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Abstract: Large multivalent anions have gained increasing attention for their potential to improve 

lithium transference in electrolytes. We employ large-scale molecular dynamics simulations based 

on the Onsager transport framework to investigate ion transport in a lithium electrolyte with star-

shaped multivalent anions. The simulations show that 𝑡0
+, the cation transference number with 

respect to solvent velocity, is negative over a wide range of concentration.  This is consistent with 

experimental data reported previously1. The simulation-based Onsager transport coefficients 

reveal that the magnitudes of the cation-cation, anion-anion, and cation-anion correlations are 

comparable, a signature of highly correlated motion in the electrolyte. Examination of the cation 

solvation environment indicates the presence of strong cation-anion association across the entire 

concentration range, which leads to negative 𝑡0
+ on the order of ― 1. Both simulation and 

experiment also show that the maximum value of 𝑡0
+ reaches 0 when the cation concentration is 𝑐+

= 0.4 M. This is the concentration at which the anions begin to spatially overlap, and lithium ions 

serve as dynamic linkers to balance cation-cation and cation-anion correlations. Our results 

provide molecular-level insights into the origin of transference in multivalent electrolytes.   
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INTRODUCTION
The performance of rechargeable lithium batteries relies on the selective transport of working 

cations.2-4 In electrolytes consisting of a binary salt and solvent, continuum ion transport can be 

predicted when three ion transport properties are given: the conductivity (𝜅), the salt diffusion 

coefficient (𝐷), and the cation transference number with respect to the solvent motion (𝑡0
+).3, 5, 6 

Unlike 𝜅 and 𝐷, which describe the collective motion of both ion species, 𝑡0
+ quantifies the rate of 

cation transport relative to that of the anion and solvent.5 The target value for 𝑡0
+ is unity; in this 

case most of the energy used to charge the battery is to move the cations from the cathode to the 

anode.4, 5, 7, 8 

One approach to increase lithium transference is through the use of bulky anions as their 

substantial size suppresses anion mobility in accordance with the Stokes-Einstein relationship.  

While the distribution of charge in the anions is important, it is, perhaps, not surprising that 

commonly used anions in lithium electrolytes such as hexafluorophosphate (PF6
-) and 

bis(trifluoromethanesulfonyl)imide (TFSI-) are large. Bulky multivalent anions may, in principle, 

enable both high cation concentration and low anion mobility.9-12 However, experimental and 

theoretical studies of solutions of linear polymeric anions and lithium counterions indicated that 

although the anion motion is slowed down, anion-anion correlations are enhanced through polymer 

backbone. 13-15 The cation-anion correlations are also pronounced due to the formation of transient 

ionic aggregates. 

Grafting of anions onto polyhedral oligomeric silsesquioxane (POSS), a promising battery 

electrolyte additive, to form multivalent macroions has recently gained attention in the context of 

lithium electrolytes.16-18 In systems featuring POSS particles functionalized with bulky anion 

groups, e.g., POSS-(BF3)3 and POSS-(NSO2CF3)8, lithium transference numbers measured via the 

electrochemical method proposed by Bruce and Vincent19 and Watanabe et al.20 were reported to 

exceed 0.5.21-23  In this method, the electrolyte is placed in a lithium-electrolyte-lithium symmetric 

cell, and the ratio of the final to initial current is taken to be the transference number.  This method 

only gives the transference number in the limit of infinite dilution, and we therefore proposed using 

the term current fraction, 𝜌+.24  The reported 𝜌+values were higher than those derived from pulsed-

field-gradient NMR (PFG-NMR) 𝑡+,PFG―NMR, which relies exclusively on ion self-diffusion 

coefficients. This discrepancy was attributed to the weak Li⁺-POSS anion association.23 In a 
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subsequent study by Nguyen et al., POSS particles grafted with 7–20 TFSI⁻ anions (with remaining 

sites functionalized by oligomeric poly(ethylene glycol)) were dispersed in tetraglyme solvents.12 

Electrochemical measurements again yielded high 𝜌+ values in the range of 0.71–0.86.    

