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ABSTRACT: High Li+ transference number electrolytes have
attracted recent interest as a means to improve the energy
density and rate capabilities of current lithium ion batteries.
Here the viscosity and transport properties of a sulfonated
polysulfone/poly(ethylene glycol) copolymer that displays
both high transference number and high conductivity when
dissolved in dimethyl sulfoxide (DMSO) are investigated for
the ﬁrst time in a battery-relevant solvent of nearly equivalent
dielectric constant: mixed ethylene carbonate (EC)/dimethyl
carbonate (DMC). The addition of a binary salt to each
solution is investigated as a means to improve conductivity, and the diﬀusion coeﬃcient of each species is tracked by pulse ﬁeld
gradient nuclear magnetic resonance (PFG-NMR). Through the 7Li NMR peak width and quantum chemistry calculations of
the dissociation constant, it is shown that although the two solvent systems have nearly equivalent dielectric constants, the
conductivity and transference number of the EC/DMC solutions are signiﬁcantly lower as a result of poor dissociation of the
sulfonate group on the polymer backbone. These results are the ﬁrst study of polyelectrolyte properties in a battery-relevant
solvent and clearly demonstrate the need to consider solvent properties other than the dielectric constant in the design of these
electrolytes.

■

INTRODUCTION
Lithium ion batteries are the state-of-the-art energy storage
device for portable consumer electronics and electric vehicles.
Despite their widespread success, much work remains in
further improving cell performance. Of particular interest is the
electrolyte, which can limit a battery’s energy density and rate
capability through numerous issues, including concentration
polarization.1,2 Current state-of-the-art battery electrolytes are
composed of a well-dissociated binary lithium salt, such as
lithium hexaﬂuorophosphate (LiPF6) or lithium bis(triﬂuoromethanesulfonyl)imide (LiTFSI), in a blend of ethylene
carbonate (EC) and a linear carbonate like dimethyl carbonate
(DMC) to provide both high conductivity and favorable
electrode passivation toward parasitic side reactions.3,4 EC,
which imparts a stable solid electrolyte interface at the graphite
anode, is typically utilized in a mixture due to its slightly above
room temperature melting point and high viscosity.5,6
The conductivity of these battery electrolytes is on the order
1−10 mS/cm, but the majority of this conductivity is the result
of anion motion rather than motion of the electrochemically
active Li+. This high anion mobility allows concentration
gradients to form within the cell, among other issues. The Li© 2018 American Chemical Society

ion transference number characterizes the fraction of total
conductivity arising from lithium motion, being roughly 0.4 in
most liquid Li battery electrolytes.7 Research in high
transference number electrolytes (HTNEs), in which the
anion is less mobile than the lithium, has focused on ceramic
lithium conductors,8 solid polymer electrolytes,9 swollen gel
polymer electrolytes,10 and composite electrolytes.11,12 In most
cases there is either a trade-oﬀ between conductivity and
transference number or the need for a signiﬁcant reengineering of the standard Li-ion cell. Recently, the use of
nonaqueous polyelectrolyte solutions, where a bulky polyanion
is neutralized by lithium ions, has been proposed as a
promising route to high transference number, high conductivity electrolytes that would not require a signiﬁcant
redesign of current cell conﬁgurations.13,14
Thus far, the only studies that have speciﬁcally investigated
Li ion transport through a nonaqueous polyelectrolyte solution
have used dimethyl sulfoxide (DMSO), a highly polar solvent
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that can solubilize highly charged macromolecules.13−15
Unfortunately, DMSO is unsuitable for battery applications
due to coinsertion of DMSO with lithium into graphite
electrodes, eﬀectively exfoliating the graphite and destroying
the electrodes.16 It is thus important to determine the
fundamental design challenges remaining to create an HTNE
composed of a lithium neutralized polyanion dissolved in the
battery-relevant EC/DMC blend solvent.
Polyelectrolyte solutions have been studied for many years
in water due to their utility in understanding the fundamental
physics of complex charged biological macromolecules such as
proteins and DNA. The reader is referred to the recent
perspective of Muthukumar as well as several reviews of
polyelectrolyte literature for the larger context of this
work.17−20 A battery electrolyte, however, requires a nonaqueous environment where ion pairing is typically more
prevalent than in water, and solvent properties can vary
signiﬁcantly. Polyelectrolytes have been studied in some polar
organic solvents, though to our knowledge no study has ever
examined a fully dissolved polyelectrolyte in any batteryrelevant carbonate solvent. Hara has twice reviewed much of
the nonaqueous polyelectrolyte work, though typically the
motivation has ultimately been to further understand the
polyion behavior in aqueous solution.21,22
The motion of polyions and their counterions together has
been considered extensively in the literature.23 However, the
goal of much of this work was to interpret the results of
experiments such as dynamic light scattering and conductivity
measurements to further understand the fundamental physics
of the polyion in solution, rather than optimization of any
particular transport property.24 In designing an HTNE, the
goal is ultimately to optimize the transport of the lithium
counterion through the solution, and thus this design
necessitates a re-examination of the classical polyelectrolyte
experiments and theories.
The most commonly discussed property of counterions in
polyelectrolyte solutions is their eﬀect on charge shielding,
which dictates the charge repulsion between ionic groups on
the polymer backbone and thus strongly inﬂuences polymer
conformation.25−29 In discussing charge interactions in
solution, most classical theories of polyelectrolyte conformation rely on the Bjerrum length lB = e2/εkT, where e is the
elementary charge, kT is the thermal energy, and ε is the
dielectric constant of the solvent. Manning’s original theories
predict that once the distance between charges on a polymer
backbone moves below a certain critical value (the Bjerrum
length), ions will begin to condense on the chain to neutralize
the charge.27 Though numerous more recent results and
theories have demonstrated the failings of this model for
ﬂexible, irregular polymers, the concept of counterion
condensation on highly charged polymers to describe the
polymer conformation and the dependence of theories on the
Bjerrum length are fundamental to the ﬁeld.17,30,31 The
dielectric constant is therefore typically the ﬁrst property
considered when examining polyelectrolyte data, particularly
when using solvents other than water.
As a ﬁrst step to address the fundamental lack of
understanding of polyelectrolytes in battery-relevant solvents,
we employ a sulfonated polysulfone/poly(ethylene glycol)
copolymer that is fully soluble in both DMSO and a 2:1 (v/v)
mixture of EC and DMC. We have previously investigated the
conductivity of this class of polymer in the dry state due to the
relatively wide array of compositions that could be syntheti-

