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s a tool for quantifying structure–
transport properties in simulations of
superconcentrated electrolyte†

Sheng Bi ab and Mathieu Salanne *abc

Using molecular dynamics simulations and graph-theory-based cluster analysis, we investigate the

structure–transport properties of typical water-in-salt electrolytes. We demonstrate that ions exhibit

distinct dynamics across different ionic clusters—namely, solvent-separated ion pairs (SSIPs), contact ion

pairs (CIPs), and aggregates (AGGs). We assess the average proportions of various ionic species and their

lifetimes. Our method reveals a dynamic decoupling of ion kinetics, with each species independently

contributing to the overall molecular motion. This is evidenced by the fact that the total velocity

autocorrelation function (VACF) and power spectrum can be expressed as a weighted sum of

independent functions for each species. The experimental data on the ionic conductivity of the studied

LiTFSI electrolytes align well with our theoretical predictions at various concentrations, based on the

proportions and diffusion coefficients of free ions derived from our analysis. The insights gained into the

solvation structures and dynamics of different ionic species enable us to elucidate the physical

mechanisms driving ion transport in such superconcentrated electrolytes, providing a comprehensive

framework for the future design and optimization of electrolytes.
1 Introduction

Water-in-salt electrolytes (WiSEs) represent a signicant
advancement in electrochemical energy storage, emerging as
a promising alternative to traditional organic electrolytes in
applications such as lithium metal batteries (LMBs).1–9 These
electrolytes typically contain small alkali cations, such as
lithium ions (Li+), and oen incorporate large uorinated
anions like bis(triuoromethane)sulfonimide (TFSI−). However,
there exist ones that feature halogen-free anions.10 WiSEs are
characterized by their very high salt concentration, where the
salt content exceeds that of the solvent in both mass and
volume. This unique property affects the reactivity of water11

and allow for the formation of a SEI, which leads to enhanced
electrochemical stability windows (ESW) compared to diluted
aqueous electrolytes.12,13 Moreover, WiSEs offer advantages in
terms of safety, cost-effectiveness, and environmental sustain-
ability, along with superior transport properties compared to
most traditional organic electrolytes.14
ie des Électrolytes et Nanosystèmes
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tion (ESI) available. See DOI:

–10917
Many experimental and computational studies have depic-
ted the unconventional ion solvation structures in WiSEs as
distinct from those in dilute aqueous solutions.2,15–18 For
instance, in a 21m LiTFSIWiSE, water molecules primarily bind
in Li+ solvation shells, which inhibits the undesired reactions
involving free water.2,19 Furthermore, contrary to dilute solu-
tions where ions typically exist as solvent-separated ion pairs
(SSIPs), the water content in the 21 m LiTFSI WiSE is insuffi-
cient to fully solvate all Li+ ions.2,15 This results in direct contact
between Li+ and TFSI− ions, leading to forming contact ion
pairs (CIPs) and ionic aggregates (AGGs).

As reported, ion species wherein TFSI− coordinate with
multiple Li+ ions positively contribute to the formation of
a robust and conductive solid electrolyte interphase (SEI).20

Consequently, recent explorations in electrolyte design are
focusing onmanipulating solvation structures.21–23 For example,
recent studies on the binary ionic liquid/Li salt electrolytes
demonstrated that the Li+ transport mechanism can be tailored
through the coordination of Li ions to the ionic liquid ions.24,25

Other approaches have also been explored, including mixing
different salts26–28 and incorporating diluent into WiSEs to
produce localized high-concentration electrolytes (LHCEs).29–31

The idea is to tailor chemical species around the ions' primary
solvation shell, which facilitates controlled SEI formation and
enhancing LMB performance.

