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re-examined using Born—-Oppenheimer molecular dynamics (BOMD) as a function of salt concentration and cluster
calculations with ethylene carbonate:dimethyl carbonate (EC:DMC)-LiPFs as a model system. A coordination preference for

EC over DMC to a Li* was found at low salt concentrations, while a slightly higher preference for DMC over EC was found at

high salt concentrations. Analysis of the relative binding energies of the (EC),(DMC)-Li* and (EC),(DMC)-LiPFg solvates in

the gas-phase and for an implicit solvent (as a function of the solvent dielectric constant) indicated that the DMC-

containing Li* solvates were stabilized relative to (EC,)-Li* and (EC)s-LiPFs by immersing them in the implicit solvent. Such

stabilization was more pronounced in the implicit solvents with a high dielectric constant. Results from previous Raman

and IR experiments were reanalyzed and reconciled by correcting them for changes of the Raman activities, IR intensities

and band shifts for the solvents which occur upon Li* coordination. After these correction factors were applied to the

results of BOMD simulations, the composition of the Li* solvation shell from the BOMD simulations was found to agree

well with the solvation numbers extracted from Raman experiments. Finally, the mechanism of the Li* diffusion in the

dilute (EC:DMC)LiPFs mixed solvent electrolyte was studied using the BOMD simulations.

Introduction

Further progress in improving electrolytes for lithium batteries
could be facilitated by an improved understanding of
electrolyte chemistry and electrochemical-structural-transport
properties. Conventional lithium battery electrolytes are often
comprised of a mixture of linear and cyclic carbonate solvents
doped with the LiPFg salt. Cyclic carbonates such as ethylene
carbonate (EC) usually result in high salt dissociation and form
a stable solid electrolyte interphase (SEI) on the surface of
commonly employed graphite anodes after decomposition as a
result of reduction reactions. > Linear carbonates such as
dimethyl carbonate (DMC) or ethyl methyl carbonate (EMC)
typically possess a low viscosity, but also do not dissociate
lithium salts as well as cyclic carbonates. Thus, linear
carbonates are often added to the cyclic carbonates in order to
improve ion transport, especially at low temperature. When
solvent molecules are coordinated to lithium cations (Li*), they
are strongly polarized resulting in a higher propensity to
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accept an electron and undergo a reduction reaction, as
compared to solvents that are uncoordinated to one or more
Li* cations. Therefore, when an SEI forms as the electrode
potential is gradually lowered during the first formation cycle,
solvents with a higher reduction potential and solvents bound
to a Li* tend to undergo reduction first and, thus, preferentially
determine the SEl's composition and properties.

In 2007 Xu et al. suggested that the eventual interphasial
chemistry on graphitic anodes is dictated by the solvation shell
composition of the Li" in typical nonaqueous electrolytes,
bringing attention to the importance of understanding the Li*
solvation shell dynamics.g’ * For example, a slight preference
for PC over EC to be in the first coordination shell despite a
similarity in their reduction potential resulted in a slight
preferential reduction of PC in EC:PC(1:1)-LiPFg electrolytes.s
Moreover, the structure of the Li* solvation shell was
suggested to be intimately connected with the cation
desolvation process at the SEl-electrolyte interface, affecting
interfacial resistance for the graphite-electrolyte, LisTisOq,-
electrolyte and ceramic-electrolyte (with Lig3slagssTiOs (LLT)
and Li,TisO,, (LTO)) interfaces.” *** Interestingly, molecular
dynamics (MD) simulations that the relative
populations of EC and DMC in the Li* solvation shell were
found to be dependent on the desolvation stage of the Li* with
a preference for DMC to be desolvated first, while EC
desolvated at the later stages.14 The close proximity of
negatively or positively charged graphite also influenced the Li*
first solvation shell composition.16

A strong preference for EC over DMC or EMC to coordinate
Li* in the gas-phase has been reported from quantum

showed
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chemistry (QC) calculations””™® and electro-spray ionization

(ESI) mass spectroscopy.zo’ % Such a preference was attributed
to the difference in the dielectric constants (90 for EC vs. 3 for
DMC).22 A strong preference for EC over DMC to directly
coordinate a Li* was also inferred from NMR experiments,
while the DMC solvent's contribution to the Li* solvation shell
was determined to be non—negligible.zg' % Such a preference
was consistent with EC-reduction compounds dominating the
SEl on graphite.23' % While interpreting NMR data, however,
one has to keep in mind that the chemical shift of a related
linear carbonate (EMC or ethyl methyl carbonate) in EMC/MP
(methyl propionate) mixtures was very small despite EMC
being concluded to participate in the Li* solvation, thus leaving
a possibility that the chemical shift of EMC and DMC is not
very sensitive to the Li* coordination as suggested in a previous
publication.17

Raman?®® and infrared®® (IR) spectroscopy studies indicated
a somewhat quantitatively different picture of the Li* solvation
shell composition from NMR measurements. Specifically, a
substantial contribution from both EC or PC and DMC to the Li*
solvation shell was found in Raman and IR experiments.ls' %
Moreover, at high LiPFg salt concentration interpretation of IR
spectra indicated that PC and DMC contributed equally to the
Li* solvation shell.*® Beguilingly, analysis of Raman data’®
indicated a noticeably larger preference for EC vs. DMC than
the interpretation of IR experiments raising questions
regarding the accuracy of both techniques and the source of
discrepancy.18

The goal of this contribution is to provide additional
evidence from QC and ab initio MD simulations to the picture
of the Li* solvation for the mixed solvent EC:DMC(1:1 mol
ratio)-LiPFg technologically important electrolytes. In our
study, we build upon a large number of experimental,3’ 22, 27-45
Qc**® and simulation®” **® studies of Li* solvation. While
most of the previous QC studies focused on obtaining an
understanding of the relative stability of (EC),(DMC),,-Li" and
(EC),(DMC),-LiPF¢ clusters in the gas-phase, this study instead
focuses on the solvation effects by immersing these clusters in
an implicit solvent and performing ab initio MD simulations of
liguid EC:DMC-LiPFg  electrolytes with  various salt
concentrations that explicitly treat both the solvent and salt.
Changes in the Raman activities and IR intensities have also
been examined in order to gain insight into the reasons behind
the different solvation numbers obtained by these techniques.

Simulations methodologies

A. Li*-solvent cluster studies
Binding energies of the (EC),(DMC),-Li* and (EC),(DMC),,-LiPF¢
clusters were calculated using the Gaussian g09 package.66
Integral=ultrafine was used in calculations using the MO06-L
functional and for the Raman activity calculations using all
functionals. Default convergence criteria were used in all of
the geometry optimizations.

