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Solvation Effects on the Dielectric Constant of 1 M LiPF6 in
Ethylene Carbonate: Ethyl Methyl Carbonate 3:7

Julian Self®, Nathan T. Hahn(@, and Kristin A. Persson™

We report the dielectric constant of 1 M LiPFg in ECCEMC 3:7 w/w (ethylene
carbonate/ethyl methyl carbonate) in addition to neat EC:EMC 3:7 w/w.
Using three Debye relaxations, the static permittivity value, or dielectric
constant, is extrapolated to 18.5, which is compared to 18.7 for the neat
solvent mixture. The EC solvent is found to strongly coordinate with the Li*
cations of the salt, which results in a loss of dielectric contribution to the
electrolyte. However, the small amplitude and large uncertainty in relaxation
frequency for EMC cloud definitive identification of the Li™ solvation shell.

used in many of the theoretical models to
understand solvation and transport proper-
ties of electrolytes. Properties that depend on
the dielectric constant include concentration-
dependent activity coefficients,®~’1  bulk
conductivity,'®) and degree of salt dissocia-
tion.[”] Moreover, the dielectric constant is
included in continuum solvation models
employed in quantum chemistry (e.g.
DFT-based) methods,[m’“] making it an

Importantly, the loss of the free EC permittivity contribution due to Li*
solvation is almost completely balanced by the positive contribution of the
associated LiPF¢ salt, demonstrating that a significant quantity of dipolar ion

pairs exists in 1 M LiPFg in ECCEMC 3:7.

Despite remarkable and thorough investigation of the baseline elec-
trolyte for current Li-ion batteries, 1 M LiPFs EC:EMC 3:7 (ethyl
carbonate: ethyl methyl carbonate, 3:7 w/w), the dielectric proper-
ties, specifically the constant €, have never been measured. In this
work, we report measurement of the value and quantification of
the underlying dielectric contributions within the microwave fre-
quency range.

In 1 M LiPF¢ in EC:EMC 3:7, the EC co-solvent is electrochemi-
cally reactive and can passivate Li-metal or graphite electrodes. EC
also serves as a strongly polar solvent that facilitates dissociation of
LiPFG,[l] However, EC exhibits a high melting point, above that of
room temperature, incurring sluggish kinetics. Hence, a linear car-
bonate (such as EMC) is added primarily to lower the viscosity. A
concentration of 1 M LiPF; is used as it allows for high conductiv-
ity. This electrolyte has been the subject of considerable research as
well as technological interest, for which we refer readers to previ-
ous reviews.!!-?] However, the dielectric constant has never been
measured, despite being a fundamental thermodynamic property
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important parameter for calculations of elec-
trochemical stability and chemical reactiv-
jy.[12-151

Previous work concerning the dielectric con-
stant of EC:EMC 3:7 electrolytes has focused on
measuring the dielectric constant of neat blends
of EC and linear carbonates,“é] or using statisti-
cal mechanics-based modeling or classical molecular dynamics simula-
tions to predict the value in the presence of added salt. (8.17.18] 6 the
best knowledge of the authors, no experimentally measured value has
so far been reported. Experimental work has been undertaken for vari-
ous salts in propylene carbonatel'?%) or linear carbonates.”*'**! Due
to the technological importance of 1 M LiPF, in EC:EMC, we here
report the value of & and demonstrate resolution of the three primary
dipolar relaxation processes contributing to this value. We leave further
detailed analysis, for example to quantify degree of salt associa-
tion,[”’B’zﬂ solvation number,[z}”] and preferential
tion,*53*3%) 10 an upcoming publication.

Electrolyte synthesis was performed in an actively purified argon
glove box with typical water and oxygen levels below 1 ppm and
0.1 ppm, respectively. Anhydrous EC (99%) was purchased from
Sigma-Aldrich and used as received. EMC (99%) and LiPFs (99.99%)
were purchased from Sigma-Aldrich. EMC was dried over molecular
sieves, and LiPFs was dried under vacuum at 60 °C. Electrolytes were
produced by mixing EC and EMC at a 3:7 ratio by mass and subse-
quently adding this solvent mixture to a pre-weighed mass of LiPFy salt
in order to achieve a solution volume corresponding to 1 M concentra-
tion. Solvent water content was measured at below 10 ppm using Karl-
Fisher titration.