The proportion of ionic species in form of SSIP, CIP, and
AGG can be evaluated through both experimental and compu-
tational methods, including high-resolution spectral
© 2024 The Author(s). Published by the Royal Society of Chemistry
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deconvolution16,32 and cluster analysis in molecular
simulations.15,33–36 In particular, several simulation/theoretical
studies have attempted to capture ionic associations in ionic
liquids and salt-in-ionic liquid electrolytes.37–41 For instance,
Feng et al. revealed that ions in ionic liquids may reside in the
free and bound states, and the ionic conductivity can be well-
predicted by their modied Nernst–Einstein equation, neglect-
ing correlations and only accounting for free ions.37 Molinari
et al. investigated the spatial ionic coordination in the salt-in-
ionic liquid electrolytes, and developed a single-linkage
cluster analysis method to compute the effective lithium
charge.38 They further developed the spectral denoising method
for the short-time ionic displacement covariance to identify
diffusing clusters.39 These approaches appear applicable for
computing the transport properties of WiSEs; however, ques-
tions such as the dynamics of ions in various ionic species and
their role in transport remain largely unclear.

To address this, we conducted molecular dynamics (MD)
simulations on aqueous lithium bis(triuoromethanesulfonyl)
imide (LiTFSI) electrolyte at various concentrations. We
explored the distinctive dynamics of SSIPs, CIPs, and AGGs
(identied using a graph theory-based method) in both highly
concentrated and diluted conditions. We found that the
kinetics of ions in the studied systems are dynamically decou-
pled, with each species contributing independently to the
overall molecular motion. Additionally, our ndings suggest
that the mechanism of ionic conductivity in the LiTFSI elec-
trolytes, regardless of salt concentrations, is primarily driven by
the vehicular movement of SSIPs.
2 Results
2.1 Ion clustering in the water-in-salt case

Our MD trajectories were analyzed using a graph theory-based
method, in order to extract all the relevant species. In the
highly concentrated 21 m LiTFSI electrolyte, in which the dis-
solved salts signicantly outnumber water molecules, ion
paring and clustering are intricate. As depicted in Fig. 1a, the
studied WiSE hosts a variety of clusters, ranging from free Li+
Fig. 1 (a) Cluster population statistics. (b) Radial distribution functions an
O(water)–O(water) in the 1 m dilute and 21 m WiSE electrolytes. FW and

© 2024 The Author(s). Published by the Royal Society of Chemistry
and TFSI− ions to ion pairs and larger clusters like Li3(TFSI)4
−.

Analysis of cluster populations reveals that ion pairs (LiTFSI)
make up 22.5% of the total, followed by neutral ion tetramers
(Li2(TFSI)2) at 12.1%. Ion triplets, specically Li(TFSI)2

− and
Li2TFSI

+, account for 11.6% and 9.6%, respectively. Notably,
free Li+ and TFSI− ions constitue only marginal fractions of
9.0% and 6.2%, respectively. The aggregate Li2(TFSI)3

− forms
6.2% of total, exceeding the free TFSI−, while other higher-order
aggregates are less common, each representing less than 5% of
total.

Fig. 1b shows the radial distribution functions (RDFs) of O
atom in water molecule regarding Li+ in different species. Note
that here and aer, the group AGGs include all aggregates
involving three or more ions. It shows that the lone Li+ ions
identied by our cluster analysis method (see Methods) are fully
solvated, as indicated by the number of water molecules in their
primary solvation shell, which matches the value observed in
the diluted (1 m) electrolyte case (both have 4H2O). In contrast,
the water coordination numbers for Li+ ions in ion pairs and
aggregates are reduced to 3 and 2, respectively. Representative
snapshots highlighting different solvation structures are shown
in Fig. S4.†

The water network structure in the 21 m WiSE was also
analyzed in terms of partial water O–O structure factors
(SOO(Q)), comparing it to the dilute 1 m electrolyte (Fig. 1c).
First, a virtual diffraction experiment was conducted for the 1 m
case to measure the SOO(Q) of water in the Li+ rst solvation
shells (bound water) and beyond (free water), c.f., blue dashed
line and black dotted line in Fig. 1c. It reveals distinct peaks for
free and bound water in their SOO(Q) (∼2.4 Å−1 and 2.9 Å−1,
respectively), which can be attributed to changes in water
topology (Fig. S5b†), as previously explained in a recent study.42

In the 21 m WiSE, peaks similar to the ones observed for
bound water in the 1 M electrolyte are present in its SOO(Q),
reecting the fact that there is very few free water in such
a concentrated condition. Additionally, a small low-Q peak
(∼0.8 Å−1) is observed in the 21 m electrolyte but absent in the 1
m case, that indicates the presence of a nanostructure on the
scale of ∼8 Å. The SOO(Q) of water bound to different ionic
d coordination numbers of Li+–O(water). (c) Partial structure factors of
BW represent for free water and bound water, respectively.

