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With the improved lithium-ion transference number near unity, the low conductivity of single lithium-
ion conducting solid polymer electrolytes (SLIC-SPEs) still hinders their application in high-rate batteries.
Though some empirical conclusions on the conducting mechanism of SLIC-SPEs have been obtained, a
more comprehensive study on the quantitative relationship between the molecular structure factors and
ionic conduction performance is expected. In this study, a model structure that contains adjustable main
chain and anion groups in the polyethylene oxide (PEO) matrix was used to clarify the influence of
molecular structural factors on ionic conductivity and electrochemical stability of SLIC-SPEs. The anionic
group was further disassembled into the intermediate group and end group while the main chain
structure was distinguished into different degrees of polymerization and various lengths of the spacers
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Accepted 11th October 2023 with ionic conductivity. In addition, the dissociation degree of salts and mobility of ions changing with
DOI: 10.1039/d3cp02225k the molecular structure were also discussed to explore the fundamental causes of conductivity. It can

be concluded that the anion group affects the conductivity mainly via the dissociation degree, while the
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1. Introduction

Lithium-ion batteries (LIBs) have revolutionized the modern
world over the past two decades, playing an essential role in
daily life. However, the growing need for a cleaner energy
system, such as electric vehicles and large-scale energy storage,
poses greater challenges in terms of improving the safety and
energy density. To address these challenges, replacing liquid
electrolytes with solid polymer electrolytes (SPEs) is an effective
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main chain structure impacts the conductivity by both dissociation degree and mobility.

strategy," particularly when paired with a lithium metal anode
as it provides the highest theoretical specific capacity.” Among
the various types of SPEs, one promising strategy involves
replacing isolated lithium salts with polyanionic lithium salts
to create so-called single lithium-ion conducting solid polymer
electrolytes (SLIC-SPEs). In SLIC-SPEs, only lithium ions are
capable of long-range migration under the influence of an
electric field, leading to higher lithium-ion transference num-
bers and reduced concentration polarization. These advantages
can suppress the growth of lithium dendrites and the adverse
reactions of anions with electrodes or current collectors, slow-
ing the deterioration of battery performance.’” Various SLIC-
SPEs have been synthesized with different anionic groups,
including carboxylates,®® sulfonates,’*** sulfonimides,"*
and boric acid esters.>**° Generally, practical SLIC-SPEs con-
tain polymer solvents, such as polyethylene oxide (PEO),***3*
to facilitate the dissociation of “free” lithium ions, which play a
leading role in lithium transport. Despite this, the production
of “free” lithium ions is impeded by the strong electrostatic
forces between lithium ions and fixed anionic groups, resulting
in a low ionic conductivity in SLIC-SPEs.

There are two common strategies to improve the conductiv-
ity of SLIC-SPEs. One is to enlarge the delocalization structure
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of the anion group by introducing a conjugated system to
weaken its interaction with lithium ions. As a type of repre-
sentative anion group, sulfonimide anion and its many deriva-
tives have been synthesized and studied. For instance, at 90 °C,
the conductivity of -SO; Li', -[SO,-N-SO,-CF;]Li*, and
-[SO,-N-SOCF;-N-S0O,-CF;] Li* could reach 1077, 107>, and
10~* mS ecm ™, respectively. It clearly shows that enlarging the
conjugated system can increase the conductivity by orders of
magnitude as the negative charge is better dispersed.'® The
other strategy is to optimize the structure of the polymer main
chain. Compared with the common self-polymerization of
lithium salt monomers, the copolymerization of anionic salts
and other functional monomers could lead to products with
improved conductivity.*>

Although some progress has been made in understanding
the conductance laws of SLIC-SPEs, several unresolved ques-
tions still remain and should be answered from a more funda-
mental perspective. For the structure of anion groups, is there
an extreme point as the conductivity enhanced continuously by
increasing the size of the conjugated system? How does the
main chain structure impact the ionic conductivity? Addition-
ally, how do the structure factors affect the redox stability?
Collectively, the answers to these questions are crucial in
constructing a full-scale map for the development of SLIC-
SPEs. Unfortunately, these questions are difficult to answer by
experimental study alone due to the few well-defined molecular
structures that could be synthesized. However, computational
simulation methods combined with a small amount of valida-
tion experiments provide an opportunity for studying these
questions efficiently and inexpensively.

