1 nm was used for van der Waals
interactions. Energy minimization was performed to relax the
strained contacts in the initial configuration with the steepest
descent minimization algorithm. All systems were heated at
500 K for 2 ns, and subsequent annealing was performed to
have the final temperature of 300 K in 5 steps each for 2 ns.
Afterward, isothermal-isobaric (NPT) equilibration was
performed on the annealed systems for 50 ns with 1 fs time
steps at 300 K temperature and 1 bar pressure to obtain the
correct density for all the systems. After finding the
equilibrated density, the isothermal-isochoric (NVT) equili-
bration was performed for 50 ns with 1 fs time steps. The V-
rescale49 thermostat and the Berendsen barostat50 algorithms
were used for the temperature and pressure control,
respectively. The time constants for thermostat and barostat
are 2 and 1 ps, respectively. We performed an NVE run for 100
ns with a time step of 1 fs for the production run. We
generated the NVE trajectory by writing positions and
velocities at every 2 ps, employed for all the analysis except
conductivity. We performed another 1 ns of simulation within

Figure 1. (a, b) Snapshots from the simulation box of both the
electrolytes (blue = TMS, magenta = DMA, red = Li+, and green =
TFSI−). Chemical species of the electrolytes: (c) N,N-dimethylace-
tamide = DMA; (d) tetramethyl sulfone = TMS; (e) bisfluorosulfo-
nimide = TFSI−; and (f) lithium-ion = Li+.
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the same ensemble, and the velocities at every time step were
collected for the Green−Kubo integral.

3. RESULTS AND DISCUSSION
3.1. Density and Structure of Electrolytes. The average

density of both electrolytes is calculated using the NPT
simulations. The electrolyte density with 20% DMA is 1314.32
kg m−3, and that of 50% DMA is 1224 kg m−3; the percentage
errors in densities are 1.8 and 1.0%, respectively, as compared
to experimental results. The former has a higher density
because (a) it has more TMS molecules having a higher
molecular weight than DMA and (b) the unique five-
membered cyclic structure of TMS does a better packing in
the electrolyte solution. We investigated the center of mass
(COM) RDFs of Li-TFSI and Li-solvent pairs for structural
exploration of the electrolytic compositions, as shown in Figure
2. Figure 2a depicts that the TFSI ion appears at a distance of
0.23 nm from Li+ and its occurrence decreases slightly on
increasing the DMA content from 20 to 50%. But the first
minima (0.3 nm) and the maxima (0.23 nm) of Li-TFSI pairs
do not change with changing the composition; this shows that
the interactions between ion pairs remain almost unchanged
on changing the DMA content. The first peaks of cation−
cation RDFs are spotted at the most extended distances with
very short peak heights at 0.57 and 0.55 nm for
20DMA:80TMS and 50DMA:50TMS, respectively; moreover,
their first minima lie at 0.77 and 0.76 nm with no alteration
due to compositional change. The cation−cation interactions
are significantly less pronounced due to the repulsive
Coulombic effect; as a result, the remaining electrolytic species
stay around Li+ solvation shells.
The solvents have crucial contributions to the solvation

process.51 The organic solvents, DMA and TMS, used here
majorly solvate the cation rather than the TFSI anion. Figure
2b shows that TMS and DMA both have the maximum
probability of appearing at the same distance of 0.23 nm from
the reference cation with no alteration due to an increase in the
DMA content in the electrolyte. However, there is a slight
increase in TMS occurrence and a negligible decrease in DMA
occurrence on changing the electrolytic composition from
20DMA:80TMS to 50DMA:50TMS. The first minima for
both Li-TMS and Li-DMA remain unchanged at 0.28 and 0.27
nm for both electrolytes. All the COM RDFs show oscillatory
behavior. Table 1 shows that the correlations between Li and
TFSI, Li and TMS, and Li and DMA in terms of first maxima,
first minima, and first peak height remain almost similar for
both electrolyte systems.

