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ABSTRACT: The ionic conductivity, o, of mixtures of nearly symmetric polystyrene-block-poly(ethylene
oxide) copolymers and Li[N(SO,CF3),] (LiTFSI) salt was measured as a function of molecular weight, salt
concentration, and temperature. The molecular weight of the poly(ethylene oxide) block, Mpgo, was varied
from 7 to 98 kg/mol. The molar ratio of lithium to ethylene oxide, r, was varied from 0.02 to 0.10. In general,
o increases with increasing Mpgo for all values of r. The data can be summarized by plots of normalized
conductivity, o,, versus Mpgo, where 0, = 0/(fPpeoOprro), ¢peo is the PEO volume fraction in the
copolymer, opgo is the conductivity of PEO homopolymer, and f'is a morphology-dependent factor set
equal to 2/3 for our lamellar samples. The temperature-dependent conductivity data at a given salt
concentration collapse onto a single curve when plotted in this format. At » = 0.085, o, values reach a
plateau in the vicinity of unity in the high Mpgg limit. At other values of r, g, continues to increase with Mpgo

within the experimental range and reaches a value of around 0.5 in the high Mpgo limit.

Introduction

Flammable organic liquid electrolytes are ubiquitous in cur-
rent lithium batteries. Replacing the liquid by a solid electrolyte
has been a long-standing goal of the battery industry due to the
promise of better safety and the potential to produce batteries
with higher energy densities. The latter may be accomplished
by replacing the conventional graphite electrode by a lithium
foil. Around 1990, several industrial and academic research
groups' ~!? were formed to enable commercialization of all-solid
rechargeable lithium metal batteries. The dry electrolyte that
featured prominently in this research was a mixture of homo-
polymer poly(ethylene oxide) (PEO) and lithium salts. In spite of
reasonable conductivities, efforts to build lithium metal polymer
batteries did not bear fruit. An important failure mechanism of
these batteries was the growth of lithium dendrites from the
anode surface during charging.>* Models by Newman> %’
predicted that dendrite growth could be prevented if the shear
modulus, G, of the solid electrolye exceeded a certain critical
value which was orders of magnitude above that of PEO. The
development of solid electrolytes with high ionic conductivity and
high shear modulus is, however, a nontrivial task due to the
coupling between ion and momentum transport. High ionic
conductivity is obtained in soft polymers such as PEO where
rapid segmental motion, which is needed for ion transport,'”!®
necessarily results in a decrease in the rigidity of the polymer." It
is worth noting in this context that the shear modulus of liquids
is identically zero. Thus, dendrite growth in lithium—metal
batteries cannot be stopped by conventional liquid electrolytes.

We propose that the mechanical and electrical properties of
dry polymer electrolytes can be decoupled by using block
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copolymers with cocontinuous microphases wherein one of the
microphases conducts ions and is thus necessarily soft, while the
other is a hard insulator. In ref 28, which contains a comprehen-
sive summary of prior work on the conductivity of block
copolymer electrolytes, it was demonstrated that the ionic con-
ductivity of mixtures of symmetric polystyrene-block-poly(ethy-
lene oxide) (SEO) copolymers and a lithium salt LiiN(SO,CF3),]
(LiTFSI) increases with increasing molecular weight of the PEO
block, Mpgo. It is well-known that the stiffness of all polymers,
homopolymers as well as block copolymers, increases with
increasing molecular weight. The use of high molecular weight
copolymers thus enables optimization of both ionic conductivity
and mechanical properties of the electrolyte. This conclusion is
very d1fferent from previous studies of nanostructured pol mer
electrolytes.”®*™* For example, Mayes and co-workers™
studied a series of graft—block copolymers and reported that
ionic conductivity is enhanced when a conducting block is
attached to a soft rubbery block rather than a hard glassy block.
The effect of molecular weight of the copolymers on conductivity
was not considered in refs 39—41.