Molecular dynamics®**® (MD) simulations have been
widely used to investigate the ion transport properties of liquid
electrolytes, inorganic solid electrolytes, and polymer electro-
lytes. For double ion conductor polymer electrolytes, the diffu-
sion behavior of lithium ions in the PEO matrix has been deeply
studied, which accelerates the research and development of
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polymer electrolytes.**~*> Notably, PEO is a commonly used
polymer solvent'®*>?! for SLIC-SPEs due to its adequate ether-
oxygen distance that allows it to chelate with Li-ions as well as
its flexible chain segments, which allow for flexible Li-ion
movement with the polymer chains.*?

In SLIC-SPEs, the variations in the anion groups and main
chain structures add a layer of complexity to the prediction of
their conductivities. Therefore, it is crucial to carefully identify
and study these structural factors. The classical MD method is a
cost-effective method for predicting the conductivity of polymer
electrolytes as the more accurate ab initio molecular dynamics
(AIMD) method is too expensive.***® However, the classical
force field is deficient in quantitative accuracy when the para-
meters are not calibrated,?”"*® especially the charge scale factor
ns used to correct the polarization between ions for a better
approximation of anion dissociation. In many simulation
researches, 1 is determined based on empirical values, leading
to the less reliable estimations of conductivities. At the same
time, the commonly used approach of obtaining conductivities
from the diffusion coefficient by the Nernst-Einstein equation
shows poor accuracy for SLIC-SPEs, which contain many undis-
sociated ions.**>°

In this work, the conductivities of several lithium salts in
short and long chains PEO were measured to optimize the key
parameter ng in MD simulations. PEO was used as a represen-
tative polymer solvent here to facilitate the dissociation of
lithium ions for the purpose of studying the impact of the
polyanion chain structure on the conductivities. To ensure the
quantitative accuracy of the conductivity simulation, the elec-
tric field drift method, which is more accurate in principle, was
used. The influence of the anion structure and main chain
structure on the conductivities of SLIC-SPEs were studied using
a model contains R1 intermediate group, R2 end group, and R3
main chain (Fig. 1).

In addition, as the dissociation degree of salts (x) and
mobility of lithium ions (x) are two important factors of
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Fig. 1 Left: Schematic diagram of the sulfonimide SLIC-SPEs molecular structure, which consists of different intermediate group factors with various
sizes of the conjugated system (R1), end group factor with adjustable electronic effect (R2), and main chain factor with different n and m (R3). Right: Flow
chart for optimizing the parameters of molecular dynamics force field. ¢, «, u, and y are conductivity, dissociation degree, mobility, and viscosity,

respectively.
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conductivity (o) in the definition of conductivity formula 1, o
and u were discussed emphatically to explore the underlying
causes of conductivity (¢ is salt concentration, F is Faraday
constant). Although decomposing the conductivity into the
average dissociation degree and average mobility is an approxi-
mation, which does not consider the different speeds of free
lithium ions, it still provides a comprehensive analysis of
conductivity and establishes a foundation for designing the
structures of SLIC-SPEs.

0 = nqu = oquckF (1)

The results showed that the modification of the anionic group
structure primarily influences the conductivity via o, while the
modification of the main chain structure affects the conductiv-
ity through both o and u. In view of the current stage of research
on SLIC-SPEs, raising u through a rational design of the
polyanion chain is a more promising approach. These findings
provide valuable insights into the design of high conductivity
SLIC-SPEs. Furthermore, the methods employed in this study
offer a theoretical guidance for the structural design of func-
tional polymers.

2. Simulations and
experimental methods
2.1. Materials

Lithium Dbis(trifluoromethane)sulfonimide (LiTFSI) was kindly
supplied by Guotaihuarong Co. (China). Lithium (trifluorometha-
ne)sulfonate (LiCF5S0;), lithium trifluoroacetate (LiCF;COO),
lithium perchlorate (LiClO,), lithium acetate (LiCH;COO), tetra-
ethylene glycol dimethyl ether (G4), and polyethylene glycol 10 000
(PEG-10 000) were purchased from Energy Chemical Co. (China).
Lithium ethylsulfonyl(trifluoromethyl)sulfonimide (LiEtTFSI or
LiEt(SO,)N(SO,)CF;) and lithium ethanesulfonate (LiEtSO;) were
prepared by organic synthesis (see the ESIt).

All electrolytes were prepared in an inert argon-filled glove
box (H,O < 0.1 ppm, O, < 1 ppm). G4 electrolytes preparation
method: the weighed salt was transferred to a 10 mL tube, and
2 mL G4 was then added. The mixture was heated to 80 °C
under stirring for 4 h and then left undisturbed after cooling to
normal temperature.