The binding energies of the EC-Li" and DMC-Li" complexes
from selected DFT functionals are compared in Table 1 with
the predictions from the more reliable (but also more

2 | Phys. Chem. Chem. Phys, 2015, 00, 1-3

computationally  expensive) composite G4 method,
intermediate GAMP2 method and second order Mgller—Plesset
perturbation theory (MP2) calculations for the solvent-Li*
geometries shown in Fig. 1. Two DMC cis-cis and cis-trans
conformers were examined, denoted in Fig. 1 as DMCcc and
DMCct, respectively. Binding energies for all of the DMC-
containing complexes were calculated relative to the DMCcc
conformer, which is 3.08 kcal mol™ lower in energy than the
DMCct conformer from the G4 level of theory.

ae b e C o d

EC-Li* DMCcc-Li* DMCct-Li* DMCcc(b)-Li*

Fig. 1. Optimized geometries of EC-Li* and DMC-Li* complexes at MP2/Tz level. Element
colours: H - white, Li - purple, C - grey, O - red.

Table 1. The EC-Li* and DMC-Li* binding energy (in kcal/mol) from quantum chemistry
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calculations.

EC-Li* DMC,-Li* DMCq-Li* DMC,- Li*

Method (0=...Li) (0=...Li) (b,EO...Li)
G4 -48.1 -41.9 -45.7 -39.8
G4MP2 -47.5 -41.2 -45.0 -39.0
MP2/TZ° -47.8 -41.3 -45.3 -39.6
MP2/6-31+G(d,p) -47.7 -40.8 -45.8 -41.5
PBE/6-31+G(d,p) -48.6 -42.6 -46.9 -40.1
PBE/TZ" -50.0 -44.5 -48.0 -40.5
MO06L/6-31+G(d,p) -47.3 -40.8 -45.1 -37.4
MO6-L/TZ2° -48.6 -42.8 -46.3 -38.3
B3LYP/6-31+G(d,p) -50.7 -44.2 -48.6 -41.4
B3LYP/TZ -52.0 -46.0 -49.6 -41.8

MO05-2X/

6-31+G(d,p) -50.8 -43.6 -48.3 -41.6

Tz denotes aug-cc-pvTz basis set

Amongst the several DFT functionals investigated, MO06-L
with larger augmented correlation consistent triple theta aug-
cc-pvTz basis set (denoted as Tz) and Perdew—Burke—Ernzerhof
(PBE) with 6-31+G(d,p) smaller basis set showed the best
agreement with the G4 results which are considered to be the
most reliable. MO06-L/6-31+G(d,p) calculations slightly
underestimated the (EC)-Li" and (DMC)-Li" binding energies,
while hybrid functionals such as B3LYP and MO05-2X predicted
binding energies systematically higher than G4, G4AMP2 and
MP2. Based upon the results from Table 1, a relatively
computationally inexpensive PBE/6-31+G(d,p) functional/basis
set combination was chosen for further studies of the relative
stability of the Li* coordinated by four solvent molecules and
LiPFg coordinated by three solvent molecules with and without
a polarized continuum surrounding the solvate clusters. Select
calculations were also performed using MP2/6-31+G(d,p) and
MO05-2X/6-31+G(d,p) because dispersion interactions between
the solvent molecules are often adequately represented by
these methods, while the PBE functional often does not

This journal is © The Royal Society of Chemistry 20xx
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adequately describe dispersion interactions. The influence of
dispersion interactions on the stability of selected (solvent),-Li*
clusters was further investigated by including empirical
dispersion parameters via the D2 and D3 versions of Grimme’s
dispersion damping function.®’

B. BOMD simulations of liquid electrolytes

In a set of separate simulations using the Vienna ab initio
Simulation Package (VASP), Born Oppenheimer molecular
dynamics (BOMD) simulations of fixed density, via the NVT
ensemble, were run to gain insight into the solvation structure
of a Li* cation in the EC:DMC mixture. We performed BOMD
simulations of bulk EC:DMC mixtures with LiPFg using VASP.
The PBE-GGA exchange-correlation functional was used with
PAWs following the methodology of a previous study of single
solvent electrolytes.68 Simulations were performed at a
temperature of 400 K for 26 molecules of EC:DMC
corresponding to a density of 1.24 g ml'l, close to the
experimental density (~1.3 g ml'l). A single dissociated LiPFg
was used within the solvent mixture. BOMD simulations were
carried out for 35 ps, starting from five different types of Li*
cation coordination configurations, i.e., (EC)4.,)(DMC), for n =
0-4. A single k-point (the gamma point) and a plane-wave
cutoff of 300 eV were used. A Nose-thermostat was used for
the NVT simulation. A histogram of PBE-DFT total energies was
constructed from 15,000 snapshots of a 15 ns long trajectory
generated using the APPLE&P force-field”” at 400 K for an
EC:DMC(1:1) mixture with a single Li+ cation in solution. Local
Li* cation coordination shell structures were identified by
counting the closest four solvent molecules to the Li+ cation in
the solvent mixture. The partial radial distribution function
was computed using standard definitions, smoothed with a
normalized Gaussian of 0.05 A width.

BOMD simulations were also performed for EC:DMC(1:1)-
LiPFg electrolytes using CP2K/QUICKSTEP program at two
additional salt concentrations: low salt concentration (LC)
(EC)15(DMC)45-(LiPFg)s with molality m=1.12 and high salt
concentration (HC) (EC);5(DMC)46-(LiPFg)g m=3.16 at 393 K.
BOMD simulations were performed using a hybrid Gaussian
and Plane Wave (GPW) density functional scheme. It has a dual
representation combining a basis of atom centred Gaussian
orbitals to describe the system wavefunction and an auxiliary
plane wave basis set to describe the electronic density.

Initial electrolyte configurations for the BOMD simulations
were taken from MD simulations using the APPLE&P
polarizable force field."” Both LC and HC salt concentrations
were simulated using the PBE functional in the isobaric-
isothermal ensemble (NPT) at 1 bar with periodic boundary
conditions applied to all three dimensions. We employed a
500 Ry density grid for all NPT simulations. The Nose-Hoover
thermostat was applied to all degrees of freedom using a time
constant of 1 ps in conjunction with a barostat time constant
of 1 ps. The nuclear equations of motion have been integrated
using Tuckerman approach based on the Martyna-Tobias-Klein
(MTK) algorithm69 with a 1.0 fs time step and hydrogen
masses.