Chem. Sci., 2024, 15, 10908–10917 | 10909
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species reveal that this peak arises from water bound to AGGs
(Fig. S5c†). Moreover, a third coordination shell located at ∼8 Å
is observed in the RDF of AGG-bound water (Fig. S5d†), sug-
gesting the formation of hydrogen-bond chains with a third
water molecule. The existence of such nano-heterogeneity has
also been highlighted in the work of Borodin et al.15

The velocity autocorrelation function (VACF), denoted as

KvðtÞ ¼ vðtÞvð0Þ
vð0Þvð0Þ, has been computed for Li+ and TFSI− in

various ionic species to further characterize their dynamics. As
illustrated in Fig. 2a, the Kv(t) of Li

+ ions displays a pattern of
damped oscillations, alternating between positive and negative
correlations over time. This could be attributed to backscat-
tering caused by Li+ oscillations within a cage (see Fig. S4†)
formed by the surrounding solvationmolecules. This oscillatory
behavior is more noticeable for free Li+ ions compared to those
CIPs and AGGs. Regarding Li+ in ionic clusters, as the number
of TFSI− in the solvation shell increases, cation's backscattering
effect weakens, suggesting an easier escape of Li+ from the cage.
In contrast, the Kv(t) of TFSI

− does not show such alternating
oscillations in any species. They transition from 1 to a negative
value and then asymptotically approach zero. This pattern
results from their weaker interaction with water compared to Li+

ions, leading to less pronounced ion rattling. Nevertheless,
deviations can still be observed in the Kv(t) curves for anions in
different species, indicating diverse dynamical behaviors
among the distinct ionic species.

We further delved into the interstate exchange processes
among the ionic species. These processes could be quantied by
Fig. 2 (a) VACFs of cations and anions in different states. (b) The surviv
corresponding lifetime are labeled in the figure.

10910 | Chem. Sci., 2024, 15, 10908–10917
the survival probability function c(t),37 dened as

cðtÞ ¼ hhðtÞhð0Þi
hhð0Þhð0Þi, where h(t) is a population variable set to one

if an ion continuously remains in the same species for a time
duration t, and zero otherwise. The mean residence time s is
then computed as s ¼ ÐN

0 cðtÞdt for each ionic species. The c(t)
as well as s for Li+ and TFSI− in the forms of SSIPs, CIPs and
AGGs are depicted in Fig. 2b. Notably, the computed residence
time is on the order of 1 ps, which is signicant in the sense that
by the time s elapses, the corresponding Kv(t) of each type of
species has already damped to near zeros (Fig. 2a). In other
words, the VACFs die out faster than the transitions between
ionic species occur. Moreover, the residence time of ions in
AGGs is similar to that of SSIPs (e.g., 2.49 ps vs. 2.28 ps for the
AGG and SSIP anions). However, a more detailed breakdown of
AGGs into specic ionic clusters reveals that the residence time
decreases exponentially with increasing cluster size (as shown
in Fig. S6†), suggesting that processes like the merging of
smaller clusters into larger ones and the reverse are prevalent in
AGGs.

The power spectrum S(w) of Li+ and TFSI− in SSIPs, CIPs and
AGGs are compared to understand the impact of solvation
structures on the ions' vibrational modes. In the case of Li+ ions,
a bi-modal spectral distribution is observed for SSIP Li+ – the
lower frequency mode, observed near 100 cm−1, corresponds to
the ‘rattling mode’ of a Li+ conned within the surrounding
water cage; the higher frequency mode, occurring near
600 cm−1, is likely associated with the Li+ ion engaging in the
scissoring motion of an adjacent oxygen atom in a water
al probability functions of cations and anions in different states. Their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Power spectra of cations and anions in different states.
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molecule (Fig. 3). For Li+ in CIPs and AGGs, this bi-modal
vibration pattern becomes less pronounced.