PEG-10000 electrolytes preparation method: weighed
ground PEG-10000 crystal particles were mixed evenly with
the weighed salt in a 10 mL glass tube. The mixture was melted
at 100 °C under stirring for 8 h and then left undisturbed after
cooling to 80 °C.

2.2. Lithium salt synthesis method
The synthesis methods of LiEtSO; and LiEtTFSI are in the ESL{

2.3. Measurements

2.3.1. Density measurement. The densities of G4 solutions
were measured at 25 °C to verify the simulation results.
0.800 mL solution was transferred with a pipette gun and then
weighted on the one over ten-thousand analytical balance.
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The mass was measured through weighing five times. After
removing the maximum and minimum values, the density
(Pexp) Was obtained by calculating the average value of the three
results.

2.3.2. Viscosity measurement. A vibrating viscometer
(model: SEKONIC VISCOMATE VM-10A series) was used for
viscosity measurements at 25 °C.

2.3.3. Ionic conductivity measurement. The conductivities
of G4 electrolytes were measured at 25 °C while the conductiv-
ities of PEG-10 000 electrolytes were measured at 80 °C. 2 mL
electrolyte was put into a 10 mL centrifuge tube and then a
bright platinum conductivity electrode was inserted into the
tube. The AC impedance data was obtained by a Solartron
electrochemical workstation, and the voltage amplitude was
10 mV with the frequency ranging from 10° Hz to 1 Hz. The data
from 10" Hz to 10 Hz were linearly fitted, and then the
conductivity ey, was obtained from formula 5. R, taken from
the real axis intercept of the Nyquist plot is the electrolytic cell
resistance. L is the distance between the two platinum electro-
des and S is the area of the platinum electrode. The conductiv-
ity electrode was purchased from Leici Co. (China). The
conductivity cell constant is 1.045 cm™' (corresponds to L/S
in formula 5).

(5)

2.3.4. Synthetic salt characterization. The AVANCE NEO
500 MHz Digital FT-NMR Spectrometer was used to record
the 'H, '°F, and "*C NMR spectra. The synthetic salt was
dissolved in DMSO-d, solutions. Inductively coupled plasma-
optical emission spectrometry was used to measure the
content of cation ions. The solution containing about 10
mg mL™" Li element was prepared with ultrapure water. The
content of lithium ion and potassium ion in the solution was
measured to confirm whether the potassium ion was slightly
excessive so as to ensure that there was no lithium perchlo-
rate residue in the system to make the conductivity falsely
higher.

2.4. Simulation methods

2.4.1. Quantum chemical calculation methods. Gaus-
sian09 E01°" software package was used to perform quantum
chemical calculation. Geometrical optimization and frequency
analysis were performed at the B3LYP-D3/6-311+G(d,p)**™*
theoretical level. Based on the obtained wave function, the
restrained electrostatic potential (RESP) atom charges®® and
electrostatic potential (ESP) data were calculated using Mul-
tiwfn software.”®>” The visualization of the molecular structure
and ESP were performed by VMD software.>®

2.4.2. Molecular dynamics simulation methods. MD simu-
lations were performed using Gromacs2018.8 software®® with
OPLS-AA force field,**®* which is suitable for the simulation of
the solution and polymer.>*>* Tetraethylene glycol dimethyl
ether (G4) was used to represent the model of short chain PEO.
G99 with 99 EO structural units was used to represent the
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model of the long chain PEO as the conductivity of the PEO
electrolyte convergences when the number of structural units is
over 90 (molecular weight over 4000).°>°* Short-chain PEO and
long-chain PEO were both used to fully check the accuracy of
the MD simulation. As the migration mechanism of lithium
ions in short-chain and long-chain PEO is different,*! while the
basic motion forms of them are the same (bond stretching,
bond angle bending, dihedral angle rotation). Meanwhile, the
experimental data such as density and viscosity in G4 are more
accurate as its liquid form at room temperature, and these
physical quantities can be used to verify the accuracy of the MD
simulation.

The force field and atomic charge of the PEO chain
were obtained from the literature.®* Also, the force field of
the anions and polyanion were generated using the Acpype
program.®® In order to easily expand the simulation results
to other anions not mentioned in the article, we did not
adjust the force field parameters of the anion artificially,
although adjusting the force field parameters (especially
the dihedral angle parameters) according to the results of
quantum chemical calculations will make the simulation
results better. RESP atom charges, which could accurately
describe the surface electrostatic potential distribution of
molecules, were used for the anions. In order to consider the
polarization effect between lithium ions and anions, effective
atomic charge g.i with several correction factors ng of 0.70,
0.75, 0.78, or 0.80 was used. gefr = Nsgresp- Also, the value
ns = 0.78, which is the best one (Section 3.1), was used for
subsequent calculations.