The work in ref 28 was restricted to relatively low salt
concentration. The molar ratio of Li to ethylene oxide, r, was
held fixed at 0.02. In the case of homogolymers, ionic conductiv-
ity is @ nonmonotonic function of r.** At low values of r, ionic
conductivity increases with increasing r due to the increase in
the concentration of ionic species. At high values of r, ionic
conductivity decreases with increasing r due to ion pairing
and physical cross-linking*’ resulting from coordination between
Li" and polymer chains. The peak in the conductivity of
symmetric SEO copolymers occurs when r is in the vicinity
of 0.1. Consequently, the conduct1v1ty of SEO copolymers at
r = 0.02 ranged between | x 10" *and 7 x 10™*S/cm, a value that
is too low for commercial battery applications. Our objective is to
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Table 1. Characteristics of the SEO(a—b) Block Copolymers Used in This Study

PEO volume fraction,

normalized expansion

name Mps (kg/mol)  Mpgo (kg/mol) bpEO PEO weight fraction  PDI  morphology coefficient, m®

PEO 20 1 1

SEO(6—7) 6 7 0.52 0.53 1.02  lamellae 2.8
SEO(16—16) 16 16 0.48 0.50 1.09  lamellae 2.0
SEO(36—24) 36 24 0.38 0.40 1.10 HPL¢ 1.6
SEO(37—-25) 37 25 0.39 0.41 1.04  lamellae 1.4
SEO(40—31) 40 31 0.42 0.44 1.12  HPL“ 2.1
SEO(40—54) 40 54 0.55 0.58 1.20  lamellae 2.2
SEO(53—68) 53 68 0.54 0.56 1.05  lamellae 2.8
SEO(74—98) 74 98 0.55 0.57 1.14  lamellae 1.3

“Hexagonally perforated lamellae. ” Normalized expansion coefficient, m, is obtained by least-squares linear fits of d/d, vs r data (d/dy = 1 + mr), where
ris [Li]/[EO], d is the periodicity of the ordered salt-containing block copolymer, and dj is that of the neat copolymer sample with r = 0.

see if the observed increase in conductivity with molecular weight
holds for higher values of r, ie., for samples with higher
conductivities. We note in passing that all other studies of dry
polymer electrolytes have concluded that increasin7g molecular
weight leads to a decrease in ionic conductivity.***” In the case
of PEO/LiSO,CF; mixtures, the ionic conductivity decreases*®
with increasing molecular weight (M) for M values lower than
the entanglement threshold (about 1 kg/mol) and is inde-
pendent of M when M is greater than 1 kg/mol. In contrast,
the conductivity of symmetric SEO copolymers continues
to increase with molecular weight even when Mpgg is as high as
98 kg/mol.

The introduction of a nonconducting microphase will un-
doubtedly decrease the overall conductivity of the block copoly-
mer relative to that of the ionically conducting homopolymer.
The factors governing this decrease are (1) the morphologies of
the conducting and nonconducting microphases, (2) the orienta-
tion of the conducting domains relative to the electrodes, (3) the
connection between the conducting domains at grain boundaries
and other defects, and (4) the morphology of the interface
between the block copolymer and the electrode. If, for example,
the nonconducting block forms a wetting layer at the electrode or
the orientation of an anisotropic microphase such as lamellae
or cylinders is parallel to the electrodes, then the measured
conductivity of the block copolymer will be much lower than
that of the homopolymer. On the other hand, if the conducting
channels are oriented perpendicular to the electrodes, then the
expected conductivity of the block copolymer at corresponding
temperature, Operp(7), Will be given by

Operp(T') = dproopeo(T) (1)

where ¢pgo is the volume fraction of the PEO microphase in the
block copolymer and opgo(7) is the conductivity of the PEO
homopolymer at the temperature of interest. Here we assume that
the intrinsic conductivity of the PEO microphase in a block
copolymer is identical to that of the PEO homopolymer and that
the molecular weights of the PEO chains are above the entangle-
ment threshold. Within the present framework, 0perp(T) repre-
sents the maximum possible conductivity of block copolymer
electrolytes.

On the basis of simple models of diffusion,*® it can be argued
that the conductivity of a block copolymer sample composed of
randomly oriented lamellae grains (our case) would be given by

Orandom (T') = (2/3)0perp(T) (2)

because, on average, one-third of the conductive pathways would
be oriented parallel to the electrodes, and these pathways will not
contribute to ion transport between electrodes. One could view
the (2/3) factor in eq 2 as a morphology-related factor, f. For

randomly oriented grains with cylinders of PEO in a nonconduct-
ing matrix, f = 1/3. We can rewrite eq 2 in a general form as

Orandom(T) :faperp(T) (3)

where f'depends on both the microstructure and alignment.
We use o(7) to refer to the measured conductivity of our
samples and define a normalized conductivity, o,(7), as

on(T) = o(T)/[f bproopeo(T)] )

As indicated in eq 4, the temperature dependence of the
normalized conductivity arises from the temperature dependence
of o(T) and opgo(T). The main goal of this paper is to report on
the effect of Mpgo and r on o(T) and o,(T).