Although the first maxima of COM RDFs of Li-TFSI and Li-
solvents lie at the same distance, the peak height of Li-TFSI is
the highest among all, with a considerable difference; this
emphasizes the most occurrence of TFSI− around Li+. The
ion-pair and ion-cage lifetime value of Li-TFSI also supports it,
as presented in the later sections. We also computed the
coordination numbers (CNs) to know the number of anions/
solvent molecules around the cation from the corresponding
COM RDFs. The first minimum of the corresponding RDFs is
the cutoff range for CN calculation. Here, we considered 0.3
nm as the cutoff distance for the first solvation shell of all
RDFs. For DMA/TMS (20:80), the CNs of TFSI, TMS, and
DMA in the first solvation shell around Li+ are 1.17, 4.08, and
0.87, while these are 1.29, 2.74, and 2.04 in the DMA/TMS
(50:50) electrolyte, respectively. In the 50DMA:50TMS
electrolyte, the number of TMS molecules is less than DMA,
but the number of TMS molecules contributing to the first
solvation shell is greater than DMA; this emphasizes the better
packing efficiency of TMS molecules than DMA around the
Li+.
We calculated the combined distribution functions

(CDFs)52 to get insight into the radial and angular orientations
of various moieties. Figure 3 shows the CDFs between two
RDFs, whereas combinations between angular distribution
functions (ADFs) and RDFs are shown in Figure 4. Figure 3a,b
indicates the CDF constituting RDF of Li+ and OTFSI

− and
RDF of Li+ and N of the same TFSI−. In DMA/TMS (20:80),
the probable distance of NTFSI

− is ∼0.4 nm when OTFSI
− is at a

distance of 0.22 to 0.24 nm from Li+. But, in DMA/TMS
(50:50), the more intense peak is found with a slight increase
in the N atom distance from the cation, keeping the O position
unchanged. Moreover, the contour plots also show the
different coordinating fashions of O and N atoms from
TFSI−. In CDF plots of Figure 3c,d, the first probable
distribution indicates the distance between Li+ and O of TMS,

Figure 2. COM RDFs and number integrals (NI) of (a) Li-TFSI and Li-Li and (b) Li-TMS and Li-DMA.

Table 1. Effect of the Change in the Composition of
Solvents on Maxima (rmax), First Peak Height g(rmax),
Minima (rmin), and Coordination Number (CN) = NI (rmin)
of COM RDFs

pair rmax [nm] g(rmax) rmin [nm] NI(rmin)

20DMA:80TMS Li-TFSI 0.23 7.00 0.30 1.17
Li-TMS 0.23 3.30 0.28 4.08
Li-DMA 0.23 2.94 0.27 0.87

50DMA:50TMS Li-TFSI 0.23 7.86 0.30 1.29
Li-TMS 0.23 3.52 0.28 2.74
Li-DMA 0.23 2.72 0.27 2.04
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and the second one indicates the distance between Li+ and S of
the same TMS molecule. For both electrolytes, the most
probable peak at Li+-OTMS = 0.23 nm/Li+-STMS = 0.37 nm
remains the same. The contour distribution between the cation
and DMA is shown in Figure 3e,f. Both RDFs are defined by
Li+-ODMA and Li+-NDMA (same DMA molecule) in these two
CDF plots. The main peak in both the CDFs appears around
0.23/0.44 nm depicting the stronger coordination of ODMA
than NDMA around Li+, but the most probable distribution in
Figure 3e is slightly more intense than that of Figure 3f.
Figure 4a,b demonstrates the CDF of angle θ (between Li-O

and O-S vectors) and distance (R) between Li+ and O of
TFSI−. Here, we have taken the average of all four-oxygen
atoms of the anion. In both the CDFs, the most probable angle
is 150°, which lies around 0.26 nm. This shows that the cation
and the anion are oriented in a similar configuration in both
20DMA:80TMS and 50DMA:50TMS systems. The CDFs
between the RDF of Li+-OTMS and the corresponding Li-O-S
angle are shown in Figure 4c,d. The contour plots indicate that