This journal is © The Royal Society of Chemistry 20xx

A total of 20 picoseconds (ps) of NPT simulation time was
obtained for the LC system and 38 ps for the HC mixture. Since
the energy (energy vs. time) exhibited changes over the first 4
ps of the NPT simulation run, the first 4 ps of the simulation
trajectory were discarded with the remaining trajectory used
for analysis unless otherwise noted. The differences between
the radial distribution functions (RDFs) from the first and
second parts of MD trajectories are shown in Sl. In order to
examine the influence of adding an empirical dispersion (D3
without Cy term) to the PBE functional on the Li* solvation
shell composition, a separate set of BOMD simulations were
performed for LC electrolyte in the NVT ensemble for 27 ps
using the electrolyte density obtained from classical MD
simulations using the APPLE&P polarizable force field.
Additional details of BOMD simulations are given in SI.

Results and discussion

A. Quantum chemistry studies of clusters

A comparison of the EC-Li" and DMC-Li* binding energies from
the DFT calculations with the most computationally expensive
and most reliable (among the methods used in this work) G4
calculations is shown in Table 1. This indicates that commonly
used hybrid density functionals such as B3LYP or M05-2X tend
to overestimate the solvent-Li* binding energies, especially if a
large aug-cc-pvTz (denoted as Tz) basis set is used. Previous
studies of binding energies for the LiFSI, LiTFSI and LiBF, salts
using B3LYP in conjunction with a smaller 6-31+G(d,p) basis set
also reported better agreement with complete basis set
extrapolated MP2 results than for predictions from B3LYP
using a larger basis set aug—t:c—vaz.70 The best agreement
observed in this study is between the G4 and the MP2 or M06-
L predictions using a large basis set aug-cc-pvTz in accord with
conclusions from previous studies of solvent-Li* and anion-Li*
binding energies.17' 7071 1t is also im portant that the solvent-Li*
binding energies are adequately predicted using the PBE
functional, as this functional was chosen in this study for the
examination of the relative stability of the Li* solvates, as well
as in the BOMD simulations of the liquid electrolytes.

An examination of the EC-Li* and DMC-Li* binding energies
shows that the DMCct-Li* complex with DMC having the cis-
trans conformation is the most stable amongst the DMC-Li"
complexes, i.e., it only has a 2.4 kcal mol™ lower binding
energy than the EC-Li* complex from the G4 calculations. The
DMCcc-Li* complex is much less stable than the DMCct-Li*
complex due to a much smaller dipole moment of the former.
Interestingly, the Li* binding to both of the noncarbonyl ether-
like oxygens denoted as EO of DMCcc (denoted as DMCcc(b)-
Li* in Fig. 1d) is only 2.2 kcal mol™ less stable than the DMCcc-
Li* complex where the Li" is bound to the carbonyl oxygen.

The total binding energy of the (EC),(DMC),-Li* (n + m = 4)
complexes relative to EC,-Li* is shown in Fig. 2. A comparison
of the solvates with EC vs. DMC indicates that in the four
solvent-coordinated clusters, substitution of EC with DMCcc
has an energetic penalty less than 5 kcal mol™ per solvent
molecule with the penalty being substantially less for a few
complexes such as (EC);(DMCcc)-Li* and (EC),(DMCcc),-Li*.

J. Name., 2013, 00, 1-3 | 3
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This indicates that the EC and DMC interactions with the
neighbouring molecules in the four solvent-coordinated Li*
complexes stabilize the (EC);(DMCcc)-Li* binding vs. (EC),-Li"
largely due to a smaller dipole-dipole repulsion between the
relatively non-polar DMCcc with EC vs. the highly polar EC with
EC. Despite the higher binding energy of DMCct-Li" as
compared to DMCcc-Li*, the (EC),(DMC),-Li* (n + m =4, n = 1-
3), complexes with DMCcc tend to be more stable than the
analogous complexes with DMCct. Again, we attribute this to a
smaller dipole-dipole repulsion between the relatively non-
polar DMCcc vs. the highly polar DMCct conformer with EC
solvent molecules in the first solvation shell of the Li".

A further examination of the binding energies shown in Fig. 2
obtained from different calculations indicates that the M05-2X
results predict a larger stabilization of the DMCcc containing
complexes relative to the MP2 and PBE predictions. Based
upon the better agreement between the PBE and MP2
calculations with the G4 results for EC-Li" and DMC-Li* (Table
1), we have a higher confidence in the PBE and MP2 results (as
compared to MO05-2X) for the relative cluster stabilities. A
comparison of the relative binding energies with basis set
superposition correction (BSSE) and without it indicates that
inclusion of the BSSE correction has a minor effect on the
relative binding energies and results in slightly more positive
binding energies relative to (EC),-Li".

N
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Fig.2. Total binding energy of (EC),DMC),Li" (n+m=4) complexes relative to the total
binding energy of (EC),Li" in gas-phase. Unless BSSE correlation is specified, binding
energies were not corrected for BSSE. Only solvents surrounding Li* are specified in the

figure.

Next, the influence of solvent from the Li* second solvation
shell (and beyond) on the relative stability of the solvates was
investigated by utilizing the implicit solvent model SMD as
implemented in the g09 package. The relative cluster binding
energies in the gas-phase and when immersed in implicit
solvent are shown in Fig. 3. A dielectric constant of € = 20 was
chosen for this investigation, as it is representative of the

4 | Phys. Chem. Chem. Phys, 2015, 00, 1-3

environment in common mixed carbonate electrolytes.
Inclusion of the implicit solvent beyond the cation's first
solvation shell significantly changes the relative solvate binding
energies, thus stabilizing the DMC-containing solvates vs.
(EC),-Li™. In particular, the (EC),(DMCcc),-Li* and
(EC)3(DMCcc),-Li* solvates become as stable or even slightly
more stable (for AG) than the (EC),-Li* solvate as a result of
immersing the solvates in the implicit solvent. Interestingly,
the (EC)o(DMC)n-Li* (n + m = 4) solvates containing a DMCcc
conformer tend to have a lower or similar relative total binding
energy as compared to the solvates containing a DMCct
conformer. This trend is the opposite of what was observed for
the binding energy of the gas-phase DMCct-Li* and DMCcc-Li*
complexes (Table 1), indicating that the DMCcc and DMCct
interactions with the other solvents in the first solvation shell
and beyond are important for determining cluster relative
stability. This is unfortunate from the prospective of high
throughput prediction of the Li* solvate compositions because
it indicates that the binding energies between the Li* and one
solvent in the gas-phase are likely to be unreliable predictors
of the populations of this solvent in the Li* first solvation shell
in bulk electrolytes. Due to a very low population of the DMCct
conformer in liquid DMC® without a lithium salt (a few
percent), the fraction of DMCct vs. DMCcc in the first Li*
solvation shell is expected to be higher when compared to the
pure DMC liquid (without salt), in agreement with conclusions

from the Raman study of DMC-LiAsFg electrolytes'lg’ 72
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Fig.3 The relative cluster binding energies from PBE/6-31+G(d,p) calculations with
SMD(e=20) and in gas-phase (g=1) for (EC),(DMC)n-Li*, n+m=4. AE and AG refer to
relative energies and free energies, respectively.