cally achieved.32 Here we choose a polymer that is fully soluble
in EC/DMC and contains appended sulfonate groups, a
common ionic group studied in polyelectrolytes. Both solvents
have a dielectric constant near 50, and thus reasonably similar
behavior would be expected from the classical theory. Here we
characterize the transport properties of the polyelectrolyte with
and without added LiTFSI salt. From a fundamental
standpoint, added salt is frequently used in the polyelectrolyte
literature as a means of varying electrostatic screening in
solution and reducing viscosity.33,34 Here it is also investigated
from a performance standpoint as a means to increase
polyelectrolyte solution conductivity. Additionally, previous
studies have not made clear the trade-oﬀ in transference
number when adding a small molecule salt alongside the
polyelectrolyte. This study will aid in identifying the major
questions remaining in the design of an HTNE using
polyelectrolyte solutions.

■

METHODS

Materials. Poly(ethylene glycol) (Mn = 1500 Da), anhydrous Nmethyl-2-pyrrolidone, dimethyl sulfoxide, and toluene were purchased
from Sigma-Aldrich and used as received. Sulfonated bis(4chlorophenyl) sulfone was purchased from Akron Polymer Systems
and dried for 2 days under vacuum at 80 °C before use. 2,2-Bis(4hydroxyphenyl)hexaﬂuoropropane was purchased from Chem Impex
Intl. and used as received. Anhydrous ethylene carbonate, dimethyl
carbonate, and lithium bis(triﬂuoromethylsulfonyl)imide were
purchased from BASF and used as received.
Polymer Synthesis. The polymer employed in this study is
shown in Scheme 1, composed of short poly(ethylene glycol) (Mn =

Scheme 1. Structure of the Charged Polymer Used in This
Study

1500 Da) segments with sulfonated sulfone linkages. 10 mol % of a
ﬂuorinated biphenol monomer is also incorporated as a tag to track
the diﬀusion of the polymer backbone in a nondeuterated solvent.
The polymer was synthesized according to the procedures outlined in
ref 32. Brieﬂy, the condensation reaction is performed by loading the
three monomers to a reaction vessel with N-methyl-2-pyrrolidone and
potassium carbonate and allowed to react for 48 h at 190 °C following
azeotropic removal of water with toluene for several hours. The
polymer is then precipitated in isopropanol, followed by dialysis in
water with lithium carbonate to exchange the appended ion to lithium
and remove residual solvent and other impurities. The ﬁnal structure
of the polymer was conﬁrmed through NMR; the ﬁnal ion content of
the polymer was veriﬁed by inductively coupled plasma optical
emission spectroscopy (ICP-OES), and no other trace metallic
impurities were observed. The polymer was dried for 2 days at 70 °C
over phosphorus pentoxide before use.
Solution Preparation. Each solution was prepared in an argon
glovebox (Vacuum Atmospheres) kept below 1 ppm water and
oxygen. Polymer solutions were prepared and then added to weighed
amounts of LiTFSI salt. No precipitation or aggregation was observed
in any solutions over the course of six months. The ﬁnal lithium
concentration of each sample was measured by quantiﬁcation with 7Li
NMR. Standard solutions of LiBr in D2O were prepared, and a 7Li
spectrum was obtained for each using a consistent receiver gain,
calibrated pulse length, and 120 s delay time. A calibration curve was
then made. For each solution, the NMR spectra were shimmed on the
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H signal, and then a 7Li spectrum at the same receiver gain was
obtained, enabling accurate measurement of the lithium content of
each sample. The reported amount of LiTFSI added in each plot in
this work is calculated from this measurement.
Conductivity. To minimize the amount of solution necessary for
conductivity measurement, the conductivity of each solution was
measured using coin cells constructed in the argon glovebox. Each cell
was constructed with two stainless steel blocking electrodes and a
quartz ﬁber (Whatman) separator that had been washed and dried
prior to use. The coin cells were loaded to a temperature-controlled
oven, and the temperature was maintained at 25 °C throughout the
measurement. AC impedance was performed on each cell, and the
conductivity was determined from the minimum of the phase angle of
the resulting spectra. Each value represents the average of at least four
cells. The coin cell measurement was calibrated to LiTFSI in DMSO
solutions measured both by the same coin cell technique and with a
conductivity probe inside of the glovebox.
Viscosity. Viscosity was measured using an electromagnetically
spinning viscometer (EMS-1000, Kyoto Instruments). Achieving high
accuracy measurements in low volume solutions, this technique
measures viscosity based on the rotation rate and magnetically applied
force to a 2 mm aluminum ball located in the testing solution. The
viscometer was calibrated using known standards (Cannon Instruments Inc.) and was within 3% of the known values. 300 μL of each
solution was sealed in the 13 mm diameter test tubes in the argon
glovebox. At no point during the measurement, or during sample
preparation, were any of the solutions exposed to ambient
atmosphere, ensuring that H2O or other atmospheric contamination
was eliminated. Temperature is maintained at 25 °C throughout the
measurement, and the reported values represent the average of at least
eight individual viscosity measurements on the same solution.
Variability in these repeat measurements was also around 3%.
Pulse Field Gradient NMR. Diﬀusion coeﬃcients of each species
were measured by pulse ﬁeld gradient NMR on a Bruker Avance III
600 MHz instrument ﬁtted with a 5 mm Z-gradient broadband probe
and variable temperature unit maintained at 25 °C throughout the
measurement. Samples were prepared in the glovebox and capped
with an air-free cap and paraﬁlm. The gradient was calibrated to
known values of H2O, H2O in D2O,35 H-DMSO in d6-DMSO,36
dimethyl carbonate,37 and 0.25 and 4 M LiCl in H2O.35 The T1 of
each peak monitored was measured, and a recycle delay at least 4
times T1 was utilized. For 7Li, 19F of TFSI−, and the solvent, a double
stimulated bipolar gradient pulse sequence (Bruker’s dstebpgp3s
program) was used.38 Because of the low signal and slow diﬀusion of
the polymer backbone, the longitudinal eddy delay program without
convection compensation (Bruker’s ledbpgp2s program) was
employed to monitor the diﬀusion of the 19F peak associated with
the polymer backbone.39 The diﬀusion of this peak was conﬁrmed to
match the diﬀusion of the proton polymer peaks via a separate
measurement in d6-DMSO where the polymer 1H peaks are not
impacted by the solvent signal. For the dstebpgp3s program, the
signal intensity as a function of gradient strength was ﬁt to
2 2 2
I
= e−γ g δ D(Δ− 5δ /8 − τ)
I0