the angle can lie between 150 and 180° when the OTMS is at
∼0.23 nm from Li+. We observe similar arrangements of TMS
molecules around the reference cation in both solutions. The
probability distribution between the RDF of Li+-ODMA and the
corresponding Li-O-C angle for DMA/TMS (20:80) shows
that the possible angle range is 170 to 180°, with the Li-ODMA
distance of around 0.23 nm (Figure 4e). In contrast, for DMA/
TMS (50:50), Figure 4f shows that the most probable Li-O-C
angle lies near 180° with a Li+-ODMA distance of 0.28 nm; this
indicates a slight change in the orientation of DMA molecules
around the reference cation on increasing the DMA content to
50% in the electrolytic solution.
Apart from RDFs and CDFs, we have calculated the spatial

distribution functions (SDFs) of cations around anions and
solvents using TRAVIS software,52 as shown in Figure 5. SDFs
computed around electrolytic components of 20DMA:80TMS
have similar distributions as that of 50DMA:50TMS electro-
lytic species. The cation is mainly distributed around OTFSI,
with a small distribution around NTFSI. The SDFs of Li+

Figure 3. Combined radial−radial distribution functions between (a, b) Li-OTFSI and Li-NTFSI, (c, d) Li-OTMS and Li-STMS, and (e, f) Li-ODMA and
Li-NDMA. Panels (a, c, and e) for 20DMA:80TMS and panels (b, d, and f) for 50DMA:50TMS.

Figure 4. Combined radial−angular distributions between the (a, b) Li-OTFSI distance and (Li-O-S)TFSI angle, (c, d) Li-OTMS distance and (Li-O-
S)TMS angle, and (e, f) Li-ODMA and (Li-O-C)DMA. Panels (a, c, and e) for 20DMA:80TMS and panels (b, d, and f) for 50DMA:50TMS.
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around TMS and DMA also conclude the strong interaction of
OTMS and ODMA with the cation. Therefore, SDFs validify the
investigated combined radial−radial distribution functions.
Moreover, to have more visual clarity, we present the different
atomistic interactions of solvents and anions with the Li cation
in both the electrolytes, as presented in Figure 6.

3.2. Diffusivity. To get insight into the dynamics of the
electrolytes, we computed the mean square displacements
(MSDs) of each electrolytic component using the following
equation:

N
r t rMSD

1
( ) (0)

i

N

i i
1

2= [ ]
= (1)

where ri(t) denotes the position of the ith species at time t,
whereas ri(0) is the initial position and N is the total number of
particles in the system. To conclude the diffusive regime, we

explored the logarithm plot of MSDs and β parameter. β(t) is
termed as

t
r t

t
( )

dln ( )
dln( )

2

=
(2)

where Δr(t) expresses the change in the position of the particle
as a function of time. In the diffusion region, the slope of the
logarithm plot of the corresponding MSD becomes equal to 1
and the β value approaches unity.53,54 For a particle to enter
into the diffusion regime, it must escape from its first solvation
shell many times.53,54 Figure 7 demonstrates the MSDs, log−
log plots of MSDs, and β(t) values for both electrolytes. For
the DMA/TMS (20:80) electrolyte, β(t) converges to unity
between 30 and 90 ns, whereas for the DMA/TMS (50:50)
system, we found 20 to 80 ns as the appropriate diffusion
region (Figure 7c,f).
Figure 7a shows the sluggish movement of cations and

anions, and this slow ionic mobility is due to the strong
Coulombic interaction between the counterions. Despite being
light and small, Li+ is less mobile than TFSI− due to the very
stable and bulkier solvation shell around it. Compared to salt
counterparts, solvents have more freedom to move, as shown
in Figure 7d. The lower molecular weight of DMA allows its
faster dynamics than TMS in both solutions. However, the
electrolyte with 50% DMA has more rapid kinetics than that
with 20% DMA, and the reduced density could be one of the
reasons. Moreover, a previous investigation36 says that
increasing the DMA content results in a significant decrease
in viscosity. And this decrement in viscosity enhances the
transportation and ionic conductivity of ionic species. To
extract the self-diffusivity of electrolytic components, we
employed Einstein’s relation.55,56 Table 2 shows the diffusion
values calculated using the respective diffusive regime of MSDs
using eq 3:

D
t

r t r
1
6

lim
d
d

( ) (0)i
t

i i
2= | |

(3)

where Di is the self-diffusion coefficient and ri(t) and ri(0)
indicate the positions of the particle at time = t and time = 0.
In DMA/TMS (50:50), the counterions diffuse faster than in
DMA/TMS (20:80) electrolytes.

3.3. Correlated and Uncorrelated Ionic Conductiv-
ities. We computed the uncorrelated ionic conductivities
(ICs) using the Nernst−Einstein57,58 relation using eq 4:

Nq q

K TV
D D( )

i
NE

B
= ++ +

(4)

In the above equation, σNE defines the uncorrelated ICs, q+
and q− are the charges present on ions, Ni is the number of
LiTFSI in the system, D+ and D− express the self-diffusion
coefficients of counterions calculated from uncorrelated MSDs,
KB denotes the Boltzmann constant, and T and V are the
absolute temperature and volume, respectively. The Nernst−
Einstein formula does not account for the ion−ion
correlation.59 In other words, the IC of particles calculated
from the NE equation has no contributions from their
neighboring particles. The ICs estimated using the NE relation
suffer from substantial margins compared to experimental ICs.
The Green−Kubo (CACF) relation60 can be compared with
the experimental IC data since it considers the correlation
between ionic species.61,62 This method63,64 has been applied

Figure 5. Spatial distribution functions of the cation around the TFSI
anion, TMS, and DMA with iso value = 1.5.

Figure 6. Interactions of TFSI−, TMS, and DMA with the cation.
Panels (a, b, and c) show the interactions of TMS, TFSI−, and DMA
with Li+ for DMA/TMS (20:80). Panels (d, e, and f) show the
interactions of DMA, TMS, and TFSI− with Li+ for DMA/TMS
(50:50). Distances are in Å unit.
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to other systems with satisfactory results. The electric current
autocorrelation function (CACF) is defined as

t q q V t VCACF( ) ( ) (0)
i

N

j

N

i j i
c

j
c

1 1

= ·
= = (5)

where qi and qj indicate the charges present on ions, whereas
Vi
c(t) and Vj

c(0) express the COM velocity of ions. Integrating
the CACF via the Green−Kubo (GK) equation gives the
correlated ionic conductivity using eq 6:
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where KB denotes the Boltzmann constant and T and V are the
absolute temperature and volume of the system, respectively.
The obtained ICs using CACFs are in good agreement with
the experiments. Our obtained value for IC 2.99 mS/cm for
LiTFSI/20DMA:80TMS is close to that of the experimental
IC, 3.02 mS/cm, while for LiTFSI/50DMA:50TMS, the
reported value is 4.72 mS/cm, and the IC obtained from the
GK method is 4.41 mS/cm. The computed conductivity for
the 20DMA:80TMS system is almost similar to the
experimental value; however, the IC for the 50DMA:50TMS
system slightly deviates from the original data. Therefore, the
dynamics uncover the correlation motion of ionic species. The

ICs extracted from uncorrelated MSDs are insufficient for
insight into the complex dynamics of ions in the electrolytes.

