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ABSTRACT: The advent of Li-metal batteries has seen progress
toward studies focused on the chemical modification of solid
polymer electrolytes, involving tuning either polymer or Li salt
properties to enhance the overall cell performance. This study
encompasses chemically modifying simultaneously both polymer
matrix and lithium salt by assessing ion coordination environments,
ion transport mechanisms, and molecular speciation. First,
commercially used lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) salt is taken as a reference, where F atoms become
partially substituted by one or two H atoms in the —CF; moieties of
LiTESI. These substitutions lead to the formation of lithium-
(difluoromethanesulfonyl) (trifluoromethanesulfonyl)imide
(LiDFTFSI) and lithium bis(difluoromethanesulfonyl)imide (LiDF-

tLi+

g_ ’(L.m.‘\'

O-Ll+

SI) salts. Both lithium salts promote anion immobilization and increase the lithium transference number. Second, we show that
exchanging archetypal poly(ethylene oxide) (PEO) with poly(e-caprolactone) (PCL) significantly changes charge carrier speciation.
Studying the ionic structures of these polymer/Li salt combinations (LiTFSI, LiDFTESI or LiDFSI with PEO or PCL) by
combining molecular dynamics simulations and a range of experimental techniques, we provide atomistic insights to understand the
solvation structure and synergistic effects that impact macroscopic properties, such as Li* conductivity and transference number.

1. INTRODUCTION

The revival of all-solid-state lithium metal batteries
(ASSLMBs) plays a vital role in electrical energy storage and
supply as the market continues to mature toward electric
vehicles, mobile devices, and stationary storage systems. This
increasing demand for higher energy density batteries is limited
by current lithium-ion battery (LIB) technology, which
requires active materials with higher capacity and, concur-
rently, avoidance of unsafe, flammable organic solvents.'”

Solid polymer electrolytes (SPEs), a solvent-free salt
solution in a polymer host, are a particularly strong class of
electrolytes for the implementation of ASSLMBs, considering
their ease of processablhty, flexibility, low cost, longer cycle life,
and improved safety,*™® compared to typically used carbonate-
based liquid solutions as an electrolyte in LIBs.””’ However,
the low Li* conductivity, slower transport mechanism, and
compromised stability at high voltages of SPEs are some of the
characteristics that hinder their application toward ASSLMBs,
making a better fundamental understanding of these materials,
down to the atomistic level, indispensable.

Poly(ethylene oxide) (PEO) combined with lithium salts
has been the workhorse system for SPEs development in
recent years, since first proposed by Armand.'” PEO enables
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high ionic conductivity at temperatures above 60 °C (10™* S
cm™1), but the facile oxidation of the C—O—C bonds limits its
anodic stability. Additionally, the strong interaction between
Li" ions and the ethylene oxide (EQ) units of PEO results in
high Li salt dissociation and a low lithium transference number
(ty;*) of 0.2 when employing lithium bis(trifluoro-
methanesulfonyl)imide (LiTESI)."'~"® The lower lithium
mobility is observed due to the chelating effect of the EO
units which form a crown ether with lithium ions, arising from
the oxygen dense structure and the strong ion-dipole
interaction between ether oxygens and lithium.'*'* In turn,
this generates detrimental anion concentration gradients
during battery operation. Hence, the search for alternative
polymers is imperative.
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Carbonyl-coordinating polymers, primarily aliphatic poly-
carbonates and polyesters, are a promising alternative due to
higher t;;* resulting from interactions between the polymer and
the anion from the Li salt'® and a wide electrochemical
stability.'”'”~"” Of particular interest is poly(e-caprolactone)
(PCL) due to the attainment of a higher t;; of 0.4 with
LiTFSL'>'” as weaker lithium cation coordination with
carbonyl-based polymers transpires, resulting in a higher
lithium mobility. Comparing PCL to broadly studied PEO,
the chelating effect of the EO units changes the coordination
structure and influences the ionic transport mechanism.'* By
replacing PEO with PCL, a deeper understanding of the
different ionic species and types of ionic interactions, such as
polymer—ion, polymer—polymer, and ion—ion interaction
interdependencies, termed molecular speciation, may provide
insights into the ion transport mechanisms of these distinctly
different polymer chemistries.

