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1 Introduction

Interplay of structure and dynamics in solid
polymer electrolytes: a molecular dynamics study
of LiPFg/polypropylene carbonate
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Solid-state batteries (SSBs) are emerging as the next generation of electrochemical energy storage
devices. In this context, obtaining high energy density batteries relies on the use of solid polymer
electrolytes (SPEs) that are electrochemically stable with respect to lithium metal and high potential
positive electrodes (both conditions being difficult to achieve without chemical degradation). Here,
molecular dynamics simulations are used to investigate the interplay of the structure and dynamics of a
carbonate-based SPE composed of polypropylene carbonate and lithium hexafluorophosphate (LiPFg) at
salt concentrations ranging from 0.32 to 1.21 mol kg™t On the one hand, the structural properties
of such a SPE are studied under ambient pressure and at the experimentally relevant temperature
T = 353 K. On the other hand, considering that the very slow processes involved in these systems are
out-of-reach of molecular dynamics, the dynamic properties are simulated at high temperature up to
900 K and then extrapolated to T = 353 K using Arrhenius’ law. Our results reveal strong ionic
correlations with a limited fraction of free ions and a prevalence of negatively charged clusters
(particularly at the highest salt concentrations). The self-diffusion coefficient of Li* exceeds that of PFg~
at high temperature due to the weaker Li*—carbonate and ion—ion interactions. However, the Li* mobi-
lity at T = 353 K is lower than that of the anion (D" ~ 3.0 x 107 m? s73), in agreement with the typical
experimental SPE behavior reported in the literature. As expected, our MD simulations show that the
ionic conductivity ¢ increases with temperature. Moreover, ¢ at T = 353 K exhibits a maximum at a salt
concentration between 1.0 and 1.1 mol kg™* (¢ ~ 6.5x 107> S cm™%). Overall, our estimated physico-
chemical parameters indicate that strong ion correlations can be optimized to design a better SPE. In
this context, the Arrhenius extrapolation approach employed here provides insights into ion transport
mechanisms in SPEs.

polymer electrolytes (SPEs) and ceramic electrolytes (CEs). Due
to their brittle nature, CEs are difficult to manufacture -

With the increasing demand for high-energy-density devices,
solid-state batteries (SSBs) are considered promising for elec-
trochemical energy storage.'” Compared to conventional
lithium-ion batteries that rely on a liquid electrolyte, SSBs
provide (1) higher energy density through the use of lithium
metal as the negative electrode and (2) enhanced safety by
reducing the use of flammable organic solvents.*™® In practice,
solid electrolytes are classified into two main categories: solid
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especially considering that they need to be densified to be used
(therefore causing issues for electrode preparation where inti-
mate contact must be achieved between the active material,
the conductive additive, and the solid electrolyte). In contrast,
SPEs are cheap and flexible materials that are easy to manu-
facture and can be mixed easily with other electrode
components.” ' As a result, features of the polymer material
in SPEs [e.g. poly(ethylene oxide) polymer (PEO)] have been
investigated since the 1970s and PEO-based SPEs have been
commercialized."'

However, SPEs exhibit low ionic conductivity at room tem-
perature due to the crystallinity of PEO and the slow dynamics
when using this high molecular weight polymer.'® In addition,
due to the weak stability of the ether function against oxidation
(which occurs at 3.7 V vs. Li*/Li), it is not possible to use high
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voltage electrode materials such as those of the NMC family
[Li,Ni;Mn;Co.0,, with (a + b + ¢ = 1)]. In fact, only a limited
number of coordinating polymers display good electrochemical
stability at high voltage. Chemically, these polymer electrolytes
should contain polar groups such as carbonate or nitrile
functions." In this context, polypropylene carbonate polymers
(PPCs) have proven to be a valid alternative to PEO."** In
fact, it is a low-cost and biodegradable polymer* with a
chemical structure which closely resembles that of conven-
tional carbonate-based electrolytes (therefore implying good
compatibility with lithium salts and favorable interfacial con-
tact with conventional electrodes).’®*” Unfortunately, these
polymers have high glass transition temperatures T, leading
to slow ionic/polymer mobility and conductivity at room
temperature.'®

Optimizing the electrochemical performance of SPE-based
batteries requires enhancing the transport of ionic species
which, in turn, necessitates a detailed understanding of the
system’s structural and dynamic properties.>®**> While exten-
sive studies using all-atom**?** and coarse-grained®>*” Mole-
cular Dynamics simulations have focused on the structural and
dynamic properties of PEO/LiTFSI-based SPEs, PC-based SPEs
have received significantly less attention.*® To address this
knowledge gap, we use here molecular modeling to investigate
the interplay between the structure and dynamics of LiPF¢/PPC-
based SPE as a function of the salt concentration c¢;. In more
detail, to provide a comprehensive picture of the underlying
molecular mechanisms at play, we simulate SPEs at different
salt concentrations (c;) from 0.32 to 1.21 mol kg™" (which
correspond to carbonate/salt ratios (Rcy;) varying from 30 to
8). To shed light on the interplay between structural and
dynamical properties in LiPFs/PPC-based SPEs, we investigate
the properties of the polymer matrix, ionic local coordination
shell, and the dissociation state of the salt in the electrolyte
(free ions, ion pairs, ion clusters) as a function of the salt
concentration ¢;. The dynamic and transport properties —
including the ion diffusion coefficient Dy and conductivity o -
are determined at several high temperatures 7. Arrhenius’ law
is then employed to extrapolate the behavior at low tempera-
tures relevant to the practical use of SPEs. Based on these data,
we provide an atom-scale description of the structure and
dynamics of PPC-based SPEs as a function of salt concen-
tration/temperature, which can contribute to the design of
high-performance solid electrolytes.