included in the Supporting Information, Figure S1; in all cases a linear
decay in signal strength on the Stejskal−Tanner plot was observed.
Variability within the gradient calibration was used to estimate a
minimum error of 5% on the diﬀusion coeﬃcients. For some samples
the ﬁtting error due to low signal strength was larger than this 5%
error. Because of the length of repeated experiments, the maximum of
the ﬁtting error and 5% were used to determine error bars for the
diﬀusion measurements.
Calculation of Dissociation Constant. Quantum chemistry
calculations were performed with the Gaussian 16 software package41
using the ωB98X-D functional42 and the 6-311++G** basis set.43−45
All calculations consisted of a structure optimization followed by a
frequency calculation. The frequency calculations were used to
determine thermodynamic properties and verify that no negative
frequencies existed. Implicit solvent was incorporated into all of the
calculations using the polarizable continuum model (PCM) with the
integral equation formalism (IEFPCM).46−49 Dielectric constants of
46.7 and 51.0 were used for DMSO50 and EC/DMC,51 respectively.
Dissociation energies were calculated from the computed Gibbs
free energies of the cation (Li+), the anion (based on the anionic
moiety of the polymer, see Scheme 2), and the ion pair (cation and

Scheme 2. Structure of the Anionic Moiety Used for
Dissociation Energy Calculationsa

a

This structure is essentially the small molecule equivalent of the
charged polymer anion moiety shown in Scheme 1 and was used
instead of full polymer chains due to the computational cost of largescale quantum chemistry calculations.

anion together). The diﬀerence between the Gibbs free energies
(ΔG) of the paired and dissociated states yield the dissociation
energy,52 from which we can obtain the dissociation constant, K (ΔG
= −RT ln K). Thermal contributions to the Gibbs free energy were
calculated at 25 °C.
In the explicit solvent calculations, the number of solvent molecules
included was chosen to match the Li+ coordination numbers found in
previous work. In DMSO, four solvent molecules per Li+ were used
based on X-ray and neutron diﬀraction as well as molecular dynamics
studies.53,54 For the EC/DMC calculations, one DMC and three EC
molecules were included per Li+ based on quantum chemistry studies
from Borodin et al. showing this solvation shell composition to be
most energetically stable among all ECnDMCm/Li+ (n + m = 4)
complexes.55 This EC/DMC ratio is approximately equivalent to the
bulk molar ratio of the 2:1 (v/v) EC/DMC blend utilized in this
work. To determine the sensitivity of the calculated trends to these
choices in solvation shell structure, we also computed the dissociation
constants for ion pairs with <4 explicit solvent molecules and found
that the trend in dissociation energy between DMSO and EC/DMC
is consistent for systems with >2 explicit solvent molecules. Initial
solvation shell geometries were obtained using a Monte Carlo-based
conformational search with MacroModel and the Maestro graphical
interface (Schrödinger).56 The mixed torsional/low-mode sampling
method was used in conjunction with the OPLS_2005 force ﬁeld.
The minimum-energy conformer from this analysis was used as the
starting geometry for the quantum chemistry calculations.