An estimate of the population of EC and DMC in the Li*
solvation shell at room temperature by weighting the Li"
solvates shown in Fig. 3 by Boltzmann factors yielded a ration

This journal is © The Royal Society of Chemistry 20xx
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of 1.9 to 1 for EC to DMC. Inclusion of empirical dispersion via
the Grimme D2 and D3 method®” 7 resulted in a slight
stabilization of most of the (EC),(DMC)-Li" solvates relative to
(EC),-Li*, as shown in Fig. S4 and Table S1 in the SI. The
(EC),(DMC),-Li* solvates with the higher DMC fraction tend to
be stabilized more than solvates with 1 or 2 DMC.
Interestingly, application of the D3 empirical dispersion that
considers triplets of atoms to account for three-body effects
tend to result in the larger stabilization of (EC),(DMC)p-Li"
solvates relative to (EC),-Li" than application of the D2
empirical dispersion that considered only pairs of atoms. Thus,
one would expect that its inclusion in the explicit solvent
simulations would lead to higher population of DMC vs. EC in
the Li* first solvation shell.

A careful examination of Fig. 3 indicates that while solvates
with a Li* bound to EO (non-carbonyl oxygens), denoted as
DMCcc(b) in Fig. 3, tend to be higher in energy than the
corresponding solvates with a Li* bound to a carbonyl oxygen,
the energy difference tends to be around 2-4 kcal mol™, as
summarized in Table 2. Inclusion of SMD implicit solvent
around the clusters also tends to decrease the energy
difference between the solvates with a Li* coordinated by a
DMC via EO as compared to the solvates where a Li* is
coordinated by a DMCcc via the carbonyl oxygen, thereby
increasing the population of the former in the condensed
phase. If one assumes an average energy difference between
EO and carbonyl oxygen binding to be around 2 kcal mol'l,
populations of DMCcc(b, EO...Li*) bound to a Li"* would be on
the order of 4% of the total complexed DMCcc solvent
molecules.

Table 2. The energy difference (in kcal/mol) of the rotation of one of DMCcc in the Li*
solvates to change Li+ coordination from carbonyl oxygen to ether oxygens near
carbonyl carbon: DMCcc(EO...Li*) vs. DMCcc(O=...Li).

Initial cluster g=1 £=20
AE AG AE AG
E(EC)s(DMCcc)-Li* 3.5 5.0 2.5 2.7
(EC),(DMCcc),-Li* 3.4 4.3 3.2 2.1
(EC)(DMCcc),(DMCct)-Li* 3.8 3.6 3.1 0.6
(EC)(DMCcc)s-Li* 3.6 4.9 3.9 2.5

The influence of the magnitude of the dielectric constant of
the implicit solvent surrounding the solvates was also
investigated (Fig. 4) in order to understand how solvate
stabilization changes as the relative amounts of the cyclic and
linear carbonate solvents vary in the system. Solvate geometry
optimized at €=20 was used for the single point energy
calculations for SMD models with € = 3.0473 (DiButylEther), € =
8.1781 (TriButylPhosphate) and € = 78 (water) using default
g09 parameters. An increase of the dielectric constant
stabilizes all solvates relative to (EC),-Li* resulting in an
increase in the DMC population in the solvates with increasing
dielectric constant relative to what would be expected from a
random contribution that is proportional to solvent
composition. This effect largely saturates for € > 20. While all

This journal is © The Royal Society of Chemistry 20xx
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of the curves monotonically decay with increasing € in Fig. 4, a
larger decay was observed for the solvates containing DMCcc
than for the solvates containing DMCct.

Due to significant ion pairing in the mixed solvent
electrolytes, especially those with a high DMC content, it is
important to also examine how the presence of the PFg anion
near a Li" influences the relative stability of the (EC),(DMC),-
LiPF¢ solvates. Fig. 5 compares the relative binding free
energies of solvates with and without a PFg boundto aLi" asa
function of EC mole fraction (xgc). Only solvates containing the
DMCcc conformer were examined as they tend to have a lower
energy, with the exception of (DMC),-Li*. For the contact ion
pair solvates, the (EC),(DMCcc)-LiPFg complex appears to be
the most energetically stable at x;c = 0.66, followed by (EC);-
LiPF¢ and (EC)(DMCcc),-LiPFg. energy
differences between these three solvates relative to the

Due to the small

thermal energy at room temperature (kgT ~ 0.6 kcal mol'l), all
of these are expected to have significant populations present
within an electrolyte. Overall, the (EC),(DMCcc),,-LiPFg solvates
have similar or slightly lower relative energies vs. (EC);-LiPFg
for similar xgc values, when compared to the relative stabilities
of (EC),(DMCcc),-Li* vs. (EC),-Li*, indicating that a similar or
even a slightly higher fraction of DMC vs. EC is to be expected

for electrolytes in the regime where ion pairing is significant.
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Fig. 4. Relative energy vs. (EC),-Li* cluster as a function of the dielectric constant of the
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Fig. 5. Free energies (AG) relative to the (EC),-Li* cluster and (EC);LiPFg from PBE/6-
31+G(d,p), SMD(g=20) calculations .