2. Experimental and computational
methods

2.1. Experimental section

To validate the relevance of the atomistic model employed in
MD, we measured the density of several PPC-based SPEs at
different salt concentrations, ¢;. In what follows, we provide
details of the polymer electrolyte elaboration and the density
measurements performed.
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Polymer electrolyte elaboration. The polymer electrolytes
were prepared in an argon-filled glovebox (H,O and O, concen-
tration <0.1 ppm). Polypropylene carbonate - hereafter called
PPC (Mn = 50000 by GPC, Sigma-Aldrich, stored at —20 °C) -
was used as received while lithium hexafluorophosphate LiPF,
(Tokyo Chemical Industry, purity >97.0%, stored under Ar)
was used after drying for 2 days under dynamic vacuum at
110 °C. Three polymer electrolytes with various lithium con-
tents were prepared together with a reference material
composed of pure PPC. The polymer and the lithium salt were
dissolved in acetonitrile (Sigma-Aldrich, anhydrous, purity
99.8%). After 2 hours of magnetic stirring at 200 rpm at a
temperature of 80 °C, homogeneous solutions were cast in Petri
dishes. The samples were then dried overnight at 60 °C under
dynamic vacuum.

Density measurements. To estimate the density of each
sample, a Mettler Toledo 33360 density determination kit
was used. The kit is based on the Archimedes principle, which
is particularly useful for irregularly shaped solids such as
polymers. Here, we employed heptane (Sigma-Aldrich, purity
> 99.99%) that does not dissolve or swell the polymer electro-
Iyte. The experiments were carried out at room temperature in
an argon-filled glovebox (H,O and O, < 0.1 ppm).

2.2. Molecular simulations

SPE molecular model. Fig. 1 shows the typical molecular
configuration of our LiPF¢/PPC model together with a zoomed-
in view of the different chemical species that form this SPE.
Each simulation box contains PPC chains made up of 40
monomers, therefore leading to a molecular weight of
4100 g mol . Although this value is about 120 times smaller
than that of the average experimental polymer chain, we believe
our polymer chains are sufficiently long to behave like the

6.2 nm

Li+

40

Fig. 1 Typical molecular configuration of the molecular model of the
LiPFe/PPC SPE. The Li* cations are shown as blue spheres while the PFg~
anions are shown as green and cyan spheres. The PPC chains are made up
of 40 monomers where the carbon, oxygen and hydrogen atoms are
shown as gray, red and white spheres, respectively. The monomer
chemical composition and structure are shown in the bottom right of
the figure.
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Table 1 Composition of the LiPF¢/PPC SPE considered in the molecular
dynamics simulations. For every salt concentration c,, the carbonate/salt
Recyui the number of LiPFg ions N, and the number of polymer chains Npq.
for the long (40 monomers) and short (3 monomers) chains are reported

Cs (1’1’101 kgil) RC/Li Niait Npol.
Long chain — — — 40
0.32 30 53 40
0.48 20 80 40
0.61 16 100 40
0.81 12 133 40
1.21 8 200 40
Short chain — — — 533
1.21 8 200 533

experimental system on time-scales considered in MD. In
practice, the polymer lengths considered here are similar to
those employed in other MD simulations on PPC-based SPEs.>®
The chain ends were symmetrised and terminated with iso-
propyl groups CH(CHj3),. The electrolyte compositions consid-
ered in the present work are reported in Table 1. In practice, we
modeled five SPEs together with the pure polymer. Note that
the number of PPC chains (and, therefore, the total number of
carbonate groups) remains constant in all cases, while the
number of ion pairs varies to match the target salt concen-
tration c¢;. In addition, to analyze the effects of the electrostatic
interactions in the polymer matrix on ion mobility, we simu-
lated both the pure polymer melt and the electrolyte mixture
with Rc; = 8 for a system formed with substantially shorter
chains (comprising only three monomers). In any case, the total
number of carbonate groups is about the same as that for the
long chain case, so that the comparison between short and long
chains is made for the same ionic concentration c.

Bonded and non-bonded interactions for the polymer were
described using the OPLS-AA force field®® with partial atomic
charges taken from ref. 40. The Li* and PF,~ ions were
described using the CL&P force field.*"** With this force field,
geometric mixing rules are applied to determine the Lennard-
Jones parameters for the polymer/polymer interactions,
whereas arithmetic mixing rules are employed for all other
cross-interactions. The partial charges of the ions were scaled
by a factor of 0.8 to account in an effective fashion for
polarization effects and improve the description of ion
dynamics as demonstrated in previous studies.*®**** All mole-
cular simulations were performed with periodic boundary
conditions applied in the x, y, and z directions. Non-bonded
interactions were calculated within a cutoff distance r. = 12 A.
Long-range electrostatic interactions were evaluated with
the PPPM solver.*” All simulations were carried out with
LAMMPS.***® Newton’s equation of motion was integrated
using the velocity-Verlet algorithm*®*® with a time step 6t = 1
fs. At T=900 K, we used a shorter time step 6t = 0.5 fs. Note that
in all cases the C-H bonds were constrained using the SHAKE
algorithm.>* We employed the Nosé-Hoover thermostat®> with
a coupling constant 7 = 0.1 ps. For the NPT simulations at
P = 1.0 bar, we additionally coupled the systems to a Nosé-
Hoover barostat with a relaxation time 7 = 1.0 ps.
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The glass transition temperature T, was also estimated by
analyzing the density p versus the temperature 7 at different
cooling rates®*>* (see Fig. S1 of the SI). The average Ty across all
runs is 384 £ 14 K - a value that is higher but in the range of the
experimental T, (300-310 K**~’). While this discrepancy can be
partly attributed to the chosen model and force field, we high-
light that it can also be reconciled by considering that the
cooling rate in the molecular simulation is orders of magnitude
faster compared to that under the experimental conditions.
Indeed, we know that the cooling rate has a drastic impact on
the estimate of T,°>* (large cooling rates lead to larger Tj).
Finally, in any case, we note that our extrapolation to near room
temperature does not intend to describe the glass behavior of
the system but rather allows extending the behavior of the
molten system to a lower temperature (which falls in the range
where the experimental system remains above T, so that it is
believed that our comparison is relevant and sound).