3.4. Ion-Pair and Ion-Cage Formation. In electrolytes,
ions interact with counterions and solvents significantly in their
solvation shells. These interactions affect the overall dynamics
of the electrolytes. Moreover, ionic dynamics can be studied
using the concept of ion-pair (IP) and ion-cage (IC)
formation. To examine the ion-pair and ion-cage formation,
we have followed the methodology used by Kirchner and
coworkers.65 For a selected pair to be called an ion pair, they
should be at the minimum nearest distance to each other. To
compute the dynamics of the ion pair and ion cage, the
population variable βij is used. The term βij = 1 if the ionic pair
of interest is within the given cutoff distance (IC) or nearest
neighbor (IP); otherwise, in the remaining cases, it switches to
zero. The explanation we mention here for IP and IC
resembles the earlier reports.66,67 We computed the ion-pair
and ion-cage lifetime from dimer existence autocorrelation
functions (DACFs) using the TRAVIS software package.52,65

The DACF is defined as

N t tDACF( ) ( ) ( )
t

T

ij ij
i j0 ,

= + ·
= (7)

In eq 7, T denotes the time, where τ is the increasing time
and ⟨...⟩ shows the average overall pair of interests. DACFs
begin with unity; as τ increases, the autocorrelation function
switches toward zero. The continuous68 and intermittent69

autocorrelation functions used to determine the lifetimes and
relaxation time of hydrogen bonds between two species are
employed in different systems where two moieties are involved
for the calculations. Here, for continuous lifetimes, we
investigated the continuous ion-pair SIP(t) and continuous
ion-cage SIC(t) autocorrelation functions. For SIP(t), the
initially formed ion pair cannot drift apart, which means that
βij remains unity until the ion pairs are closest to each other

Figure 7. (a) MSDs of the cation and anion. (b) Logarithm plots of the cation and anion. (c) β(t) parameter for 20DMA:80TMS. (d) MSDs of
TMS and DMA. (e) Logarithm plots of TMS and DMA. (f) β(t) parameter for 50DMA:50TMS. A line of slope 1 is added to the plot as a guide for
the eyes. The diffusive region is from 30 to 90 ns for the 20:80 system and 20 to 80 ns for the 50:50 one.

Table 2. Self-Diffusion Coefficients of Electrolytic Species
for Both 20DMA:80TMS and 50DMA:50TMS Electrolytes

D [10−11 m2/s]

electrolytic species 20DMA:80TMS 50DMA:50TMS

Li+ 0.69 3.57
TFSI− 0.98 4.53
DMA 3.71 20.04
TMS 2.01 11.07
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and comes to zero in the remaining other cases. The way SIC(t)
is defined, the counterions should not cross the first minima of
COM RDFs to have the function βij to be equal to 1. To
calculate the intermittent lifetimes, intermittent ion-pair
CIP(t)

52,65−68,70,71 and intermittent ion-cage CIC(t)
72,73

correlation functions are explored. The definitions for CIP(t)
and CIC(t) differ from SIP(t) and SIC(t). In the case of CIP(t),
the deformation of the ionic groups is allowed. Li+ does not
need to be continuously present at the nearest distance with
TFSI−. Likewise, for the intermittent CIC(t) function, the
counterion can jump out of the cutoff distance and reestablish
the ion cage with the same reference entity again.
The decay of ion-pair and ion-cage correlation functions is

shown in Figure 8. Along with ion-pair and ion-cage
correlation functions for the cation−anion, we also looked
for cation−solvent and anion−solvent interactions. The fast
decay of the ion pair is observed in contrast with the ion cage.
In the ion cage, the cutoff distance is up to the first solvation
shell, which takes a more extended period to decay. Moreover,
for continuous correlations, if the considered pair moves apart
from their nearest distance gap or crosses the cutoff limit, their
reformation is not permitted, resulting in quick decay. But the
intermittent functions care for the reformation phenomena;
that is why intermittent functions decay slower than
continuous ones. Similar to the previous investigation,73 we
also find the inverse relationship between conductivity and IP/
IC. Faster decay of a correlation function results in enhanced
dynamics of the system. We integrated the correlation

