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Abstract

The development of polymer electrolytes (PEs) is crucial for advancing safe,

high-energy density batteries, such as lithium-metal and other beyond lithium-ion

chemistries. However, reaching the optimum balance between mechanical stiffness

and ionic conductivity is not a straightforward task. Zwitterionic (ZI) gel electrolytes

comprising lithium salt and ionic liquid (IL) solutions within a fully ZI polymer network

can, in this context, provide useful properties. Although such materials have shown

compatibility with lithium metal in batteries, several fundamental structure-dynamic

relationships regarding ionic transport and the Li+ coordination environment remain

unclear. To better resolve such issues, molecular dynamics simulations were carried

out for two IL-based electrolyte systems, N-butyl-N-methylpyrrolidinium

bis(trifluoromethylsulfonyl)imide ([BMP][TFSI]) with 1 M LiTFSI salt and a ZI gel

electrolyte containing the IL and a ZI copolymer: poly(2-methacryloyloxyethyl

phosphorylcholine-co-sulfobetaine vinylimidazole), poly(MPC-co-SBVI). The addition

of ZI polymer decreases the [TFSI]�–[Li]+ interactions and increases the IL ion diffu-

sivities, and consequently, the overall ZI gel ionic conductivity. The structural

analyses showed a large preference for lithium-ion interactions with the polymer

phosphonate groups, while the [TFSI]� anions interact directly with the sulfonate

group and the [BMP]+ cations only display secondary interactions with the polymer.

In contrast to previous experimental data on the same system, the simulated transfer-

ence numbers showed smaller [Li]+ contributions to the overall ionic conductivities,

mainly due to negatively charged lithium aggregates and the strong lithium-ion inter-

actions in the systems.
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1 | INTRODUCTION

Renewable energy resources such as solar andwind are in high demand to

replace the nonrenewable fossil fuels. In this regard, highly efficient and

safe advanced energy storage devices are required due to the intermittent

character of these energy resources, and for applications in the

transportation sector where further electrification is necessary.1–4

For the last several decades, lithium-ion batteries (LIBs) have

been the most rapidly growing energy storage technology, being used

in various scales; from small portable devices, smartphones, and
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portable computers to larger devices such as electric vehicles (EVs).5

Much of the success of LIBs is based on their high energy and power

density. Nevertheless, for large-scale applications, LIBs are still often

not competitive enough due to cost issues and safety concerns.6

One alternative to improve upon LIBs for several sectors of the

market is the replacement of the graphite electrode (LiC6) used in

commercial LIBs with a lithium metal electrode,7 which allows

improvement of the theoretical capacity from 372 mAh g�1 to

ca. 3800 mAh g�1, together with an exceptionally low-electrochemical

potential (�3.04 V vs. SHE). Before the commercialization of LIBs,

such lithium metal batteries (LMBs) were considered an appealing

candidate for battery applications, but for decades received less atten-

tion due to the lack of an appropriate electrolyte system.8

One of the main obstacles for the implementation of LMBs is the

formation of dendrites on the anode surface caused by the inhomoge-

neous deposition of lithium during charging,9 which can lead to a ther-

mal runway and cause a fire or explosion due to a short-circuit and

the flammability of electrolyte solvents used in commercial LIBs.

Promising approaches to hinder or control the dendrite formation are

nanoscale interfacial engineering and the application of solid electro-

lytes (SEs).10–13 SEs14,15 with a high-elastic modulus can be useful to

prevent dendrite growth, restrict the side reactions of lithium metal,

and consequently increase the safety of the battery.

There are two main classes of SEs: inorganic ceramics,16 which

are basically inorganic [Li]+ conductive materials, and solid polymer

electrolytes (SPEs)17 that comprise mixtures of polymers and lithium

salts. While ceramics can offer good ionic conductivities and high-

mechanical strength, they often present poor interfacial compatibility,

inferior chemical stability, brittleness, or high cost. SPEs normally have

better interfacial compatibility than their ceramic counterparts.18

However, their ionic conductivities at room temperature are too low

for most applications. As a compromise between these and standard

liquid electrolytes, gel polymer electrolytes (GPEs) or different forms

of ionogels,19 are potential alternatives that can display the safety

characteristics of SPEs while maintaining an ionic conductivity close

to that of liquid electrolytes.

Ionogels constitute a hybrid class of materials formed by a

lithium salt and an ionic liquid (IL) immobilized chemically or physi-

cally in a solid matrix, generally a polymer host. Several studies have

shown that ionogels can maintain the specific properties of the

corresponding IL and are stable under electrochemical cycling.20

The most investigated ionogels are based on polyethylene oxide (PEO),21,22

poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-HFP),23 and

poly(methyl methacrylate) (PMMA)24 in association with ILs such as N-

butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMP]

[TFSI]),25 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

[EMI][TFSI],26 and 1-ethyl-3-methylimidazolium bis(trifluorosulfonyl)

imide [EMI][FSI].27

The use of zwitterionic28–30 (ZI) additives has recently emerged

as an approach to improve lithium-ion transport in several electrolyte

systems. The highly dipolar character of the ZI group can lead to dis-

sociation of the lithium-ion from anionic counterions in solution and

consequently increase ionic transport in the system. At the same time,

ZI additives can also decrease battery polarization by altering the

interactions between the polymer and the other ions in the electro-

lyte.28,31 Poly(ionic liquids) (PILs)32,33 are in this context one of the

promising ZI candidates for LMBs.20,21 These consist of a repeating

unit of an IL species—cationic, anionic, or both species (as in the case

of ZI PILs)—in a polymer backbone, leading to a material that com-

bines IL and polymeric properties.