Among all of the studied lithium salts, LiTFSI has garnered
significant interest toward the realization of commercial solid-
state batteries because of its thermal and chemical stability,
structural flexibility, and amorphization effect when incorpo-
rated with PEO as a host matrix.”'"'>*°7** Recently,
alternative imide lithium salts have been designed, for example,
by replacing the F atom with a H atom, on one or both —CF;
groups, obtaining lithium(difluoromethanesulfonyl) (trifluoro-
methanesulfonyl)imide (LiDFTFSI) or lithium bis(difluoro-
methanesulfonyl)imide (LiDFSI), respectively, as we have
investigated in recent studies.' "> The replacement of
electron-withdrawing F atom(s) with electron-donating H
atom(s), i.e., weakly acidic —CF,H groups, induces a facile
decomposition of LIDFTFSI and LiDFSI against a Li’ anode.
This leads to the formation of several favorable solid
electrolyte interphase (SEI) species, namely mechanically
stable lithium fluoride (LiF) and ionically conductive lithium
hydride (LiH), promoting longer cycling performance.'"*’
With regard to ionic transport, the presence of acidic H
atom(s) enables noncovalent weak hydrogen bond interactions
between the Li salt and the Lewis basic O atom from the
polymer, resulting in stronger polymer—anion interactions that
dwindles anionic mobility and, therefore increases the #;;* and
Li" ionic conductivity, in addition to decreasing concentration
gradients upon cycling.'"*?

Despite these important findings, an accurate fundamental
understanding of ionic transport phenomena and charge carrier
speciation in this class of SPEs is broadly lacking and urgently
needed. Insights into these aspects should provide guidance to
tune the behavior of SPEs under electrochemical operation
through rational chemical modification of their components,
ultimately yielding new design strategies to improve their
performance. Herein, we tackle these related issues by
simultaneously modifying the chemistries of both polymer
host and lithium salt and performing a deep analysis that
combines theory and experiments.

Six SPE systems have been considered utilizing both
polymers (PEO or PCL) combined with each of the lithium
salts (LiTFSI, LiDFTFSI, or LiDFSI). Following previous
studies, the Li salt concentration has been adjusted for each
considered polymer host to maximize the ionic conductivity
and overall performance.m27 EO/Li (CL/Li) ratios of 16 (6)
for PEO(PCL)-SPEs are utilized, corresponding to approx-
imately 30 wt % of lithium salt for each system. Optimal ionic
conductivity for PEO systems is achieved at EO/Li ratios of
12—16, with optimal mechanical properties achieved at an EO/
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Li ratio of 20.°**® For PCL, a more concentrated system is
required to curtail chain stacking and crystallinity, enabling
increased Li* diffusion and, hence, a CL/Li ratio of 6.%°

For all the investigated systems, upon the determination of
their thermal properties using differential scanning calorimetry
(DSC) and electrochemical properties using electrochemical
impedance spectroscopy (EIS), we use Raman spectroscopy to
analyze ion coordination and local interactions. Further
insights into charge carrier speciation are gained via classical
molecular dynamics (MD) simulations.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Materials. Poly(ethylene oxide) (PEO, M,, =5 X 10°g
mol™"), poly(e-caprolactone) (PCL, M,, = 8 X 10* g mol™"),
tetrahydrofuran (THF), acetonitrile (ACN), and lithium
bis(trifluoromethane)sulfonimide (LiTESI) (99.9%) were
purchased from Sigma-Aldrich. The novel salts, lithium
(difluoromethanesulfonyl)(trifluoromethanesulfonyl)imide
(LiDFTFSI) and lithium bis(difluoromethanesulfonyl)imide
(LiDFSI), were synthesized following the synthesis procedures
reported by Zhang et al.”**° and Qiao et al,'' respectively.
LiTFSI, LiDFTES], and LiDFSI salts were dried overnight at
100 °C under vacuum prior to use. All the procedures related
to the moisture- or oxygen-sensitive materials were performed
in an argon-filled glovebox (MBraun, H,O and O, < 0.5 ppm).

2.2. Preparation of Polymer Electrolyte Membranes.
Six SPE formulations based on EO/Li = 16 and CL/Li = 6 for
PEO and PCL, respectively, were prepared with each of the
lithium salts: LiTFSI, LiDFTESI, and LiDFSI. The conven-
tional solvent-casting method was used, followed by a two-step
drying process of 24 h under ventilation at 35 °C, followed by
24 h under vacuum at 50 °C, to ensure the removal of any
traces of solvent. The PEO systems were dissolved using
acetonitrile, and PCL systems were dissolved using tetrahy-
drofuran. Hot pressing produced SPEs with varying thick-
nesses, with PEO (60 °C, 3 tons, S0 s) and PCL (50 °C, 2
tons, 30 s). SPEs with a thickness and diameter of 300 ym and
4 mm, respectively, were hot pressed for ionic conductivity
measurements as well as 100 gm and 16 mm, respectively, for
lithium symmetric cell measurements.