B. Analysis of solvate vibrational bands

The following considerations were undertaken in an effort to
reconcile the apparent discrepancies in the relative
populations of EC and DMC in the Li* first solvation shell in
EC:DMC(1:1 vol:vol) doped with the LiPFg salt as determined
by infrared (IR) and Raman spectroscopic studies.’®%®
Specifically, the previous analysis of the EC and DMC Raman
vibrational bands near 900 and 920 cm™ for the uncoordinated
solvent and solvent coordinated to a Li" resulted in the
conclusion that there is a rather strong preference for EC vs.
DMC coordination, i.e., for a 1M LiPFg salt concentration, 3 EC
and 1.1 DMC were reported to coordinate a Li* on average. In
contrast, the analysis of IR vibrational bands for the C=0
stretch mode in PC:DMC (1:1 vol:vol) doped with LiPFg
indicated a much more similar contribution from PC and DMC
to the Li" solvation shell. As PC prefers to coordinate Li* to a
similar extent™® or even to a slightly greater extent’ than EC,
the IR results do not quantitatively agree with the analysis of
the Raman data.

An analysis of the vibrational band changes due to solvent-
Li* coordination in the gas-phase was shown to significantly
exaggerate the shifts of the vibrational bands.” Increasing the
representative cluster size®® or immersing the cluster in an
implicit solvent’® in order to better mimic condensed phase
effects resulted in an improved prediction of vibrational
spectra changes. Changes in the EC and DMC bands around
900 and 1800 cm™ upon Li* coordination are given in SI and
Table 3 for a single solvent molecule bound to a Li*, as well as
for the Li* coordinated by four solvent molecules surrounded
by implicit solvent. The data for the (EC),(DMC)m-Li" (n + m = 4)
clusters were averaged over 11 low energy clusters from Fig. 3,
with inclusion of four clusters with (DMCcc(b))-Li* where the
Li* is coordinating by EO. Reported frequencies were scaled
uniformly by a factor of 1.02 from DFT results, which is very
close to the commonly used values for PBE functional of 1.025-
1.028.”° The shift upon coordination of the EC Raman active
band at 894 cm™ for both EC-Li* and (EC),(DMC)-Li* is quite
similar, 11 cm"l, and is in excellent agreement with
experiments for EC:DMC-LiPFg elet:trolyte26 and EC doped with
numerous other salts.”* All of the DMC band shifts due to Li*
coordination, however, were significantly larger for the DMC-
Li* complexes as compared to the four solvent-coordinated
clusters, indicating that solvent-solvent interactions within the
cluster influences the vibrational band positions. Similarly,
changes in the Raman activity and IR intensity were also
different for the single solvent and the four solvent-
coordinated solvates. Nevertheless, the trend indicating that
the Raman activity of EC increases by ~20% relative to that for
DMCcc upon Li* coordination is consistent for both the
(solvent)-Li* and (solvent),-Li* complexes.

6 | Phys. Chem. Chem. Phys, 2015, 00, 1-3

Table 3. Frequencies scaled by 1.02 of EC and DMC without Li* (v,), frequency shifts
(Av) upon Li* complexation in (EC),(DMC)nLi* for n+m=1 and 4 clusters and ration of
Raman activity (a“/ao) and IR intensity (/o) of the complexed and uncomplexed
molecules from PBE-6-31+G(d,p), SMD(g=20) calculations.
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EC-Li" and DMC-Li*

Raman IR
Vo Av EVEN Vo Av 1/1o
EC 894 11 1.01 1818 -49 1.16
DMCcc (O=...Li) 918 29 0.81 1760 -44 1.21
DMCcc(b)(EO...Li) 20 084 78 113
DMCct 860 -10 0.85 1766 -49 1.03

(EC)n(DMC),Li* for n+m=4

Raman IR
Vo Av a‘/ao Vo Av 110
EC 894 11 1.18 1818 -28 1.04
DMCcc (O=...Li) 918 14 1.01 1760 -26 1.37
DMCcc(b)(EO...Li) 4 101 27 094
DMCct 860 15 1.19 1766 -27 1.42

The shifts of the EC, DMCct and DMCcc bands upon Li*
coordination via the carbonyl oxygen from the analysis of the
(solvent),-Li" solvates were found to be in excellent agreement
with results from Infrared (IR)18 and Raman®® % spectroscopy
studies, indicating that inclusion of the complete first solvation
shell
accurate model for the analysis of vibrational frequency shifts.
Interestingly, the (DMCct)-Li* Raman band is located at lower
frequencies and close to uncomplexed EC, whereas the
coordinated and uncoordinated DMCcc bands have higher
frequencies than the EC. Therefore, the
coordinated DMCct conformers were not taken into account in
the previous analysis of the Raman spectra of the EC:DMC-
LiPFg mixed electrolytes,26 indicating that the experimentally

surrounded by implicit solvent vyields a sufficiently

coordinated

reported DMC-Li* coordination number is due only to the
DMCcc contribution and additional errors may contribute to
the EC-Li* coordination number. Analysis of the changes in the
EC Raman activity ratio upon Li* coordination indicates that it
increases by 17% relative to the increase of the Raman activity
for the coordinated DMCcc, indicating that the EC coordination
numbers extracted from the Raman measurements using this
vibrational band need to scaled by 17% in order to obtain the
correct ratio of EC to DMC in the Li* first solvation shell. Even
scaling the data by 17%, however, will not account for DMCct-
Li* coordination and solvates where DMCcc is bound to the Li*
via EO because the later coordination has a band situated
essentially under the dominant uncomplexed DMCcc band.

A similar analysis of the IR active C=0 vibrational band
indicated that DMCct and DMCcc conformers bound to the Li*
via the carbonyl oxygen have very similar shifts due to Li*
coordination, thus the IR analysis included both DMCcc and
DMCct in the number of DMC coordinating the Li* cations with
the exception of DMCcc bound to a Li* via EO. The latter
complex has a positive (blue) shift due to Li* coordination
unlike the negative (red) shift observed for the DMCcc bound
to a Li* via the carbonyl oxygen. In fact, the experimentally
observed IR spectrum shown in Fig. 1c in Seo et al.*® for DMC-

This journal is © The Royal Society of Chemistry 20xx



LiPFg electrolytes clearly showed a peak increasing with
increasing salt concentration (up to 1.2-1.8M of LiPFg) that is in
the location of the peak due to DMCcc(b, EO...LiI")-Li"
coordination. A further increase in the salt concentration,
however, resulted in the disappearance of this peak. This is
expected as, at high salt concentration, most of the DMC
molecules will be coordinated to Li* via all of the available
binding cites and DMC bound to Li* via EO are much more
likely to be also be bound to another neighboring Li* via the
carbonyl oxygen similar to the coordination shown in Fig. 6 in
which the DMC simultaneously binds to two Li* cations via EO
and carbonyl oxygens in highly concentrated DMC/lithium
difluoro(oxalato)borate  (LiDFOB) electrolytes.76 Similar
coordination was also observed in the (DMC),,,:LiBF, solvate
indicating that it might be a common feature of the highly
concentrated DMC-based electrolytes.77

Analysis of the IR scattering intensities indicated that the
DMC scattering intensity increases more than the EC intensity
upon coordination. This fact, together with the opposite trend
for the Raman intensities for the bands around 900 cm™ and
the observation that the previous Raman analysis did not
include the coordinated DMCct contribution to the solvation
number—while the IR analysis did, provides an explanation for
the discrepancies noted between the EC to DMC contributions
to the cation coordination extracted from the Raman and IR
experiments.