In a recent study, D'Angelo and Panzer1 synthesized a fully ZI

polymer-supported gel electrolyte combining a 3:1 molar ratio of

2-methacryloyloxyethyl phosphorylcholine (MPC) and sulfobetaine

vinylimidazole (SBVI) monomers to create a poly(MPC-co-SBVI)

scaffold within the IL [BMP][TFSI] containing 1 M of lithium

bis(trifluoromethylsulfonyl)imide (LiTFSI). A room-temperature ionic

conductivity slightly higher than for the corresponding liquid electro-

lyte was found for this material over the range of 1–12.5 wt%

polymer content in the ionogel. A compressive elastic modulus of

14.3 MPa and an ionic conductivity of 1.0 mS cm�1 were observed

for the 12.5 wt% copolymer-supported ZI gel, showing a remarkable

decoupling of the ionic conductivity and the elastic modulus. Interest-

ingly, at low temperatures the ZI gel possesses larger ionic conductiv-

ity than the IL electrolyte, but this trend is reversed with the

increasing temperature and the IL electrolyte displays higher ionic

conductivities. In addition to the larger ionic conductivity at room

temperature, the ZI gel also displays a higher lithium transference

number than the IL electrolyte, indicating the existence of different

lithium transport mechanisms in the electrolyte systems. Moreover,

electrochemical tests showed good compatibility of the ZI gel with a

lithium metal electrode, promoting uniform lithium deposition and the

formation of a stable solid electrolyte interphase (SEI). Therefore, this

ZI gel can be considered a promising electrolyte for LMBs.11

Although several key properties could be addressed in the experimen-

tal studies,1 there exists uncertainties in the [Li]+ diffusion mechanism,

and what roles [BMP]+ and ILion polymer interactions play in the transport

processes. In this work, classical molecular dynamics (MD) simulations

were performed in order to elucidate these issues and shed light on the

molecular understanding of the 12.5% poly(MPC-co-SBVI) in 1 M LiTFSI-

[BMP][TFSI] system, in comparison to 1 M LiTFSI-[BMP][TFSI]. These

electrolytes were simulated at seven different temperatures in the range

313.15–503.15 K, in addition to neat [BMP][TFSI] and 12.5% poly(MPC-

co-SBVI)-[BMP][TFSI] without LiTFSI.

2 | COMPUTATIONAL DETAILS

The MD simulations were performed using the Gromacs 2018.2 pack-

age34 with the following potential function:

Vtotal ¼
XN�1

i¼1

XN

i< j
4εij
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in which the partial charges are qi and qj, rij is the distance between

the atoms i and j while the σ and ε are the Lennard-Jones parameters.
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The kθ, kr, and kφ parameters are constants for the angle, bond, and

dihedral interactions, respectively. The Lennard-Jones and the intra-

molecular parameters were taken from literature31,35,36 while the olig-

omer and lithium-ion parameters were obtained from the OPLS-AA

force field37 using the LigParGen web server.35 For the IL, the CL&P

force field36 taken from the DLPGEN software was employed for all

relevant interactions.38 The CL&P force field is a specific IL force field

developed by Lopes and P�adua based on the OPLS-AA and AMBER

force fields, which have been extensively used in many different simu-

lations involving ILs.39,40

For the charge derivations, a two-step approach was used; first,

equilibrium MD simulations with the pure IL and pure oligomer were

carried out using the default charges from the force fields, followed

by a standard MD protocol as described below. Once the systems

reached the density equilibrium, stochastic MD simulations were per-

formed in the NVT ensemble at 403.15 K for 10 ns. From these simu-

lations, four representative structures of IL pairs and oligomer pairs

were taken and subjected to density functional theory (DFT) calcula-

tions using the B3LYP41 and def2-TZVP42 level of theory. Then, the

average charges for the atom types were calculated by the ChelpG

method and used in the MD simulations in this work. Using this

approach, it is possible to obtain a better charge description due to

the use of different representative structures from the IL pairs and

the oligomer conformations.43–45 The choice of the ChelpG method is

based on the promising results reported by Lovelock and coworkers

recently.46 All of the input files are available in the Supporting Infor-

mation (SI).

It has become well-accepted in recent years that obtaining trans-

port properties47,48 by classical MD simulations in good correlation

with experimental measurements is a great challenge for many ILs,

polymer electrolytes (PEs),49,50 or ionic systems, mainly because of

the slow dynamics, high viscosity, and charge transfer effects.51,52

One alternative to improve the results of the transport properties

without the use of polarizable force fields53 (which render high-com-

putational costs), is the use of a scaled charge factor, often 0.8 of the

atomic partial charges. This was proposed by Maginn and coworkers54

based on the total charge values for IL pairs and have been widely

used by several authors for many different electrolyte systems.22,55,56

Thus, because of the high viscosity of the systems studied in this

work, and to ensure that the real diffusive regime has been reached,

the partial charge atoms were scaled by a factor of 0.8 for all ions in

the system, including the oligomer model (due to its ZI character).

More information about the scaled charges and comparisons to unity

charge models are provided in the SI (Figures S1–S6 and Tables S1

and S2).

The structures of the IL ions and the oligomers are shown in

Figure 1. As described previously,1 poly(MPC-co-SBVI) is a random

copolymer of the two monomers MPC (2-methacryloyloxyethyl

phosphorylcholine) and SBVI (sulfobetaine vinylimidazole) in the

molar ratio 3:1. In this work, a simple oligomer with 3:1 MPC:SBVI

units was used for the poly(MPC-co-SBVI) model (see Figure 1(C)),

where the oligomer comprised 157 atoms. The compositions for

the IL electrolyte (1 M LiTFSI-[BMP][TFSI]) and the ZI electrolyte

(1 M LiTFSI-[BMP][TFSI]/12.5 wt% poly(MPC-co-SBVI)) systems

are shown in Table 1. All systems were simulated at seven different

temperatures: 313, 333, 343, 353, 373, 400, 453, and 500 K.