2.3. Differential Scanning Calorimetry. The phase
transition behavior of the SPEs were studied using a DSC
Discovery 2500 (TA Instruments) from —80 to 100 °C with
heating and cooling rates of 10 K min™". Samples (ca. 10 mg)
were sealed in Al crucibles in an argon-filled glovebox. The
second heating scan was used to determine the values for the
glass transition temperature (T, onset of the heat capacity
change), melting temperature (T, the maximum of the
endothermic peak) and melting enthalpy (AH,, the area
below the endothermic peak). The crystalline fraction (y.) of
the polymer electrolytes was calculated by eq 1 below:

AH

m

X 100%

=
‘ AHPEO/PCprEo/pCL

(1)

where AH_ is the melting enthalpy of the electrolyte and
AHpgopcy is the melting enthalpy for 100% crystalline
polymer matrix, where the values are 205 and 139.5 J g for
PEO and PCL, respectively, as reported in the literature, > and
freo/pcy is the polymer weight fraction in the electrolyte.
2.4. lonic Conductivity and Lithium Transport
Number. Both ionic conductivity and Li-ion transport number
were measured in CR2032 type coin cells. All cells were
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Figure 1. DSC traces of (a) PEO- and (b) PCL-based SPEs. DSC scan recorded during the second heating at 10 K min~'. Temperature
dependence of the ionic conductivity for (c) PEO- and (d) PCL-based SPEs based on EIS. Neat polymers are indicated in purple, LiTFSI-based
SPEs in black, LIDFTFSI-based SPEs in red, and LiDFSI-based SPEs in blue. The error bars for (c) and (d) are based on at least 3 samples per

studied system.

assembled in an argon-filled glovebox. For ionic conductivity,
two stainless steel (SS) blocking electrodes were used, with the
configuration SSISPEISS and with an SPE area of 0.1257 cm?.
The measurement was performed by EIS using a Multichannel
VMP3 (Biologic, Claix, France) with a signal amplitude of 20
mV for PEO and 100 mV for PCL over the frequency range
107'—10° Hz, at 25 °C and with 10 °C intervals from and
including 30 to 100 °C. A period of 1 h was employed as a

stabilization between different measurements. The ionic
conductivity is calculated using eq 2:
t
Opc =
Ry (2)

where ¢ is the thickness of the electrolyte (ca. 0.3 mm), A
represents the area of the electrolyte, which is 0.1257 cm?, and
Ry represents the bulk resistance of the polymer electrolyte
measured by EIS.

Li-symmetric cells were assembled with the LilSPEILi
configuration and with a Li-metal area of 0.5026 cm”. The
Li-ion transport number was measured followin% the
procedures at 70 °C, as described by Hu’s method.”’ The
electrolytes were sandwiched between two lithium discs in
CR2032 type coin cells. Before the analysis, the cells were left
to stabilize at 70 °C for 6 h. The Li-ion transport number was
calculated according to eq 3:

Rcell

t+ =
AV /I

©)

where f;* represents the Li-ion transport number, R is the
initial cell resistance consisting of the sum of the bulk and
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interfacial resistance, AV represents the total polarization
voltage, and Igg is the steady-state current.

2.5. Raman Spectroscopy. Raman spectra were collected
at room temperature using a Renishaw inVia confocal Raman
spectrometer (serial number 16H981) using an incident laser
with a wavelength of 532 nm (laser spot size: 0.8 ym; spatial
resolution: ~0.4 um). Contamination from ambient atmos-
phere (e.g., air and water) was avoided by placing the samples
in a sealed, airtight cell built with a Raman-inactive glass
window which was assembled in an argon-filled glovebox. The
Raman spectra were collected in the range of 3000—300 cm ™
Raman shift.