Preparation protocol. In order to prepare initial configura-
tions for the SPEs listed in Table 1, we employed the same
thermodynamic path in a systematic fashion. In brief, we
prepared the initial configuration using a 200 ps NVT run at
constant volume and a temperature of T = 1500 K with a box
length L = 60 nm. At this very low density, the system consists of
an ideal gas of polymer chains and ions (in this initial phase,
the charge of the salt ions was set to zero to avoid ion pairing/
precipitation). Then, starting from this initial configuration, we
performed an NPT run at 7 = 1500 K and P = 1 bar for 1 ns to
condense the system and reach the volume corresponding to
ambient pressure. This condensation step was followed by a
500 ps annealing step from T = 1500 K to 1000 K at constant
volume V. The system was then further condensed at 7= 1000 K
at constant atmospheric pressure for 1 ns to eventually reach a
density of about 0.9-1.0 g cm > (followed by an additional 1 ns
annealing step from 7= 1000 K to 700 K at a constant volume,
and a longer relaxation at a constant volume over 5 ns at the
latter temperature). Finally, we further reduce the temperature
from 700 to 353 K during 5 ns at constant ambient pressure
P =1 bar. At this point, the ion partial charges were set to their
actual values and the system was equilibrated at 7= 353 K and
P =1 bar for 40 to 50 ns to reach the final constant density.

We note that the relaxation time of the PPC-based SPE at T =
353 K is much longer than the timescales accessible with
molecular dynamics simulations since the system’s viscosity
is typically of the order of a few MPa s.°° As a consequence, the
dynamics that we can reasonably probe/access at room tem-
perature mostly consists of localised rearrangements of the
polymer matrix. To reasonably quantify the transport proper-
ties at each salt concentration, we therefore performed mole-
cular simulations at higher temperatures: T = 600, 650, 700,
800, and 900 K. In practice, we started from 7 = 353 K and
applied sequential temperature ramps of 15 ns each to reach
the target temperature. Each ramp was conducted at constant
volume, therefore resulting in a temperature increase along
isochores corresponding to the density of the ambient system
at T = 353 K for each concentration. At every temperature, we
eventually performed a long equilibration in the NVT ensemble

Phys. Chem. Chem. Phys.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cp00450d

Open Access Article. Published on 13 April 2026. Downloaded on 5/26/2026 12:06:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

for 50 ns followed by the production run sufficiently extended
to reach the diffusive (i.e., Fickian) regime for all systems.

2.3.

Polymer nanostructure. We determined the structural prop-
erties of the system at 7= 353 K and at ambient pressure using
MD trajectories of 60 ns. Fig. 2(a) shows both the total electro-
lyte mass density p and that of the polymer matrix p, as a
function of the salt concentration c;. A linear increase in the
SPE density is observed upon increasing ¢, which is mirrored
by an opposite trend for p,. This result indicates that the
addition of salt increases the volume occupied by the polymer
while increasing the overall density of the system because of the
added salt ions. The accuracy of our modeling can be assessed
by comparing the computed total density with the experimental
results obtained as detailed in the experimental methods
section. Fig. 2(b) shows both data sets for the pure polymer
and SPE with three different concentrations [¢; = 0.48, 0.81, and
1.21 mol kg ']. Although our simulations slightly underesti-
mate the experimental density at all concentrations, the linear
trend observed experimentally is reproduced quite satisfactorily
using molecular dynamics.

Structural properties
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We also assessed the details of the polymer nanostructure by
computing the partial radial distribution functions defined as

Ny Np

o) = oy 2o SO0 = A=)

where N, and Np are the numbers of atoms of type o and
while 7; and 7; are the positions of atoms 7 and j. Fig. 2(c) shows
gcc(r) for the carbon atom of the carbonate group at
different concentrations ¢; (intramolecular interactions
between carbon atoms of the same chain were excluded). We
also report the polymer structure for the short-chain polymer
(n = 3) without salt and for the long-chain polymer (n = 40)
without salt. The radial distribution function ggc(r) for short
polymer chains without salt (black dashed line) exhibits a well-
defined main peak at 7 A followed by a minimum at 8.5 A and a
second peak at 10 A (such nanometric structure is similar to
what is typically observed for liquid solvents). For the
long-chain polymer without salt, the radial distribution
function gcg(r) (solid black line) displays peaks at the same
positions, although their amplitude decreases due to polymer
entanglement.
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(@) Computed total density p and polymer matrix density p, (without considering the salt mass) as a function of the salt concentration c;.