The simulation boxes were established by Packmol
software.®® For G4 electrolyte solution, the boxes were
directly constructed. For the G99 polymer electrolyte, the
molecular chain was first heated to melt into a ball and then
put into the boxes with anions and lithium ions. The simula-
tion boxes were firstly submitted to energy minimization
using the steepest descent method. The equilibrium simula-
tions were carried out under isothermal-isobaric (NPT)
ensemble. A time step of 2 fs was used for solving the
equation of motion. Berendsen and Velocity-rescale methods
were used for pressure coupling and temperature coupling,
respectively. The equilibrium simulation was operated for
20 ns at 298.2 K and 1 bar for G4 electrolyte, while it is more
challenging to make the boxes in equilibrium than small-
molecule liquid systems such as in a G99 electrolyte. There-
fore, an annealing method was utilized to accelerate the
equilibration of the polymer system. Specifically, the pre-
equilibrium simulation was operated for 40 ns at 598.2 K and
1 bar, followed by an annealing process to 353.2 K in 80 ns,
and the equilibrium simulation was operated for 40 ns at
353.2 K. The production simulations were carried out under
canonical (NVT) ensemble for 40 ns at the same temperature
with equilibrium simulations. For the diffusion coefficient
calculations of the G99 electrolytes, 200 ns of NVT produc-
tion simulation was performed.

2.4.3. Simulation of density, viscosity, dissociation degree,
and conductivity. Density (psim) was calculated from the last
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5 ns of equilibrium simulation. Viscosity (1sim) was calcu-
lated by periodic perturbation method®” with cos-acceler-
ation as 0.05 nm ps_ 2 for 1 ns at 25 °C. Dissociation degree
(¢) in this work was defined as the average percentage of
lithium ions that are not coordinated with anions within 2.4
A in production simulation. Average mobility (x) was calcu-
lated according to formula 1. The radial distribution func-
tion (RDF) analysis and cluster size analysis were obtained by
Gromacs. In cluster size analysis, any two lithium ions were
considered to be in a cluster when the distance between them
was less than 0.78 nm.

The simulations of conductivities were performed under
NVT ensemble with electric field E. Higher electric field
strengths will increase the drift current to reduce relative
error but may cause the conductivity to deviate from
linearity.®®®® After a test of several E for four representative
systems with different conductivity, namely, LiTFSI,
LiEtTFSI, (LiEtTFSI-PE,);;, and LiEtSO; in the G99 electro-
lyte (Fig. S2, ESIt), the following scheme was selected.
E=0.05V nm ' was used for the monovalent salt in the G4
solution. E=0.10 Vnm ™" was used for the monovalent salt in
the G99 system (Sections 3.1 and 3.2) and E = 0.20 V nm ™"
was used for the polyanionic system (Section 3.3). The con-
ductivity was calculated by formula 2, where v, ¢, E, Z, F, k,
and e are average drift rate, molarity of ion, electric field
strength, ion charge, Faraday constant, Boltzmann constant,
and elementary charge, respectively. The conductivity
obtained by the electric field drift method is recorded as
Oeclec- V Was obtained from the slope of drift curve by least
squares method. A drift curve was divided into two equal-
length segments to measure the error in conductivity. The
relative deviation is expressed as +|v; — v,|/2 as the slopes of
the two curves were obtained as v; and v,, separately.

n
14
Gelec+zf'c+’z+'F

- 2
Jelec—:f‘ci‘zi‘F ()

=

Oclec = Oclec— t+ Oelect

The diffusion coefficient (D) was simulated by mean square
displacement (MSD) method in production simulation (for-
mula 3). 7(¢) is the displacement of the particle at time ¢, and
D was converted into conductivity g4ii by Nernst Einstein
eqn (4). For G99 electrolytes, A linearly well-behaved
range from 100 ns to 150 ns was used for slope fitting. An
MSD curve was divided into two equal-length segments to
measure the error in D. The relative deviation is expressed as
+|D; — D,|/2.