Dielectric relaxation spectroscopy (DRS) was performed in glass vials
at 21 °C using a coaxial probe (Keysight N1501A) and vector network
analyzer (Keysight P9375A) over a frequency (f) range from 0.5 to
26.5 GHz. Three-point calibration was performed using air, water, and
tetrahydrofuran prior to each set of measurements. Two independent
measurements were made on each sample using independent calibra-
tions for each measurement series. In DRS of electrolytes, the experi-
mentally accessible quantity is the total dielectric response 1. While the
real part of the permittivity & is equal to the real part of the response
1, the imaginary part of the permittivity €” requires subtraction of the

solva-
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conductivity ¢ contribution to the imaginary dielectric response 1" as

follows:[*3¢]

e =n" — o/(2nfey) (1)
In order to fit these spectra, two Debye relaxations”®”] were used
for the neat solvent case (3:7 EC:EMC) while three Debye relax-
ations were used for the 1 M LiPF4 in EC:EMC 3:7 system. The
expressions for the three Debye relaxations for € and €”, where
the symbols have their typical signiﬁcance,[37] are as follows:

o € n € " €3 +e (2)
T/ (R ()

. (f/f)) (1/f) (1/15)

S T STy O

During the iterative fitting procedure, each parameter was treated
as adjustable, including the ionic conductivity value. For the neat
solvent mixture, the parameters were first fit to the €” spectra and
the remaining €, parameter was fit to the € spectra. For the 1 M
electrolyte, the € spectra were fit first, and the resulting parameters
were then used to fit for the conductivity as verified against the &”
spectra. The non-linear curve fitting of the DRS spectra was under-
taken using the trust region reflective algorithm in the SciPy
Python package.BS] The in-house curve fitting Python code is
available at: https://github.com/JSelf42 /DielectricRelaxation.

In 1 M LiPF, the €” values became unphysical at low frequen-
cies due to the high ionic conductivity. In accordance with similar
established methods,*”! ¢” values measured below 1 GHz were
excluded from the fitting procedure in order to enable simultaneous
agreement with ¢'. Two sources of error were considered here, one
from reproducibility and one from the uncertainty of the fits. From
analysis of duplicate runs, the former proved negligible, while the
latter proved significant. Thus, we herein report the fits from the
data of averaged duplicate runs, where the uncertainties come from
the fit. We use the standard error returned from the non-linear
curve fitting procedure for the reported parameter uncertainties,
noting that although the errors on the parameters may not come
from an underlying normal distribution, the effective standard error
is nonetheless a relevant measure of uncertainty. For the neat sol-
vent mixture, a constraint of EMC frequency below 20 GHz was
used, while for the 1 M solution a constraint of EMC amplitude

Neat EC:EMC 3:7

below 1.0 was used (see Appendix S1, Supporting Information, for
further details). In both cases, we note that removal of the con-
straints did not significantly impact & but did yield physically unli-
kely parameters for the main EMC dipolar mode contribution.

Figure 1 (left) shows the dielectric spectra as a function of concen-
tration for neat EC:EMC 3:7 at 21 °C. For the neat binary solvent mix-
ture, one significant peak (pink) is seen for the (very polar) EC solvent
contribution, while a much smaller peak is seen for the linear carbon-
ate. The total value of the dielectric constant, 18.7, is consistent with a
previous reported value, measured via (lower frequency) impedance
spectroscopy.[lé] The relevant parameters for the two employed Debye
relaxations are shown in Table 1. There are no literature data for neat
liquid EC at 21 °C since EC is solid at this temperature but the relax-
ation time is of the right order of magnitude when compared with val-
ues measured for liquid EC at higher temperatures.”**! Similarly, no
literature data could be found for neat EMC; however, literature data
show that a similar dialkyl carbonate solvent, dimethyl carbonate, has a
relaxation frequency of 22 GHzI*'! which led us to constrain the EMC
relaxation frequency to < 20 GHz in the EC:EMC mixture. Further-
more, dialkyl carbonates have been shown to exhibit a non-Debye
absorption process in the far IR region that may cause deviation in the
high-frequency dielectric response.l*""**] Understandably, the error bars
are quite high for the EMC frequency, reflecting the difficulty of pre-
cisely fitting this minor component in the studied mixtures.