(b) Computed versus experimental densities p for the different SPEs considered in this study. The dashed line indicates the condition p = peyp
(c) Intermolecular radial distribution function gc_c(r) between the C atoms of the carbonate function for the short chain polymer n = 3 without salt (black
dashed line), the long chain polymer n = 40 without salt (black solid line) and SPEs with different salt concentrations (solid color lines).
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Table 2 Average and standard deviation (in parentheses) of the polymer
gyration radius R, head to tail distance [,,_, and interchain contact number
Ninter-chain for the SPE at T = 353.15 K and different concentrations cg

Cg (1’1’101 kgil) RC/Li Rg (A) lh—t (A) Ninter-chain
0.00 — 12.0 (3.0) 34.3 (13.2) 3.1 (0.22)
0.32 30 11.4 (2.5) 32.4 (13.7) 2 9 (0.25)
0.48 20 11.8 (2.7) 33.4 (11.6) 8 (0.22)
0.61 16 11.9 (4.0) 34.6 (16.6) 2 7 (0.23)
0.81 12 12.2 (3.0) 37.5 (11.6) 2 7 (0.23)
1.21 8 11.9 (3.0) 36.1 (10.8) .6 (0.25)

Despite small variations in the peak amplitudes, the radial
distribution function gcc(r) does not show any shift in the peak
positions upon changing the concentration cs. This finding can
be attributed to the small size of the salt ions and the low to
moderate salt concentrations considered in the present study.
Note that we prepared the systems at each concentration
independently of each other to minimize correlations among
the different numerical samples. The absence of marked
impact of the concentration ¢; on the polymer nanostructure
was confirmed by calculating in Table 2 the gyration radius R,
the head-to-tail distance /;,_, and the interchain carbon-carbon
contact number Njpcer-chain @S a function of ¢;. On average, R, ~
12 Aand ;,_; ~ 35 A show no pronounced dependence on ¢,. On
the other hand, Ninter-chain decreases slightly but in a mono-
tonous fashion with ¢ due to the insertion of more and more
ions between the polymer chains. Altogether, these results
show that the addition of salt - at least in the range of
concentrations explored in this study - does not induce sig-
nificant modifications of the polymer structure.

Ion coordination. The structural features of the ions (Li* and
PF, ) were also analyzed using partial radial distribution func-
tions calculated at T = 353 K. The g,p(r) functions (left y-axis)
together with the associated coordination numbers CNyg(7)
(right y-axis) are shown in Fig. 3 for o = Li/f = O, o = Ppp_/
B =0, and a = Li/B = Ppg_- for different salt concentrations c;.
For the cation-carbonate correlations in Fig. 3(a), we observe
two peaks at distances of 1.93 A and 4.02 A, respectively. The
first peak, which corresponds to the formation of a closed
packed coordination shell extending to ~ 3 A, is in good
agreement with previous ab initio molecular dynamics results
for LiTFSI/propylene carbonate liquid electrolytes.®" Corre-
spondingly, the coordination number at 3 A decreases from
3.8 to 2.9 as the salt concentration ¢, increases from 0.32 to 1.21
mol kg ". This decrease is correlated with the increase in the
number of ions in the solution, which leads to the formation of
contact ion pairs and ion clusters as will be discussed below.
The second peak at ~4.02 A arises from the interaction with
oxygen atoms which belong to the interacting carbonate groups
but are not directly in contact with the Li" cation. Again, the
position of the peaks is not modified upon varying c¢;. The
anion/carbonate correlations probed in Fig. 3(b) become non-
negligible at distances larger than the radius of the cation/
carbonate coordination shell with moderate peaks at 4.3 A and
6.0 A, respectively. It has to be noticed that the amplitudes are
close to 1. At all salt concentrations cs, the corresponding
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Fig. 3 Partial radial distribution function g(r) (solid lines) and associated

coordination number CN(r) (dashed lines) at T = 353 K: (a) Li*-
O and (c) Li+—PpF6—.

O, (b) Prr——

coordination number is negligible for distances smaller than
4.3 A and then increases steeply up to ~6 at the first minimum
observed at 5.0 A. No modifications of the peak positions are
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observed with ¢, while the amplitude slightly increases with
the concentration c,.

Cation/anion structural correlations are shown in Fig. 3(c).
Two partially overlapping peaks are observed at about 2.3 A and
3.44 A together with an additional weaker peak at around 7.4 A.
These peaks correspond to two coordination modes: bidentate
Li" (first peak) and monodentate Li* (second peak). The peak
positions are in agreement with previous density functional
theory (DFT) calculations®® for Li*-PF,  interactions in a
poly(ethylene oxide) matrix. The peak at 7.4 A corresponds to
correlations of co-ions belonging to the same ionic cluster,
which will be analysed in detail in the following. We also note
that the coordination number CN(r) in the first coordination
shell increases from 1.0 to 1.7 as the salt concentration cg
increases. A value larger than unity confirms that ions form
both contact ion pairs and ionic clusters [Li, (PFe),[*”. As
expected, such ion pairs and clusters are more frequent at high
salt concentrations, as will be discussed in detail below.