2.6. Theoretical Methods and Computational Details.
Classical MD simulations were conducted on LiTFSI/PEOQ,
LiDFTESI/PEO, and LiDFSI/PEO with an EO/Li ratio of
16:1 and on LiTESI/PCL, LiDFTESI/PCL, and LiDFSI/PCL
with a CL/Li ratio of 6:1 using Gromacs.”” The simulation
boxes of LiTFSI/PEO, LiDFTESI/PEO, and LiDFSI/PEO
consisted of 40 PEO chains with 24 EO repeating units in each
chain and 60 LiTFSI, LiDFTFSI, and LiDFSI ion pairs,
respectively. In the case of LITFSI/PCL, LiDFTFSI/PCL, and
LiDFSI/PCL, the simulation boxes consisted of 20 PCL chains
with 24 CL repeating units in each chain and 80 LiTFSI,
LiDFTFESI, and LiDFSI ion pairs, respectively. The initial
boxes were generated directly with Gromacs, placing each
molecule randomly in a larger simulation box with a low
density, for all cases.

First, the structures were compressed at 10 K with a pressure
of 98.99 atm (100 bar) to reach densities closer to the
experiments using the Berendsen thermostat and the

https://doi.org/10.1021/acs.jpcc.2c07032
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Parrinello—Rahman barostat (a relaxation time was S ps for all
cases). Following this, the systems were gradually heated to
600 K at 1 atm and equilibrated at this temperature in a NVT
ensemble to break possible metastable configurations. The
systems were then cooled to the simulation temperature of 343
K (70 °C) at 1 atm. The final configuration was further
equilibrated during 1 ns at the same temperature and pressure.
The production simulation was performed for 200 ns in the
NVT ensemble to ensure that the system reached a diffusive
regime. The energy potentials of PEO, PCL, Li", TFSI,
DFTESI™, and DFSI” were described by the all-atom
optimized potentials for liquid simulations (OPLS-AA) force
field.**7** The force field parameters (bond, angle, torsion
angle, and Lennard-Jones potential) for PEO, PCL, Li*, TFSI",
DFTFSIT, and DFSI™ were taken from the OPLS-AA force
field.

The structures of the anions (TFSI~, DFTFSI~, and DFSI™)
were optimized at density functional theory (DFT) level with
the Fritz Haber Institute ab initio molecular simulations (FHI-
aims) software.*”*® The Becke’s three parameters (B3)
exchange functional together with the Lee—Yan§—Parr
(LYP) nonlocal correlation functional (B3LYP)*"** was
adopted with the “tier2” standard basis set in the FHI-aims
code. DFT (FHI-AIMS) was used to calculate the partial
atomic charges required for the MD simulations using the
electrostatic potential (ESP) method. The Li* charge was
reduced to +0.7 to equal the scale factor apg)lied to TESI™ and
to keep the system neutrally charged.'"”'>"~** The cutoff for
van der Waals force and the real space of Ewald summation
was 10 A. The fast smooth particle mesh Ewald (PME)
electrostatics was used to treat Coulomb interactions in a
periodic system.

3. RESULTS AND DISCUSSION

3.1. Thermal Characterization. The crystalline—amor-
phous phase transitions of the investigated SPEs were
evaluated first, which is closely related to the flexibility of the
polymer chains and transport properties, thus dictating the
overall performance.

The DSC traces provided in Figure la for PEO-based SPEs
show similar Tg for LiTFSI/PEO and LiDFTFSI/PEO, with
LiDESI/PEO possessing the highest T, (Figure la and Table
S1). The presence of two “acidic” hydrogens in LiDFSI may
increase long-range interactions between DFSI” and PEO,
requiring additional energy to undergo the transition from
glassy to rubbery state, thereby raising its l;g to —33 °C. This
effect may be expected for LIDFTFSI/PEO; " however, both
LiDFTFSI/PEO and LiTESI/PEO follow similar glass
transitions, at —40 °C. Focusing now on the T, asymmetrical
LiDFTESI produces the lowest T,, for LIDFTESI/PEO with
52 °C compared to LiTFSI/PEO with a T,, of 53 °C. The
introduction of two —CF,H moieties in LIDFSI/PEO yields a
slightly higher T, of 57 °C, attributed to the hampered
dissociation of Li* cations from sulfonimide anions, resulting in
a higher enthalpy of melting (Table S1), as shown in our
previous work.'">*** The hindered dissociation presents a
lower amorphization ability for LiDFSI salt in PEO matrix and
renders a higher T}, and higher crystallinity degree (Table S1).
Because the differences in the thermal properties are not
significantly large, the effect of modifying the Li salts in PEO is
comparable, possibly due to the good solvating capabilities of
PEO and the similar structural flexibility of these lithium
salts.' > Upon interchanging PEO with PCL, a different trend
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in the Tg is observed, as LiDFTFSI/PCL now exhibits a
slightly lower Tg of —46 °C, with LiTFSI/PCL and LiDFSI/
PCL possessing similar T, values of —44 and —43 °C,
respectively (Figure 1b and Table S2). The phase transition
from ordered to disordered PCL-based SPEs occurs at a
slightly lower T, for LITFSI/PCL and LiDFTFSI/PCL, 38 °C,
compared to LiDFSI/PCL, 41 °C, yet overall remain
comparable regarding thermal properties (Table S2).