Fig. 6. Crystal structure of the (DMC);.,:LiDFOB solvate showing disordered orientation
of DMC binding to Li* via carbonyl oxygen and EO. Ellipsoids are at the 50% probability
level and hydrogen atoms were drawn with arbitrary radii for clarity. Element colours:
H - white, Li - purple, B - peach, C - grey, O - red, F - green.

C. Li* solvation at infinite dilution from BOMD simulations
The energy histograms for the most probable Li* solvates in
EC:DMC-LiPF¢ electrolytes are shown in Fig. 7. The energies
were computed at the PBE-DFT level for geometries generated
using the APPLE&P force field.”” The histograms are strongly
overlapping for all of the different configurations, especially
for those with 1-3 EC molecules in the first solvation shell. The
total energy histograms are proportional to the energy
density-of-states (~2(E)). Because one can relate the entropy
difference between two different types of solvation shell
configurations to the ratio of these hjstogkams:
S1 — S,~ Log CM%%)

: : E) .
strongly overlapping histograms u%ges that the different
configurations have very similar entropy at the simulation
temperature. But configurations with lower energy tails in the
energy histogram exhibit a larger residence time because they
are energetically favorable:

F(T)~ — kgTLog Q(E) + E
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From Fig. 7, for the EC:DMC mixture, configurations with high
density of states at lower energies are those with (EC)3(DMC)-
Li* indicating that this is expected to be the most stable solvate
at low temperatures. At higher temperatures, the (EC),(DMC),-
Li* and (EC),-Li* solvates are expected to be significantly
populated.

EC~ EC T

1 1
-T706 -1704 -1702 -1700
PBE-DFT Total Energy (¢V)

)
—‘]"l() -1708

Fig. 7. PBE-DFT computed energy histograms for configurations with different Li-ion
solvation shell structure generated using polarizable force-field based MD at 400K.

We also performed BOMD simulations starting with the Li*
in different types of solvation shell structures. As expected
from the histogram analysis and classical simulations, the
solvation shell was highly dynamic and varied over time. For a
particular simulation where the Li' solvation shell was
dominated by the (EC);(DMC)-Li" or (EC),(DMC),-Li* solvates,
multiple conversions between these two solvates were
observed during the MD simulation run. A Li* diffusion
coefficient was extracted from a 35 ps long NVT simulation at
400 K and the mean squared displacement (MSD) shown in the
SI. The almost linear behavior of the MSD suggests that the Li*
is in a diffusive state throughout the run time and did not
recombine with the PFs counter anion in solution. The
diffusion coefficient was calculated to be 30.0E-10 m” s™ at
400 K, which is slightly higher than the extrapolated value of
the Li* diffusion coefficient (9.4E-10 m? s'l) for an EC:DMC(1:1
vol:vol) 1M LiPFg electrolyte extracted from NMR
measurements.”® The average Li*-carbonyl oxygen radial
distribution function showed a first peak at 1.92 A in accord
with CP2K BOMD simulations for other concentrations as
discussed below and in common with previous BOMD results
for EC-LiPFg electrolytes.ss' ”® Those BOMD simulations starting
from the less favorable (EC)(DMC)s-Li* configuration for the Li*
solvation shell which resulted in the Li* recombining with PFg
to form a solvated LiPFg contact ion pair, which remained
stable for most of the simulation run. This suggests that the
first solvation shell structure is important for screening the Li"
from the counter anion and any recombination would be more
likely to be followed by an initial dynamical change to the first
solvation shell structure with an increased DMC composition
that would reduce the local dielectric constant, thereby
reducing the electrostatic screening. It also suggests that
contact ion pairs may have a higher number of coordinated
DMC molecules than for fully solvated Li* cations.

For the BOMD simulations that started with (EC),-Li*, the
solvation shell quickly rearranged to form the more stable
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(EC),(DMC),-Li* and (EC)3(DMC)-Li* dynamically over the
remaining part of the trajectory. The MSD from all of these
independent BOMD simulation runs that did not show the
formation of LiPFg contact ion pairs are very similar, suggesting
that the MD runs are sufficiently long for the near-Li* structure
of the electrolyte to fully equilibrate in this infinite dilution
limit. These simulations also suggest that the overall Li*
diffusion in this mixture is dominated by (EC);(DMC)-Li" and
(EC),(DMC),-Li" solvates.

An inspection of the Li* motion shown in Fig. 8a suggests
that while the Li* motion was Gaussian-like in pure solvents
such as EC, in solvent mixtures there are intermittent flights of
long diffusive jumps from one solvation cage to the other
between such Gaussian rattling motions. The jumps are
accompanied most times by a change in the solvation shell
composition. As such, in solvent mixtures there are two types
of motion that dominate Li* diffusion: (1) a carrier-based
diffusion (i.e., Li" trapped in a solvation shell) and (2) a jump
diffusion (i.e., jumping from one solvation shell configuration
to another).sl' 8 Such a two-component diffusion could be
expected to lead to faster diffusion compared to a purely
carrier-based diffusion as was previously observed in pure
solvents such as EC.®*

more
pronounced |
tailin

mixtures

1 PSS

0 001 02 003 004
Li displacmentin 3t =155 (4)

Fig. 8. The overlapped trajectories of Li-ion from our 35ps long EC:DMC/LiPFg
simulation with those in EC/LiPFg, e
8t =1fs time interval. A heavy tail in this distribution is seen for mixtures,

and the distribution of Li displacement in a

corresponding to the long intermittent flights (b).