More recently, lithium transference numbers were systematically measured in an electrolyte 

containing POSS-based macroions dissolved in a mixture of ethylene carbonate (EC) and dimethyl 

carbonate (DMC).1 Each POSS particle has 8 PEG side chains and each side chain carries 2–3 

TFSI⁻ anions, which leads to a total valency of -20 per macroion. The measured 𝜌+ values were 

large and much higher than 𝑡+,PFG―NMR. Crucially, however, a more accurate electrophoretic NMR 

(eNMR) measurement25 revealed that the rigorously-defined cation transference number with 

respect to the solvent velocity, 𝑡0
+, was negative across all salt concentrations. This finding together 

with those observed in polyanion electrolytes15 demonstrates that merely slowing anion motion 

cannot guarantee an improvement in cation transference. These results highlight the critical role 

of complex correlations between cations, anions, and solvents that govern 𝑡0
+. Insights into the 

origin of large negative 𝑡0
+ not only clarify the limitations of the specific POSS-based electrolyte 

but also serve as a crucial basis for the rational development of other high-performance 

electrolytes. Herein, in this work, we investigate the molecular origin of low cation transference 

in POSS-based polyanionic electrolytes using molecular dynamics (MD) simulations. The 

continuum ion transport is quantified by employing the Onsager transport framework6, 14, 26, 27 that 

captures correlated motion between all species in the electrolyte. The simulation results are 

validated by experimental data. Insights into the continuum transport are obtained by examining 

species correlations, microscopic ion solvation, and the dynamics of ion association. The 

molecular-level understanding of ion transport in POSS electrolytes represents a vital diagnostic 

step that informs future electrolyte design strategies.

MD SIMULATION METHODS
Our MD simulation system is set up to match the experimental condition reported in previous 

work.1 The simulation system consists of POSS-PSLiTFSI salt (POSS nanoparticles containing 

lithium salt of polystyrene- 4-sulfonyl(trifluoromethane sulfonyl) imide) and mixtures of EC and 

DMC solvents with equal weight. The POSS-based polyanion bears a valence of 𝑧― = ― 20 as 

shown in Scheme 1a, which is the same as that used in previous experiments.1 The simulation 

covers a Li+ concentration range of 0.1 M to 0.8 M.  The simulation box size is about 7.9 nm for 𝑐+
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≥ 0.2 M and 9.8 nm for 𝑐+ = 0.1 M, respectively. The POSS core is modeled by 8 coarse-grained 

beads with force field parameters provided in previous literature28, whereas the side chains are 

treated with all-atom models, as shown in Scheme 1b. The side chains, solvent molecules, and Li+ 

are modeled based on the OPLS-AA (optimized potentials for liquid simulations with all atom 

model) force fields.29, 30 The partial atomic charges for side chains and solvent molecules are fitted 

using the RESP method31, 32 via the Gaussian package33 and Antechamber package34.

Scheme 1. (a) Illustration of the chemical structure of the POSS-based electrolyte, which is the same as 
that used in Ref. 1. (b) Atomistic representation of the POSS-based anion. The coarse-grained beads of 
POSS core are shown in large yellow spheres. The side chains are shown in ball-and-stick model with 
carbon in cyan, nitrogen in blue, oxygen in red, fluorine in purple, phosphorus in olive, and sulfur in yellow. 
Hydrogen atoms are not shown for clarity.

Equilibrium NpT simulations were conducted at 303 K and 1 bar using the Gromacs package 

(version 2022).35 The temperature and pressure of the system were maintained via a velocity-

rescaling thermostat36 (time constant 1 ps) and Berendsen barostat37 (time constant 1 ps), 

respectively. The bonds of the side chains and organic molecules are constrained using the LINCS 
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algorithm.38 Non-bonded interactions were calculated with the cut-off scheme (cutoff length 1.2 

nm) Lennard-Jones potentials, while long-range electrostatics were handled via the particle mesh 

Ewald (PME) method.39 Prior to equilibrium simulations, the system is first packed, and energy 

minimized. To ensure proper mixing, it then undergoes three cycles of 1 ns equilibration with 

temperature ramping between 303 K and 400 K. This is followed by another equilibrium 

simulation at target conditions (303 K and 1 bar) for 6 ns. Finally, an equilibrium simulation at 

303 K and 1 bar is performed for 100 ns. At each salt concentration, four independent simulations 

are performed to enable sampling of the Onsager transport coefficients. The trajectories were saved 

with a frequency of 10 ps.