(1)

where γ is the gyromagnetic ratio, g is the gradient strength, δ is the
duration of the gradient pulse, D is the diﬀusion coeﬃcient, Δ is the
diﬀusion delay time, and τ is the delay for gradient recovery. The
correction for sine-shaped gradient pulses was included here.40 For
the ledbpgp2s program, the equation was modiﬁed to
2 2 2
I
= e−γ g δ D(Δ− 5δ /16 − τ /2)
I0

■

(2)

RESULTS AND DISCUSSION
Conductivity is the primary electrolyte property considered
when designing a battery electrolyte. Figure 1 displays the
conductivity of the polyion with added salt solutions using
DMSO (Figure 1A) or EC/DMC (Figure 1B) as the solvent,
plotted against the amount of LiTFSI added to the solution.

Diﬀusion delays employed were between 0.05 and 0.25 s, and gradient
pulse lengths were between 0.8 and 5.5 ms. Repeat experiments with
varied diﬀusion delay and pulse length veriﬁed the measured diﬀusion
coeﬃcient was independent of experimental condition. Between 8 and
16 experiments with varying gradient strength were used for each
diﬀusion coeﬃcient measurement. Example Stejskal−Tanner plots are
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imparted by the addition of polymer to the solution (see
Figure 2). In contrast, the polyion and its lithium counterion

Figure 2. Viscosity as a function of LiTFSI added to each polymer
solution for EC/DMC (solid lines) and DMSO (dashed lines).
Polymer-free solution data are shown as squares, 0.01 M polymer
solution data are represented as triangles, and 0.1 M polymer solution
data are represented as diamonds. The 3% error estimated from the
calibration is smaller than the data points in this ﬁgure.

appear to contribute to the total solution conductivity in
DMSO solutions. This is particularly clear at low LiTFSI
concentration, where the conductivity is signiﬁcantly higher for
the 0.1 M polyion solutions compared to the 0 M polymer
solutions. The increase in conductivity on addition of more
LiTFSI is less pronounced in the higher polymer concentration
samples, and eventually the conductivity of the 0.1 M polyion
solution is equivalent to the conductivity of pure LiTFSI
solutions, again despite the signiﬁcantly higher total lithium
concentration.
The viscosity of each solution in Figure 1 is plotted in Figure
2 as a function of the amount of LiTFSI added. In each solvent
(dashed vs solid lines), increasing polymer concentration
corresponds to an increase in viscosity as would be expected.
Without polymer (squares) and with 0.01 M polymer
(triangles), only a slight increase in viscosity is noted with
addition of LiTFSI, as the concentration of salt is relatively
low. At high polymer concentration in DMSO, addition of salt
causes no change in viscosity; however, in EC/DMC there is a
signiﬁcant decrease in viscosity with increasing salt concentration. Based on the conductivity of these solutions, these
results are generally unexpected. For a charged polymer in
solution, addition of small molecule salt is known to cause a
decrease in the solution viscosity as a result of charge screening
that allows the chain to relax into a smaller conformation.34
Thus, we would expect that addition of salt to the polymer
solutions in DMSO should cause a decrease in the solution
viscosity because here the polymer contributes to the total
conductivity and so must be charged. In EC/DMC, the
polymer does not appear to contribute signiﬁcantly to the
conductivity, indicating it is not charged and that charge
screening is unlikely to play a role in the viscosity.
To further investigate these surprising results, we turn ﬁrst
to the molar conductivity in Figure 3A for DMSO and Figure
3B for EC/DMC to more clearly ascertain the polymer
contribution to the total conductivity. Here the conductivity is
normalized to the total lithium concentration of each solution

Figure 1. Conductivity as a function of LiTFSI added at each polymer
concentration in (A) DMSO and (B) EC/DMC = 2 (v/v).

