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ABSTRACT  

The design of safe and high-performance, nanostructured, block polymer (BP) electrolytes 

for lithium-ion batteries requires a thorough understanding of the key parameters that govern local 

structure and dynamics. Yet, the interfaces between microphase-separated domains can introduce 

complexities in this local behavior that can be challenging to quantify. Herein, the local polymer, 

cation (Li+), and anion dynamics were described in salt-doped polystyrene-block-poly(oligo-

oxyethylene methyl ether methacrylate) (PS-b-POEM) through a quantitative framework that 

considered the effects of polymer architecture, segmental mixing, chain stretching, and 

confinement on polymer mobility and ion transport. This framework was validated through nuclear 

magnetic resonance (NMR) spectroscopy measurements on solid (dry) polymer electrolyte 

samples. Notably, a mobility transition temperature (Tmobility) was identified through NMR 

spectroscopy that captured the local dynamics more accurately than the thermal glass transition 

temperature. Additionally, the approach quantitatively described the mobility gradient across a 

domain when segmental mixing effects were combined with chain stretching and confinement 

information, especially at higher segregation strengths – facilitating the assessment of local ion 

diffusion and conductivity. Spatially averaged local ion diffusion predictions quantitatively 

matched NMR-measured ion diffusivities in the BP samples, while spatially summed ionic 
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conductivity predictions across a domain qualitatively captured trends in the measured ionic 

conductivities. 

 

INTRODUCTION 

Nanostructured block polymer (BP) electrolytes provide a route to simultaneously tackle 

the safety and performance limitations that hamper lithium-ion batteries containing liquid 

electrolytes.1-5 However, the presence of interfaces between microphase-separated domains results 

in nanoscale heterogeneities in structure and dynamics, such that transport near the interfaces often 

is compromised because of reduced segmental motion and ion solvation in the conducting 

mesophase.6-11 There has been recent interest in tuning monomer-segment/ion distributions and 

local chain stretching (i.e., the intra-domain composition and chain conformations) to achieve 

improved transport.12 For example, tapered BPs, which have gradient monomer-segment 

composition profiles between homogeneous blocks, were used to tune intra-domain composition 

and chain conformations.13-15 These tapered systems achieved significant increases in ionic 

conductivity relative to non-tapered BPs with comparable molecular weight, chemistry, and 

morphology.13 Similarly, the blending of large-molecular-weight conducting homopolymers (HPs) 

into BPs formed local HP-rich channels within the conducting domain that improved transport.16 

The precise application of these concepts (i.e., tapered BPs, BP/HP blends) in the efficient design 

of nanostructured electrolytes requires a thorough understanding of both the local ion transport 

across a mesophase and the key parameters that contribute to local structure and dynamics. 

Several approaches have been used to elucidate local composition and dynamics in phase-

separated polymer systems. For example, scattering and microscopy have been employed to probe 

the distributions of monomer segments and ions in nanostructured systems and visualize local 
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viscoelastic dynamics,15, 17-20 while fluorescence spectroscopy measurements on tagged polymer 

samples have enabled the isolation and quantification of the effects of chain connectivity, 

segmental mixing, and confinement on the local glass transition temperature (Tg) within a self-

assembled BP domain.7, 21 Relative to experiments, simulations have provided a faster route (that 

eliminates potentially challenging sample preparation) to uncover how the degree of 

polymerization (N), Flory-Huggins interaction parameter (χ), monomer-segment composition 

profile, and monomer-segment friction factor contrast impact local chain conformations, 

monomer-segment distributions, ion solvation, ion distributions, and dynamics.10, 11, 14, 22-27 

However, some challenges remain in the characterization of local polymer electrolyte 

dynamics. Scattering and microscopy methods that probe polymer dynamics are often limited to 

materials in which high local contrast (between different atoms, functional groups, or phases) can 

be achieved; this constraint can be prohibitive in many organic polymer systems.28 Although 

staining and deuteration, for example, have been used to impart greater contrast in organic 

materials, there also is a risk of altering a material’s meso/nanostructure.29-32 Fluorescence 

spectroscopy measurements provide a precise experimental method to gauge local dynamics even 

in materials with low inherent scattering contrast, but this approach typically requires the synthesis 

of a large library of polymers to achieve sufficient data on local dynamics throughout a domain.7 