Experimental Section

Polystyrene-block-poly(ethylene oxide) copolymers were syn-
thesized by sequential anionic polymerization of styrene followed
by ethylene oxide using methods described in refs 49 and 50. Prior
to the polymerization of the ethylene oxide block, an aliquot of
the reaction mixture was isolated and the living chains were
terminated to enable characterization of the polystyrene block.
The polymers were purified by filtration and precipitation and
isolated by freeze-drying. The number-averaged molecular
weight (M,,) and the polydispersity index (PDI) of the PS block
were obtained by gel permeation chromatography (GPC) com-
prising a Waters 2690 separations module and a Viscotek triple
detector system calibrated for polystyrene standards. The PDIs of
the PS blocks were less than or equal to 1.10. The volume fraction
of each block was determined using 'H nuclear magnetic reso-
nance (NMR) spectroscopy. The PDI of the SEO copolymers,
based on GPC using polystyrene standards, was less than 1.20.
The copolymers are labeled SEO(¢—b), where a and b are the
number-averaged molecular weights of the PS and PEO blocks,
respectively, in kg/mol. A poly(ethylene oxide) homopolymer
(PEO) purchased from Fluka was used to measure the tempera-
ture dependence of opgro in eq 4. The characteristics of the
homopolymer and block copolymers used in this study are listed
in Table 1.

Polymer electrolytes were prepared by mixing the SEO copo-
lymers with Li[N(SO,CF3),] (lithium bis(trifluoromethanesul-
phonyl)imide, LiTFSI) salt in an MBraun glovebox, maintaining
an argon atmosphere with ultralow concentrations of water,
oxygen, and organic solvents. The levels of HO and O, were
less than 0.1 and 2 ppm, respectively, and organic solvent con-
centration was below 10 ppm. Approximately 0.3 g of SEO
samples was placed in glass vials, vacuum-dried at 90 °C for a
minimum of 24 h in the antechamber of the glovebox, and
transferred directly into the glovebox. The LiTFSI salt (Aldrich,
as received) was separately vacuum-dried at 160 °C in the
antechamber of glovebox and then transferred directly into the
glovebox. The dried SEO copolymer samples were dissolved in
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20 mL of dry benzene using a temperature-controlled hot plate
at 45 °C for 3 days. In a separate vial, a 10:1 w/w THF/LiTFSI
mixture was prepared by dissolution at room temperature for at
least 24 h. The THF used for this study was distilled over calcium
hydride (CaH,). Predetermined amounts of the THF/LiTFSI and
SEO/benzene mixtures were then mixed and heated at 45 °C for
3 days to obtain solutions containing the SEO(a—b)/LiTFSI
block copolymer electrolyte sample at the desired value of r.
The expected error in r, due to limited accuracy of our balances, is
about 3%. The solutions were then transferred into an airtight
desiccator which was subsequently connected to a freeze-drying
apparatus. To ensure complete solvent removal, the polymer
electrolyte mixture was freeze-dried for at least 1 week and then
returned to the glovebox for electrochemical characterization.

The fluffy freeze-dried block copolymer electrolyte was hand-
pressed into a pellet and placed at the center of a Garolite spacer
with 0.125 mm thickness and a central hole 3.88 mm in diameter
inside a Teflon bag. The Teflon bag containing the sample was
heated in a hand press to about 100 °C for about 30 min, and a
bubble-free ca. 150 um thick disk was obtained. The sample was
placed between two mirror-polished stainless steel electrodes,
which were held together by poly(ether ether ketone) screws
and heated to about 100 °C in a heated press in the glovebox to
ensure good contact between the electrodes and the electrolyte.
After determining the final sample thickness, the electrode—
sample assembly with the screws was placed in a home-
built thermostated conductivity cell connected to a Solartron
1260 frequency response analyzer (FRA) with a Solartron
1296 dielectric interface. The real and imaginary components of
the impedance, Z' and Z”, respectively, of the samples were
measured using the FRA at 10 °C intervals during heating and
cooling scans between 40 and 120 °C. An ac signal ranging from
5 to 100 mV in the frequency range (w) of 10 Hz—1 MHz was
applied to generate the appropriate frequency response. The
plateau value in the Bode plot of modulus of the complex
impedance, |Z' + iZ"”|, vs w was taken as the sample resistance.
This value was nearly identical to the semicircle touchdown on the
Nyquist —Z"" vs Z' plot. We present data at temperatures between
80 and 120 °C where the PEO domains are amorphous.