Opverall, despite the slightly higher concentration of lithium
salt (~0.5%) within the PCL-based system compared to PEO-
based SPEs, the impact on the thermal properties of these
systems for the respective polymer matrices is similar
regardless of the Li salt chemistry; however, in the case of
PEO, stronger Li* coordination with the EO units allows for
higher ionic dissociation and, therefore higher enthalpies of
melting (Tables S1 and S2). Additionally, the degree of
crystallinity, y,, significantly reduces upon the introduction of
the lithium salts into the respective polymer host matrices,
displaying good amorphization effects in both cases.'"'>**~*°

Previously reported PEO systems based on these Li
salts'"*' 7> exhibit similar thermal properties as shown in
Figure 1la, hypothesizing the presence of the additional
interactions upon the introduction of H atom(s), which may
affect ion transport properties. The investigation of LiTFSI in
PEO, PCL, and polymer blends by Meabe et al.'* distinctly
demonstrates the lower dissociation of LiTFSI in PCL
compared to PEO, as well as the lower T, of LiTFSI/PCL
which is linked to better segmental motion. Hence, it is evident
that a different solvation mechanism dominates in PEO-
compared to PCL-based SPEs.

3.2. lon Transport. The temperature dependence of the
total ionic conductivity (6y,) was measured by EIS (Figure
lc,d), revealing comparable o, for LiTFSI/PEO and
LiDFTESI/PEO and slightly lower 6., for LIDESI/PEO, as
evidenced by the thermal properties (Table S1). The 6y, for
PCL-based SPEs follows a similar trend.

Focusing on the effect of the polymer host, the slightly
higher o, displayed for PEO-based as opposed to PCL-based
SPEs, regardless of the salt chemistry, is ascribed to the higher
Li salt dissociation ability of PEO,'>'* solvating lithium cations
in a crown ether conformation.'”*’ Albeit PCL-based SPEs
display an overall higher polymer segmental motion, depicted
by its lower T, values, its 0,y is generally lower compared to
PEO-based SPEs (Figure lc,d). Considering that the ion
transport properties are highly influenced by the segmental
motion of the polymer matrix, it is not the only factor that
affects the ionic conductivity because it has been reported that
PEO has a stronger solvating ability of lithium salts'"**
compared to other types of polymer matrices, such as PCL;
PEO-based matrices are observed to possess higher oy,
Additionally, a sudden conductivity decrease observed at
temperatures below 50 °C is attributed to the semicrystalline
nature of both PEO- and PCL-based SPEs, restricting the
mobility of the polymer chains and hindering the diffusion of
the ions below this temperature.' "'

Upon modifying the Li salt chemistry, LiDFSI-based SPEs
displays the lowest 6, ascribed to a 3-fold effect: (1) a lower
dissociation degree of LiDFSI compared to LiDFTFSI and
LiTFESI because of the lower electron-withdrawing ability of
—CF,H moieties, resulting in stronger Li'—anion interac-
tions;” " (2) greater probability of producing H-bonding
interactions between DFSI™ anions and PEO; *° and (3)
hindered diffusion of the ionic species due to polymer chain
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mobility restriction, as depicted by higher T, T, and y. value
in Figures la,b as well as Tables S1 and S2.

A key ionic transport property of SPEs describing the
efficiency of ion transport may provide greater insights
regarding the ion transport mechanisms within the respective
polymer matrices. The lithium transference number (t;;) is
deduced from the specific conductivity of Li* ions (oy;) and is
displayed in Figure 2 for all the studied systems at 70 °C.
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Figure 2. Histogram illustrating the total (full color) and Li* (striped)
ionic conductivity with error bars at 70 °C of (a) PEO- and (b) PCL-
based SPEs as a function of the studied lithium salt. LiTFSI-based
SPEs are shown in black, LIDFTFSI-based SPEs in red, and LiDFSI-
based SPEs in blue. The error bars are based on at least 3 samples per
studied system.