A comprehensive view of the local coordination of Li* can be
obtained by counting the number of oxygen (carbonate units)
and fluorine (PFs~ anion) atoms comprised in spheres centered
on Li* and with a radius ~ 3.1 A (corresponding to the position
of the first minimum in the associated radial distribution
functions, see Fig. 3(a) and Fig. S1). Fig. 4(a) shows the salt
concentration dependence of the total (black) coordination
number together with the associated number of oxygen (red)
and fluorine (blue) atoms contained in the sphere. The total CN
remains almost constant at about ~5 upon increasing c.
However, the situation is different for the partial contributions
as the CN for fluorine atoms increases while the CN for oxygen
atoms decreases. This suggests that the anions gradually
replace the oxygen atoms in the coordination shell of the cation

6
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upon increasing the salt concentration c¢,. This finding has
already been observed in other systems such as the Li" cation
with different carbonate solvents - typically at salt concentra-
tions close to 1 mol L™, For ethylene carbonate, four oxygen
atoms have been found in the first solvation shell using both
classical MD®*** and DFT calculations.®>®° Similarly, in propy-
lene carbonate-based electrolytes, 4.5 oxygen atoms have been
reported in the first solvation shell of the Li" cation using time-
of-flight neutron experiments.®’ In contrast, for dimethyl car-
bonate DMC, the first coordination shell of the Li* consists of
an average of 2.8 solvent molecules and 1.1 PFs~ anions.®®
Our molecular simulation data also provide quantitative
information about the extended ionic domains that form at
high salt concentrations c¢;. To describe and quantify the
association/dissociation states of the salt in SPE, we have used
a graph approach to evaluate the global ionic connectivity
network.®® In practice, we associate (1) network nodes to the
centers of mass of all ions and (2) network edges based on the
distance criterion Li*—PPF{ <514 (the latter corresponds to
the boundary of the coordination shell as described above).
This procedure allows us to determine the speciation of the
ions in the SPE and to identify three different states for both
ions: (i) free (bare) ions (i.e. without any counterions in the first
coordination shell); (ii) contact ion pairs Li'PF,~ (CIP); and (iii)
ion clusters made up of three or more ions. Fig. 4(b) shows a
color map of the number of ion clusters with a given cation/
anion composition occurring in each SPE (these data are
averaged over the entire MD trajectory). Here, we consider the
SPE with the largest salt concentration ¢, = 1.21 mol kg~ *. The
red solid line corresponds to the condition for neutral clusters
(equal number of cations/anions), thereby delineating the
boundary of positively charged clusters (above the line) and

0
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(a) Coordination number of the first coordination shell of the Li* cations CNy;+ as a function of ¢,. The total CN;+ and individual contributions with

O and F atoms are shown in black, red and blue, respectively. The coordination shell is defined with a cutoff radius of 3.1 A based on the data shown in
Fig. 2(a) and Fig. S2 of the SI. (b) Distribution of ion cluster [Li (PFg),I*™ for the SPE at cs= 1.21 mol kg~L. Li* and PF¢~ ions are considered to belong to the
same cluster if they formed a contact ion pair CIP (ri_p < 5.1 A). The red line represents equimolar (i.e., neutral) clusters where the number of cations and

anions are equal.
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negatively charged clusters (below the line). For the sake
of clarity, considering that the simulation box contains 200
cations and 200 anions at this concentration, we only consid-
ered in this plot clusters and CIP with an occurrence of at least
1 per molecular configuration. These data show that CIP is the
most common ionic form followed by free Li" and then small
clusters of size (<4). While the later can be positively charged,
negatively charged, or neutral, large clusters tend to be neutral
or negatively charged. It has to be noticed that the number of
clusters is statistically small. However, the trend is consistent
with previous observation obtained by means of classical
molecular dynamics for LiTFSI/PEO-based SPE.”® Table 3 shows
the percentage of the three co-ion states for different ¢;. The
same data obtained at higher temperatures are shown in
Table S1 of the SI. Only small fractions of free ions are observed
for the SPE at the highest concentration c,. The fraction of free
cations is about three times larger than that of free anions,
therefore resulting in the formation of negatively charged
clusters. The number of CIP is also significant as it represents
almost 20% of the total salt content. As expected, upon low-
ering cg, the fractions of CIP and free ions increase whereas the
fraction of ion clusters decreases. Also, we note that the overall
speciation distribution does not show any substantial modifi-
cation at higher temperatures, as can be seen in Table S1 of
the SI.

The large ionic association in SPE can be explained by
estimating the dielectric constant ¢ of the polymer matrix from
the dipole moment fluctuations,”*

1
6/t = 3VkBT<<

M?) —(M)?). (2)

We obtain ¢ = 1.3¢,, which is quite small and of the order of
magnitude of the experimental value & = 3.0¢, at room
temperature.”>”* This result contrasts with the case of cyclic
carbonates, which exhibit a high dielectric constant - ¢ ~ 65
and ¢ =~ 95 for propylene and ethylene carbonate,
respectively.”*””® For the linear carbonate solvents and polymer
carbonates (such as that considered here), the organization and
solvation properties are different and the electrostatic screen-
ing of the charge is weaker - therefore limiting salt dissocia-
tion. Also, the dielectric constant was studied by classical MD
for liquid electrolytes at different temperatures and electrolyte
compositions (of particular relevance to the present work, the

Table 3 Average distribution of Li* cations and PFg~ anions in three
different states: free ions, LiPFg contact ion pairs (CIP), and ion clusters
[LiX(PFG)y]X’y. Free single ions are defined as ions with no counterion within
the first cation/anion coordination shell. The other ions form either CIP or
ion clusters

Free single ions (%) Ions in CIP (%) Ions in cluster (%)

¢s (mol kg™

Li PFq~ Li PFq~ Li* PFs~
0.32 24 15 43 43 33 42
0.48 15 6 43 43 12 51
0.61 16 5 31 31 53 64
0.81 13 3 23 23 64 74
1.21 8 3 18 18 74 79
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system DMC/LiPF, was studied””). The results revealed similar
CN to those observed for our SPE. Furthermore, the DMC
solvent exhibits a low dielectric constant (eyp =~ 1.44¢, and
Eexp = 3.17¢).