We employ the Onsager approach14, 26, 27 to quantify the correlated motion of ions and solvents 

via simulation. The dynamic correlations between species 𝑖 and 𝑗 are captured by the transport 

coefficients 𝐿𝑟𝑖𝑗:

𝐿𝑟
𝑖𝑗 = 𝑉

6𝑘𝐵𝑇
lim
𝑡→∞

𝑑
𝑑𝑡 ⟨ 1

𝑛𝑖
∑𝛼 𝛥𝒓𝑟

𝑖,𝛼(𝑡) ∙ 1
𝑛𝑗

∑𝛽 𝛥𝒓𝑟
𝑗,𝛽(𝑡)⟩  (1)

where the superscript 𝑟 denotes the reference frame (either the solvent reference frame 0 or center-

of-reference frame 𝑚), and 𝑖 and 𝑗 represent cation or anion. 𝑉, 𝑘𝐵𝑇, and 𝑛𝑖 are respectively the 

system volume, thermal energy, and the particle number of species 𝑖. 𝒓𝑟
𝑖,𝛼(𝑡) is the position of 𝛼th 

particle in species 𝑖 relative to the solvent species (including EC and DMC, 𝑟 =0) or center-of-

mass of the system (𝑟 = 𝑚). The definition of transport coefficients in Eq. 1 is based on the form 

originally derived in the solvent reference frame.26 Our analysis of dynamic correlations accounts 

for both reference frames. Previous work confirmed that they are consistent27, 40-42, and the two 

sets of transport coefficients can be mapped onto each other.40 The transport coefficients are fitted 

in the time regime spanning one order of magnitude, where the mean square displacement term 

MSD𝑟
𝑖𝑗(𝑡) = ⟨ 1

𝑛𝑖
∑𝛼 𝛥𝒓𝑟

𝑖,𝛼(𝑡) ∙ 1
𝑛𝑗

∑𝛽 𝛥𝒓𝑟
𝑗,𝛽(𝑡)⟩  in Eq. 1 follows a linear scaling with time. The 

maximum deviation of the scaling exponent 𝛾 (MSD𝑟
𝑖𝑗(𝑡) ∝ 𝑡𝛾) from unity is about 10% (see Table 

S1 in the Supplementary Materials).
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Macroscopic transport properties, conductivity and transference numbers, were evaluated as 

functions of 𝐿0
𝑖𝑗: 

𝜅 = 𝐹2𝑐2
+𝑧2

+(𝐿0
++ ― 2𝐿0

+― + 𝐿0
――) (2)

𝑡0
+ = 𝐿0

++―𝐿0
+―

𝐿0
++―2𝐿0

+―+𝐿0
――

 (3)

where 𝐹 is the Faraday constant, and 𝑐+ and 𝑧
+ are respectively the molar concentration and 

valence of Li+. In multivalent system, the simplified forms in Eqs. (2) and (3) arise from the 

equality 𝑐2
+𝑧2

+ = 𝑐2
―𝑧2

―. The current fraction expression, originally derived for monovalent 

electrolytes in our previous work, is of the same form in multivalent systems43: 

𝜌+ = 1 
1+Ne, where  Ne = 𝐿0

―――𝐿0
+―

2

𝐿0
++𝐿0

―――𝐿0
+―𝐿0

+―
  . (4)

We refer to Ne as the Newman number.44 One may also define the PFG-NMR-derived cation 

transference number based on self-diffusion coefficients of the ions:

𝑡
+,PFG = 𝐷+

𝐷+―𝑧―𝐷―
      (5)

where 𝐷+ and 𝐷―  are the simulations-based self-diffusion coefficients of the cation and anion, 

respectively.  This measure of cation transference can be compared directly with that obtained 

experimentally using PFG-NMR.