The morphological characterization of the neat and salt-con-
taining diblock copolymer samples was accomplished by small-
angle X-ray scattering (SAXS). The samples for SAXS were first
annealed at ~100 °C for at least 4 days and then sealed inside
homemade gastight sample holders with Kapton windows. The
samples were sealed off from the surrounding atmosphere by a
rubber gasket and screw assembly. The entire sample preparation
procedure for SAXS was done inside the glovebox. Recognizing
that no seal is perfect, the sample holders were taken out of the
glovebox a few minutes before actual SAXS data acquisition. The
SAXS data were obtained at the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory, Berkeley, CA, using
beamline 7.3.3. Some of the SEO and PEO samples were checked
for water contamination after completion of electrochemical
characterization and SAXS. The water content of the samples
determined by a Karl Fischer titration apparatus located in the
glovebox was typically less than 10 ppm.

Results and Discussion

The SAXS profiles from all of the SEO samples were qualita-
tively similar to those reported in ref 28 and contained at least one
scattering peak. The domain spacing, d, was taken to be 277/¢maxs
where ¢, 1S the magnitude of the SAXS scattering vector at the
primary scattering peak. In Figure 1a, we show the dependence of
d on salt concentration, r = [Li]/[EO], at 120 °C for each of
the SEO samples. Because of the limited access to the SAXS
instrument, most of the samples were only run once. In a few
cases, 2—4 separate samples were studied to obtain robust
estimates of d. The error bars on some of the data points in
Figure la indicate the observed standard deviation of such
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Figure 1. Domain spacing of block copolymer electrolytes at 120 °C
asa function of (a) salt concentration, r, the molar ratio of Li to ethylene
oxide, and (b) total molecular weight of the SEO copolymers, M.
The curve in (b) represents the least-squares power law fit through
the data.

repeated measurements. The value of d varies from 114 nm for
the highest molecular weight polymer SEO(74—98) to 17 nm for
the lowest molecular weight polymer SEO(6—7). Our experi-
ments thus cover a wide range of microdomain sizes. The domain
spacing d generally increases with increasing r. Least-squares
linear fits of d/d, vs r data (where d, is the value of dat r = 0) were
used to quantify the dependence of d on r, d/dy = 1 + mr. The
values of m, which can be interpreted as a normalized expansion
coefficient of lamellae due to the addition of salt, obtained at
120 °C are tabulated in Table 1. The fitted values of m range from
1.3 to 2.8. The positive values of m suggest that the addition of
LiTFST increases the effective segregation between PS and PEO
domains. The nonmonotonic dependence of m on copolymer
molecular weight (see Table 1) indicates that other factors may
influence the dependence of  on r. We note in passing that the
sensitivity of d on r in our samples is significantly less than that
reported in ref 30 for the case of PEO-containing triblock
copolymers with LiClOy. It is also evident from Figure la that
at any given salt concentration d increases with increasing total
molecular weight of the copolymer, M. The scaling of d with M
for all the samples is shown in Figure 1b. The curve through the
data is a least-squares power law fit assuming that d ~ M". The
experimental value of v is 0.69 £ 0.03, which is identical to that
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Figure 2. ITonic conductivity of PEO homopolymer vs r, the molar ratio
of Li to ethylene oxide at 100 °C obtained in the present study (filled
symbols) and taken from the published work of Lascaud et al.**
(open symbols).

expected from neat diblock copolymers in the strong segregation
limit.”">2

The morphology of the SEO samples in the neat state was
determined by a combination of SAXS and transmission electron
microscopy (TEM) as described in ref 28 (not repeated here for
brevity), and the results are given in Table 1. We did not attempt
TEM on the salt-containing samples due to the lack of equipment
necessary to create thin sections in a water-free atmosphere.