Because of the large viscosity of the studied systems, the simulated

temperatures are somewhat higher than the experimental values to

ensure the convergence of the dynamical properties. This approach

has been widely used in several MD studies of electrolytes.22,57,58

To simplify, we will from this point call the ionogel electrolyte (1 M

LiTFSI-[BMP][TFSI]/12.5 wt% poly(MPC-co-SBVI)) the “ZI gel,”
while the IL electrolyte (LiTFSI-[BMP][TFSI]-1 M) will be referred

to as “IL electrolyte.”
The boxes were generated using the PACKMOL software.59 A

steepest descent minimization step was carried out to remove the

poor contacts in the systems. After the minimization step, NVT

ensemble simulations at 703.15 K were performed for 200 ps,

followed by annealing NpT simulations for 10 ns at 1 atm using the

Berendsen barostat60 and the v-rescale thermostat61 with 1.0 and

0.1 ps coupling times, respectively. The temperature decreased from

703.15 K to each temperature in the range mentioned above. After

the annealing step, NpT simulations at 1 atm at the desired tempera-

ture were performed, and the temperature and pressure were

maintained using the Nose-Hoover62 and Parrinello-Rahman63

methods with coupling times of 0.1 and 5.0 ps, respectively. Then,

NVT production simulations were performed for more than 320 ns

following the same protocol.

The equations of motion were integrated by the leap-frog algo-

rithm64 using 1 fs as the time step, while the positions were saved

every 300 fs. The smooth particle mesh Ewald method65 was used to

F IGURE 1 (A) Models for N-butyl-N-methylpyrrolidinium
[BMP]+, (B) bis(trifluoromethylsulfonyl)imide [TFSI]�, and (C) the
poly(MPC-co-SBVI) oligomer. The model used for poly(MPC-co-SBVI)
has a molar ratio between the MPC and SBVI units of 3:1

LOURENÇO ET AL. 1691



handle Coulombic interactions in a 1.2 nm cutoff. All analyses were

performed using the Gromacs 2018.2 utility tools,34 and the snap-

shots were prepared using the VMD software,66 while the TRAVIS

package67 was used for the post-processing analyses.

3 | RESULTS

The temperature dependence of the computed densities is shown in

Figure 2, in which the black circles and the red squares are the simu-

lated densities for the IL electrolyte and the ZI gel electrolyte, respec-

tively. The blue points represent the experimental data for both

systems.1 As expected, the densities increase with the decrease of

temperature, with the IL electrolyte densities being higher than the ZI

gel electrolyte over the temperature range. The computed densities at

294 K are in fair agreement with the experimental data, differing by

3.4% and 3.0% for the IL electrolyte and the ZI gel electrolyte,

respectively.1

3.1 | Dynamical properties

In this work, the Einstein-Helfand and Nernst-Einstein approaches

were used to obtain the ionic conductivities. The Einstein-Helfand

(σEH) method is based on the collective mean-square displacement

(MSD) of the translational fraction of the dipole moment, and is

defined by the following equation:68

σEH ¼ e2

6tVkBT

X
i

X
j

zi r
!
i tð Þ� r

!
i 0ð Þ

h i
zj r

!
j tð Þ� r

!
j 0ð Þ

h i* +
, ð2Þ

in which V and T are volume and temperature, r are the positions of

the i and j species, kB is the Boltzmann constant, and e is the effective

electron charge. The Nernst-Einstein (σNE) method is defined by the

following equation:69

σNE ¼
P

e2ionNionDion

VkBT
, ð3Þ

where Dion is the self-diffusion coefficient for each ion in the system,

which will be presented later in this work, and Nion is the number of

ionic species. The main difference between the two approaches is the

ionic correlation, in which the Nernst-Einstein (σNE) method does not

take the neutral ion pairs formed into account, while the Einstein-

Helfand (σEH) method does.

Figure 3 shows the temperature dependence of the calculated

ionic conductivity using Einstein-Helfand and Nernst-Einstein

methods. It can be seen that despite lower absolute values, the simu-

lated ionic conductivities capture the main trend for the experimental

results. The most important feature is also captured in the simulations:

that is, at low temperatures, the ZI gel electrolyte exhibits a slightly

higher ionic conductivity than the IL electrolyte, while at higher tem-

peratures there is an inversion of this trend. This is an indication that

the employed model is appropriate for this electrolyte system.

In order to get a better understanding of the ionic motions, and

the contribution of each ion to the ionic conductivity, the self-

diffusion coefficients for all ions in the systems were calculated from

the Einstein relation:70

D¼1
6
d
dt

XN

i¼1
r
!
i tð Þ� r

!
i 0ð Þ

h i2� �
, ð4Þ

where the brackets denote the ensemble average and r
!
i are the posi-

tions of particles i (atom or center of mass [COM] of a molecule) at a

given time t. The expression inside the brackets is the MSD of the

particles. For the [TFSI]� and [BMP]+ ions, the self-diffusion coeffi-

cients were calculated from the nitrogen atoms in the molecular struc-

tures, which also represent the geometric center of each ion.71

The self-diffusion coefficients for all ions are shown in Figure 4,

in which the values and error bars were obtained by three indepen-

dent simulations. Looking at the values for [BMP]+ and [TFSI]�, it is

possible to see the same behavior as displayed for the global ionic

TABLE 1 MD box compositions of
each simulated system. The numbers
indicate the amount of species in each
MD box

System [bmp]+ [TFSI]� [Li]+ Poly(MPC-co-SBVI) oligomer

IL electrolyte 152 200 48 0

ZI gel electrolyte 152 200 48 9

Abbreviations: IL, ionic liquid; ZI, Zwitterionic.