Moreover, the precise placement of fluorescent tags at targeted locations on a polymer chain 

necessitates a highly controlled synthetic scheme, such as ionic polymerization, which can exclude 

several common polymer chemistries and designs. In addition to quantifying polymer dynamics in 

electrolytes, it is also necessary to probe ion motion directly, as potential differences between ion 

and monomer-segment distributions33, 34 may render inferences from polymer dynamics 

inaccurate.10 Probing ion dynamics directly can be difficult via fluorescent tagging, scattering, and 
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microscopy. Furthermore, although simulations can overcome contrast-related challenges and can 

capture polymer and ion dynamics separately, these simulation results do not always provide 

quantitative matches to experimental data.23, 35, 36 To address these challenges, a different approach 

to probe both local polymer and ion dynamics is reported herein. 

In this study, a quantitative framework was developed predict local polymer mobility and 

ion transport across a domain in polystyrene-block-poly(oligo-oxyethylene methyl ether 

methacrylate) (PS-b-POEM) electrolytes. To obtain these predictions, monomer-segment and ion 

distributions across a domain were determined using the interfacial width between conducting and 

non-conducting mesophases and the volume fractions of these mesophases. Next, local transition 

temperatures (e.g., local Tgs) across the domain were estimated via knowledge of the monomer-

segment distributions described above, self-concentration of the monomer segments,37 and bulk 

transition temperatures of the mesophases (inferred from equivalent HP samples). Then, local 

cation (Li+) and anion diffusivities were calculated using the local transition temperatures and ion 

diffusivities in equivalent POEM HPs. Finally, upper-bound approximations for local ionic 

conductivities were made using the local ion diffusivities via the Nernst-Einstein equation.38 Two 

different types of interfacial widths were investigated as input parameters: one obtained from 

small-angle X-ray scattering (SAXS) measurements that primarily captured segmental mixing and 

one gleaned from differential scanning calorimetry (DSC) data that likely encompassed chain 

stretching and confinement in addition to segmental mixing. Similarly, two types of HP transition 

temperature input parameters were studied: a Tg from DSC data and a mobility transition 

temperature (Tmobility) from nuclear magnetic resonance (NMR) spectroscopy measurements on 

solid (dry) electrolyte samples, as has been explored preliminarily in prior work.16 The DSC Tg 

captured changes in the free volume associated with the α transition (several monomer segments), 
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whereas the faster timescale of NMR spectroscopy measurements likely allowed smaller-scale 

dynamics related to polymer architecture to be accessed.39-41 Notably, the DSC-based interfacial 

width and Tmobility have not been used extensively in the prior literature to analyze polymer 

dynamics and ion transport and can provide valuable insight into these properties, as described 

below. 

To assess the validity of the framework, NMR spectroscopy and alternating current (AC) 

impedance spectroscopy were used. NMR spectroscopy was performed to measure the fractions 

of mobile and immobile polymer, and these fractions were compared to those obtained from the 

model. Predictions on the basis of the DSC interfacial width and Tmobility as input parameters 

exhibited nearly quantitative agreement with NMR spectroscopy results, suggesting that polymer 

architecture, segmental mixing, chain stretching, and confinement all must be considered to 

understand local BP electrolyte dynamics adequately. Next, the modeled local Li+ and anion 

diffusivities using the same input parameters (DSC interfacial width and Tmobility) were spatially 

averaged across a domain; these predicted diffusivities quantitatively matched 7Li and 19F NMR 

diffusometry measurements on BP electrolyte samples. In other words, ion diffusivities in these 

nanostructured systems were captured accurately using knowledge of only the bulk ion diffusivity 

(i.e., those in POEM HP electrolytes) measurements, bulk Tmobility measurements, and interfacial 

effects. Finally, the modeled local ionic conductivities were spatially summed and compared with 

BP electrolyte ionic conductivities measured via AC impedance spectroscopy. The predicted ionic 

conductivities overestimated the measurements, likely because ion dissociation42 and non-random 

nanostructural orientation12, 43, 44 effects were not included in the framework. Nevertheless, the 

qualitative ionic conductivity trends were captured, suggesting that this model can be a powerful 

tool in the assessment of local ion transport across a mesophase. Altogether, the approach 
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described herein offers a route toward the elucidation of intra-domain polymer and ion dynamics 

in BP systems. 

