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Abstract

We demonstrate enhanced Li* transport through the selectively solvated ionic layers of a single-
ion conducting polymer. The polymer is a precisely segmented ion-containing multiblock
copolymers with well-defined Li*'SOs™ ionic layers between crystallized linear aliphatic 18-
carbon blocks. X-ray scattering reveals that the dimethylsulfoxide (DMSO) molecules
selectively solvate the ionic layers without disrupting the crystallization of the polymer
backbone. The amount of DMSO (~21 wt%) calculated from the increased layer spacing is
consistent with thermogravimetric analysis. The ionic conductivity through DMSO-solvated
ionic layers is > 10* times higher than in the dried state, indicating a significant enhancement
of ion transport in the presence of this solvent. Dielectric relaxation spectroscopy (DRS) further
elucidates the role of the structural relaxation time (t) and the number of free Li" (n) on the
ionic conductivity (o). Specifically, DRS reveals that the solvation of ionic domains with
DMSO contributes to both accelerating the structural relaxation and the dissociation of ion
pairs. This study is the initial demonstration that selective solvation is a viable design strategy
to improve ionic conductivity in nanophase separated, single-ion conducting multiblock

copolymers.



Single-ion conducting polymer electrolytes are an important class of materials with
applications in critical technologies, such as energy storage systems (e.g., batteries).'* While
many polymer electrolytes studied for their use in batteries are based on the classical dual-ion
conducting systems of poly(ethylene oxide) (PEO) with added salt,’ single-ion conducting
polymer electrolytes have the advantage of high lithium transference numbers (ti"), the ratio
of current carried by the Li".% The tii" is an important parameter for battery performance,
because the contribution of anions to ionic conductivity limits the battery performance. For
example, strong polarization induced by the mobile anions increases cell impedance and
dendrite growth, which are detrimental to battery life and safety. In contrast, single-ion
conducting polymer electrolytes with immobilized anions on the polymer backbone have tLi"
> 0.8, relative to the tri* < 0.2 - 0.3 of dual-ion conducting systems.>® However, single-ion
conducting polymer electrolytes are often limited by low ionic conductivities, due to their slow

segmental dynamics of polymer chains and low concentration of free Li".

Adding small molecules to single-ion conducting polymer -electrolytes can
significantly improve the ionic conductivity due to the homogeneous plasticization of the
polymer and improved ion dissociation.” While various gel polymer electrolytes containing
small molecules typically exhibit homogenously distributed ionic groups,®!* fewer studies
show the incorporation of small molecules into ordered nanoscale domains. For example, Kim,
et al. reported improved anhydrous proton transport through the ionic microdomains of
poly(styrene sulfonate-b-methylbutylene) doped with small molecules including zwitterions.'*
This improved ionic conductivity is attributed to the zwitterions increasing the local dielectric
constant of the ionic domains.'*"!” In a precisely sulfonated polyethylene with nanoscale layers,
Trigg, et al. found that upon exposition to humidity the acid layers persisted due to the

polyethylene cryatllinity and the proton conductivity increased significantly.!® These studies



suggest the potential of using small-molecule additives to selectively tune the ion channels and
enhance the ionic conductivities, specifically in single-ion conducting polymer electrolytes

with nanoscale morphologies.

The ionic conductivity (o) in polymer electrolytes can be described by the Nernst-
Einstein equation, 6 = ne’D/(ksT),'°*° where n is the concentration of free ions, e is the number
of charges carried by free ions, D is the diffusivity of ions, ks is the Boltzmann constant, and
T is the absolute temperature. The diffusivity of free ions in polymer electrolytes is typically
inversely related to the polymer segmental relaxation time (z), D < 1/z, assuming that the ion
diffusion is controlled by the local viscosity.!” Thus, ion transport is typically limited due to
the slow segmental relaxation of the polymer chain, which is related to the glass transition
temperature (7z) of polymers.* The low ionic conductivity in a neat single-ion conducting
polymer electrolyte is also attributed to the limited ion-pair dissociation and thus the low
concentration of free ions (n).2"2} Therefore, understanding the role of segmental dynamics

and free ions is important to designing viable single-ion conducting polymer electrolytes.