functions to compute the lifetime of ion-pair and ion-cage
formation. We checked the fitting of autocorrelation decay up
to the triexponential functions. And we extracted the lifetimes
of IP and IC using the triexponential process since it was found
to give a better fit with the decaying curves of autocorrelation
functions and present ion-pair and ion-cage lifetimes in Table
3. In both the electrolytes, with 1 M LiTFSI in
20DMA:80TMS and 50DMA:50TMS, the lifetimes of SIP(t)
and SIC(t) are much smaller in comparison to those of CIP(t)
and CIC(t), and this difference is attributed to the definition
opted for these time-dependent functions. Out of all cases, the
Li-TFSI pair shows the slowest decay; this again manifests the
strong Coulomb force present between the ions. In the
50DMA:50TMS case, the anions/solvents interacting with Li+
in the first solvation shell decay faster than in the case of
20DMA:80TMS. Similarly, the anion−solvent pair and anion−
solvent cage also reveal the faster dynamics for the electrolyte
with 50% DMA. Therefore, our investigation of these time-
dependent autocorrelation functions supports the conductivity
extracted from computation and experiments.

4. CONCLUSIONS
We have reported the structure and dynamics of electrolytes
containing 1 M LiTFSI in DMA/TMS at two different
compositions (20DMA:80TMS and 50DMA:50TMS, % v/v).
We modeled the electrolytes using classical MD simulations to
reveal the electrolyte’s atomic-level details and establish the
relation between the macroscopic dynamic properties with the

Figure 8. Autocorrelation functions for ion-pair/ion-solvent pair and ion-cage/ion-solvent cage. (a−d) For 20DMA:80TMS and (e−h) for
50DMA:50TMS. Panels (a, e) and (b, f) show the intermittent ion-pair/ion-solvent pair and intermittent ion-cage/ion-solvent cage correlation
functions. Panels (c, g) and (d, h) indicate the continuous ion-pair/ion-solvent pair and continuous ion-cage/ion-solvent cage correlation functions.

Table 3. Lifetimes (in ns) of Correlation Functions for Ion-Pair/Ion-Solvent Pair and Ion-Cage/Ion-Solvent Cage

electrolyte pairs continuous IC intermittent IC continuous IP intermittent IP

20DMA:80TMS Li-TFSI 16.3 1678.5 35.7 207.1
Li-DMA 2.2 80.7 20.4 78.8
Li-TMS 3.2 83.1 3.5 67.9
TFSI-DMA 19.8 79.5 1.9 49.5
TFSI-TMS 25.2 110.2 0.008 52.3

50DMA:50TMS Li-TFSI 11.7 131.5 27.3 106.9
Li-DMA 1.8 26.6 8.4 26.0
Li-TMS 2.5 34.3 2.9 31.6
TFSI-DMA 13.1 28.9 0.04 11.2
TFSI-TMS 15.1 41.0 0.005 31.1
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microscopic process of ion pairing and ion caging. We find
minor structural changes in changing the DMA content from
20 to 50% in the electrolyte, emphasizing that the interactions
of anions/solvents for the reference cation remain almost
unaltered in both compositions. Out of all species, the TFSI
anion has maximum occurrence in both solutions around the
cation, and the order follows TFSI− > TMS > DMA. The CN
remains almost the same (∼6) in both cases. TMS molecules
contribute the most to the first coordination spheres around
Li+. The selection of the proper diffusive regime from
simulations aided in calculating the self-diffusion coefficients
of individual species. Ions and solvents of the DMA/TMS
(50:50) electrolyte have faster diffusivity than that of the
DMA/TMS (20:80) electrolyte. The conductivities computed
from the GK equation, which considers the ionic correlation,
match the experiments. The calculated continuous and
intermittent correlation functions linearly vary with the inverse
of ionic conductivity. The lifetimes were calculated by fitting
the triexponential function to correlation decay. Along with
ionic conductivities, the lifetimes of the ion pair and ion cage
support the rapid dynamics of the 50DMA:50TMS electrolyte
compared to the 20DMA:80TMS electrolyte. Therefore, our
analysis may help to understand the microlevel configurations
and dynamics of the electrolytes and provide scope to tune the
performance of electrolytes to design better batteries.
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