For TFSI− ions, the inuence of ion clustering on their
intramolecular vibrations is evident in three distinct frequency
modes, as shown in Fig. 3b. The mode at approximately
1035 cm−1 is linked to asymmetric S–N–S stretching; the modes
at ∼1165 cm−1 and the bi-modal mode at ∼1310 cm−1 and
1325 cm−1 are associated with S–O(SO2) stretching.15,43 A
notable observation is the shi of these vibrational peaks to
higher frequencies for TFSI− in CIPs compared to SSIP ones,
with an even more pronounced shi for those in AGGs. Such
blue-shis can be attributed to the intensied cation–TFSI−

interaction, which makes some of the bonds in TFSI− stiffer.
Given that the SSIPs, CIPs, and AGGs exhibit unique

dynamics and their reasonably long mean residence time, the
overall kinetics of such systems could potentially be modelled
by integrating the kinetics of individual species with inter-
species exchanges.37 For instance, the overall Kv(t) for Li+ or
TFSI− ions might be expressed as a combination of the partial
VACFs for each type of ionic species and their respective survival
probability c(t), provided the dynamics within each species are
independent. However, formulating such an expression can be
complex, even when considering only two states.37 Fortunately,
an approximation can be made as we observed that the kinetics
of ionic species decay more rapidly than the transitions between
different species (c.f., Fig. 2), denoted as Kv(t)=

P
psKv

s(t), where
s denotes the ionic species and ps represents its proportion.
Fig. 4 Comparison between the overall power spectrum derived from
species.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Leveraging the linearity of the Laplace transform, the overall
power spectrum S(w) can be expressed as S(w) =

P
psSs(w). This

approximation is veried in Fig. 4 for both cations and anions,
as the MD-derived overall S(w) closely align with the sum of
three distinct Ss(w) weighted by their proportions. Such strong
agreement supports the notion of “dynamic decoupling” in
molecular motion in the studied WiSE, as the time correlation
functions for different ionic species are statistically
independent.
2.2 A broader view on clustering

The insights gained from the analysis of the highly concen-
trated 21 m electrolyte underscore the accurate cluster differ-
entiation and distinctive dynamics of ions in diverse clusters.
This naturally raises subsequent questions regarding how
clustering evolves across a broader range of concentrations.
Fig. 5a shows the proportion of the SSIPs, CIPs, and AGGs as
a function of LiTFSI concentration. As expected, in dilute
solutions (i.e., cases below 10 m), ions predominantly exist as
SSIPs. Conversely, in highly concentrated solutions (i.e., the 15
m and 21 m cases), there is a remarkable increase in the pres-
ence of CIPs and AGGs. Interestingly, the fractions of Li+ and
TFSI− in SSIPs are nearly identical at lower salt concentrations,
however, the disparity between them becomes more evident at
higher concentrations, with SSIP TFSI− become consistently
less prevalent than SSIP Li+ (Fig. 5b). This aligns with the
nding that the mean residence time t for SSIP anions is
all ions and the weighted sum of partial power spectra for distinct ion

Chem. Sci., 2024, 15, 10908–10917 | 10911
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consistently shorter than that for SSIP cations across all
concentrations, and the difference grows with increasing
concentration, as illustrated in Fig. 5c. Moreover, our MD
predictions are also consistent with the fractions of SSIP TFSI−

obtained in experiments (c.f., Fig. 5b),15 evidencing the accuracy
of the obtained structure and of the cluster analysis method.

The diffusion coefficients for both overall ions and SSIPs-
only were computed using Green–Kubo relation,

D ¼ kBT
m

ðN
0
KvðtÞdðtÞ, utilizing the previously obtained overall

and partial VACFs. The reason that diffusion coefficients were
not obtained for CIPs and AGGs is insufficient samplings for
those species in diluted cases, attributed to their scarcity. For
the 1 m case, the discrepancy between the overall and SSIP-only
diffusion coefficients is minimal, which can be attributed to the
dominance of SSIPs in such a diluted condition. However, as
the salt concentration increases, a remarkable acceleration in
the diffusion of SSIPs compared to the overall average is
observed. This deviation becomes increasingly pronounced
with higher concentrations. This is probably due to the larger
size (Fig. S7a†) and reduced mobility of AGGs in more
condensed solutions, which collectively lower the overall value.