In this study, we investigate the ion transport in the selectively solvated and well-
defined ionic layers of a single-ion conducting polymer. The polymer matrix is a precise ion-
containing multiblock copolymer containing strictly alternating lithium sulfosuccinate diester
and linear aliphatic 18-carbon blocks (PES18Li). Below the melting temperature (117 °C)
PES18Li self-assemblies into layered ionic domains with crystalline polyethylene blocks.?*
The large interaction parameter between the aliphatic and ionic blocks produces nanoscale
phase separation with sub-3 nm domain spacings. The self-assembled ionic layers in this
particular polymer are consistent with previously revealed chain-folded polymer
conformations that exclude a polar functional group from a crystallizing segement in a precise
polymer.>>*Consistent with this understanding, the ionic layers are selectively solvated by
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dimethylsulfoxide (DMSO) without disrupting the crystallization of the hydrocarbon blocks,
as characterized by X-ray scattering experiments. While ionic conductivity through dried ionic
layers is too low to measure below 80 °C, the selective solvation of the ionic layers with DMSO
significantly increases the ionic conductivity by more than 10* times. Also, the dielectric
relaxation spectroscopy analysis reveals that the solvated ionic domains plasticized by DMSO
exhibit faster structural relaxation than the dried polymer. Also, the concentration of free ions
significantly increases upon solvation with DMSO. Specifically, at 340 K, the number of free
ions contributing to the ionic conductivity in the solvated PES18Li is ~ 27 times larger than
the dried PES18Li. This initial study establishes the broad ability to enhance cation transport
by selectively solvating the ionic nanodomains within single-ion conducting ordered

multiblock copolymers.

The synthesis of the PES18Li multiblock copolymer and its basic characterization
including '"H NMR, gel permeation chromatography, differential scanning calorimetry, and
temperature-dependent morphologies in dried PES18Li polymers were reported
previously.?*?”?® The polymer molecular weight determined by the 'H NMR end-group
analysis was 7.7 kg/mol, which corresponds to ~17 repeating subunits. This paper further
elaborates on the characterization of morphology and ion transport in dried and solvated
PES18Li. The details of sample preparation and characterization procedures are described in

the Supporting Information.

X-ray scattering compares the morphology of dried and solvated PES18Li (Figure 1a).
For the dried sample, the ratio of g*:2¢* at ¢ < 0.8 A™! is consistent with the assembly of ionic
layers, which coexist with the semicrystalline feature at ¢ ~ 1.5 A! corresponding to
polyethylene (PE) crystals with hexagonal symmetry.?” The coexistence of ionic layers and
crystalline PE is illustrated schematically in Figure 1b. In the dried sample, the layer spacing
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of 31.4 A is larger than the length of the all-trans 18-carbons (21.4 A), accounting for the two
polar groups in the layered assembly. The difference between these lengths is consistent with
the size and volume fraction (0.31) of the polar blocks, indicating that the linear aliphatic blocks
are nominally perpendicular to the ionic layers. This perpendicular orientation was also

observed in grazing incidence X-ray scattering experiments.*’
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Figure 1. (a) X-ray scattering profiles of dried (black) and solvated (red) samples. The q* ratios
at q < 0.8 A are labeled for the layered assembly of polar ionic domains. The peak at q ~ 1.5
A" corresponds to the (100) reflection of hexagonal polyethylene-like crystals. (b) Schematics
of chain conformation before and after the solvation of PES18Li, showing the selective
solvation of polar ionic domains (blue circles) with the DMSO molecules (purple triangles).



The solvated PES18Li film is prepared by dissolving PES18Li in DMSO followed by
solvent casting, see Supporting Information for the detailed procedure. Thermogravimetric
analysis (TGA) indicates ~ 21 wt% DMSO in the solvated film (Figure S1). X-ray scattering
of the solvated sample indicates that the distance between the ionic layers increases from 31.4
to 35.4 A as calculated from ¢*, while the semicrystalline feature at ¢ ~ 1.5 A! is maintained.
The odd-numbered peaks of the ionic layers at ¢ < 0.8 A™! exhibit strong reflections, whereas
the even-numbered peaks are significantly diminished. We attributed this to the volumetrically
symmetric polar and non-polar regions in the solvated sample, in which the volume fraction
(fp) of solvated polar domains is nearly 0.50 compared to 0.31 of the dried sample. The decrease
of even-number scattering peaks of layered morphologies has been observed in volumetrically
symmetric AB diblock and (AB)» multiblock copolymers.>!** By assuming f;, = 0.50 and all
trans conformations of the linear aliphatic blocks, the tilt angle of the hydrocarbon chain
relative to the solvated ionic layers is calculated as ~ 34 °, Figure S2. The total thickness of
the polar domain is 17.7 A of which ~ 10 A can be attributed to the polar blocks and the
remainder (~ 7.7 A) is occupied by DMSO. This corresponds to a volume fraction of DMSO ~
0.22, which is consistent with the TGA results. The selective solvation of the polar domains
with DMSO molecules during solvent casting is attributed to an ultrahigh interaction parameter
() between the polar ionic and non-polar hydrocarbon blocks. Note that we previously reported
¥ =~ 3.16 at 100 °C (reference volume of 118 A%) for a multiblock copolymer with the same
polar block chemistry and a shorter 12-carbon aliphatic block.>* Upon solvation, DMSO
molecules preferentially and strongly interact with the polar domains rather than the non-polar
aliphatic blocks, thereby permitting the PES18Li polymer to crystallize. Importantly, within
these the semicrystalline polymer matrix, DMSO selectively solvates well-defined ionic

nanolayers < 2 nm thick that define the conductive pathways. The quantity of solvent could be
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used to tune the thickness of these conductive layers.