RESULTS AND DISCUSSIONS
Correlated Motion and Ion Transport. The atomistic model is first examined by comparing 

simulated self-diffusion coefficients with PFG-NMR measurements. Figure 1a shows the diffusion 

coefficients of the cation (𝐷+), anion (𝐷―), and the solvents (𝐷DMC and 𝐷EC) as a function of the 

molar Li+ concentration, 𝑐+, obtained from simulations.  Figure 1b shows the same quantities 

measured experimentally.1 The simulations qualitatively capture important concentration 

dependence of the self-diffusivities for both charged ions and non-charged solvent species. The 

simulations show that 𝐷DMC is slightly higher than 𝐷EC at all salt concentrations. The ion mobilities 

are also much lower than those of solvents. Furthermore, 𝐷+ is substantially higher than 𝐷―, with 
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this difference becoming more pronounced at higher salt concentrations. All these predictions are 

in good agreement with the results measured by experiments.

We also note that some quantitative discrepancies exist between simulation and experiment.   

The solvent and ion diffusivities predicted by MD simulations show stronger reduction as salt 

concentration increases in comparison with the experimental results. In addition, the simulated 

solvent diffusivities are marginally overestimated at low salt concentration but become 

underestimated as the concentration increases. These discrepancies can be explained by the charge 

polarization effects, which are not fully captured by the force field used in our MD simulations. 

The fixed-charge model involved in the simulation tends to overestimate the magnitude of the 

interactions between charged species.45-47 This results in stronger cation-anion pairing in the 

simulations, which thus reduces ion mobility. The stronger cation-solvent interactions also cause 

greater suppression of solvent diffusion at high salt concentrations. Nonetheless, the MD 

simulations capture the important trends in the relative mobilities of ions and solvent molecules. 

We also evaluated standard correction approaches, including the use of an elevated temperature 

(323 K) and rescaling of ionic partial charges (by a factor of 0.8), at both low and high salt 

concentrations. Simulations conducted at a uniformly elevated temperature, however, resulted in 

a cation-to-anion diffusion coefficient ratio that is smaller than the experimentally measured values 

at high salt concentrations (see Figs. S2 and S3 in the Supplementary Materials). Additionally, 

simple charge rescaling led to a pronounced overestimation of cation mobility relative to anion as 

compared to experiments. These results indicate that while such corrections can improve the 

dynamics of the electrolyte, they do not transfer effectively to the present highly correlated, 

multivalent anion system without systematic reparameterization. Therefore, the original force field 

proves more suitable for our system. Although it may not capture the absolute dynamics with 

quantitative precision, it reproduces the relative cation–anion dynamics, the most critical factor in 

modeling the cation transference.
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Figure 1. Comparison of self-diffusion coefficients between (a) simulation and (b) experiment as a function 
Li+ molar concentration 𝑐+. The PFG-NMR data in (b) are reproduced from Ref. 1. 
 

The transport coefficients defined by equation 1 characterize the correlated motion of ions 

relative to a reference velocity. Figure 2 depicts the concentration dependence of three transport 

coefficients in both the center-of-mass reference frame (𝐿𝑚
𝑖𝑗 ) and solvent reference frame (𝐿0

𝑖𝑗). All 

transport coefficients reach a maximum value at a salt concentration of 𝑐+ = 0.2 M. This 

maximum arises because of two competing effects. First, the transport coefficients rise with 

increasing 𝑐+ at low concentrations due to an increase in the concentration of charge carriers.  

However, frictional interactions, which slow down transport, also increase exponentially with salt 

concentration, and the decrease of the Onsager coefficients at concentrations 𝑐+ > 0.2 M signifies 

the regime wherein frictional effects are dominant.  A comparison of the three Onsager coefficients 

reveals that anion-anion correlations (𝐿𝑟
――) are the strongest at all concentrations. This observation 

suggests that a complete understanding of the behaviors of the cation transference requires 

properly accounting for correlations involving anions, a point we will discuss later. However, the 

magnitudes of all three coefficients are comparable in both reference frames, which indicates 

highly correlated motion of all charged species.  As a result, the conductivities calculated by Eq. 