F IGURE 2 Computed densities for IL electrolyte (black circle) and
ZI gel electrolyte (red square) at all temperatures. The blue points are
the experimental data for IL electrolyte (circle) and ZI gel electrolyte
(square) at 298.15 K. solid lines are quadratic regressions. IL, ionic
liquid; ZI, zwitterionic
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conductivities in Figure 3. At low temperature, the ZI gel presents

larger self-diffusion coefficients than [BMP]+ and [TFSI]� ions, but

above 400 K there is an inversion, and larger [BMP]+ and [TFSI]�

diffusivities are instead observed for the IL electrolyte system. For Li+

ions, on the other hand, the ZI gel displays lower diffusivities over the

temperature range, possibly indicating an affinity to the ZI oligomer.

F IGURE 3 Temperature dependence of the computed Einstein-Helfand (A) and Nernst-Einstein (B) conductivities between 313 and 500 K
for IL the electrolyte (black circle) and for the ZI gel electrolyte (red square). The filled symbols are the simulated data, and the striped symbols are
the experimental data, respectively. The blue axes are for the simulated data and the green for the experimental data, respectively. IL, ionic liquid;
ZI, zwitterionic

F IGURE 4 Temperature dependence of the self-diffusion coefficient for the [BMP]+ cation, [TFSI]� anion, and Li+ ion between 313 and
500 K for the IL electrolyte (black) and the ZI gel electrolyte (red). IL, ionic liquid; ZI, zwitterionic
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The self-diffusion coefficients plotted in Figure 4 show that the

changes in the ionic conductivity in Figure 3 are the result of the con-

tribution of the [BMP]+ and [TFSI]� mobility in both systems, and cor-

relates well with the fact that both materials mainly consist of [BMP]+

and [TFSI]� ions.

The increase in the [BMP]+ and [TFSI]� self-diffusion coefficients

at low temperature for the ZI gel compared to the IL electrolyte, seen

in Figure 4(A),(B), was also observed experimentally.1 For [TFSI]�, an

increase of almost five times in the self-diffusion coefficient of the ZI

gel compared to the IL electrolyte at low temperature was observed

experimentally, while the increase of the self-diffusion coefficient for

the [BMP]+ was less significant. In our simulations, however, the

increase of the [BMP]+ and [TFSI]� self-diffusion coefficients are very

similar to each other (around 1.7 times).

The increase in [BMP]+ and [TFSI]� diffusivities in the ZI gel at

low temperature is likely due to a decoupling effect. In ternary mix-

tures such as IL/Polymer/[Li]+, there is a strong interaction between

the lithium ion and the polymer chains that leads to the decoupling of

the ILanion–[Li]
+ interaction and consequently to changes in the ionic

diffusion mechanisms as compared to the neat IL with salt. In a series

of papers,71–76 Ganesan and coworkers have shown this effect for dif-

ferent mixtures containing ILs and polymers. For a ternary system

containing PEO/IL/[Li]+ (IL = 1-butyl-3-methylimidazolium

hexafluorophosphate),71 the authors observed that the increase in IL

content enhances the ionic mobilities due to the weakening in the

ILanion–[Li]
+ interaction. This effect is the result of the replacement of

the anion by the polymer in the lithium solvation shell and the

increase in the ILanion–ILcation interactions, as well as the weakening in

the interaction between the cation and anion from the IL and the

polymer chains.

In this present work, a different but similar phenomenon is

observed. For the ZI electrolyte, there is an increase in the self-diffu-

sion coefficients for [BMP]+ and [TFSI]� due to a decoupling of the

[TFSI]� – [Li]+ interaction (Figure S8). This is correlated to a decrease

in the [Li]+ diffusivity due to the strong interactions between the lith-

ium ion and the ZI oligomer. This is also seen in the structural proper-

ties, which are discussed in the following section.

3.2 | Structure

3.2.1 | The lithium solvation shell

The lithium solvation shell was analyzed in terms of the partial radial

distribution functions (RDF), gαβ(r). The interactions between the lith-

ium ion and the oxygens of the oligomer are shown in Figure 5. All

gαβ(r) show similar shapes with one well-defined peak around 0.2 nm

due to the strong interactions between the lithium ion and the oxy-

gens of the oligomer. The intensity of the peaks and the coordination

numbers present the following trend: phosphonate oxygens (OP)

> sulfonate oxygens (OS) > ester oxygens (Oester). This shows the

preference of the lithium ion to coordinate the OP atoms. The higher

contribution of the OP atoms to the lithium solvation shell can partly

be attributed to the larger number of the MPC chains in the monomer

F IGURE 5 Partial radial distribution functions between [Li]+ and the negatively charged oxygen atoms in the ZI monomer at 403.15 K.
(A) Oester, (B) OS, and (C) OP atoms denote oxygens from the MPC-ester, SBVI-sulfonate, and the MPC-phosphonate groups, respectively. ZI,
zwitterionic

1694 LOURENÇO ET AL.



(3:1 ratio of MPC:SBVI), but also to chemical nature of the

chain.30,77,78

As shown in literature, 30,77,78 the MPC group has higher flexibil-

ity and a lower tendency to form dipole–dipole cross-links than the

SBVI chains.30,76,77 When Taylor and Panzer30 studied the effect of

the variation of the MPC/SBVI molar ratios in a ZI gel formed by the

poly(SBVI-co-MPC) and the IL 1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide [EMI][TFSI], a decrease of 33% for

the ionic conductivity was shown for the ZI gel composed by only

poly(SBVI) and IL in comparison to the pure IL, while for ZI with poly

(MPC) + IL, this decrease was close to 75%. In the system based only

on the MPC group, [EMI]+ and [TFSI]� are interacting strongly with

the monomer chains, while the monomer in the SBVI based material

has fewer interactions with the IL species. This was also corroborated

by 1H and 19F NMR measurements.79 For poly(MPC), a downfield

chemical shift in the peaks for [EMI]+ and [TFSI]� is observed com-

pared to the neat [EMI][TFSI], while no substantial change is observed

for poly(SBVI) (see Figures 5 and 6 in ref. 79). This confirms that the

local environment of [EMI]+ and [TFSI]� remains largely unchanged in

the presence of the poly(SBVI).