R O E Ol
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3. Results and discussion
3.1. Determining and checking the scale factors ng

The accuracy of MD simulation in electrolyte solution depends
on the force field parameters, especially atomic charges. gejec
and oy, of several salts (LiTFSI, LiClO,4, LiCF3SO;, LiCF;COO,
LiCH3COO, LiEtSOj3, and LiEtTFSI) in G4 solution with the O/Li
ratio = 20:1 were compared to optimize the scale factors ng
(Section 2.3). These lithium salts contain both commercial
lithium salts for LIBs and two model lithium salts, LiEtSO5
and LiEtTFSL ¢y, and e of each ng (0.70, 0.75, 0.78, and
0.80) are marked in Fig. 2a. Mean squared error (MSE) was used
to describe the compliance of ejec and oexp. Ng Was determined
to be 0.78 as geje. agreed best with the oy, (MSE = 0.18). Then,
the 6eec With O/Li = 50 in G4 solution and the O/Li = 20:1 in
G99 solution were simulated using ns = 0.78 to check this
parameter (Fig. 2b). The conductivities showed a good agree-
ment (MSE = 0.02 and 0.07, respectively), such as the densities
and viscosities (Table S1, ESIT). The above results showed that
the force field parameters and the electric field drift method
could well describe the ionic conduction behavior of different
lithium salts in the short chain or long chain PEO electrolytes.

For LiTFSI in G4 solution, oeec = 1.85 mS ecm ™', which is
lower than e, = 2.94 mS em™ ', had a larger deviation com-
pared with other salts (Table S2, ESIT), which may be due to the
large flexibility of TFSI anion compared with other rigid anions.
The dihedral angle parameters used in the simulation were not
adjusted artificially to make the method scalable.

The og4i¢ calculated from the diffusion coefficient through
Nernst Einstein eqn (4) is commonly employed to describe the
conductivity behavior of the electrolytes. The reliability of this
method in this system was assessed by the comparison of g
and oy, as shown in Fig. 2c. G4 electrolytes exhibit poor
linearity between og4ir and oy, while G99 electrolytes display
significantly improved linearity. Nonetheless, there are two
critical drawbacks that hinder this method from being an
accurate predictive tool. Firstly, the order of g4y does not
correspond with ey, such as LITFST > LiClOy in oy, whereas
aaiee presents the opposite trend. Secondly, falsely high o
appear in salts with extremely low conductivity. Several factors
potentially contribute to the low accuracy of g4;¢. For systems in
which complete dissolution occurs but with ion pairing (salts
excluding LiCH;COO and LiEtSO3), the relationship between
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the diffusion coefficient and ionic conductivity deviates from
the Einstein equation. This is because the equation assumes all
charge carriers are free and contribute equally to ionic con-
ductivity. However, the diffusion of associated ions cannot
contribute to ionic conductivity like free ions due to the overall
electrical neutrality of the anion-cation clusters.*>>® Conse-
quently, oq4;¢ are generally higher than the experimental values.
For salts that are difficult to dissolve in experiments (LiCH;.
COO and LiEtSO3), although cations and anions would all form
clusters in MD simulation, ions could still diffuse with the
clusters owing to the limited size of the simulation box. This
non-physical behavior, however, does not occur in reality. If a
hypothetical macroscopic simulation box were employed,
cations and anions would aggregate into macroscopic clusters,
leading to a near-zero diffusion coefficient. Fortunately, the
electric field drift method can accurately replicate the near-zero
ionic conductivities of these salts as the non-physical diffusion
of cations and anions in large clusters is effectively cancelled
out. The advantage of the electric field drift method is of great
significance as phenomena such as non-dissolution and phase
separation may occur in SLIC-SPEs. Therefore, in this work,
gelee Was used to investigate the laws governing electric
migration.

3.2. Relationship between lithium ion conductivity and anion
structure

In SLIC-SPEs, the structure of the anion groups attached to the
polymer chain greatly affects the ionic conductivity. In order to
conduct a more quantitative and systematic study of the
relationship between structures and conductivities, the sulfo-
nimide anion group, which is used most widely, was chosen as
the model structure.

The structure of sulfonimide derivatives lithium salts SLIC-
SPEs is composed of main chain (R3) and anion group. The
anion group can be further split into intermediate group (R1)
and end group (R2). The schematic diagram and the groups
studied in this work are shown in Fig. 1. The impact of R1 and
R2 on the ionic conductivity were discussed in this section with
the R3 set as the ethyl chain. It should be pointed out that the
variety of R1 and R2 group correspond to the two strategies for
designing anionic groups, namely, increasing the size of the
conjugated system or changing the electron withdrawing
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Fig. 2 Relationships between (a) geiec and geyp for salts in G4 electrolyte with O/Li = 20: 1. (b) gelec and gexp for electrolyte with ng = 0.78. (c) ogir and

Oexp fOr salts in G4 electrolyte with O/Li = 20:1. MSE is mean squared error.
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Fig. 3 The simulation results of LiEt-R1-R2 salts in G99 electrolyte with O/Li = 20 at 80 °C. (a) and (c) o, o, and u of the electrolytes. (b) and (d)

Percentage of Li* coordinated with N atoms of anions.

groups at the end, respectively. The effects of R1 and R2 were
studied separately. g, o, u, and the coordination situation of
lithium ions are shown in Fig. 3. In this section, ¢ and u
represent the conductivity and mobility of lithium ions, respec-
tively. The simulation boxes of these electrolytes are shown in
Fig. S7 (ESTY).