The proposed ion transport mechanism in the PEO matrix
follows lithium ions coordinated by 3—5 EO units facilitating
“lithium ion hopping” from one coordination site to another,
either intrachain or interchain.'”'**®** PEQO-based SPEs
undergo a systematic increase of f;;+ upon increasing the H
content of the anion, tabulated in Table S3 (t;+ = 0.31, 0.35,
and 0.45 for LiTESI/PEO, LiDFTFSI/PEO, and LiDFSI/
PEO, respectively), indicating that the lithium salts con-
sequently undergo an anionic mobility restriction with
increasing H content in PEO.""*****" Interestingly, this effect
is seemingly absent in PCL-SPEs (Figure 2b and Table S3),
with nearly constant #; values (~0.7) when changing the
lithium salt, suggesting the existence of more complex charge
carrier speciation in PCL matrices as well as subtle polymer—
ion, polymer—polymer, and ion—ion interaction interdepen-
dencies in these systems, as we shall examine more in depth
later.

To further understand the role of local interactions, ion
coordination, and speciation in the behavior of the studied
SPEs, Raman spectroscopy was combined with MD
simulations as discussed in the following sections.
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3.3. Raman Spectroscopic Analyses. Elucidation of the
extent of ion dissociation, ion coordination, and consequently
greater insight into the ionic speciation types of the studied
SPE systems were aided with Raman spectroscopy.

Centralizing on the Raman spectra of the neat lithium salts
in Figure 3a, LiTFSI is observed in associated form via the S—
N=S vibrational mode at 747 cm™.."******* Introducing an H
atom, LiDFTFSI shifts down slightly to 745 cm™". Intriguingly,
when two H atoms are present in the form of —CF,H moieties
for LiDFSI, the S—N-—S vibrational mode undergoes a
significant red-shift to a lower wavenumber of 703 cm™'.
The downshift to lower wavenumbers for LiDFTFSI and
LiDFSI may be assigned to the lower bond strength of C—H
bonds compared to C—F bonds, 415 vs 439 kJ mol ™},
decreasing the force constant and thereby decreasing the
wavenumber.

The Raman spectra of LiTFSI-based SPEs are shown in
Figure 3b, with results similar as found in the literature for
both LiTESI/PEQ'******! and LiTFSI/PCL,"*"” concluding
that complete dissociation of LITESI occurs in PEO and partial
dissociation occurs in PCL."” Interestingly, when it comes to
LiDFTFESI-SPEs, illustrated in Figure 3¢, the S—=N—S vibration
is observed to undergo a slight upshift from associated
LiDFTFSI at 745 to 748 cm™! for both LiDFTESI/PEO and
LiDFTFSI/PCL, with an additional peak observed at 717 cm™!
for LiDFTFSI/PCL. LiDFSI-based SPEs undergoes a similar
upshift (Figure 3d), where associated LiDFSI is observed 707
cm™!, while both LiDFSI/PEO and LiDFSI/PCL undergo a
blue-shift to higher wavenumbers of 760 and 756 cm™’,
respectively. Once again, two distinct peaks are observed for
the LiDFSI/PCL at 710 cm™". Both LiDFTFSI- and LiDFSI-
based SPEs are found to encounter a blue-shift in both PEO
and PCL polymer matrices, and in the case of PCL-based
SPEs, both LiDFTESI/PCL and LiDFSI/PCL exhibit two
distinct peaks.

Because the Raman signal is influenced by the polarizability
of a molecule, the concentration of loosely held electrons in
the S—=N—S bond results in large polarizability; consequently,
the molecule will possess an intense Raman signal. From
Figure 3a, the Raman peak for neat lithium salts decreases in
intensity as the number of H atom(s) increases, which is
correlated to the lower concentration of loosely held electrons
around this bond, as —CF; moieties contain particularly higher
electron density compared to —CF,H moieties. This is also the
case for PCL-based SPEs, as the peak intensity for LiTFSI/
PCL (Figure 3b) is higher compared to hydrogen-rich
LiDFTESI/PCL and LiDFSI/PCL, shown in Figure 3c,d.

What makes the spectral analysis particularly challenging to
explain is how the presence of the H atom significantly changes
the ionic speciation and ion coordination in either PEO or
PCL matrices and, additionally, how the different polymer
chemistries contribute to further changes in molecular
speciation.