A larger contribution to the lithium solvation of the MPC group

than the SBVI group has also been confirmed in the analysis of the

chemical shifts (δ) of 7Li.1 For the system with 5% mol MPC-LiTFSI-

[BMP][TFSI], a downfield shift from �1.32 to �1.03 ppm in the 7Li

NMR peak is seen in relation to the 1 M LiTFSI-[BMP][TFSI] measure-

ments, while in the 5 mol% SBVI-LiTFSI-[BMP][TFSI] no substantial

shift in the 7Li peak was observed. The replacement of the [TFSI]�

ions in the lithium solvation shell by the MPC monomer chains is

thereby evident. These findings agree well with the higher RDF inten-

sities and coordination numbers for MPC seen in Figure 5(C).

The influences of the oligomer on the [Li]+-[TFSI]� interactions

can be seen in Figure 6, in which the g(r) for [Li]+ � [TFSI]�center of

mass and the partial gαβ(r) for [Li]
+ � O[TFSI]� are shown for the IL

electrolyte and the ZI gel at 403.15 K. In the g(r) for the ZI gel

(Figure 6), there is a decrease in the g(r) intensities and the coordi-

nation numbers for [Li]+ � [TFSI]� and [Li]+ � O[TFSI]� as com-

pared to the IL electrolyte. As stated above, the decrease in this

interaction is due to the replacement of the anion in the lithium sol-

vation shell by the monomer.

The decrease in the g(r) intensities and the coordination number

seen in Figure 6 agree with the decoupling effect seen in the self-

diffusion coefficients (Figure 4). The weakening of the [Li]+ � [TFSI]�

interaction results in higher mobility of the anions and consequently

in an increase in their self-diffusion coefficients.

The preferential coordination of the [Li]+ to the oligomer chains

is also evident in the random MD snapshots shown in Figure S9 in the

F IGURE 6 Radial distribution function, g(r), for [Li]+-[TFSI]�center of mass (top) and partial gαβ(r) for [Li]
+- O[TFSI]� (bottom). The left displays

g(r) for the IL electrolyte and the right for the ZI gel at 403.15 K. IL, ionic liquid; ZI, zwitterionic
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SI. The MD snapshot in Figure S9 is the final configuration after

320 ns simulation at 403.15 K, and all of the lithium ions and oligomer

chains in the box are shown. It is possible to see that almost 100% of

the [Li]+ ions are in close contact with the oligomer chains.

The strong and close interactions between the lithium ions and

the oligomer chains result in the formation of large [Li]+ � [Li]+ aggre-

gates.80 For IL electrolytes, the formation of such aggregates is well-

known,81 and they are the result of multiple interactions between the

metal cations and the anions. For example, in IL electrolytes including

the [TFSI]� anion, the lithium aggregation is a consequence of a

“bridge effect,” in which more than one lithium-ion interacts with the

same anion. The formation of aggregates results in an extensive net-

work composed of [Li]+ and anions interacting with each other, lead-

ing to a slowing down effect of the ion dynamics. For example,

Haskins and coworkers82 have investigated the influence of [Li]+

aggregates in a series of ILs, in which the lithium aggregates are

defined by peaks in distances lower than 1.0 nm at the [Li]+ � [Li]+

interactions shown in g(r). When studying the g(r) of the [Li]+ � [Li]+

interaction in Figure 7(A), it is possible to see peaks at distances lower

than 1.0 nm, which clearly shows the formation of these aggregates.

For the IL electrolyte, the main peak is located at 0.55 nm, while two

peaks can be seen for the ZI gel: one main peak at 0.30 nm and a small

shoulder peak at 0.60 nm. The differences in the positions and the

intensities of the peaks in the systems display a higher tendency of

the lithium ion to form larger aggregates in the ZI gel than in the IL

electrolyte. This is correlated to a tendency of self-aggregation of the

oligomer. These close interactions of the oligomer chains result in

the formation of “oxygen-rich” regions (see Figures S9 and S11–S16)

with large populations of lithium ions. This, in turn, generates larger

lithium ion clusters and a slowing down of the [Li]+ dynamics, as

shown by the van Hove functions in Figure S10 and in Figure 4.

Figure 7(A),(B) show the [Li]+ � [Li]+ aggregate size distribution

in both simulated systems. As stated above, the ZI gel displays larger

aggregates than in the IL electrolyte at low temperatures. Moreover, a

larger temperature effect is seen for the ZI gel, that is, an increase in

temperature decreases the lithium-ion aggregates due to more exten-

sive dynamics of the system, as shown by the van Hove functions in

Figure S10 and diffusivity in Figure 4.

3.2.2 | ZI gel structure

The [BMP]+ � [TFSI]� interactions in the ZI gel and IL systems were

analyzed in terms of the COM radial distribution function, shown in

F IGURE 7 (A) Partial radial distribution function for [Li]+ � [Li]+ at 403.15 K and (B) the lithium aggregate size distribution in the IL
electrolyte and (C) in the ZI gel. IL, ionic liquid; ZI, zwitterionic
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Figure S19. For the ZI gel system, there is a slight increase for the

peak located at 0.6 nm compared to the IL electrolyte, suggesting that

the [BMP]+ � [TFSI]� pairs are more ordered due to the replacement

of [TFSI]� in the [Li]+ solvation shell. The weakening of the

[TFSI]� � [Li]+ interaction promotes higher freedom for the anion to

interact directly with the [BMP]+ cation.