Ionic conductivity is also found to be intricately inuenced
by ion pairing and clustering. To compute ionic conductivity
based on MD-derived trajectories, one usually uses the Nernst–

Einstein (NE), i.e., sNE ¼ e2

VkBT
ðzþ2NþDþ þ z�2N�D�Þ, where e

is the elementary charge and kBT is Boltzmann constant, V the
box volume and T the temperature. N+/N− and D+/D− are the
number and self-diffusion coefficients of cations and anions,
respectively. While NE equation is effective for diluted solu-
tions, it tends to signicantly overestimate the conductivity in
condensed systems such as WiSEs because it does not account
for ion–ion interactions.

Nevertheless, since the overall kinetics can be approximated
by summing the contributions of individual ionic species (as
indicated in Fig. 4), one may modify the original NE equation to
consider ionic species as independent, non-interacting species
(also called cluster Nernst–Einstein (CNE) method).44 This

modied equation is denoted as sCNE ¼ e2

VkBT

XNs

i¼0

zi2Di, where
Fig. 5 (a) Fraction of the ions in SSIP, CIP and AGG states as a function o
different concentrations. (c) The mean residence time of SSIP cations an

10912 | Chem. Sci., 2024, 15, 10908–10917
Ns is the total number of ionic species in the system, zi and Di

are, respectively, the charge number and the diffusion coeffi-
cient of the ith ionic species. Also, note that the CIPs are neutral
in charge, and for AGGs, part of them are neutral clusters, while
the charged ones have small effective charge (mostly ±1, see
Fig. 1 and S7b†) and diffuse much slower than the free ions (as
shown in Fig. 6). Thus, the contribution from CIPs and AGGs
should be marginal, and the formula can be further simplied
to only account for SSIPs. In practice, we divided SSIPs into SSIP
Li+ and TFSI−, as,

sCNE ¼ e2

VkBT

XNSSIP

i¼0

zi
2Di

¼ e2

VkBT

�
zSSIP

2

þ NSSIP
þ DSSIP

þ þ zSSIP
2

� NSSIP
� DSSIP

�
� (1)

where NSSIP
+ /NSSIP

− and DSSIP
+ /DSSIP

− are the total number and self–
diffusion coefficient of SSIP Li+ and TFSI−, respectively, and are
computed by averaging over multiple independent simulations.
Note that this modied NE equation may seem similar to the
one proposed by Feng et al. for ionic liquids, wherein only the
contributions of free ions are considered.37 However, the
unapproximated version of Fig. 1 should work for a wider range
of electrolytes, as it takes contributions from all ionic species
into account.

Fig. 6c demonstrates that the modied NE equation signi-
cantly outperforms the original NE equation in terms of preci-
sion, providing ionic conductivity values that are comparable to
experimental data.15,45,46 The results obtained by Fig. 1 are also
close to the values using the accurate Einstein form,45

evidencing that the dominant effect of ion–ion correlations on
conductivity is the short range interactions within the clus-
tering whereas correlations between different clusters has
a minor impact. The good agreement with experimental values
also justies the effectiveness of our approach in capturing the
essential dynamics of SSIPs in such electrolyte systems.

Li+ transference number was further calculated using two
denitions. First, the apparent Li+ transference number is

dened as tapparentþ ¼ Dþ
Dþ þ D�

, where D+/D− are the over self-

diffusion coefficients of Li+ and TFSI−, respectively. Although
f salt concentration. (b) Fraction of cations and anions in SSIP state at
d anions as a function of salt concentrations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a and b) Self-diffusion coefficients for cations (a) and anions (b) at large and in SSIP only. (c and d) Electrical conductivity (c) and Li+

transference number (d) of LiTFSI electrolytes as a function of salt concentrations.
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this denition relies on ideal solution assumptions and does
not rigorously account for ion–ion and solvent–ion correla-
tions,47 it is widely used due to the routine measurement of self-
diffusion coefficients using PFG-NMR. The second denition,
the Li+ transference number based on self-diffusion coefficients