 

MATERIALS AND METHODS 

Materials. All materials were stored in a moisture-free, argon-filled glove box after 

purification. PS (number-average molecular weight [Mn] = 21.1 kg mol-1, dispersity [Ð] = 1.18), 

POEM (Mn = 24.1 kg mol-1, Ð = 1.08, on average 9 EO units per side chain of each repeat unit), 

and PS-b-POEM (Mn = 41.9 kg mol-1, Ð = 1.25, volume fraction of POEM = 0.459) were 

synthesized and purified as described in prior literature.14, 16 Li trifluoromethanesulfonate (Li 

triflate, 99.995%, Sigma-Aldrich) and Li perchlorate (99+%, Acros Organics) were dried under 

dynamic vacuum at 150 °C for 48 h. Anhydrous tetrahydrofuran (THF, >99%, Optima, not 

stabilized, Fisher-Scientific) was obtained from a Pure Process Technology, LLC solvent system, 

in which THF from an argon-pressurized keg was passed through two packed alumina columns. 

 

Electrolyte fabrication. The polymers (PS-b-POEM and POEM) and salts (Li triflate and 

Li perchlorate) were separately dissolved in anhydrous THF at ~20 wt% and stirred for at least 3 h 

at room temperature (~25 °C), all in an argon-filled glove box. The appropriate masses of polymer 

and salt stock solutions were mixed to achieve the desired salt concentrations ranging from neat 

polymer to [Li+]/[EO] = 0.2 ([EO]:[Li+] = 5:1, in which [EO] and [Li+] are the molar concentrations 

of EO units and Li+, respectively), and these solutions were stirred for at least 3 h at room 

temperature (~25 °C). Then, the solutions were sealed in drying chambers and dried under dynamic 

vacuum for ~16 h at ~25 °C and then ~10 h at 120 °C. The dried electrolytes were stored in an 

argon-filled glove box prior to characterization. 
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Small-angle X-ray scattering (SAXS). All SAXS measurements were conducted on a 

Xenocs Xeuss 2.0 instrument with a sealed-tube X-ray source (Cu Kα, λ = 1.54 Å, 2.0 kW) and 

Dectris Pilatus 300k 2D detector. Samples were sealed between two Kapton films in an argon-

filled glove box and characterized by SAXS under vacuum with a 2000-mm sample-to-detector 

distance. Under vacuum, samples were annealed at 150 °C for 2 h, cooled to 120 °C and annealed 

at that temperature for 4 h, and cooled further to 30 °C and held at that temperature for 4 h using 

a Linkam HFSX350-CAP stage. SAXS profiles were acquired at each temperature after holding 

for the specified times. Minimal variations were found in the data across all temperatures, and the 

data reported herein are averages across all measurement temperatures. In Figure S1, all 2D 

scattering data at 30 °C were azimuthally integrated, resulting in plots of scattered intensity versus 

scattering vector, q. The morphologies were inferred from the ratio of the location of observed 

scattering peaks (qs) to the location of the primary peak (q*),45 as shown in Figure S1. The domain 

spacings (Ltotals, see Figure S2) of the electrolytes were estimated from the primary scattering peak 

using Eq 1.  

 

 𝐿𝑡𝑜𝑡𝑎𝑙 =
2π

𝑞∗
 (1) 

 

The volume fractions of the conducting domains (fconductings) and interfaces (fint,scatterings) in 

the lamellar samples were calculated from the areas under the Bragg peaks in the SAXS data using 

Eq 2. The derivation of this equation is described in the literature.7, 46, 47  
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𝐴𝑛𝑥
𝐴𝑛𝑦

=
𝑛𝑥
−4 sin2(𝑛𝑥𝜋𝑓𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔) 𝑒

−
1
2
𝜋𝑓𝑖𝑛𝑡,𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔

2 𝑛𝑥
2

𝑛𝑦−4 sin2(𝑛𝑦𝜋𝑓𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔) 𝑒
−
1
2
𝜋𝑓𝑖𝑛𝑡,𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔

2 𝑛𝑦
2
 (2) 

 

In Eq 2, Anx and Any are the areas under Bragg peaks nx and ny. The values of nx and ny can be 1, 2, 

3, etc. corresponding to the q/q* values for a lamellar morphology. In this work, two Bragg peak 

ratios, A1/A2 and A1/A3, were used to solve Eq 2 for the two unknown parameters, fconducting and 

fint,scattering. The mass densities of the conducting domain (ρconducting) calculated on the basis of the 

fconductings are shown in Table S1. The thicknesses of the PS and ion-doped POEM lamellae (LPS 

and Lconducting, respectively) were calculated using Eqs 3 and 4, respectively. 