Interestingly, NMR spectra1 previously revealed that the [TFSI]�

19F peak for the IL electrolyte is located at �80.25 ppm, while the

addition of the ZI monomer in the IL electrolyte causes a downfield

shift in the peak from �80.25 to �80.11 ppm, close to that of the

neat IL (the system without [Li+] or ZI oligomer chains). This suggests

that the local environment of the [TFSI]� in the neat IL is more like

the ZI gel system than the IL electrolyte. When comparing the COM

g(r) for the [BMP]+ � [TFSI]� interactions, shown in Figure 8, the

same conclusion can be drawn. The g(r) and the CN for the ZI gel are

indeed more like the neat IL than those of the IL electrolyte. The simi-

larities between the ZI gel and the neat IL are also seen in the dihedral

distribution function for the dihedral C─S─S─C bond of the [TFSI]�

anion (see Figure 8(B)).

These findings are directly correlated to the diffusion coefficients

(Figure 4) and the ionic conductivity (Figure 3) results. For the ZI gel

at low temperatures, higher diffusivity is observed for [BMP]+ and

[TFSI]� when compared to the IL electrolyte. This can be attributed to

the decrease of [TFSI]� in the [Li]+ solvation shell and the

corresponding increase in the IL interactions (Figure S7).

Because of the ZI character of the oligomer chains, interactions

with [BMP]+ and [TFSI]� ions are expected. Thus, to characterize the

IL/oligomer structure, partial radial distribution functions for the inter-

actions between the ILions and the charged groups in the oligomer

chains were computed.

Figure 9(A),(B) show gαβ(r) for the interactions between the posi-

tively charged sites in the oligomer chain (the nitrogen in the

imidazolium ring for the SBVI structure and the nitrogen in

the ammonium group in the MPC structure) and the negatively

charged atoms in the [TFSI]� anion (N, O, F). Broad peaks from 0.3 to

0.9 nm are seen for SBVI and MPC structures across all interactions.

For the SBVI–[TFSI]� interactions, the N(imidazolium)–N[TFSI]� g(r)

displays the highest intensity of 1.5 at 0.62 nm. Moreover, for the

interactions between MPC and [TFSI]�, the highest intensity is found

for the N(CH3)3)–O[TFSI]� with a value of 2.5, but at a closer distance.

This trend is similar to the observed results for the [Li]+ � O(oligomer)

interactions (Figure 5), where the highest intensity is found for the

lithium ion and the MPC chains; more precisely, for the [Li]+ � OP

(oligomer) interaction.

For the gαβ(r) shown in Figure 9(C),(D), no considerable interac-

tions can be seen between the [BMP]+ and the oligomer chains. In

the context of the structural findings reported above, it is possible to

draw a simple schematic for the ZI gel local environment structure,

which is shown in Figure 10. When [Li]+ occupies positions close to

the negatively charged sites in the oligomer chains, the anion follows

the lithium-ion and establishes “secondary” interactions with the

monomer chains. Therefore, the distribution of the anions and

the lithium ions around the chains creates a steric effect for the

[BMP]+, which in turn leads to limited interactions between these IL

cations and the oligomers. Figure S11 shows a MD snapshot for the

system, where it is possible to see a similar structure to the proposed

picture in Figure 10.

To improve understanding of the interactions between the oligo-

mer and the [BMP]+ and [TFSI]� ions, a simulation containing the sys-

tem poly(SBVI-co-MPC)-[BMP][TFSI] was carried out. Figures S17

and S18 display the g(r) for the monomer–[TFSI]� and monomer–

[BMP]+ interactions, respectively. Comparing these g(r) shown in the

SI with those in Figure 9, it is seen that for the system without [Li]+,

the IL ions and the monomer chains establish direct interactions. This

finding agrees with the conclusions drawn above regarding the ZI gel

structure; that is, that the lithium ions dominate interactions with the

negatively charged sites of the oligomer, while [TFSI]� and [BMP]+

coordinate primarily through secondary interactions.

3.3 | Ion transport mechanisms

To understand the mechanisms that underlie the motion of the ions in

these systems, as well as the relation between the structural

F IGURE 8 (A) Center of mass distribution function and coordination numbers for the [BMP]+ � [TFSI]� interaction in the neat IL, IL
electrolyte 1 M and the ZI gel 1 M. (B) Dihedral distribution function for the dihedral C─S─S─C bond in [TFSI]� for the neat IL, IL electrolyte 1 M
and the ZI gel 1 M, at 403.15 K. IL, ionic liquid; ZI, zwitterionic
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relaxation and diffusion of the ions, ion pair lifetimes were computed

using the intermittent autocorrelation function defined by the follow-

ing equation:83

C tð Þffi h 0ð Þh tð Þh i
hh i2

, ð5Þ

in which h(t) = 1 if the formed ion pair at h(0) remains in contact

(within a cutoff distance) at time t, and h(t) = 0 when the ion pair is

not in contact. The brackets indicate the average values over the type

of pairs. The autocorrelation function is fitted to the following multi-

exponential function, and the lifetimes are obtained by the integral:84

C tð Þ¼
XN
i¼1

aie
� t

bi : ð6Þ

Several works have reported many definitions of the ion pair life-

time. In this current work, the definition is based on the work of van

der Spoel and coworkers.83 Here, an ion pair lifetime for ij is defined

as the time that a pair of ions remains within the first minimum in the

corresponding radial distribution function g(r)ij.

As shown previously for many ionic systems,85 the dynamic

properties and the ion pair lifetimes are highly correlated. Zhang

and Maginn86 reported for a large number of ILs that the self-

diffusion coefficients and the Nernst-Einstein ionic conductivity

are correlated with the inverse of the ion pair and the ion cage

lifetimes.