To identify the distribution associated with the diffusion
process, we looked at the distribution of displacements by the
Li" in a fixed time interval &t. The distribution is compared
between the pure EC and the EC:DMC mixture for an interval
of 6t =1 fs in Fig. 8b. It shows a heavy tail in the case of the
mixtures, not seen in the pure EC simulation. A similar
distribution is seen for any choice of 6t (not shown). This is
suggestive of a Lévy flight motion.®? Indeed, Lévy flights
include long intermittent jumps. While such motions are
usually seen to be due to cooperative motion, in our case such
intermittent flights are due to the large anisotropy in the local
dielectric constant, expected in a mixture of EC and DMC,
where EC has a large dielectric constant of ~90, whereas DMC
has a dielectric constant of ~3. In fact, systems with very high

8 | Phys. Chem. Chem. Phys, 2015, 00, 1-3
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anisotropy have shown such Lévy type paths, e.g., ionically
. . . 83 L 84,85
conducting alkali-metal silicate glasses™ and ionic-liquids.

D. Li* solvation as a function of concentration

The Li* solvation shell compositions in the low (LC, solvent:Li =
10) and high (HC, solvent:Li = 3.56) LiPFg salt concentrations
from the BOMD simulations using the PBE functional were
examined via RDFs and running coordination numbers (CDN),
as shown in Figs. 9 and 10, respectively. We initially focused on
the Li* coordination by the carbonyl oxygens of EC and DMC,
noncarbonyl oxygens of DMC and fluorine atoms from the PFg
anion.

At LC, the RDFs indicate a significantly higher probability to
find carbonyl oxygens from EC rather than from DMC in the Li*
first coordination shell due to the higher magnitude of the first
RDF peak located at 1.90-1.95 A. The first Li-F RDF peak is also
located at 1.95 A, but this is much smaller in magnitude than
both of the Li-O peaks indicating that the probability of finding
a F(PF¢) atom coordinating a Li* is approximately 6 and 3 times
lower than the carbonyl
respectively. Slightly larger intermolecular distances of 2.03-

oxygens from EC and DMC,

2.08 A were reported from neutron diffraction with isotopic
substitution (NDIS) experiments for Li-O and Li-F in a DMC-
LiPFg electrolyte and Li-O in a PC-LiPFg electrolyte.* 8 The
position of the first Li-P peak is at 3.10 A. This distance lies
between the distances of 2.68 A and 3.45 A that correspond to
optimized LiPFg; geometries with C,, point group symmetry
(bidentate binding) and C,, point group symmetry
(monodentate binding, Li"F-P angle of 180").80

1 a LC (solvent.Li = 10)
—— O(EC)
— — O(DMC)
Z 20 F (PF¢)
X —— P (PF,)
2 — — EO(DMC)
10 4
0 " = T) \_—M
2 4 6 8
r(A)
O(EC) LC (solvent:Li= 10
afb = O(DMC) ( )
—.— F(PF,)
31 —— P(PFy) P
g/ , — — EO(DMC) 2
5 S
0
| i
=R %
// e W
0 T T - T
1 2 4 5

Fig. 9. Radial distribution functions (g(r)) and coordination numbers (n(r)) for LC
electrolytes m=1.12 from BOMD simulations using PBE functional. O denotes carbonyl
oxygens, EO denotes noncarbonyl oxygens.
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Fig. 10. Radial distribution functions (g(r)) and coordination numbers (n(r)) for HC
electrolytes m=3.16 from BOMD simulations using PBE functional. O denotes carbonyl
oxygens, EO denotes noncarbonyl oxygens.

The running Li* solvation numbers shown in Fig. 9b indicate
that there are twice as many oxygens from EC relative to DMC
in the Li* first solvation shell. Based upon the RDF and CDN
plots, we define the first solvation shell radius as 2.80 A.
Solvation numbers for this cutoff are summarized in Table 4.
There is essentially no (< 0.07) contribution from EO of DMC to
the Li" first solvation shell. There are 0.72 fluorine atoms from
PFg anions in the solvation shell indicating that at least 28% of
the Li* are “free” cations that do not have coordinated anions.
Scrutiny of the RDFs for the HC electrolyte indicates a higher
contribution from DMC than from EC to the Li" first solvation
shell. This is a surprising result. However, it is similar to the
trend obtained from IR measurements which indicated that
the ratio of solvated DMC to solvated cyclic carbonate solvent
increases with increasing LiPFg salt concentration, albeit less
dramatically than the BOMD simulations predict. This trend is
rationalized by the observation that, for salt concentrations
containing less than four solvent molecules per Li*, most of the
solvent is participating in the cation solvation. At high
concentrations, a small fraction of the DMC becomes
coordinated to more than one Li*, similar to the coordination
shown in Fig. 6. Such structures provide two Li* coordination
sites per solvent instead of the single coordination site from EC
and this may lead to more extensive Li* solvation for the ultra-
high concentration.

This journal is © The Royal Society of Chemistry 20xx
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Table 4. The Li* coordination numbers from BOMD cp2k simulations of EC:DMC(1:1
mol%)-LiPFg, (solvent:Li=10) intensity and composition corrected data compared with
the interpolated Raman experimental data.”

EC:DMC(1:1 mol%)-LiPFs EC:DMC(1:1 vol%)-LiPFs

PBE+D3 PBE PBE+D3 PBE Raman
raw data Intensity corrected
EC 1.79 2.13 2.88 3.43 2.8
DMC 1.12 1.05 0.83 0.78 1.2

Analysis of the PF¢Li" binding within the HC simulation
shows that 2.10 F and 1.65 P (within 4.75 A) participate in the
first solvation of the Li* cations, indicating that 75% of the
anions exhibit monodentate binding to the Li* and 25% exhibit
bidentate binding in accord with the previous comparison of
Li-P distance vs. LiPFg binding patterns.87 The influence on the
composition of the Li* solvation shell of the empirical
dispersion addition to the PBE functional was examined by
comparing the RDFs and CDNs from the simulations using the
PBD+D3 method (Fig. 11) with the results for simulation runs
employing the PBE functional shown in Fig. 9. Addition of the
D3 dispersion correction leads to a slightly smaller contribution
from EC and a slightly larger contribution from DMC to the Li*
first solvation shell. This behaviour is consistent with the
observations for the (EC),(DMC),-Li* clusters immersed in an
implicit solvent noted above, which showed a slight
stabilization of the complexes containing DMC molecules
relative to the (EC),-Li" complex. We also observe a slightly
larger Li-F coordination number resulting in higher LiPFg
contact ion pairing as a result of the inclusion of the empirical
dispersion correction. These trends are also in accord with the
reduction of the first Li"O(EC) RDF peak after including the
empirical dispersion (D2) in previous BOMD simulations of EC-
LiPF, ®®

L O(EC) LC (solvent:Li = 10)
— — O(DMC) m=1.12

3 F (PFg) PBE+D3 o
= —— P (PFy) /
; 5 | —— EO(DMC) i
o
c

P S

0 T T T

1 2 3 4 5
r (&)

Fig. 11. Coordination numbers (n(r)) for LC electrolytes from BOMD simulations using
PBE functional. O denotes carbonyl oxygens, EO denotes noncarbonyl oxygens.