(2) are about an order of magnitude smaller than transport coefficients (See Fig. S6 in the 

Supplementary Materials). Furthermore, it is interesting to note that the relative trends of the three 

transport coefficients are not affected by the choice of reference frame. This is in contrast to 

traditional lithium electrolytes containing univalent anions  with strong cation-solvent interactions, 
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e.g., LiTFSI, where the choice of reference frame can reverse the sign of 𝐿𝑟
+―.27, 40 The resulting 

transference numbers in the solvent and mass reference frames only show a minor difference at all 

salt concentrations (Fig. S5 in Supplementary Materials).

Cation transference, as reflected by 𝑡
+,PFG, 𝜌+, and 𝑡0

+, are calculated from the simulated 

Onsager transport coefficients using Eqs. (3), (4), and (5).  Figure 3 compares the simulation results 

with experimental measurements. Both simulation and experiment values of the cation 

transference number estimated based on self-diffusion coefficients, 𝑡+,PFG, remain near 0.1 at low 

concentrations, followed by a monotonic increase at higher concentrations. The agreement of 
𝑡

+,PFG between simulation and experiment further verifies that the simulation can accurately 

reproduce the relative motion of ions and solvents as presented in Fig. 1.

Figure 2. Correlated motions of cations and anions as a function of salt concentration. Onsager transport 
coefficients that characterize cation-cation (𝐿𝑟

++), anion-anion (𝐿𝑟
――), and cation-anion (𝐿𝑟

+―) correlated 
motions in (a) center-of-mass reference frame and (b) solvent reference frame.

Despite the low  𝑡+,PFG values, the current fraction (𝜌+) exceeds 0.5 across all concentrations 

in both simulation and experiment. The result indicates that the transference of Li+ under applied 

electric field is more efficient than predicted from self-diffusivities. It is attributed to ion 

association, consistent with the observation in previous studies of POSS-based anions.12, 23 The 

ion association can be quantitatively explained through correlated ion motion using the expression 

derived from Eq. 4: 𝜌+ = (𝐿0
++ ―  𝐿0

+―
2/𝐿0

――)/(𝐿0
++ ―2𝐿0

+― + 𝐿0
――), where the denominator is 

proportional to conductivity. The high 𝜌+ values arise from two factors: 1) the dominance of anion 
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correlated motion (𝐿0
――) over cation-anion correlations (𝐿0

+―) which reduces the subtraction term 

𝐿0
+―

2/𝐿0
―― in the numerator; 2) the relatively low conductivity from strong ionic correlations 

appeared in the denominator. 

The rigorously defined transference number 𝑡0
+ is negative or zero within error across all 

concentrations in both simulation and experiment. According to the expression in Eq. 3, the 

negative 𝑡0
+  is  due to the weaker cation-cation correlations (𝐿0

++) compared to the cation-anion 

correlations (𝐿0
+―) as shown in Fig. 2. Throughout most of the concentration regime, 𝑡0

+ values 

remain on the order of ―1, indicating significantly unfavorable cation transference: a substantial 

fraction of cations migrate toward the positive electrode due to their association with the highly 

charged anions. It should also be noted that the concentration-dependence of 𝑡0
+ surprisingly shows 

a peak near 𝑐+ = 0.4 M. At the peak, 𝑡0
+ in both simulation and experiment exhibit a value close 

to zero. 

Figure 3. Cation transference numbers from (a) simulation and (b) experiment as a function of salt 
concentration. Three transference numbers are compared between simulation and experiment: the ideal 
transference number based on self-fusion coefficients 𝑡+,PFG = 𝐷+

𝐷++20𝐷―
, the current fraction 𝜌+, and the 

transference number in solvent reference frame 𝑡0
+. The experimental transference numbers in (b) are 

reproduced from Ref. 1.  