3.2. Dynamics and transport

Ionic diffusion. We calculated the self-diffusion coefficients
D, for the cations and anions at temperatures ranging from 7T =
700 K to 900 K. In more detail, using the Einstein relationship,
we extracted Ds from the ionic mean squared displacements
(Ar*(®)) (Fig. S4) in the long time limit (e.g. the Fickian
regime)’®7%:

2
D =g lim W )

Fig. 5(a) shows Dj for the Li" cations (circle) and the PFs~
anions (open circle) as a function of ¢s at 7= 700 K, 800 K and
900 K. As expected, increasing the temperature increases the
diffusion of ions at all concentrations c. For Li*, Dy is almost
concentration independent in the range from 7= 700 K to T =
800 K while it decreases as cg increases at T'= 900 K. In contrast,
for PF¢, D, decreases upon increasing c, at all temperatures 7.

We can extrapolate these data using an Arrhenius law to
predict the cation and anion diffusion coefficients at the
experimental temperature T = 353 K. As already explained, this
approach allows us to overcome the fact that the relaxation
time-scale near room temperature exceeds those that can be
reached using molecular dynamics. In practice, for each
concentration ¢y, we have fitted our data at high temperatures
against Arrhenius’ law (Fig. S5):

(4)

Dy(cs, T) = D (cy) exp<fEu(Cs)),

RT

where Ds™ is the diffusivity at infinite temperature - that is
where the thermal energy largely exceeds the activation energy
for diffusion E,. Here, we note that the Vogel-Tammann-
Fulcher (VTF) equation is often used to fit the transport proper-
ties of SPE because it takes into account the correlation
between the ion transport and the segmental motion of the
polymer.®*#" However, considering that our molecular simula-
tions were conducted at temperatures significantly above the
glass transition temperature, we found that Arrhenius’ law
accurately describes the physics at play for both ions as shown
in Fig. S4 and S5 of the SI.

Fig. 5(b) shows the concentration dependence of E,
for the Li" cation (red) and the PF,~ anion (black). For the Li"
cation, E, increases rather linearly with ¢, as illustrated by the
black line. However, we note that the overall increase in E, is
quite small as E, remains very close to the average value
of ~13.5 kcal mol~". In fact, taking E, as a constant would
not modify the conclusions drawn below. For the PFs~ anion,
E, increases linearly with a more pronounced variation
with ¢, from 11.3 kcal mol™' at low salt concentration to
14.1 keal mol ™" at high salt concentration. At the concentration
¢s = 1.21 mol kg™, the E, is almost equal for both ions due to
the low dissociation state for this concentration. In addition,
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the models employed for E, and Ds™ which are the parameters in Arrhenius’ law. (d) The lines show the extrapolated self-diffusion coefficients at T =
353 K as inferred from Arrhenius’ law for Li* cations (closed circles) and PFg~ anions (open circles).

we also show in the same figure our results for the SPE at
1.21 mol kg~" when the long polymer chains are replaced by
short chains. In that case, the E, is significantly lower with a
value of about ~ 9 kecal mol * for both ions. The variation in E,
is mainly due to the polymer mobility since the dissociation
state and the dielectric constant for both systems are similar.
Indeed, the fast dynamics of the short polymer chains necessa-
rily decreases the activation energy and, hence, promotes ion
diffusion and transport. Fig. 5(c) shows the prefactor Ds™ for
the Li" cation (in red) and the PF,~ anion (in black). In both
cases, D;™ increases with the salt concentration c,. Like for E,,
as a first-order approximation, we can fit In D;*°(c,) against an
exponential function with a linear argument.

With our fits for E,(cs) and Ds™(c;), we can now predict the
diffusion of the ions at any concentration ¢, and temperature T
using eqn (4). The results of this interpolation/extrapolation

Phys. Chem. Chem. Phys.

(solid and dashed lines) are found to be in reasonable agree-
ment with our molecular simulation data (symbols) in Fig. 5(a).
Using this procedure, we can extrapolate the values of Dg(cs,T)
to experimentally relevant temperature conditions as shown in
Fig. 5(d). A few observations are in order here. First, while the
diffusion of the Li" cation is faster than that of the PFs~ anion
at high temperatures, an inversion in the self-diffusivity of the
anion/cation occurs at low temperature so that the experimen-
tally observed behaviour is recovered (slower cation diffusion
near room temperature).®” This result is due to the fact that ion/
polymer correlations are less dominant at high temperatures,
so that diffusion is mostly driven by the size of the ion
(reciprocally, diffusion at low temperatures is mostly driven
by ion/ion and ion/polymer interactions and is, therefore, less
sensitive to the ion sizes). Second, while the D, for Li" is nearly
independent of cg, the Dy for PFs~ decreases significantly upon
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increasing salt concentration (from 1.5x 107" m> s at
0.32 mol kg™* to 0.2x 107" m? s™! above 1.3 mol kg ). We
note that D; at low ¢s and its decrease could be overestimated by
our linear model used to extrapolate the data at high tempera-
tures to near room temperature. However, in any case, this
behavior is in agreement with the experimental observations
for the reference PEO/LiTFSI-based SPE (e.g. ref. 82), where the
effect of molecular weight and salt concentration on the ionic
transport for the PEO/LITFSI system was investigated by means of
NMR. Overall, the data above indicate that — although our PPC/
LiPFs system behaves qualitatively in a fashion similar to the
reference PEO/LITFSI material - it presents a lower ionic mobility
in agreement with previous studies for PPC-based SPEs.*®