The polymer molarity reported in all ﬁgures corresponds to the
appended sulfonate ion molarity in each solution and is
therefore twice the molarity of the sulfonated sulfone repeat
unit (given that each sulfone repeat unit has two sulfonate
groups). This does not, however, correspond directly to the
total monomer concentration due to the additional PEG repeat
units present. Without polymer (green squares in Figure 1),
the plotted LiTFSI concentration corresponds to the total
lithium concentration in solution, but for the polymer
solutions the total lithium content is the LiTFSI added plus
the reported polymer molarity. The conductivity of the pure
solvent, which was below 3 μS/cm, was subtracted in each
case. It should be noted in all cases here the conductivity of the
polymer solutions is several orders of magnitude higher than
the neat polymer in the dry state.32 In both solvents, the
conductivity of each solution increases into the range of an
acceptable battery electrolyte with addition of LiTFSI, and at
0.01 M polymer, the conductivity of the solution is no diﬀerent
from the solution without polymer at these polymer/LiTFSI
concentrations.
At high polymer concentration, the conductivity behavior of
solutions made from diﬀerent solvents deviate. In EC/DMC,
the solutions with 0.1 M polymer have a lower conductivity
than the solutions with no polymer at each LiTFSI
concentration, even though the total lithium concentration of
the polymer containing solutions is always higher. This implies
that the Li+−SO3− pairs appended to the polymer backbone
remain substantially, if not completely, associated in EC/DMC
and hence do not contribute to conductivity. Therefore, the
lower conductivity of the 0.1 M polymer solutions compared
to the 0 M polymer solutions results from the higher viscosity
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To examine the relative contribution of LiTFSI and polyion
to the conductivity, in Figure 3C, the conductivity has been
normalized to the concentration of LiTFSI rather than the
total lithium concentration. Here, the molar conductivity of the
pure LiTFSI and 0.01 M polyion in both EC/DMC and
DMSO solutions collapses to a single line that is concentration
independent. At 0.1 M polyion, the solution at 0.01 M LiTFSI
in DMSO displays dramatically higher molar conductivity,
clearly indicating the polyion contributes signiﬁcantly to the
observed conductivity. As the concentration of salt increases,
however, the [LiTFSI]-normalized conductivity falls back to
similar values as the other solutions. In EC/DMC, the 0.1 M
polyion solution conductivity displays no concentration
dependence, indicating the large increase with added LiTFSI
observed in the Li+-normalized molar conductivity (Figure 3B)
can be explained entirely by the addition of LiTFSI and not the
decreasing viscosity shown in Figure 2. In this plot, increasing
molar conductivity with LiTFSI concentration would be
expected if the eﬀect was a result of viscosity. Thus, the
conductivity data clearly suggest that the polyion is charged in
DMSO and uncharged in EC/DMC, despite the trends in
viscosity. It is therefore necessary to further deconvolute each
species contribution to these bulk properties.
To do so, the diﬀusion coeﬃcients from PFG NMR of the
polymer backbone, TFSI− anion, and Li+ counterion are
plotted in Figures 4A and 4B for DMSO and EC/DMC,
respectively. In both solvents, the diﬀusion of the TFSI− anion
is independent of salt concentration, is higher than either other
species, and appears to slightly decrease at the highest polymer
concentration. This decrease in diﬀusion coeﬃcient at high
polymer concentration is observed for all species as a result of
the increased viscosity at higher polymer concentration (Figure

Figure 3. Molar conductivity (normalized using total Li+ concentration in each solution) as a function of LiTFSI added at each
polymer concentration in (A) DMSO and (B) EC/DMC = 2 (v/v).
(C) Conductivity normalized to LiTFSI concentration for all
solutions.

and plotted again against the amount of LiTFSI added. In both
cases, the pure LiTFSI solution molar conductivity displays
negligible concentration dependence, consistent with LiTFSI
being a strong electrolyte (nearly fully dissociated). In DMSO,
Figure 3A, the polymer solutions display only a slight increase
in molar conductivity with added small molecule salt. The
eﬀect of viscosity can clearly be seen here in the decreased
molar conductivity with increasing polymer concentration. In
Figure 3B, where EC/DMC solutions are presented, the
polymer solutions display dramatically diﬀerent behavior than
DMSO solutions, with the 0.1 M solution deviating the most
from the pure LiTFSI case and showing an increase in molar
conductivity as the concentration increases. This would be
consistent with the decrease in viscosity with higher salt
concentration but could also be explained if the polyion and its
counterion did not contribute to the conductivity.

Figure 4. Diﬀusion coeﬃcients of each species as a function of LiTFSI
added for (A) DMSO and (B) EC/DMC = 2 (v/v).
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2). The relatively higher diﬀusion coeﬃcient of TFSI−
compared with Li+ is expected given the large solvation
structure of Li+ in solution.57 The polyion backbone diﬀusion
coeﬃcient also does not appear to have a signiﬁcant
dependence on LiTFSI concentration though is signiﬁcantly
slower at 0.1 M polyion than 0.01 M. This indicates the 0.1 M
polyion solution has passed the entanglement concentration, as
polyelectrolyte diﬀusion coeﬃcients are independent of
polymer concentration within the semidilute range.29 It is
surprising that the backbone diﬀusion coeﬃcient is not a
function of total LiTFSI concentration in either solution,
particularly in EC/DMC where a signiﬁcant decrease in bulk
viscosity is observed at high polymer concentration. The
expansion or contraction of chain conformations that might be
expected to cause this decrease in viscosity would typically be
expected to also aﬀect the diﬀusion of the chain.
The diﬀusion coeﬃcient of the lithium is the most drastically
diﬀerent transport property between the two solvents, being
independent of LiTFSI concentration in DMSO, but
signiﬁcantly increasing with LiTFSI concentration in EC/
DMC. This behavior is consistent with the analysis of the
molar conductivity data in EC/DMC which clearly indicates
the dissociation of lithium from the polymer is very low. The
lithium diﬀusion reported here is an average of all lithium
species in solution, so addition of a fast lithium species (in the
form of LiTFSI) to a solution where lithium is tightly
associated with a bulky polymer would produce a slowly
increasing average. Unfortunately, these diﬀerent lithium
species cannot be directly observed in the diﬀusion measurement. Given the increase in lithium diﬀusion with added
LiTFSI in EC/DMC, it is somewhat surprising that the average
lithium diﬀusion does not change at all on addition of LiTFSI
to the DMSO-based polymer solution. There are two possible
explanations for this observation in DMSO. First, the addition
of a fast lithium species from LiTFSI could be perfectly
balanced by the association of an equivalent amount of lithium
to the polymer (producing a slow lithium species). If these
processes occur simultaneously, no change in the average Li
diﬀusion would be seen. Such a balance might be reasonable
given a dynamic equilibrium between bound and free lithium,
where addition of free lithium would drive the balance back to
the associated species. Similar suggestions have been made in
the literature.31,58,59 A second possible explanation is that the
lithium species present in the pure polymer system diﬀuses at
the same rate as lithium in a pure LiTFSI solution, and at these
concentrations the additional ionic content does not produce
any change in the species’ motion. It can easily be seen from
Figure 4A that the lithium in a 0.01 M polyion solution diﬀuses
at nearly the same rate as a lithium species in a pure LiTFSI
solution, though at 0.1 M polymer the lithium diﬀuses
somewhat slower.
To examine the local eﬀects of viscosity on the solution
directly, we examine the diﬀusion coeﬃcients relative to the
solvent diﬀusion coeﬃcients in Figure 5. The solvent diﬀusion
coeﬃcients are plotted alone in Figures S2 and S3. Figure 5
plots the diﬀusion coeﬃcient of each species normalized to the
diﬀusion coeﬃcient of DMSO in Figure 5A and molar average
solvent diﬀusion for EC/DMC in Figure 5B. In each case, the
solvent diﬀusion coeﬃcient, Dsolvent, is that measured for each
unique composition reported in Figure 4 from the 1H spectra.
In both solvents, it is immediately evident that any diﬀerence
in TFSI− diﬀusion can be ascribed to the slightly slower
solvent diﬀusion in the more viscous 0.1 M polymer solutions,