3.4. Molecular Speciation Utilizing Molecular Dy-
namics. After ionic coordination analysis by Raman spectros-
copy, the full impact of the nature of the polymers and lithium
salts under consideration on charge carrier speciation remains
unsolved. Therefore, MD simulations are employed to gain
such molecular-level understanding, regarding the different
ionic species and types of ionic interactions, such as polymer—
ion, polymer—polymer, and ion—ion interaction interdepen-
dencies, termed molecular speciation.
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Radial distribution functions (RDFs) and coordination
numbers (CNs) are computed to elucidate Li* coordination
environments. The position and intensity of each RDF peak
provide precise information about interaction distances

between selected species and association degrees of such

1960

interactions, respectively. CNs can also be simply extracted
from RDF analysis by integrating the area under the peaks of
interest. Figure S1 shows all the computed RDFs considered in
this work for the following discussions. Further speciation
analysis is conducted on the Li" and anion coordination
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Figure 6. Molecular-level snapshots of MD simulations of (a) LiTFSI/PEO, (b) LiDFTESI/PEO, (c) LiDFSI/PEO, (d) LiTFSI/PCL, (e)
LiDFTFSI/PCL, and (f) LiDFSI/PCL at 70 °C. Li* is represented by purple balls; TFSI™ (black), DFTFSI™ (red) and DFTESI™ (blue) by stick
models; and PEO (yellow) and PCL (green) by stick models within a coordination of 3 A. The system name is labeled below each snapshot. Notice
how in PEO-based SPEs (a—c) the lithium salts are more dissociated and mixed compared to PCL-based SPES (d—f).

environments to determine the mobility and extent of ion
clustering on each investigated SPE (Figures 4 and S). This
mainly involves statistically tracking the fluctuating population
of different isolated and interacting species (Li*, anions, ion
pairs, etc.) along the computed MD trajectories.

The RDFs for the interaction between Li* and the O atoms
of the EO units in PEO (Li—O§;$)) are shown in Figure Sla,
revealing a CN ~ S independently of the considered lithium
salt. In contrast, the interaction between Li* and the O atoms
of the respective anions (Li—Opp;0n) is almost nil (Figure S1c).
Both Li—O§;§ and Li—O ., RDFs corroborate that complete
Li salt dissociation occurs within all the PEO-based
SPEs.'»#7%4730 yet for PEO-based SPEs, RDF analysis
conveys a similar degree of association for the lithium—PEO
interaction (Li—OggOO ) upon changing the anionic structure, in
contrast to the observed experimental trends regarding the
different values measured for the lithium transference number
(Figure 2a). The situation is very different in PCL (Figure
S1b—d), where Li* preferentially interacts with the config-
uration Li—O§5°, as reported in the literature'> and
confirmed by the computed RDFs. The highest Li—Ofg°
association occurs for both LiTFSI/PCL and LiDFTFSI/PCL,
closely followed by LiDFSI/PCL, shown in Figure S1b.
Accordingly, these results correlate well with the f;;* trend
from Figure 2b. Additionally, the CN ~ 3 for both Li—O§g°
and Li—O,y;o, (Figure S1b—d) reveal formation of Li*—anion
pairs in PCL-based SPEs, in contrast to complete salt
dissociation observed in PEO-based SPEs. These results
explain the lowest o0, measured for the LiDFSI/PCL SPE,
as DFSI™ anions are associated with Li* to a greater extent
compared to the other studied lithium salts.

The molecular speciation analysis for each of the
investigated SPEs is computed as the percentage of each
type of isolated ions, ion aggregates, and other coordination
structures that involve the polymer, with either lithium (Figure
4) or the respective anions (Figure 5) as the reference ionic
species. A cutoff distance of 3 A was selected based on the
RDF analyses for lithium—polymer interactions: Li—Of;S and
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Li—055° (Figure Slab), where the first peak minimum is
observed at this distance. A similar cutoff distance was selected
for anion coordination to remain consistent, even though no
first minimum is detected from the RDFs in Figure Slc,d.