Figure 1 (right) shows the dielectric spectra for 1.0 M LiPF4 in EC:
EMC 3:7. Here, three Debye relaxations are used: one for the EC solvent
(pink), EMC solvent (black), and associated salt (blue). The relevant
parameters for the three employed Debye relaxations are shown in
Table 1. Here, the amplitude &, of the EC solvent contribution to the
permittivity is reduced from 14.1 to 5.3 due to the loss of free EC to
the solvation shell of Li*. It should be noted that the frequency of the
EC relaxation f; decreases significantly after the addition of 1 M LiPFq,
which arises from the viscosity increase of factor ~ 3.*] We include
the difference between the fits and the experimental data in the Appen-
dix S1, Supporting Information, where the absolute differences are
smaller than 0.4 for the spectra studied herein.

The apparent permittivity contribution €, from EMC does not signif-
icantly decrease after 1 M of LiPF is added to the solution. Although
this suggests that EMC does not interact strongly with the Li*, the small
amplitude and large uncertainty in relaxation frequency for EMC cloud
such interpretations. Thus, any defmitive claim on the inference of pref-
erential solvation of EC over EMC is left to more detailed analysis in an
upcoming publication.

1.0 M LiPFg EC:EMC 3:7

20 20
N I'l Free EC (fit)
e 15 == Free EMC (fit)
= S "/ Associated salt (fit)
£10; £10 -—- g fit
E E — ¢’ data
(O] () .
& 5] = 5] . --- g"fit
\N _________ ,/’/ \ _________ — ¢”" data
0 =na Tl . ; ===l 0 e ——=se
Io7t 10° 10! 102 1ot 10° 10t 102
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Figure 1. Neat ECEMC 3:7 dielectric spectra (left) and 1 M LiPFs ECEMC 3:7 dielectric spectra (right).
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Table 1. Fit parameters from DRS data (21 °C).

Neat ECEMC 3.7

1.0 M LiPFg EC:EMC 3:7

Total dielectric constant g, =187 £ 04 - g, =185 £ 05 -

Free EC g =141+ 03 fi =57 + 01 GHz & =53+ 02 fi =39+ 02 GHz
Free EMC g, =11+ 02 o =20 + 7 GHz? e, =10 + 02% f, =18 + 8 GHz
Associated salt - - g3 =80+ 03 f3 = 055 + 0.04 GHz
Electronic component €xp =36 £ 0.1 - € =42+ 03 -

Conductivity - -

o = 7.7 £ 02 mS cm™’ Grmeas = 8.6 mS cm™'9

“Constraint f, £20 GHz.

h)Constraint g, < 1.0
24 °C.

The associated salt species in solution exhibits a characteristic relax-
ation frequency of 0.5 GHz, and its permittivity contribution €5 is 8.0,
representing the largest contribution to the overall dielectric constant.
Previous DRS studies!'”?""**] on other electrolytes have identified peaks
in similar frequency ranges as either solvent-separated ion pairs
(ss1Ps)!*1 or contact ion pairs (CIPs).[**! We note that although one
functional form is fit to the associated salt feature to avoid overfitting,
we do not discount the possibility of presence of two or more types of
associated salt species in solution (e.g. SSIPs or CIPs). Summing the var-
ious contributions to the total permittivity, including the high-
frequency term €y, the permittivity of the 1 M LiPF, electrolyte is
18.5, compared to 18.7 for the neat binary solvent system. Here, the
loss of the free EC permittivity contribution due to Li* solvation is
almost completely balanced by the positive contribution of the associ-
ated LiPF, salt, demonstrating that a significant quantity of ion pairs
exists (either as SSIPs or CIPs). Previous scholarship has sometimes
overlooked the importance of ion-pairing??®****! in describing the sol-
vation environment of Li* in solution. The herein measured value of
€,=18.5 is likely fairly close to values that would be observed if a dif-
ferent linear carbonate was used (e.g. dimethyl carbonate or diethyl car-
bonate), or if small weight percentages of additives are added to the
bulk solution, as is typical for state-of-the-art electrolytes.”’ Thus, we
believe the value of € ~ 19 to be representative of Li-ion carbonate-
blend electrolytes generally used for Li-ion cells.
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