The ionic conductivities of dried and solvated PES18Li are shown in Figure 2. The
ionic conductivity of the dried sample is only measurable at temperatures > ~ 80 °C, due to the
low ionic conductivity at lower temperatures. The ionic conductivity of the dried sample was
measured upon cooling and exhibits an increase of ionic conductivity at the morphology
transition from hexagonally packed cylinders (HEX) to double gyroid (GYR) ionic domains,
as previous reported.?* The ionic conductivity increases ~10-fold at the HEX to GYR order-to-
order transition, and this is attributed to the bicontinuous ionic domains of GYR. The ionic
conductivities of the solvated sample were measured at ~ 30 - 70 °C to prevent the evaporation
of DMSO and found to be reproducible throughout 4 cycles of heating and cooling (Figure
S3). The ionic conductivity of the solvated sample in the layered morphology is ~ 10 S/cm at
~ 70 °C, which is more than 10* times higher than in the dried sample (~ 80 °C). The selective
solvation of the ionic layers in PES18Li with DMSO results in a significant increase in ionic

conductivity relative to the dried polymer.
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Figure 2. Ionic conductivity of dried (black) and solvated (red) samples as a function of
temperature upon cooling. For the dried sample, Toor indicates the order-to-order transition
temperature determined from differential scanning calorimetry upon cooling. HEX and GYR
indicate the hexagonally packed cylinder and double gyroid ionic aggregate morphologies,
respectively. For the solvated sample, LAY indicates the layered ionic domains.

The dielectric responses of both samples are further analyzed to elucidate the origins
of the higher ionic conductivity when solvated. The imaginary part of the permittivity (")
provides the dc conductivity, which is consistent with the conductivity determined from the
Nyquist plot. The real part of the permittivity (¢') fit to the Havrilirak-Negami equation
provides the structural relaxation time (t) in dried and solvated PES18Li.!**35 An example of
this fit is provided in Figure S4. The range of t in solvated sample measured at 304 — 340 K is
comparable to the range of T in dried sample measured at 360 — 416 K (Figure 3a). For the
dried sample, the values of t are well described by the Vogel-Fulcher-Tamman (VFT)
relationship, where the glass transition temperature (7¢) determined from the DSC (~ 58 °C)
corresponds to T~ 150 sec. This is consistent with the typical t of 100 — 1000 sec at Tg.>>*¢ The

VEFT relationship of the solvated sample indicates that the temperature at T of 100 — 1000 is ~
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-25 °C. Faster structural relaxations in the solvated sample are evident from the temperature-
dependent 1, and are readily attributed to the lower local viscosity in the solvated ionic domains
relative to the dried domains. Thus, the selective solvation with DMSO plasticizes and

increases the structural relaxation rate of ionic layers.
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Figure 3. (a) Structural relaxation times (t, symbols) and the VFT fits (lines) of dried (black)
and solvated (red) PES18Li as a function of temperature. The t values are obtained from the
real part of permittivity as described in the text. Tgpsc of dried sample was reported in
reference.?* (b) Ionic conductivities as a function of 1.
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The ionic conductivities of dried and solvated PES18Li are shown as a function of t
(Figure 3b). The ionic conductivity of the solvated sample is higher than the dried sample at
the same structural relaxation time, and this indicates that the factors contributing to the higher
ionic conductivity in the solvated sample include more than the faster structural relaxations of
the solvated ionic domains. Considering the Nernst-Einstein equation, 6 ~ nD « n/t, a higher
free-ion concentration () and faster free ion diffusion (D) might also contribute to the higher
ionic conductivity through solvated domains. Specifically, the polar DMSO molecules promote
dissociation of Li" from the Li"SOs™ ion pairs to increase the number of charge carriers. This
insight is further supported by plotting the molar ionic conductivities (6/1,) and comparing
them with the ideal Walden line, Figure SS. The Walden rule indicates that the molar ionic
conductivity is inversely proportional to the viscosity of an electrolyte.’” While dried PES18Li
shows ideal Walden behavior, solvated PES18Li exhibits superionic behavior with more than

an order of magnitude increase of ionic conductivity relative to the ideal line.!”*®