for each ionic species, is given as tCNEþ ¼
PNs

i¼0
zþziDi

PNs

i¼0
zi2Di

,44,48 in which

z+ is the is charge of all cations in the ith ionic species (e.g., 2 if
there are 2Li+ in the cluster). One can simply the denition as

tCNEþ ¼ NSSIP
þ DSSIP

þ
NSSIPþ DSSIPþ þ NSSIP� DSSIP�

, assuming that the contribution

from CIPs and AGGs is small.
As demonstrated in Fig. 6d, both the theoretical and exper-

imental apparent Li+ transference number see an increase with
rising concentration. As both simulations (see Fig. 6a and b)
and experiments15 show that the diffusivity of Li+ is consistently
higher than that of TFSI− in these electrolytes, the tapparent+ and
tPFG-NMR
+ are above 0.5 across all LiTFSI concentrations. As the
concentration increases, tapparent+ shows a monotonous rise,
reaching about 0.69 at 21 m, which aligns excellently with
experimental values (0.70). Interestingly, despite their different
denitions, the computed tCNE+ is closely aligned with the
tapparent+ values. Note that the tCNE+ should ideally be compared
with experimental values that are based on directly measured
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrophoretic mobility (e.g., through electrophoretic NMR47),
but such data are yet to be reported for a direct comparison. In
similar systems composed of LiTFSI–DMC, the Li+ transference
number measured by eNMR did show an increase with rising
salt concentration.47

The observed increase in the tCNE+ value can be attributed to
two main factors: (1) a higher proportion of SSIP Li+ ions
compared to SSIP TFSI− ions, and (2) the faster diffusivity of
SSIP Li+ ions relative to TFSI− ions. In the cases we studied, if we
were to consider only the latter aspect (the faster diffusivity of
SSIP Li+), we would not observe a monotonic increase in tCNE+ as
shown in Fig. S8.† This implies that the increase in tCNE+ at
higher concentrations is primarily due to the rising ratio of SSIP
Li+ to SSIP TFSI− ions, as indicated in Fig. 5b. This can be
explained by the stronger interaction between Li+ and H2O
compared to that between TFSI− and H2O. In highly concen-
trated systems, where the amount of water molecules is limited,
this stronger interaction means that more Li+ ions are likely to
be fully solvated than the TFSI− ions. Consequently, the
proportion of solvated Li+ ions compared to SSIP TFSI−

increases, contributing to the higher tCNE+ values observed at
higher concentrations.

We further investigate the effects of salt concentration on the
vibrational modes of ions. For Li+ ions, the distinct bi-modal
spectral distribution becomes less pronounced as the salt
concentration increases. Concurrently, TFSI− ions exhibit blue-
Chem. Sci., 2024, 15, 10908–10917 | 10913
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Fig. 7 (a and b) Power spectra for SSIP ions (a) and AGG ions (b) at high and moderate salt concentrations.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 7

/2
3/

20
25

 9
:2

9:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
shis in their spectra with increasing salt concentration. These
observations are consistent with our earlier ndings comparing
the spectra of SSIP ions and ion clusters in the 21 m electrolyte
(referenced in Fig. 3). These trends can be largely attributed to
the increased presence of ion pairs and clusters in more
concentrated electrolytes. Interestingly, the vibrational modes
of free ions in the WiSEs (i.e., 15 m and 21 m cases), for both
SSIP Li+ and TFSI−, remain identical to those of the fully
solvated ions in the most diluted case (as shown in Fig. 7a). This
indicates that the primary motion of SSIPs is vehicular motion,
which remains consistent across different salt concentration. A
similar pattern is observed for AGGs; the vibrations of ions
(both Li+ and TFSI−) in AGGs in the 15 m electrolyte closely
resemble those in the 21 m WiSE, as depicted in Fig. 7b, sug-
gesting the cluster size effect on ion's local bonding is minor.
3 Conclusion