Ionic conductivity. In this section, we address how
ion dynamics affects ionic conductivity ¢ by varying the
temperature 7 and the salt concentration c¢;. Following
previous work,*"®> we performed out-of-equilibrium molecular
dynamics simulations under an electric field at T = 600, 650,
700, and 800 K to determine the ionic conductivity ¢. In short,
an external electric field E - with E = |E| ranging from —0.03 to
0.03 V A™" - is applied along the x direction and the resulting
ionic current in the same direction Ji,n(¢) is monitored along

View Article Online
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the dipole following the dipole P;,,(¢):

Pion(t) = lVZQionxion(I) (5)

ion

As shown in Fig. S6 and S7 of the SI, J;,, data are generally
quite accurate with very limited statistical noise. Fig. 6(a) shows
the ionic conductivities ¢ (points) obtained from the slope
0fion,«/OE as a function of concentration ¢, for different tem-
peratures T. As expected, for a given concentration ¢, ¢
increases upon increasing temperature 7. Moreover, for a given
temperature T, ¢ increases with ¢, as the density of charge
carriers increases - an effect that is enhanced upon increasing
the temperature. In order to extrapolate these data to near-
room temperature, as illustrated in Fig. S8(a) of the SI, we have
fitted these ionic conductivity data with the following
Arrhenius’ law:

(6)

oy(co T) = 0 (c) exp(—E"(cs)).

RT

In practice, both the prefactor ¢ and activation energy Ej
were determined for each concentration ¢,. We also note that
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Fig. 6 (a) lonic conductivity ¢ as a function of the salt concentration ¢ for T = 600 K, 650 K, 700 K and 800 K. (b) Activation energy E, (red) and o, (blue)

for the ionic conductivity ¢ as a function of cs. The points correspond to data while the lines are linear regressions. (c) Real (straight line) and Nernst—
Einstein (dashed line) ionic conductivities at T = 353 K as a function of ¢, predicted from high temperature data using Arrhenius’ law (see the text). (d)
lonicity A at 353 K for the SPE (black) and for liquid electrolytes of LiBF, in ethylene carbonate taken from ref. 64.
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the Arrhenius’ fits are obtained with very limited statistical
noise. Fig. 6(b) shows both the activation energies E(cs) (red
circle) and ¢* (blue circle) as a function of c¢;. Es increases
by about 1 kcal mol ! from 14.4 at ¢, = 0.32 mol kg™ ' to
15.6 kcal mol™" at ¢;= 1.21 mol kg™ . This increase indicates
stronger ion-ion interactions and cluster size as ¢ increases.
The simulated activation energies for conductivity are similar
to the value of 15.6 kcal mol ™" obtained in ref. 86 for the semi-
crystalline PEO + 10 wt% LiPFe. For ¢ ™, we also observe a linear
increase in c¢g with the number of charge carriers. Both
parameters were fitted with a linear regression function that
represents well the trend observed in the range of c
considered here.

In order to estimate the impact of ionic correlations on ionic
conductivity, we now compare the true ionic conductivity ¢ to
the Nernst-Einstein conductivity ong, which can be assessed
from the cation and anion diffusivities:*”%

ONE N.Z2D§ + N_Z2Dg). (7)

e
= VhaT'
where V is the volume of the system, N, and N_ are the numbers
of cations and anions, and Z.e and Z_e are their respective
charges. ong is considered to be the conductivity of charges that
would diffuse without any ionic correlations so that ong > o at
all concentrations ¢,. Fig. 6(c) shows ¢ (solid line) and oyg
(dashed line) as a function of ¢ as extrapolated to a tempera-
ture of T = 353 K using Arrhenius’ laws. The points represent
the direct prediction for each SPE obtained with Arrhenius’ law.
Interestingly, an ionic conductivity optimum of ~6.5 X
107" S em™" is observed for a salt concentration between
1.0 and 1.1 mol kg [see Fig. S8(b) of the SI]. Although this
conductivity maximum is in the salt concentration range
expected experimentally (see for instance ref. 64), we note here
that it is a true prediction from our molecular simulation data
obtained at high temperature. In particular, for the range of salt
concentrations under study, this optimum is not observed in
the high-temperature data so that it really corresponds to a
physical effect that only occurs at low to moderate temperatures
[e.g. the decrease of the mobility of the ionic species due to ion/
polymer and ion/ion interactions as illustrated in Fig. S8(a) of
the SI|. Furthermore, the conductivity ¢ at T = 300 K is one
order of magnitude lower with a maximum of 1.3 x
107® S em™', which is similar to the experimental value
reported for PPC-LiBOB SPE.”* For gyg at T = 353 K, we also
observe an optimum ~1.5x 10" * S ecm ™" around 0.6 mol kg™ .
Given these values, a factor of about 20 is observed between the
Nernst-Einstein and real conductivities along with a shift in the
optimum toward lower salt concentrations. Such differences
can be explained by the fact that important ion-ion interactions
in SPE (including ion pairing) are not taken into account in the
Nernst-Einstein conductivity.®® It was also demonstrated that
the gap between both conductivities is enhanced by the visc-
osity of the system.”®

Physico-chemical parameters are important to determine if
an electrolyte is a good candidate for electrochemical applica-
tions. Among such quantities, the ionicity can be defined as the
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ratio of the true versus the ideal conductivity.
o
A=—- 8
p (8)