When R2 is set as -CF; and R1 transforms from SO to S4, the
o of LiEtSOj, LiEt(SO,)NCF;, LiEt(SO,)N(SO,)CF;, LiEt(SO,)-
N(SOCF;)N(SO,)CF;, and LiEt(SO,)N(SOCF;N),(SO,)CF; are
0.000, 0.102, 0.163, 0.208, and 0.176 mS cm™ ', respectively,
showing that increasing the size of the R1 group signifi-
cantly increases the ¢ from SO to S3, which is consistent
with the experimental results.”””" However, the ¢ does not
continue to rise from S3 to S4, which shows that the ¢ does not
increase monotonically with the increasing size of the
anion group.

When R1 is set as S2 and R2 is -Ph, -CF3;, -CN, and -NO,,
respectively, the ¢ of LiEt(SO,)N(SO,)Ph, LiEt(SO,)N(SO,)CFs;,
LiEt(SO,)N(SO,)CN, and LiEt(SO,)N(SO,)NO, are 0.074, 0.163,
0.176, and 0.184 mS cm ', respectively. The sequence of ¢ is
consistent with the electron-withdrawing ability of R2, showing
that the increasing electron-withdrawing ability of R2 could
improve the o; however, it clearly can be identified that the
impact of the R2 group shows much weaker impact than that of
R1. The electron withdrawing ability of the -CF; group is strong
enough for R1 = S2 as the ¢ can only be slightly improved by
replacing -CF; with much stronger electron withdrawing
groups like -NO,.

This journal is © the Owner Societies 2023

According to formula 1, « and u are the two determinants of
g. ESP is a method to reflect the charge distribution on the
molecular surface. The minimum value of the ESP (ESP,in)
reflects the Coulombic binding of the anion group to the
lithium ion, which greatly affects o. The ESP distribution
coloring diagrams are shown in Fig. 4a with ESP,,;, being
marked on the diagram. To further analyze the essential
reasons for the changing trend in conductivity, the o and u of
lithium ions and ESP were analyzed.

The trend of « and ESP,y;;, is basically the same as that of o.
For R1 = S2 and R2 = -Ph to -NO,, the ESP,;;, changes from
—120.2 kecal mol " to —111.6 keal mol *, and « changes from
30.9% to 91.3%. For R2 = —CF; and R1 = S1 to S4, the ESPi,
changes from —126.1 kcal mol " to —93.5 kcal mol ™. o rises
firstly from 41.1% to 90.2% for S1 to S3 and then falls down
from 90.2% to 88.7% for S3 to S4, which is consistent with o.
The appearance of the turning point is probably because the
decrease in the negative charge on the coordination atoms
cannot offset the increasing in the number of coordination
atoms as the size of R1 increases. U is not the main determi-
nant of ¢ for the listed sulfonimide salts as it varies a little from
2.0 X 107°t0 2.5 x 10~ cm® V! s7*. Therefore, the increase in
¢ can be mainly attributed to the increase in the « caused by the
negative charge distribution on anions.

Besides the ionic conductivity, the electrochemical stability
window also plays an important role in the application of
polymer electrolytes. The oxidation and reduction resistance
of the anions should be taken into consideration as a result.
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The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels were calcu-
lated to study the oxidation/reduction resistance of these
anions as the frontier orbital energy levels are the approxi-
mation of oxidation and reduction potential. The results
are shown in Table S2 (ESI{) and Fig. 4b and c. It can be
concluded that increasing the size of R1 would decrease both
the HOMO and LUMO values, making the anions harder to be
oxidized but easier to be reduced. As a result, the size of the R1
group should be kept moderate as a lower LUMO means that
the anion is prone to side reactions at the negative electrode of
the battery.