We have thoroughly investigated the ion solvation structures
and dynamics of different ionic species in the LiTFSI–H2O
system in a wide concentration range via MD simulations. For
the diluted solutions, solvent-separated ion pairs are the
dominant ionic species. As concentration increases, ion pairs
and aggregates start to be formed and prevailing. These distinct
ionic species are found to have different kinetics, in which the
SSIPs diffuse faster than the CIPs and AGGs. More importantly,
one could conclude that the kinetics of ions in our studied
systems can be decoupled in the sense that the kinetics of each
ionic species are statistically independent – the total VACF and
power spectrum can be expressed as a weighted sum of inde-
pendent functions of each species. Mechanism of ionic
conductivity in LiTFSI–H2O systems seems mostly driven by the
10914 | Chem. Sci., 2024, 15, 10908–10917
motion of SSIPs, as the modied NE equation accounting only
SSIP ions could well reproduce conductivity computed using
Einstein form (considering the cross-correlation between ions)
and measured in experiments. These results not only deepen
our understanding of ion transport mechanism in the
condensed aqueous electrolytes but also provide a valuable
framework for predicting and tailoring electrolyte properties
under diverse conditions. In particular, it is worth noting that in
a recent ab initio molecular dynamics study of LiTFSI at large
concentration (21 m), we have observed the formation of
polymer-like chains of lithium ions within the aqueous nano-
domains. Although current force elds do not enable to observe
their formation, the extension of our method to the analysis of
the dynamics of such complex species would be straightfor-
ward.49 Other new electrolytes, that comprises even more
complex species such as high entropy liquids,50 can also be
studied within a similar framework, which would enable
systematic comparisons of the dynamics of each species within
these liquids.
4 Methods

MD simulations of aqueous LiTFSI at concentrations of 1, 4, 7,
10, 15, 21 m were conducted using GROMACS MD package.51

Detailed information about the simulation cells is summarized
in Table S1.† The force elds for LiTFSI were adopted from the
work by Canongia Lopes et al.,52 except for the charges are
uniformly scaled by a factor of 0.8 to yield accurate dynamics.45

The SPC/E model was used for water.53 The cells were cubic and
set up with 3D periodic boundary conditions. The temperature
was maintained at 298 K using the Nose–Hoover thermostat
with a relaxation time of 0.2 ps. The Parrinello–Rahman
© 2024 The Author(s). Published by the Royal Society of Chemistry
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barostat was employed to maintain a pressure of 1 bar, with
a relaxation time of 2 ps, in the isothermal–isobaric (NPT)
ensemble. The electrostatic interactions were computed using
the particle mesh Ewald (PME) method, utilizing a fast Fourier
transformation grid spacing of 0.12 nm and cubic interpolation
for charge distribution in the reciprocal space. A cutoff distance
of 1.2 nm was used for calculating electrostatic interactions in
real space. For each concentration case, the simulation was
repeated three times. Each simulation began with an initial
equilibration for 10 ns in the NPT ensemble, followed by a 20 ns
production run in the canonical ensemble (NVT). To compute
and ensure the accuracy of the velocity autocorrelation func-
tions and survival probability functions, each case was repli-
cated ten times for a 100 ps production run, with atomic
coordinates saved at every step and different initial congura-
tions used for each repetition.

A graph-theory-based cluster analysis method was developed
and used to differentiate ionic species (see ESI†). Each ion was
labeled by its belonging ionic species throughout the trajectory
points. Thus, each ion trajectory contains shorter and longer
fragments that can be attributed to one specic ionic species.
The statistics of these states are quantied by the survival
probability function (see Fig. 2b and S6†). For each ionic
species, we did step-wise average across multiple corresponding
trajectory fragments, ensuring that the average at each time step
only includes values from fragments that have an value at that
step. For example, almost all Li+ ions that are labeled as free at
time t= 0 contribute to the initial part of the VACF of free Li+. At
longer time, fewer such ions remain in the free state and
contribute to the VACF. To obtain good statistics, an averaging
of the results over many runs is a must, however, we always have
enough free ions to describe the asymptotic decay of the VACF
to zero because of their relatively long mean residential time
(see Fig. 5c).
Data availability

The codes of the graph-theory-based cluster analysis method
are made available open-source at https://github.com/Sheng-Bi/
graph-theory-based-cluster-analysis.
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