In Figure 2 we show the dependence of the conductivity of
PEO on salt concentration, r, at 100 °C. Our measurements
of opro(7T) (filled squares) compared reasonably well with those
of Lascaud et al.** (unfilled squares). The largest deviation
between the two data sets is 5 x 10~* S/cm seen at r = 0.085
(Figure 2). We offer no explanation for this difference. We do,
however, show explicitly that this deviation does not affect any of
the major conclusions of the present study.

In Figure 3a we plot o(T) vs Mpgo for the block copolymers in
Table 1 atr = 0.085 at selected temperatures. For a given value of
Mpro, o(T) increases with temperature, in accordance with
expectations. We find that o(7) increases monotonically with
increasing molecular weight and appears to reach a plateau for
Mpgo > 60 kg/mol. It has been established that ion transport in
homopolymers is related to polymer segmental motion. If this
were the case for block copolymers, then one expects o(7) to be
independent of Mpgq in the high molecular weight limit. The data
in Figure 3a are consistent with this expectation. However, one
expects properties that are dependent on segmental motion of
polymers to reach molecular-weight-independent plateaus at
molecular weights that are significantly lower than 60 kg/mol.
The ionic conductivity of PEO homopolymers reaches a
plateau at about 1 kg/mol as do other properties such as
the glass transition temperatures of polymers.**”>*>* The
large value of polymer molecular weights needed to attain the
plateau in Figure 3a and the fact that the conductivity increases
with molecular weight indicates that there is a fundamental
difference in the mechanism of ion transport in homopolymers
and block copolymers. We suggest that chain stretching, a well-
established effect in block copolymer microphases, is responsible
for this difference.”

In Figure 3b we show the dependence of 0,(T') on Mpgq for the
data set in Figure 3a (r = 0.085) using our measured values
for the temperature dependence of opgo(7) for normalization
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Figure 3. Conductivity of SEO/LITFSI mixtures with r = 0.085 as a
function of molecular weight of the PEO block, Mpgo, at tempera-
tures of 120, 100, and 80 °C. (a) lonic conductivity, o, vs Mpgo.
(b) Temperature-dependent normalized conductivity, o,(7), vs Mpgo
for the data shown in (a) using values of PEO conductivity measured in
this study. (c) Temperature-averaged normalized conductivity, oy, vs
Mpgo, for the data shown in (a) using values of PEO conductivity
measured in this study (filled squares) and values reported by Lascaud
et al.** (open squares).

(see eq 4). We use a morphology factor f = 2/3 consistently
throughout this paper; i.e., we do not distinguish between
hexagonally perforated lamellae and ordinary (unperforated)
lamellae. We see that all of the data collapse on a universal curve
in Figure 3b, indicating that the temperature dependence of o(T)
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Figure 4. Conductivity of SEO/LiTFSI mixtures with r = 0.02 as a
function of molecular weight of the PEO block, Mpgo, and tempera-
tures of 120, 100, and 80 °C. (a) Ionic conductivity, o, vs Mpgo.
(b) Temperature-dependent normalized conductivity, o,(7), vs Mpgo
for the data shown in (a) using values of PEO conductivity measured in
this study.

obtained from block copolymers is similar to opgo(7’) obtained
from PEO homopolymers. This indicates that while the ions in
our block copolymers are surrounded by stretched PEO seg-
ments, the dynamical properties of the segments that are reflected
in the temperature-dependent transport measurements are un-
affected by self-assembly.

We define o, to be the average value of 0,(7") measured for a
given SEOQ/LITFSI mixture across our temperature window. In
Figure 3c, we show the dependence of ¢, on Mpgq. The ordinates
of the data in Figure 3c represent averages of the data sets in
Figure 3a. The filled symbols in Figure 3¢ show the dependence of
0, on Mpgo using our measured values of opgo(7') for normal-
ization. The open symbols show the dependence of ¢, on Mpgo
using values of opgo(7T') from Lascaud et al.* for normalization.
It is evident that the qualitative features of the dependence of
0, on Mpgo are not affected by our choice of opgo(T). The values
of 0, obtained from symmetric SEO samples at r = 0.085 are
between 0.80 and 1.05 in the high molecular weight limit. In other
words, the conductivity of high molecular weight SEO samples
with r = 0.085 is close to the theoretical limit expected from a
collection of randomly oriented but well-connected lamellar
grains.®®
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Figure 5. Temperature-averaged normalized conductivity, o, vs Mpgo
for r = 0.02—0.10.