Figure 5. Diﬀusion coeﬃcient of each species normalized to the
solvent diﬀusion coeﬃcient as a function of LiTFSI added for (A)
DMSO and (B) EC/DMC = 2 (v/v).

as D/Dsolvent for TFSI− collapse onto a single curve for all
polymer and LiTFSI concentrations. TFSI− also appears to
diﬀuse at the same rate in both solvents relative to the solvent
diﬀusion. In EC/DMC, Figure 5B, the normalized lithium
diﬀusion coeﬃcients are signiﬁcantly lower for the polymer
solutions compared to the pure LiTFSI (0 M polymer)
solutions, further supporting the conclusion of poor dissociation in EC/DMC. In DMSO, Figure 5A, the normalized
lithium diﬀusion coeﬃcient is closer to the diﬀusion of lithium
in the pure LiTFSI solution but does not collapse completely
to a single line. Thus, it is clear that a portion of the lithium
must still be associated with the polymer at 0.1 M polymer in
DMSO, where DLi/Dsolvent is still lower at all LiTFSI
concentrations than DLi/Dsolvent for the 0 and 0.01 M polymer
cases.
Most surprisingly, the large decrease in viscosity as a
function salt concentration in the 0.1 M polymer in EC/DMC
series is not accounted for by the diﬀusion coeﬃcient of the
solvent, which remains relatively constant with added salt
(Figure S3). While at a given salt concentration there is a
decrease in solvent diﬀusion with increasing polymer
concentration that accounts for the change in TFSI− diﬀusion,
there is no signiﬁcant increase in solvent diﬀusion coeﬃcient as
a function of salt concentration. In fact, at this polymer
concentration, the solvent diﬀusion coeﬃcients appear to
decrease slightly with salt concentration.
This deviation from the expected viscosity, ηStokes, based on
the observed solvent diﬀusion coeﬃcients and assuming the
molecules diﬀuse as Stokes spheres, can be observed most
directly in Figure 6A,B. The viscosity ratio deﬁned in eq 3 is
plotted as a function of salt concentration.
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Figure 6. Viscosity ratio deﬁned in eq 3 as a function of LiTFSI added for each polymer concentration in (A) DMSO and (B) EC/DMC = 2 (v/v).
Inverse Haven ratio as a function of LiTFSI added for each polymer concentration in (C) DMSO and (D) EC/DMC = 2 (v/v). In each ﬁgure, the
reported error has been propagated from the measurements.

ηStokes
η

=

kT
6πrsolventDsolvent η

To relate local diﬀusion and bulk conductivity measurements directly, the inverse Haven ratio, HR−1, as deﬁned in eq
4, is often employed.61
σ
HR −1 = 2
F
(c D + csulfonatesDpolymer + c TFSIDTFSI)
(4)
RT Li Li

(3)

Here rsolvent, the eﬀective hydrodynamic radius of a diﬀusing
solvent molecule, is calculated using the Stokes−Einstein
equation, the measured viscosity, and PFG NMR diﬀusion
coeﬃcient of the pure solvent (i.e., without added salt or
polymer). For EC/DMC, the diﬀusion coeﬃcient of the two
solvents was averaged on a molar basis to obtain an eﬀective
average solvent radius. Deviations from 1 in this ratio could
therefore be a result of changes in the eﬀective solvent radius
as the solution composition changes or other intermolecular
interactions. The most apparent trend here is that the
deviation from the “ideal” Stokes viscosity increases with
polymer concentration. This suggests that the bulk viscous
eﬀects are decoupled from the local viscosity of the solutions.
Such phenomena have been discussed in polymer solutions for
some time, where it is understood that the length scale of the
polymer entanglements that cause high viscosity is longer than
would be felt directly by a small probe molecule.60 Essentially,
the small molecule can move around the polymer, but when a
bulk shear is applied to the solution, the long chains impede
this motion. This suggests that the eﬀect that causes the
decrease in viscosity at 0.1 M polymer in EC/DMC occurs
over a relatively long range or that the local interaction has a
stronger inﬂuence on bulk properties than local motion of
small ions. This observation is important for the design of an
HTNE, where the bulk viscosity might otherwise be
considered a key property to minimize.