F IGURE 9 Partial radial distribution function for the interactions between the charged oligomer groups and IL ions. (A) and (B) display partial
g(r) for the nitrogen atoms from the imidazolium ring and the nitrogen in the ammonium group, respectively, with the negatively charged sites in
the [TFSI]� anion. (C) and (D) Display partial g(r) for the interactions between the Oester and the OS from the monomer chains with [BMP]+, at
403.15 K. H1 and HC atoms are the terminal hydrogens in the pyrrolidinium ring of the [BMP]+ cations. IL, ionic liquid

F IGURE 10 Schematic cartoon representing the distribution of
species in the ZI gel. The arrows indicate attractive interactions
between the species. ZI, zwitterionic
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For mixtures containing ILs and lithium ions, Borodin and

coworkers87 found that the [Li]+ transport is correlated to ion pair

lifetime (or “residence time”) of the [Li]+ � [Anion]� interaction, and

that longer lifetimes lead to slower lithium diffusion. Similarly, for mix-

tures of PEO with ILs and Li-salts, Mogurampelly and Ganesan75

found that while the diffusion mechanism of the [Cation]+ is corre-

lated with the [Cation]+ � [Anion]� lifetime, the [Li]+ diffusion is

more correlated to the oligomer segmental dynamics, agreeing with

the structural organization of the system, in which the oligomer chains

coordinate strongly to the lithium ions.

Figure 11(A) shows the ion pair lifetimes for the N[BMP]+ � N

[TFSI]� interactions; the selected nitrogen atoms in the ion structure

are based on the proximity of these atoms to the COM, and for con-

sistency with the self-diffusion coefficients (Figure 4). The ion pair

lifetimes show the expected behavior with respect to temperature,

that is, the increase of the temperature results in decreasing lifetimes.

However, in contrast to the results in Figure 4(A),(B), Figure 11(A) dis-

plays no crossover behavior between the ZI gel and the IL electrolyte

at 403.15 K. This suggests that the [BMP]+ and [TFSI]� diffusivities

are not only based on the [BMP]+ � [TFSI]� interactions, but on the

combination of several interactions between all species in the

systems, especially those related to the oligomer chains. Although

no crossover behavior is observed for the ion pair lifetimes,

another trend can be highlighted: the ZI gel presents the lowest

lifetimes for all investigated temperatures. This agrees with the

replacement of the [TFSI]� in the lithium-ion solvation shell, seen

in the g(r) above (Figures 5 and 6). The “freer” anions in the ZI

gel generate shorter lifetimes in comparison to those in the IL

electrolyte system.

Another correlation between the findings of the ion pair lifetime

and the structural analysis can be made through a comparison with

the neat IL (the dashed green circle in Figure 11(A)). The lifetime value

for the neat IL is closer to that of the ZI gel than the IL electrolyte,

analogous to Figure 8, showing that the environment of [BMP]+ and

[TFSI]� in the ZI gel is more like that in the neat IL. For the [Li]+ � O

[TFSI]� interaction (Figure 11(B)), the highest values are found for the

ZI gel up to a temperature of 403.15 K, agreeing with the lower [Li]+

self-diffusion coefficients. However, for 453.15 and 503.15 K, there

is a crossover in the trend and the longest ion pair lifetimes are found

for the IL electrolyte. This does not match with the [Li]+ diffusivity,

thereby indicating that the [Li]+ � O[TFSI]� lifetimes just make little

contribution to the overall lithium-ion diffusion in the ZI gel system.

F IGURE 11 Ion-pair lifetimes for the interactions (A) N[BMP]+ � N[TFSI]�, (B) [Li]+ � O[TFSI]�, and (C) [Li]+ � Ooligomer, in both systems
over the entire investigated temperature range. Note that for (A) and (B) black is the IL electrolyte while red represents the ZI gel. The striped
green symbol in (A) represents the neat IL. IL, ionic liquid; ZI, zwitterionic
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One point that worth highlighting is that the longer Li+ � [TFSI]� in

the ZIL gel does not the slowing down effect of the anion diffusivity

in the system, which can be explained by the low number of the

Li+ � [TFSI]� interactions in the ZI gel, as shown in the coordination

numbers in Figure 8. Hence, it is expected that the overall [TFSI]� dif-

fusivity may be more related to the [BMP]+ ions and the oligomer

chains than to the lithium-ions, which agrees with the structural char-

acterization shown above.

Figure 11(C) shows the ion pair lifetimes for the interactions

between [Li]+ and the oxygens from the oligomer chains. Because of

the strong [Li]+ � O (oligomer) interaction (seen in Figure 6), it was

only possible to obtain the lifetimes values for the highest tempera-

tures. The relaxation time is too long for temperatures below

403.15 K, and the autocorrelation functions do not decay, even after

320 ns. The ion pair lifetimes shown in Figure 11(C) follow the trend

OP > OS > Oester, which is the same as that observed in Figure 5 for

the lithium-ion interaction preference.

Since the ZI gel is a complex system, composed by different

ions, it is hard to characterize the lithium-ion diffusion mecha-

nism due to the several interactions between all the ions in the

system. In this context, Ganesan and collaborators have done an

extensive investigation of the ionic diffusivities in polymer/ILs-

based electrolytes,71–76 in which they have found a variety of dif-

fusion mechanisms and correlations between the ionic mobilities

and the polymer dynamics. In the case of the PEO/[BMIM][PF6]/

[Li][PF6] system, they observed that the addition of the IL leads

to a larger enhancement of the IL ions mobilities than to the Li+

ions, which is related to the stronger interactions between the

lithium-ion and the polymer chains. Hence, the ILs ions diffusion

is strongly related to the relaxation of the [BMIM]+ � [PF6]� ion

pair dynamics, while the Li+ is related to the polymer dynamics.

Following the findings from the Ganesan group and the results

above, it is possible to suggest a similar and hypothetical lithium-ion

diffusion mechanism in our system. Based on the strong interactions

between the lithium-ion and the oligomer, it is expected that the [Li]

+ diffusion may be strongly related to the monomer chains dynamics

and the breaking and forming of the [Li] + �O(oligomer) interactions.

Beyond that, based on the structural characterization above, for

example, the primary and secondary interactions between the ions

and the oligomer chains, it is expected that the oligomer also affects

in somehow the [BMP] + and [TFSI]� diffusivities in the systems.