The effect of R2 is more complex. The HOMO generally
decreases with the increase in the electron withdrawing ability.
However, for LUMO, inducible effect groups and conjugated
effect groups have different influences. For conjugation effect
groups like phenyl and nitro, the LUMO values are 2.04 eV and
1.73 eV, respectively. For the inductive effect groups ~CF; and
—-CN, the LUMO values are 2.48 eV and 2.53 eV, respectively,
higher than that of the former groups, showing that the R2
group with induced electron-withdrawing effect has a stronger
resistance to reduction.

3.3. Relationship between lithium ion conductivity and main
chain structure factor

The main chain structure factor R3 (Fig. 2) is also an important
one affecting the conductivity of SLIC-SPEs. The general

29900 | Phys. Chem. Chem. Phys., 2023, 25, 29894-29904

formula of the model structure for changing the main chain
is (LiEtTFSI-PE,,),. LiEt(SO,)N(SO,)CF; (LiEtTFSI) is employed
as it is a commonly used anionic group with high conductivity.
In order to investigate the effect of polymerization, (LiEtTFSI),,
(LiEtTFSI),, and (LiEtTFSI),; were constructed. o, «, ¥, and the
coordination situation of lithium ions are summarized in Fig. 5
and Table S3 (ESIt). In this section, ¢ and u represent the
conductivity and mobility of lithium ions, respectively.

For SLIC-SPEs without spacers, with 7 increasing from 1 to
11, ¢ decreased from 0.184 mS cm™ " to almost zero (Fig. 5a),
which is similar to the ionic conductivity of polyionic
liquids.”®”? o decreased from 68% to 19%, and more associa-
tive clusters were produced. In LiEtTFSI and (LiEtTFSI),,
lithium ions exist individually without forming large clusters
(Fig. 5c and e), while in (LiEtTFSI), and (LiEtTFSI);,, large
cation-anion clusters formed and contained about 35 and 47
lithium ions, respectively (Fig. 5¢, f and g).

Unlike the monomer salts in Section 3.2, where u only varies
a little. u decreases significantly from 2.72 x 10 ®ecm®* v's™*
to almost zero with the decrease in «. The result shows that in
polyanions, « and u determine the conductivity together. When
n > 2, the u decreases sharply, causing ¢ to almost zero, even
when o still accounts for about 10%. This phenomenon may be
associated with the formation of large cation-anion clusters.
After the formation of these large clusters, the background
charges of the anions were confined within the clusters and
could not undergo local relaxation with the movement of

This journal is © the Owner Societies 2023
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cations, which leads to an increase in the migration energy
barrier of lithium ions.

To investigate the effect of different anion spacers in poly-
anions, (LiEtTFSI-PE,),;, (LIEtTFSI-PE,),,, and (LiEtTFSI-PEg),,
were constructed. The o, ¢, and u of lithium ions are summar-
ized in Fig. 6.

For SLIC-SPEs with different spacers, large cation-anion
clusters disappear (Fig. 6¢). ¢ firstly rises sharply from zero
(m =0) to 0.059 mS cm™* (m = 4) and then slightly decreases to
0.046 mS cm ™" (m = 8) (Fig. 6a). « increased from 19% to 60%

(Fig. 6a and b), while u rises first from zero (m = 0) to 1.08 x
10°% em® V' s7' (m = 4) and then slightly reduces to 0.95 x
107% em® V7' s7! (m = 8). In other words, when the spacers
between anions are large enough, o increases to almost the
same as the monomer lithium salts; however, u cannot reach
the same level of monomer lithium salts but only 40% of that.
Through the trends of « and u, the reasons for changes in the
two factors could be speculated. « is mainly affected by the
concentration of negative charge due to the aggregation of
anionic groups as o gradually decreases while n increases from

80% 20 80%
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coordinated with N atoms of anions. (c) Number and size of cation—anion clusters. (d) Structural formula of the electrolyte. (e)-(g) Snapshots of the

simulation boxes.
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1 to 11 without spacers and returns to the level of monomer
salts with enlarging spacers. However, u can only reach 40% of
the monomer salts at the same time. This could be due to the
local relaxation capacity of the anion groups, which affects the
energy barrier for the migration of lithium ions. The anions are
fixed to the polymer chain, and their local movements are still
restricted although lithium ions have been largely dissociated.
The restriction may share similarities with the confinement of
anions, resulting from the formation of large cation-anion
clusters in (LiEtTFSI);4, although the extent of restriction may
vary. We will delve deeper into the impact of anion confinement
on conductivity in our future work.