F is Faraday’s constant, R is the gas constant, and T is the
temperature (298 K). Note that cLi is the total lithium
concentration, while the two anionic species can be treated
separately. Here the measured conductivity (σ) is related to
the conductivity that would be expected from the Nernst−
Einstein equation if every NMR-measured diﬀusion coeﬃcient
ideally represented all charged species in solution. As this
would only be explicitly true if every species was fully
dissociated, the Haven ratio is often used to probe extent of
dissociation. It should be noted that because the NMR
averages all lithium species (charged, uncharged, associated, or
dissociated) HR−1 does not directly correspond to extent of
dissociation; however, it does relate to the ideality of the
solution and the relationship between diﬀusivity and
mobility.62 In DMSO, Figure 6C, the ratio for the pure 0.1
M polymer solution and most dilute pure LiTFSI solution is
equivalent to one, within error of the measurements. The
solution at 0.01 M polymer appears to have an HR−1 > 1 in the
pure solution, a result that was veriﬁed twice in this study (two
separate multiple-replicate analyses), perhaps alluding to the
complex relationship between diﬀusion and mobility in
polyelectrolyte solutions.63 Detailed analysis of this result is
beyond the scope of this paper but should be the subject of
future work. As the LiTFSI concentration is increased, HR−1
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Figure 7. (A) 7Li spectra for the series of solutions at 0.01 M polymer in EC/DMC with added LiTFSI. The spectra of each solution have been
overlaid, and the intensity was normalized. With added LiTFSI, the peak width narrows. (B) 7Li peak width at half-maximum as a function of
LiTFSI added for all solutions.

viscosity. Therefore, we use the peak width here as a proxy
for the relative degree of association between Li+ and the
polyions, with a larger peak width corresponding to a higher
degree of association.
There are two possible explanations for the apparently
higher ion association in EC/DMC than DMSO. First, if the
polymer conformation is coiled tightly, one might expect the
lithium counterions to be trapped within some form of micellar
structure. Second, despite having similar dielectric constant,
EC/DMC may not provide adequate solvation of the
sulfonate/Li structure. To investigate this point, the dissociation constant of the polymer sulfonate group can be estimated
using quantum chemistry calculations, shown in Table 1. Here

decreases, indicating the solution conductivity deviates from
the conductivity that would be expected if each NMRmeasured diﬀusion coeﬃcient ideally translated to conductivity. Here this decrease in each solution is likely the result of ion
association as concentration is increased. In EC/DMC (Figure
6B), HR−1 of the pure polyelectrolyte solutions is very low, as
would be expected for low dissociation. Interestingly, even a
small amount of salt causes the Haven ratio to immediately
jump to the value for pure LiTFSI. This is a result of the orders
of magnitude larger diﬀusion coeﬃcient of TFSI− compared to
the polyanion combined with the immediate increase in
average lithium diﬀusion coeﬃcient on addition of LiTFSI due
to the increased dissociation of LiTFSI compared to the
lithium sulfonate moieties on the polymer chain.
It is important to recognize the behavior reported here for
the same polymer in DMSO and EC/DMC is surprising. The
vast majority of literature on polyelectrolyte solutions uses the
dielectric constant of the solvent as the main parameter to
determine the charge of the polymer via the Bjerrum length.
The dielectric constant of DMSO at 298 K is 46.7, and a 2:1 v/
v mixture of EC and DMC should have a dielectric constant at
least equivalent to or higher than DMSO.50 It should be noted
that a carefully measured value for EC/DMC could not be
found at 298 K but has been carefully measured at 313 K to be
51.51 The dielectric constant of a blend of EC and ethyl methyl
carbonate at an equivalent ratio is also near 50.64 On the basis
of this alone, it would be expected that the two polyelectrolyte
solutions have similar ion dissociations and, ultimately, similar
transport properties. Clearly this is not the case.
Evidence for low ion dissociation in EC/DMC can be
observed directly from 7Li NMR, as shown in Figure 7. Here
the half-width of the lithium peak is plotted for all solutions,
with an example series at 0.01 M polymer plotted in Figure 7A.
The lithium peak width is signiﬁcantly larger in all EC/DMC
solutions with polymer but is narrow for pure LiTFSI in EC/
DMC and all DMSO solutions. NMR peak broadening or
narrowing can be due to a range of potential causes, but a
reasonable explanation for the data shown in Figure 7 is that
lithium associated with a polymer would move signiﬁcantly
more slowly and thus its signal would be less resolved, as is
typical for polymers in NMR.65 In addition, this trend cannot
be explained by the bulk viscosity, as the 0.01 and 0.1 M
polymer in EC/DMC solutions display the same trend in peak
width, despite displaying signiﬁcantly diﬀerent trends in

Table 1. Dissociation Constant in EC/DMC and DMSO
Calculated with Implicit Solvent and Explicit Solvent
dissociation constants
DMSO
EC/DMC

implicit solvent

explicit solvent

0.59
0.86

56.40
4.38

we calculate the dissociation constant of a polymer-appended
ion using both an implicit solvent model and an explicit solvent
model. The details of these models are described more
completely in the Methods section. When solvation is
approximated by an implicit solvent model, where the
dielectric constant is the only parameter distinguishing
DMSO and EC/DMC, we observe a lower dissociation
constant (corresponding to less favorable dissociation) for
DMSO. This is consistent with DMSO’s slightly lower
dielectric constant. With explicit solvent molecules included
in the calculation, however, we see the opposite trend:
dissociation is now substantially more favorable in DMSO.
This trend coincides with the diﬀerences in donor number
of the solvent molecules, indicating that this may be a more
essential parameter in determining ion association than the
dielectric constant of the neat solvent. The utility of the donor
number concept in describing dissociation of ions has been
noted in polyelectrolytes before, though we note that others
have suggested more advanced models that may be able to
capture a wider range of behavior.15,66 Note that the orders-ofmagnitude diﬀerences in dissociation constants between the
8768