A quantifies the degree of dynamic ion correlations in the
system. Fig. 6(d) shows A for our SPE at T = 353 K along with a
qualitative sketch illustrating the anticipated trend for liquid
carbonate electrolytes. A for the other temperatures of our SPE
are plotted in Fig. S9(b) of the SI. As expected, A decreases as
the temperature decreases at a given concentration ¢, due to the
stronger ion correlations in the SPE under near room tempera-
ture conditions. Interestingly, A4 does not decrease with cs as
commonly observed for electrolytes due to the increase in the
ion-ion correlations at large salt concentrations. For all tem-
peratures, A increases with c¢; which departs from the common
picture for electrolyte solutions.®® We note that the increase
between 0.5 and 1.21 mol kg~ for all temperatures is very small
(<0.1) (such variations are more pronounced for liquid
electrolytes®®"). A value is less than 0.1 at near-room tempera-
ture, therefore suggesting that the Nernst-Einstein relationship
is not adequate to model the SPE transport properties. Such
pronounced correlations are consistent with the structural
analysis above, which showed that ions in SPE form a signifi-
cant number of contact ion pairs and show a clear tendency to
cluster even at the lowest concentration.’” We also note that the
ionicity A is almost concentration independent in the range of
0.6-1.3 mol kg~ for temperatures above T = 700 K, while it
increases with ¢, at higher temperatures. This is due to thermal
motion at temperatures large enough such that kg7 is compar-
able to or larger than the dissociation energy (therefore leading
to more decorrelated ion transport). As a result, since the
ionicity is defined as a per ion quantity, it becomes concen-
tration independent provided that the ionic conductivity per-
tains to this decorrelated transport regime.

4. Conclusion

In this study, we investigated by means of molecular dynamics
simulations the interplay between structure and dynamics in
solid polymer electrolytes composed of polypropylene carbo-
nate with different salt concentrations c¢g of lithium hexafluor-
ophosphate. These PPC/LiPF, systems exhibit strong ion-ion
interactions (ie., ion association) as evidenced by the low
fraction of free ions and the large population of contact ion
pairs (CIPs) and larger ionic clusters. The number of free Li"
cations slightly exceeds that of PFs~ anions, leading to clusters
that become predominantly neutral or negatively charged as
their size increases. The resulting net negative charge promotes
Li" transport through migration in the opposite direction than
the one required for the electrochemical reaction. This effect is
further enhanced by the length of the polymer chain. Due to the
low dielectric nature of these materials, electrostatic interac-
tions play a dominant role, as Coulomb screening remains
inefficient. For the short chain polymer (n = 3), the simulated ¢
is ~1.4¢,, which is comparable to that obtained for long
chains. Consequently, the distribution of ions into the three
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different states - single free ion, CIP and ion cluster at
1.21 mol kg™" - is similar for both systems with variations
attributed to the conformational constraints imposed by the
extensive polymer chain length (we observed a somehow larger
number of positive clusters of small size for the short chain
SPE, Fig. S3).

To assess ionic transport at T = 353 K, where the relaxation
time scale exceeds that accessible in typical molecular
dynamics simulations, we employed a scaling based on Arrhe-
nius’ law. This method reproduces the expected behavior of
SPEs at T = 353 K, is a powerful tool and can be extended for
more complex setups (including electrolyte/electrode inter-
faces). Transport was first analysed by considering ionic self-
diffusivities. While increasing the temperature leads to ion
diffusion enhancement (especially that of Li" cation), the
interaction Li'/carbonate interaction weakens with temperature
so that it enhances the solvation/desolvation process of Li"
cations. Also, we observed that Dy becomes concentration
independent upon decreasing the temperature. The dynamics
of the cations are strongly coupled to the segmental motion of
the polymer - as evidenced by the amplitudes of the main peak
in the radial distribution functions gi;_o(7). This marked inter-
play arises from the strong polymer/cation interactions. Anions,
on the other hand, interact only weakly with the polymer
matrix, therefore exhibit higher diffusivity compared to that
of the cations at low c,. As ¢ increases, the decrease in the self-
diffusion coefficient of the PFs~ anion is attributed to ion
pairing in these low-dielectric media. This interpretation is
further supported by the amplitudes of the radial distribution
functions gp_o(r) and gp-ri(r), which confirm that the anion
interacts weakly with the polymer but quite strongly with the
counterion.

Collective ion transport was also quantified by estimating
the ionic conductivity ¢. By extrapolating our high temperature
data to T = 353 K, we found an optimum in the ionic con-
ductivity at about ¢, = 1.1 mol kg™ . This conductivity optimum
shifts to higher ¢; upon increasing T as illustrated in Fig. S9(a)
of the SI. The conductivity maximum, which is consistent with
experimental data on liquid and polymer electrolytes (e.g. ref.
64, 93, and 94), reflects a balance between high mobility and
low carrier density at low salt concentration, and high carrier
density but reduced mobility at high concentration. Increasing
the salt concentration also leads to higher viscosity, thereby
reducing ion mobility and, consequently, . Moreover, the
dissociation state of the salt decreases upon increasing cs due
to the promotion of large cluster formations which can even-
tually lead to complete structural arrest.” Finally, the ionicity A
obtained throughout this study indicates limited transport
performance of the investigated SPE. Indeed, 4 < 0.1 at T =
353 K suggests strong ion dynamical correlations and confirms
that the Nernst-Einstein relationship is not adequate to esti-
mate transport properties. Overall, we find that the LiPF4/PPC
SPE exhibits diminished transport properties compared to the
reference SPE material made up of LiTFSI/PEO. Different
strategies - like the addition of plasticizing agents in the SPE
(solvent, ionic liquid),*®>%3® the elaboration of composite solid
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polymer electrolytes,”>*>* or the use of a binary salt mixture®®
- offer promising routes toward optimized electrolyte materials.
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