Figure 4a shows the diffusion coefficients of free ions (D) as obtained from the
Macdonald-Trukhan model (see Supporting Information).'?2%3%4% By comparing with Figure
2, notice that D in the dried PES18Li at 416 K is ~ 10 times higher than D in the solvated
PES18Li at 340 K, while the conductivity of the dried sample at 416 K is slightly lower than
the solvated sample at 340 K. This strongly indicates that the solvated PES18Li has more free
ions despite the lower temperature (A7 = 76 K). The number of free ions (#) in the dried and
solvated samples was calculated from the relationship n = ocksT/(De?) and n exhibit Arrhenius
temperature dependence; n = ne exp(-Eo/ksT). (Figure 4b).***! The number density of free
ions in the dried PES18Li is independent of temperature, indicating that the strongly attractive
ionic groups prevent dissociation of ion pairs to free Li* ions in the dry condition, while the

incorporation of DMSO exhibits a temperature dependence on 7n. The ratio of the number
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density of free ions at infinite temperature (1) relative to the number density of total available
ions (no) in the system provides the fraction of ions that contribute to the ionic
conductivity.??*%? The value of n, is calculated from the van der Waals volume. The ratio of
nw/no for dried and solvated PES18Li is 0.00125 and 0.299, respectively, indicating that the
fraction of free ions contributing to the ionic conductivity in the solvated polymer is ~ 240
times larger than the dried polymer at infinite temperature. At 340 K, the fraction of free ions
increases by 27 times when solvated with DMSO. Clearly, DMSO selectively solvates the
nanoscale ionic layers, promotes structural relaxations for faster ion diffusion, and dissociates

more Li" ions compared to the dry polymer, leading to higher ionic conductivity.
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a function of temperature.

To elucidate the ionic conductivity contributed by the free ions, the true molar ionic

conductivities (4 = o/n) of dried and solvated polymers are shown as a function of T (Figure

5). The true

(Figure 3b) and molar ionic conductivities (Figure S5). Note that Figure S5 presents the ionic

conductivity normalized by the total number density of ions (¢/#,), which assumes the full

molar ionic conductivities of the two systems are comparable, unlike the apparent
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dissociation of ion pairs. The similarity in A4 for the dried and solvated polymers indicates that
the observed differences in ¢ are dominated by differences in n, thus highlighting the
importance of ion dissociation by the polar solvent. Also, the true molar conductivities of /4 in
both samples fall in the superionic regime relative to the ideal Walden plot (purple line, slope
1), demonstrating a strong decorrelation between the ion transport and structural relaxation
rate.!” We attribute the superionic behavior of free ions in both dried and solvated samples to
Li" hopping, where the rate of ion jump within the ionic domains is much faster than segmental
dynamics. In Figure 5, the solvated polymer has a slope of 0.85 due to n increasing with
temperature, while the dry polymer has a slope of 1.00 consistent with a temperature-
independent n (Figure 4b). The apparent ionic conductivity (¢) and molar ionic conductivity
(0/no) in both samples exhibit slopes of 1.00 (Figure 3 and Figure S5). Therefore, Figure 5
highlights the importance of the number of free ions in understanding the temperature-

dependent ionic conductivities in these single-ion conductors.
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Figure 5. The true molar conductivities (4 = a/n) of dried (black) and solvated (red) PES18Li
as a function of the structural relaxation time. The slope of lines for dried and solvated samples
are 1.00 and 0.85, respectively. The purple line is the ideal Walden line with a slope of 1.00.
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In summary, we demonstrate the role of structural relaxation and the number of free
ions on the improved ionic conductivity in a solvated and ordered single-ion conducting
polymer. The precise ion-containing multiblock copolymer, poly(octadecanediyl-a/¢-lithium
sulfosuccinate diester), forms nanoscale ionic layers selectively solvated with DMSO
molecules. The dielectric relaxation spectroscopy reveals that the increase of ionic
conductivities in the solvated polymer is due to faster structural relaxations and higher
concentrations of free ions. Both samples exhibit superionic ion transport as compared to the
classical Walden behavior. This initial study clearly demonstrates the value of incorporating a
polar solvent to modify the ordered ionic nanodomains of single-ion conducting multiblock
copolymers and to improve ionic conductivity. Further improvements to the ionic conductivity
of these multiblock copolymers might be achieved by selecting alternative combinations of
functional groups on the polymer and solvents, and by solvating other ordered morphologies

such as double gyroid.
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