In Figure 4a we plot o(T) vs Mpgo atr = 0.02. Unlike the r =
0.085 data, we do not see a high molecular-weight-independent
plateau in these data. Since it is reasonable to expect a molecular-
weight-independent plateau for ionic conductivity, we conclude
that the molecular weights at which this behavior is obtained at
r = 0.02 is higher than 100 kg/mol. In Figure 4b we show the
dependence of g,, on Mpgo for the data set in Figure 4a (r = 0.02)
using our measured values for the temperature dependence of
opeo(T) for normalization. For this set (and all others discussed
below), there is no discernible difference in the dependence of
0, on Mpgg if the data of Lascaud et al.* are used to normalize
the conductivity measurements. As was the case with the r =
0.085 data, we find a collapse of the conductivity data onto a
universal curve. For r = 0.02, the value of ¢, at the highest
molecular weight is about 0.5, which is significantly lower than
the values obtained at » = 0.085. It is not clear at this point if
o, values as high as unity can be achieved in SEO samples with
r=0.02.

While the qualitative trends seen in the r = 0.02 data shown in
Figure 4 are similar to those presented in ref 28, there are
quantitative differences. The conductivity values of the SEO
samples reported here are about a factor of 2 lower than those
reported in Figure 4 of ref 28. We tentatively attribute this
difference to plasticization of the polymer electrolytes in our
previous experiments because they were conducted in a glovebox
where the organic vapor concentration was neither measured nor
controlled. One expects the conductivity of samples with low salt
concentration to be sensitive to the presence of contaminants.

We measured the dependence of o(T) on Mpgo for three other
values of r, r = 0.05, 0.067, and 0.10. The data obtained from
these samples were qualitatively similar to those shown in
Figure 4. For each value of r, the o, (T) vs Mpgo data collapsed
onto a universal curve. We can thus assert that the dependence of
conductivity of SEO samples on Mpgo, T, and r can be summar-
ized by g, vs Mpgo plots, shown in Figure 5. For r < 0.085, we
find that o, for a given value of Mpgg increases with increasing r.
In addition, the dependence of o, on Mpgo has a sigmoidal
character, increasing slowly with molecular weight in the low
molecular weight limit and then increasing rapidly with molecular
weight at intermediate molecular weights. No evidence of a high
molecular weight plateau is seen at r = 0.02, 0.05, and 0.10. At
r = 0.067, we see a hint of a high molecular weight plateau; the
ionic conductivity of samples with Mpgo = 54 and 98 kg/mol are
with 15% of each other. It appears that the plateau value of o, for
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r = 0.067 is between 0.7 and 0.8, which is significantly lower than
that obtained at » = 0.085. The high molecular weight plateau is
most clearly seen at = 0.085. Increasing r from 0.085 to 0.10
results in a significant decrease in o, at all values of Mpgo. The
dependence of 6, on Mpgg at r = 0.10 and r = 0.05 are almost
indistinguishable. The smoothness of the dependence of o, on
Mpgo regardless of the morphology (lamellae vs hexagonally
perforated lamellae) at all values of r indicates that conductivity is
not a strong function of morphology. Typical TEM images of
lamellae and perforated lamellae of our samples at » = 0 are given
in Figure 3 of ref 28.

Our results are limited to a temperature range between 80 and
120 °C where the PEO domains are amorphous. They are thus
directly applicable to the design of high-temperature batteries.
Further work is needed to see if similar trends hold in copolymers
that conduct ions at room temperature.

Conclusions

The ionic conductivity of symmetric SEO block copolymers
and LiTFSI mixtures, o(7), was studied as a function of r and
Mpgo. Regardless of r, we find that o( T) increases with increasing
Mpgo. The quantitative dependence of o(7) on r and Mpgg can
be summarized by plots of the normalized conductivity, o, vs
Mpgo shown in Figure 5. These curves have a sigmoidal shape at
all values of r. g, reaches a high molecular-weight plateau in the
vicinity of unity at 7 = 0.085. We conclude that SEO samples with
r = 0.085 and Mpgo values that exceed 60 kg/mol are optimal for
battery electrolyte applications.
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