As found from RDF analysis, for all studied PEO-based
SPEs, Li* ions are essentially solvated by PEO, Li"/Polymer
(blue, Figure 4a), with the presence also of a small percentage
(~2%) of coordination structures around Li' ions that, in
addition to the EO units of the polymer, include the anion,
Li*/Polymer/Anion (magenta, Figure 4a), also tabulated in
Table S4. When examining the anion coordination environ-
ment, we find that in PEO-based systems most of the anionic
species (TFSI™ and DFTFSI") tend to be noninteracting anion
aggregates, Anion/Anion (green) (Figure Sa and Table SS),
especially as the H content in the anion is increased. These
noninteracting anion aggregates are defined as anion species in
close range with one another considering a cutoff distance of 3
A. However, when two H atoms are present, speciation
changes in the case for DFSI™ to mainly anion aggregates with
polymer coordination, Anion/Polymer (blue). This finding is
relevant, as the sum of both noninteracting Anion/Anion and
interacting Anion/Polymer speciation increases as the number
of H atom(s) increases (62% for LiTESI/PEO, 69% for
LiDFTFSI/PEO, and 74% for LiDFSI/PEO). These inter-
actions, especially Anion/Polymer speciation, hinder anionic
mobility and, hence, hinder anionic conductivity and explain
the observed drop of 6,y (while increasing #;*) when
increasing the H content in the anion (Figure 2a). Notice
how DEFSI” anions undergo greater mobility restriction
compared to DFTFSI™ and TFSI", as the percentage of
isolated DFSI™ anions is the lowest, shown in Figure Sa (black)
and Table SS. Similarly, as LITFSI/PEO possesses the greatest
degree of mobile isolated anions, this SPE exhibits the highest
Ototal:

Intriguingly, we find that in PCL-based SPEs, polymer—
anion assisted Li* coordination environment, Li*/Polymer/
Anion (magenta), is predominant (Figure 4b and Table S4),
irrespective of the anionic species, and is especially high in the
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case of LiDFSI/PCL (96%). When considering the #;" from
EIS measurements, where the most mobile Li* is observed in
LiDESI/PCL, as well as RDF analyses where the lowest Li—
O$&:° coordination is exhibited for this system, the speciation
analysis qualitatively supports these results. Notably, anionic
speciation analysis reveals an increase in polymer—Li" assisted
anion coordination, Anion/Polymer/Li" speciation (magenta),
in PCL matrices; from LiTFSI, LiDFTFSI, to LiDFSI and,
when comparing these results to the o, based on EIS
measurements, a decrease in anionic mobility is observed
following a similar trend. Moreover, the anionic coordination
environment is also shown to consist of ion aggregates
involving two anions coordinated with Li*, denoted Anion/Li"
(red, Figure Sb and Table SS).

These analyses suggest that in PEO, as the lithium salts are
completely dissociated, supported by the MD snapshots in
Figure 6a—c, Li* speciation remains the same, and anion
speciation changes from predominantly noninteracting Anion/
Anion for LiTFSI/PEO and LiDFTESI/PEO to Anion/
Polymer for LiDFESI/PEO. However, as the lithium salts
undergo partial dissociation in PCL, as shown in Figure 6d—f,
when the anion is coordinated to both Li* and the PCL
polymer matrix as Anion/Polymer/Li’, a synergy occurs: the
anion mobility is restricted as the anion is coordinated to both
the CL units from PCL, and the Li* ions, while the Li* ions can
move even more freely due to the weaker Li salt dissociation in
PCL than if Li" ions were only coordinated to either one of the
two components individually.

Importantly, when compared to PEO, the anionic mobility is
significantly more restricted in the PCL host matrix, which is
experimentally observed, as lower o, is observed in PCL-
based SPEs. The speciation and charge carriers differ
significantly in both polymers, with PCL-SPEs exhibiting
polymer—anion assisted Li* polymer chain coordination,
whereas in PEO-SPEs, Li* coordinated solely to EO units is
observed, as reported in the literature.""'** Hence, a decrease
in Oy is observed for PCL-based SPEs compared to PEO-
based SPEs, however, with the benefit of a higher t;;+ for the
former system.

4. CONCLUSION

In conclusion, SPEs are complex mixtures, with their
electrochemical properties influenced by ion—ion and ion—
polymer interactions as well as charge carrier speciation. By
systematically substituting F atoms by H in LiTFSI salts as a
case study, we show how additional noncovalent weak
hydrogen bond interactions in PEO-based SPEs can be
exploited to tune the 6, and t;;- of the resulting electrolyte.
By also modifying the polymer host (substituting PEO by
PCL) to induce different Li* and anion coordination
environments as well as charge carrier speciation, we
demonstrate that an even deeper control of these properties
can be practically achieved. These insights, emerging from
both experimental and theoretical studies, are useful to better
understand these complex functional materials and guide SPE
discovery—for example, by adjusting the amount of H
substitution in the anions, looking for alternative chemical
modifications that can hinder anion mobility through specific
interaction with the polymer host, and polymers that optimize
those interactions and promote the desired speciation.
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