Solvation Structure of Lithium Ions. To understand the correlated motion of ions and its 

impact on the low cation transference at the molecular level, we investigate the solvation structure 

of lithium ions. Figure 4a depicts the evolution of the average number of solvent molecules and 
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anions within a solvation shell of a lithium ion. The number of oxygen atoms from the anions 

(open symbols) is also shown to provide more details of lithium coordination. At all salt 

concentrations, more cyclic carbonates (EC) are present in the solvation shell than linear 

carbonates (DMC), in agreement with previous study of simple anions like PF₆⁻ in mixed 

carbonate electrolytes.48-50  Even at the lowest concentration, each solvation shell is composed of 

roughly 0.8 POSS anions on average, which highlights significant cation-anion interactions for 

electrolytes containing POSS-based macroions. This is in stark contrast to the solvation structure 

of lithium ions in traditional univalent anions where anions are usually excluded from the solvation 

shell at low lithium concentrations.48, 49 As salt concentration increases, oxygens from POSS anion  

gradually displace solvent molecules in the solvation shell.  The anions become the major 

component among the three coordinating species in the solvation shell in the 𝑐+ ≥ 0.4 M regime.

Figure 4. Microscopic solvation structure of lithium ions. (a) Composition of the solvation shell of Li+ as 
a function of salt concentration. The composition is quantified in terms of the average number of EC, DMC, 
and POSS anions (also oxygen from anions) in one solvation shell. (b) The fraction of lithium ions that 
bind to different number of POSS anions at different concentrations. (c) The ratio of anion-bound lithium 
ions to the total number of lithium ions as a function of salt concentration. The bottom shows the typical 
snapshots of cations and anions at three salt concentrations. The cations are shown in blue sphere, and 
anions are shown in yellow with ball-and-stick model.

Given that each POSS anion provides plenty of oxygen coordination sites to lithium ions, it is 

instructive to quantify the fraction of lithium ions that bind to different number of anions. Figure 

4b shows that the fraction is maximized at one anion per lithium ion, indicating that 1:1 cation-

anion binding is the most probable state. The cation can bind to 2 anions at most where the cation 

behaves as a bridge between two POSS macroanions. This overlap behavior of the anions only 

occurs in the concentration regime of 𝑐+ ≥ 0.4 M, which is consistent with the overlap behavior 
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of anions suggested in previous work1. The overlap starts emerging at a critical salt concentration 

of 𝑐+ = 0.4 M for the average distance between anions to equal their size of 4.4 nm.  To further 

visualize the overlap of anions, the bottom of Fig. 4c presents the snapshots of anions and cations 

with increasing concentration. At 𝑐+ = 0.2 M, the anions remain isolated from each other, with 

each of them binding to multiple lithium ions. At higher concentrations (𝑐+ ≥ 0.4 M), the anions 

are bridged by lithium cations and form large aggregates.

Figure 4b also shows that the fraction of non-bound lithium ions, i.e., free cations only 

coordinated by solvent molecules but zero anions, decreases monotonically from 0.2 to 0.05. This 

corresponds to an increase in the fraction of bound lithium ions from 0.8 to 0.95 as shown in Fig. 

4c. The fractions predicted by our MD simulations are in good agreement with the estimations 

based on eNMR species velocities in the previous work1. All together, these results demonstrate 

strong cation-anion interactions in the entire concentration regime which leads to highly correlated 

motion between cations and anions. It is the dominance of cation-anion correlations (𝐿𝑟
+―) over 

the cation-cation correlations (𝐿𝑟
++) that leads to the negative 𝑡0

+ observed in Fig. 3.

Dynamics of Lithium-Anion Association. In addition to the static properties of the solvation 

structure discussed above, the dynamics of cation-anion correlation is also important for 

understanding ion solvation and transport. We define residence time autocorrelation functions 𝐶𝑖

(t) to quantify the timescale of lithium-oxygen (either from POSS anion or solvent) coordination 

as50, 51:

 𝐶𝑖(𝑡) = 〈𝑃𝑖(𝑡)𝑃𝑖(0)〉/〈𝑃𝑖(0)𝑃𝑖(0)〉   [𝑖 = EC, DMC, or POSS anion]  (6)

where 𝑃𝑖(𝑡) equals 1 when a lithium ion maintains continuous coordination with the same oxygen 

atom from species i from time 0 to 𝑡 and equals 0 otherwise. The mean residence times (𝜏𝑖) are 

obtained by fitting 𝐶𝑖(𝑡) to stretched exponential functions. Figure 5a shows that 𝜏Anion is 

significantly longer than 𝜏EC and 𝜏DMC. The difference is more pronounced at high salt 

concentrations, because each POSS anion has 20 TFSI- units and several oxygen coordination sites 

on the side chains, which effectively enhances lithium-anion binding.
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Figure 5. Dynamics of ion association. (a) Mean residence times of Li-O(EC), Li-O(DMC), and Li-
O(Anion) coordination as a function of salt concentration. (b) Decomposition of cation correlations into 
distinct (𝐿distinct

++ ) and self (𝐿self
++ ) correlation parts as a function of salt concentration. (c) Residence time 

autocorrelation functions for lithium as linker (𝐶anion―linker―anion) and for lithium bound to a single anion 
(𝐶Li―anion) from 0.4 M to 0.8 M. The lines for 𝐶L𝑖―anion at the three concentrations cannot be clearly 
distinguished. The inset shows the schematic for lithium acting as linker to bridge two POSS anions.

One surprising result is that 𝑡0
+ exhibits a maximum in the vicinity of 𝑐+ = 0.4 M. Both 

experiments and simulations show that 𝑡0
+ becomes less negative and almost approaches 0 at such 

concentration. Some quantitative discrepancies remain. For instance, the simulated 𝑡0
+ is slightly 

positive while the experimental value is slightly negative from 0.4 M to 0.5 M, which may 

originate from force field inaccuracies. A maximum in the cation transference usually implies an 

increase in the fraction of free cations.  However, Fig. 4c shows that the fraction of free cations 

keeps decreasing with 𝑐+. This inconsistency suggests that the maximum of  𝑡0
+ observed in the 

POSS-based electrolytes cannot be attributed to the increase of free cations but other factors like 

ion correlations.  To uncover the origin of the maximum 𝑡0
+ in the vicinity of 𝑐+ = 0.4 M, we 

decouple the cation correlated motion to two contributions, the self and distinct correlations, in the 

center-of-mass reference frame13, 27:

𝐿𝑚
++ = 𝐿self

++ + 𝐿distinct
++ , with 𝐿self

++ = 𝐷+𝑐+

𝑘𝐵𝑇
(7)

𝐿self
++  is defined as the correlation of cations themselves (the summation with 𝛼 = 𝛽 in Eq. 1), while 

𝐿distinct
++  is defined as the correlation between different cations (the summation with 𝛼 ≠ 𝛽 in Eq. 

1). Figure 5b depicts their contributions relative to total cation correlations. 𝐿𝑚
++ is dominated by 

the distinct term  𝐿distinct
++ , which contributes to more than 80% of the total cation correlation. On 

the other hand, the self-correlation term 𝐿self
++  only contributes to less than 20%. The large 
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contribution of 𝐿distinct
++  arises from strong cation-anion pairing as illustrated in Fig. 4c, which 

promotes jointed motion of different cations bound to the same POSS anion.

More intriguingly, while the relative contributions of 𝐿self
++  and 𝐿distinct

++  remain constant in the 

salt concentration regime between 0.2 M and 0.4 M, Fig. 4b shows that the decrease of free cation 

fraction is mainly replaced by the fraction of cations bound to two anions. The fraction of cations 

bound to one anion remains constant in this concentration regime. Thus, the weak overlap of anions 

at 0.4 M mentioned earlier is accompanied by an additional fraction of cations acting as dynamic 

linkers. Because 𝐿self
++ /𝐿𝑚

++ is constant as 𝑐+ increases from 0.2 to 0.4 M, these lithium ions as 

linkers resemble free cations in dynamics while providing insignificant contribution to correlated 

motion with anions. 