However, to obtain a full picture of the mechanisms that underlie the

F IGURE 12 Temperature dependence of the apparent transference numbers for (A) [BMP]+, (B) [Li]+, and (C) [BMP]+ + [Li]+ for ZI gel
electrolyte (red) and IL electrolyte (black). IL, ionic liquid; ZI, zwitterionic
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ionic diffusions in the ZI gel it is required a complete and systematic

investigation focusing on the dynamics of all ions, which is far beyond

the scope of this work.

Furthermore, one of the most important properties for a Li+ con-

ductive electrolyte is the lithium-ion transference number (tLi+),
88

which represents the contribution of the lithium ion to the total ionic

conductivity. For electrolytes with low tLi+, other mobile ions accumu-

late at the electrode surface, which gives rise to concentration polari-

zation and potential dendrite formation. In MD simulations, tLi+ is

often estimated directly from the self-diffusion coefficients by the fol-

lowing equation:

tLiþ ¼ NLiþDLiþP
DionsNions

, ð7Þ

where the NLi
+ is the number of lithium-ions in the system and

DLi
+ is the lithium-ion self-diffusion coefficient. In general, the results

obtained by this method agree very well with experimental

approaches using pulsed-field-gradient NMR (PFG-NMR) for dilute

ionic systems, but the true determination of tLi
+ is complicated in sys-

tems containing a high concentration of a multitude of charged spe-

cies that interact with one another and form different types of

clusters. To this end, Molinari and coworkers81,89 have used MD sim-

ulations to study the ionic transference number for IL electrolytes

containing lithium-ions or sodium-ions. By employing a position corre-

lation function (PCF) approach, tLi
+ and tNa

+ were obtained, taking

ionic aggregates into account. Here, the ionic transference number

was obtained using Equation (7), which thereby deviates from the

chronoamperometry tests employed in the corresponding experimen-

tal work.1

Figure 12 shows the ionic transference numbers for [BMP]+ (a),

[Li]+ (b), and the sum of the contributions of [BMP]+ and [Li]+ (c). For

the t[BMP]
+ values shown in Figure 12(A), across almost all tempera-

tures, higher values are observed for the ZI gel than for the IL electro-

lyte, while for t[Li]
+ in Figure 12(B), the IL electrolyte presents higher

values. These findings agree well with the results and the interpreta-

tion of the NE ionic conductivities, the self-diffusion coefficients, and

the structural analyses discussed above.

The self-diffusion coefficients shown in Figure 4 suggest that the

ionic conductivities for both systems are highly dependent on the

[BMP]+ and [TFSI]� mobility, and that the crossover of the trends

observed for temperatures higher than 403.15 K is the result of these

contributions. The larger values of t[BMP]
+ in relation to t[Li]

+ confirm

that the ionic conductivity is primarily determined by the contribu-

tions of the [BMP]+ and [TFSI]� ions. The lower t[Li]
+ value in the ZI

gel is, again, most likely due to the strong [Li]+ � oligomer interaction.

The computed t[Li]
+ (Figure 12(B)) contradicts the experimental

values,1 where t[Li]
+ values of 0.42 and 0.23 for the ZI gel and the IL

electrolyte at 298.15 K, respectively, were obtained. These

corresponding values from the simulations are merely 0.0130 and

0.048. This can possibly be related to the difficulty to obtain reliable

experimental data for the t[Li]
+ in electrolytes with high-ionic content.

Two additional possible sources of deviation can be considered; the

computed t[Li]
+ values do not take into account the external electric

field applied in the DC polarization experiments, which will have an

effect on the estimated values, or there exist strong interactions

between the lithium-ion and the anions in the IL electrolyte which

cause clustering. It has been thoroughly discussed that lithium–anion

interactions in IL electrolytes result in charged aggregates, and which

contributes significantly to the experimentally obtained values80,90 (in

this work, this is shown by the CN of 3.8 [TFSI]� around [Li]+).

Thereby, the lithium ions inside an anionic solvation shell can be

understood as part of a negatively charged cluster—or vice versa—

which renders ionic transport in the opposite direction as the electric

field. As seen in Figure 8, there are fewer [Li]+ � [TFSI]� interactions

in the ZI gel than in the IL electrolyte, and thereby a larger number of

“positively charged” lithium ions in the ZI gel, which can contribute to

a higher value in the experimental measurements.

4 | CONCLUSIONS

MD simulations were employed here in order to study structure-

dynamic properties in ZI gels based on an IL electrolyte. The CLAP

and the OPLS force fields were able to qualitatively reproduce com-

plex trends in ionic conductivity found experimentally, primarily a

temperature dependent crossover for different systems. Analysis of

the self-diffusion coefficients of different species showed that this

effect is due to the large contribution of the IL ions to the overall ionic

conductivity. In the ZI gel, the oligomer chains replace the [TFSI]�

anion in the [Li]+ solvation shell, leading to “freer” IL ions and

consequently to larger self-diffusion coefficients in those system. This

interpretation is corroborated by a structural analysis, which showed

significantly decreased ILanion coordination of Li+ in the ZI gel system.

Moreover, studying the ion-pair lifetime suggests that the [Li]+ trans-

port mechanism is primarily taking place along the polymer in the ZI

gel. This means that it is likely dependent on polymer mobility in these

systems, and thus, associated with a slow relaxation time—thereby

requiring longer simulation times to be precisely captured.

Interestingly, while the conductivity trends are well predicted

with the employed force field, the simulated [Li]+ transference

numbers do not agree well with experimental data. We argue that

this is likely dependent on the ionic nature of the transport medium

(the IL itself ), as well as the formation of negatively charged

[Li]+ � [TFSI]� aggregates in the electrolyte. This work highlights

that MD simulations are a useful complimentary tool to the range

of experimental techniques that need to be employed to investi-

gate ionic transport in these highly concentrated and complex elec-

trolyte systems.
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