When replacing G99 with G4, the results show that the
trends of o, o, and u are similar (Table S6 and Fig. S14, ESIt}),
which indicates that the influence of anion relaxation effects on
the migration energy barriers exists in both macromolecular
and small molecules solvents. For exploring the influence of
the anionic group on the ¢ of the polyanion, the EtTFSI group
was replaced by EtSO; with weaker dissociation ability. The
general formula is (LiEtSO;-PE,,),. The results in Fig. S15 and
Table S7 (ESIt) show that all ¢ is close to zero. Although the
fitted ¢ is 0.032 mS cm ™" for n = 11 and m = 8, the big jitter of
the drift curve makes the value unreliable (Fig. S15a, ESIt). o
and u are close to zero, and all ions are almost gathered into a
cluster (Fig. S15d-g, ESIt). The results show that the polymer
composed of lithium salt monomer, which is hard to dissoci-
ate, would have poor conductivity even with large spacers
between the anion groups. It indicates that the anionic group
having a good dissociation capability is a prerequisite for high
conductivity SLIC-SPEs.

In summary, for polyanions, both o and u are crucial factors
influencing ¢; however, u has a more significant impact.
Polymerization causes a decrease in o and u, while spacers
between anion groups increase the o and u. When the spacers are
large enough, o can reach the level of monomer salts, but u can
only reach 40% of that. The change in o results from the negative
charge concentration, while the change in u stems from the local
relaxation ability of anionic groups. Therefore, appropriate
spacers can substantially enhance the conductivity of polyanions.
However, there remains considerable room for improvement in w.
Designing a flexible main chain to reduce the migration energy
barrier of lithium ions may further enhance u.

4. Conclusions

In this work, a simulation method that has quantitative accu-
racy matching experiments was utilized to investigate the
conducting behaviors of single lithium-ion conducting solid
polymer electrolytes (SLIC-SPEs) dispersed in polyethylene oxide
(PEO) matrix. The method was based on molecular dynamics
simulation with OPLS-AA force field. The conductivities of several
lithium salts were measured to optimize the scale factor of atomic
charges n. All conductivities were simulated by counting the drift
current of ions under an electric field, which shows better
agreement with experimental data than calculating the conductiv-
ities solely from the diffusion coefficient.
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The influence of anionic and main chain structures on the
conductivities of SLIC-SPEs were studied using a model that
includes three components: an R1 intermediate group, an R2
end group, and an R3 main chain. The anionic group was
manipulated by altering R1 and R2, while the main chain was
adjusted by varying the length of the chain and the spacers
between the anionic groups. For different anionic groups, the
dissociation degree is the primary factor that determines con-
ductivity. Increasing the size of R1 does not always result in a
monotonically increase in the conductivity and dissociation
degree; instead, the maximum value is reached when R1 =
—(SO,)N(SOCF3)N(SO,)-. At the same time, the reduction stabi-
lity is decreased when increasing the size of R1. R2 with higher
electron-withdrawing ability could enhance the conductivity,
but its effect was relatively minor in comparison with that of
R1. Meanwhile, R2 with conjugate effect such as -Ph and -NO,
leads to weak reduction stability. Hence, the design strategy for
the anionic group is to achieve a balance between conductivity
and reduction stability. An R1 with moderate size and an R2
with electron-withdrawing inductive effect may be an equili-
brium strategy. In terms of different R3 structures, both dis-
sociation degree and mobility are significant factors in
conductivity, with mobility being more influential. When
lithium salts were polymerized without spacers, both dissocia-
tion degree and mobility decreased, resulting in the conductiv-
ity dropping to zero. Nevertheless, increasing the spacers
between the anions restored the dissociation degree to the level
of monomer salts but only enabled the mobility to reach
approximately 40%, which is possibly attributable to the
restricted local relaxation ability of the anionic group.

In order to enhance the conductivities of SLIC-SPEs, two
primary strategies are commonly employed: improving the
structure of the anionic group to increase the dissociation
degree or enhancing the main chain structure of polyanions
to boost the mobility. For anionic groups that are hard to
dissociate such as -SO3, improving the structure of the anionic
group can lead to a substantial increase in the conductivity by
several orders of magnitude, but modifications to the chain
structure are less effective. However, if anionic groups are easy
to dissociate, such as —(SO,)N(SO,)CF;, increasing the mobility
provides more significant room for improvement. When con-
trolling the anionic structure, the conductivity could be raised
by approximately 45% at the cost of a reduction in the stability,
while controlling the main chain structure could decrease the
migration energy barrier of lithium ions, resulting in an increase
in the conductivity of up to 250%. After reflecting on these findings,
it is worth noting that, at the present stage of the SLIC-SPEs
research, it may be more promising to elevate the mobility by
rationally designing the structure of the polymer main chain.
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