To further elucidate the dynamic feature of lithium ions as linkers, we compare residence time 

autocorrelation functions for anion-linker-anion (𝐶anion―linker―anion) and lithium-single anion 

(𝐶Li―anion) associations. These time correlation functions are defined in a similar way as Eq. 6, 

with the exception that a lithium is considered to associate with a POSS anion when POSS anion 

provides at least one oxygen for coordination. For 𝐶
anion―linker―anion, 𝑃𝑖(𝑡) defined in Eq. 6 

equals 1 when a linker is consistently connected to the same two anions from time 0 to 𝑡 and equals 

0 otherwise. Figure 5c shows that, as salt concentration increases, 𝐶anion―linker―anion decays more 

slowly. On the other hand, the decay of 𝐶Li―anion only shows very weak concentration dependence. 

Furthermore, 𝐶anion―linker―anion decays much faster than 𝐶Li―anion and such difference is the most 

pronounced at 𝑐+ = 0.4 M. The anion-linker-anion association has a very short lifetime at 𝑐+

= 0.4 M, which leads to effective contribution to self-correlation of cations (𝐿self
++ ). Therefore, a 

relatively small 𝐿𝑚
+― in comparison with 𝐿𝑚

++ at 𝑐+ = 0.4 M explains the less negative value of  𝑡0
+ 

at this concentration. It should be emphasized that the mechanistic interpretation of the fine feature 

in 𝑡0
+  is based on relative dynamic correlations rather than absolute transport values. Therefore, 

the choice of current force field, which well captures cation transference, has a minimal impact of 

this finding.

CONCLUSION
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To conclude, we have employed large-scale MD simulations to investigate ion transport in 

POSS-based multivalent lithium electrolytes. Using the Onsager transport framework, the 

simulation captures three cation transference numbers measured by recent experiments: the ideal 

transference number based on self-diffusion coefficients (𝑡+,PFG), the current fraction (𝜌+), and 

the transference number with respect to solvent velocity (𝑡0
+). The use of POSS anion yields 𝜌+

> 0.5, whereas the true transference number 𝑡0
+ is on the order of ― 1 across most concentration 

range. The Onsager transport coefficients reveal that the cation-cation, cation-anion, and anion-

anion correlations are of comparable magnitudes in both solvent and center-of-mass reference 

frames, demonstrating strongly correlated motions of ions. The high 𝜌+ arises due to the 

dominance of anion-correlated motion over cation-anion correlations and the small magnitude of 

the total conductivity. Analysis of the microscopic ion solvation environment indicates a strong 

cation-anion association in the entire concentration regime, which leads to negative 𝑡0
+. Our MD 

simulations predict that 𝑡0
+ approaches zero at a critical salt concentration of 𝑐+ = 0.4 M, in 

agreement with experimental observations. A fraction of cations acts as dynamic linkers between 

weakly-overlapping anions. These linkers have very short lifetime and behave similarly as free 

cations in dynamics. Our work elucidates the molecular picture that bridges microscopic solvation 

structure, correlated motions between species, and the resulting macroscopic transference. The 

simulation results highlight the limitations of highly correlated ion motions in POSS electrolytes: 

while they enable high current fractions, they also lead to inefficient conduction and, crucially, 

unfavorable 𝑡0
+.

Beyond diagnosing the limitations of POSS-based systems, our findings provide crucial design 

principles for electrolytes employing bulky/giant multivalent anions. The large negative 𝑡0
+ 

primarily results from the strongly correlated cation-anion motion, which dominates over cation-

cation correlations. Therefore, improved cation transference can be realized via strategies that 

effectively reduce cation-anion association. Such approaches may include: 1) Modulating the 

charge distribution of multivalent anions, for instance, by increasing the steric hindrance between 

anions along a chain to prevent neighboring groups from binding the same Li+; 2) Optimizing the 

anion structure itself, such as by substituting TFSI⁻ with the larger and more sterically hindered 

BETI⁻ anion; 3) Exploring solvents or additives (e.g., triglyme) that strongly solvate cations, 

thereby alleviating the cation-anion coupling. These mechanistic insights extend beyond a single 
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material system and constitutes a foundational framework for the rational design of next-

generation electrolytes where mitigating detrimental cation-anion correlation is indispensable.
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The data supporting this article have been included as part of the Supplementary Information. 
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