DOI: 10.1021/acs.macromol.8b01696
Macromolecules 2018, 51, 8761−8771

Article

Macromolecules
implicit and explicit solvent calculations are due to systematic
errors in solvation energy from the implicit solvent model used,
which can be on the order of 0.5 eV.67 This error is then
transferred to the exponential used to calculate the dissociation
constant, yielding variations consistent with the diﬀerences
between methods observed in Table 1. These systematic
errors, however, should not aﬀect the observed trend between
solvents.
These results suggest that conventional theories of counterion condensation in polyelectrolytes, in which the solvent is
only accounted for implicitly as a dielectric continuum, do not
adequately capture important trends in these systems.
Although polymer conformation also likely plays a role in
the observed transport properties here, neutron scattering
experiments that would be necessary to probe directly the
polymer radius of gyration are beyond the scope of this work.
As there is a clear diﬀerence in the dissociation of lithium in
the two solvents, simply from the standpoint of dissociation
constant, it is reasonable to infer that the deciding factor in the
poor conductivity observed in EC/DMC is the dissociation of
the ion appended to the polymer backbone. In addition,
though the viscosity measurement indicates a charge screening
eﬀect causing a decrease in viscosity on addition of salt, there is
no evidence that the polymer is signiﬁcantly charged in this
solvent. The viscosity trend in EC/DMC might be explained
instead by ionic interactions due to ion coordination with the
ether functionality of the PEG segments68 or strong dipolar
interactions between the ion pairs that would only be present
in EC/DMC. Either hypothesis requires further investigation.
Ultimately, the relative motion of lithium to the other
species is the desired property, as captured by the transport
number, t+, deﬁned in eq 5.
t+ =

c LiDLi
c LiDLi + c TFSIDTFSI + csulfonatesDpolymer

Figure 8. Transport number as a function of LiTFSI added at each
polymer concentration in (A) DMSO and (B) EC/DMC = 2 (v/v).

DMSO with added LiTFSI have been investigated as a
function of salt content. It is seen that the addition of salt to
either solution causes an increase in solution conductivity but
that the bulk viscosity only changes as a function of salt
concentration at high polymer concentration in EC/DMC.
The behavior of lithium in each solution is quite diﬀerent,
resulting in signiﬁcant diﬀerences in the ﬁnal transport
properties. In EC/DMC, the polymer and lithium are poorly
dissociated, and adding salt does not alter the properties of the
solution to signiﬁcantly change lithium−polymer dissociation.
Thus, the conductivity of the solution with added salt is
entirely due to the added salt, and changes in viscosity must be
a result of another interaction, either between ether repeat
units and LiTFSI or between the strong dipoles of ion pairs. In
DMSO, the polymer and lithium are well-dissociated, and
addition of salt causes t+ to decrease and the conductivity not
to increase as signiﬁcantly as in EC/DMC. Both NMR and
quantum chemistry calculations demonstrate that EC/DMC is
unable to dissociate the sulfonate group on the polymer as
strongly as DMSO. This alone predicts the majority of
behavior observed here, suggesting the design of new HTNE
polyelectrolyte solutions should strongly consider the ability of
the solvent to dissociate the polyion and counterion. In the
design of an HTNE for battery applications, a relatively narrow
range of solvents are well-characterized, and thus structural
changes to the polyion that promote dissociation are the most
promising path forward. Addition of salt is shown here as a
promising method to tune conductivity and transference
number in the case that the polymer is well dissociated, an
important ability that is not possible in most electrolytes.

(5)

Here t+ is deﬁned directly as the fraction of the total
conductivity that would come from lithium if the Nernst−
Einstein equation were valid for each species. It should be
noted that this is not explicitly equivalent to the true
electrochemical transference number, which would require
signiﬁcant electrochemical characterization that is beyond the
scope of this work.7 The transport number reported here is still
a measure of the relative motion of lithium over the other
species that would contribute to the conductivity. For EC/
DMC in Figure 8B, t+ of the polymer solution is high without
salt, but addition of any salt immediately causes a signiﬁcant
drop due to the very fast-moving TFSI− anion. Because a
signiﬁcant fraction of lithium also always diﬀuses slowly in this
system, the t+ of the polymer containing solutions is actually
lower than that of the pure LiTFSI solution. This result is only
true for the case that the polyion does not dissociate because,
in contrast, the t+ remains high even as a small molecule salt is
added to the DMSO polymer solutions (Figure 8A), where
substantial Li+−SO3− dissociation occurs. As salt concentration
is increased, t+ approaches the t+ of the pure LiTFSI solution.
This suggests in a well-dissociated solution there is the
potential to optimize conductivity and t+ by tuning small
molecule salt content.

■

CONCLUSIONS
In this work, the transport properties of solutions of sulfonated
polysulfone/poly(ethylene glycol) copolymer in EC/DMC and
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