It is instructive to compare the Li* solvation shell
compositions obtained from our BOMD simulations with the
numbers extracted from Raman experiments using the
information about the interpretation of the Raman spectra
presented above. In order to perform a head to head
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comparison, we applied the Raman activity scaling factors
from Table 3 to the BOMD simulation results together with the
correction for the slight difference in the solvent composition.
The Li* solvation values before and after the corrections are
shown in Table 4. Corrected values for the EC solvation
number from the PBE+D3 simulations were found to be in
excellent agreement with the Raman-derived data. The DMC
contribution to the Li* solvation shell of 0.83 from the PBE+D3
simulations is slightly lower than the experimental value of
1.20. The difference could be due partly to the higher
temperature used in the BOMD simulations (393 K) vs. the
experiments (298 K) as salt aggregation was previously found
to increase and the DMC contribution to the solvation shell to
decrease with increasing temperature. We conclude that the
PBE+D3 predictions slightly overestimate the ratio of EC to
DMC in the Li* solvation shell, but overall the agreement is
quite satisfactory. BOMD simulations without the empirical
dispersion correction showed an even higher preference for EC
vs. DMC, which is consistent with the stabilization of the
(EC),(DMC),,-Li* clusters with a higher DMC content as
discussed above (see Sl). We consider predictions from the
BOMD simulations using the PBE functional to have a less
satisfactory agreement with the Raman data as compared to
predictions from the BOMD runs using the PBE+D3 method
and thus recommend using the latter for simulation studies of
electrolytes for lithium batteries.

Conclusions

Analysis of (EC),(DMC),-Li" (n + m = 1, 4) and (EC),(DMC),-
LiPFg (n + m = 3) solvates in the gas-phase and immersed in the
implicit solvent modelled via the SMD model in the g09
package have demonstrated a dramatic stabilization of the
DMC-containing solvates with the inclusion of the implicit
solvent beyond the first solvation shell. In fact, the most stable
solvates were (EC)3(DMC)-Li*, (EC),(DMC),-Li* and (EC),-Li*
after the implicit solvent was included. Increasing the dielectric
constant of the implicit solvent resulted in a more pronounced
stabilization of the DMC-containing solvates. Detailed analyses
of the Li* binding to DMC uncovered a number of interesting
results. Specifically, despite a higher binding energy for
(DMCct)-Li* relative to (DMCcc)-Li* in the gas-phase (by 3.8
kcal mol'l), the reverse behaviour was observed for
(EC)(DMCcc)-Li* solvates surrounded by implicit solvent,
where the solvates containing the DMCcc conformer were
found to be more stable than the solvates containing the
DMCct conformer. A similar conclusion was obtained from the
BOMD simulations, where all of the solvent was treated
explicitly. Unfortunately, this points to a limitation in
extrapolating the solvent-Li* binding energy correlations from
the gas-phase to liquid environments. This result, however,
underscores the importance of the solvent-solvent interactions
for solvation and solvent packing effects.

Changes in the vibrational band positions, Raman activity
and IR intensity upon Li* coordination were examined in the
DFT calculations performed on the (EC),(DMC)-Li* (n+m =1,
4) complexes immersed in implicit solvent. The calculations
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focused on the Raman bands near 900 cm™ and the IR band
near 1800 cm™ that are commonly used in the analysis of
solvates. The DFT results indicate that the Raman DMCct-Li"
band is located at lower frequencies relative to the pure band
of EC and DMC, while the band for the implicitly solvated
DMCcc-Li* complex coordinated via the carbonyl oxygen is
located at higher frequencies. The location of the Raman band
for the configuration consisting of DMCcc coordinated to a Li*
via the noncarbonyl oxygens was essentially the same as the
location of the pure band for DMCcc. The Raman activity ratio
of EC complexed to Li* (relative to that of uncoordinated EC)
increased by approximately 20% while the Raman activity for
DMC which remained essentially unchanged after Li*
coordination. These observations indicate that a previous
Raman experimental analysis did not include in the DMC
coordination number calculations the coordination for DMCct-
Li* and a portion of DMCcc bound to Li* via EO and, thus,
overestimated the EC contribution by more than 20%. A DFT
analysis of the changes of the IR spectrum for the C=0
vibrational band (near 1800 cm'l) indicated that both DMCcc
and DMCct bound via the carbonyl oxygen were included in
the experimentally determined Li* solvation numbers, while
the contribution to the DMCcc bound to Li* via EO was
omitted. An analysis of the IR intensity changes of solvents
upon Li* coordination therefore indicated that IR experiments
would tend to slightly overestimate the DMC contribution to
the Li* solvation shell from DMC bound via the carbonyl
oxygen. These observations allow us to reconcile the
disagreement between the Li* solvation numbers extracted
from the analyses of the previously reported Raman and IR
experiments.

The BOMD simulations also indicated that both EC and
DMC contribute to the Li* solvation shell with a preference for
EC in the dilute electrolyte and a slight preference for DMC in
the highly concentrated electrolyte. The application of the
correction factors for the Raman activity derived from the DFT
studies of the (EC),(DMC),-Li" (n + m = 1, 4) clusters to the
BOMD simulations of the EC:DMC-LiPFg (solvent:Li = 10)
electrolyte yielded an EC solvation number in excellent
agreement with the Raman data if empirical dispersion was
added to the PBE functional. The Li* solvation number for
DMC, however, was found to be slightly lower than the
Raman-based solvation number for PBE simulations without
empirical dispersion. Preference for EC over DMC to solvate a
Li* cation in addition to higher reduction potential of EC-Li" vs.
DMCcc-Li" obtained from QC calculations,88 strongly suggested
preferential reduction of EC vs. DMC during SElI formation
cycle.

In summary, a DFT analysis of solvates using a composite
explicit-implicit solvent approach provides a rationalization for
differences in conclusions about Li* solvation obtained from
Raman and IR-based data, while the BOMD simulations using
explicit solvent showed promise for predicting competitive
solvation of the Li* by linear and cyclic carbonates.
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