 

 𝐿𝑃𝑆 = (1 − 𝑓𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔)𝐿𝑡𝑜𝑡𝑎𝑙 (3) 

 𝐿𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔 = 𝑓𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔𝐿𝑡𝑜𝑡𝑎𝑙 (4) 

 

The interfacial thicknesses (Lint,scatterings) and roughnesses (Lrough,scatterings) were calculated from Eq 

5. For values obtained from SAXS data, fint = fint,scattering calculated from Eq 2.  

 

 𝑓𝑖𝑛𝑡 =
2𝐿𝑖𝑛𝑡
𝐿𝑡𝑜𝑡𝑎𝑙

=
2𝐿𝑟𝑜𝑢𝑔ℎ√2𝜋

𝐿𝑡𝑜𝑡𝑎𝑙
 (5) 

 

Both the Ltotals (Figure S2) and fint,scattering (detailed in Results and Discussion sections) were in 

good agreement with values obtained from X-ray reflectometry (XRR) measurements.14 The 

fconducting and fint were used to calculate the local volume fractions of the conducting and PS 

components [vconducting(z) and vPS(z), respectively, with z as the distance from the center of the 
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conducting domain normalized by Ltotal], which followed an error function model (Eq 6).48 The 

profiles for vPOEM and vions were deconvoluted from the vconducting profile by a method described in 

the literature.14 

 

 𝑣𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔(𝑧) = 0.5 + 0.5 erf (
√𝜋

𝑓𝑖𝑛𝑡
(2𝑧 + 𝑓𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔))  (6) 

 

Standard deviations were calculated by averaging the data at 150, 120, and 30 °C because 

the Ltotals, fint,scatterings, and fconductings across these temperatures had similar values and did not show 

systematic changes with temperature. Less than 1.5% uncertainty was calculated for all Ltotals, and 

less than 5% uncertainty was obtained for all fint,scatterings and fconductings. 

 

Differential scanning calorimetry (DSC). DSC samples were prepared, and 

measurements were conducted as described elsewhere.14 Three heating/cooling cycles were 

performed between -80 and 150 °C at 5 °C min-1, and the second and third traces were compared 

to verify reproducibility. The Tg values were determined from the midpoints of the inflections in 

the heating traces. The changes in heat capacity (ΔCPs, Table S2) at the Tgs were determined by 

the differences in the baseline CP values below and above the Tgs in the heating traces for each 

sample. The reported data were averaged from the second and third heating traces. BP ΔCP values 

(ΔCP,i,BP, with i denoting either PS or ion-doped POEM) were found to deviate from the HP ΔCP 

values (ΔCP,i,HP), and Morèse-Séguéla et al. proposed that these deviations are indicative of a 

fraction of the BP domain that is in the interfacial region.49 This interfacial volume fraction 

(fint,DSC,i) at Tg,i was estimated from Eq 7, in which the fis were obtained from analysis of SAXS 

data.49 
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 𝑓𝑖𝑛𝑡, 𝐷𝑆𝐶,𝑖 = 2𝑓𝑖 (1 −
𝛥𝐶𝑃,𝑖,𝐵𝑃
𝛥𝐶𝑃,𝑖,𝐻𝑃

) (7) 

 

1H, 7Li, and 19F nuclear magnetic resonance (NMR) spectroscopy and pulsed-gradient 

stimulated echo (PGSTE) diffusometry. The PS-b-POEM samples were packed into the bottom 

of a 5-mm NMR spectroscopy sample tube outside of a glove box. Then, the packed samples were 

dried in a hot sand bath at 120 °C under dynamic vacuum for 48 h to remove any moisture. After 

drying, the samples were flame sealed under vacuum, wrapped in aluminum foil, and stored inside 

a refrigerator prior to characterization. The POEM HP samples were viscous fluids that adhered to 

the walls of the sample tube. Thus, these samples were first packed into a 3 × 2 × 10 mm (outer 

diameter × inner diameter × length) glass tube, then this tube was inserted into a 5-mm sample 

tube of the same dimensions used for the other samples. The NMR spectra and diffusion data were 

obtained on a Bruker Avance III 400 MHz/9.4 T wide-bore spectrometer equipped with a single-

axis Diff50 diffusion gradient probe (Bruker Diff50), paired with either a 5-mm 7Li/31P 

radiofrequency (R.F.) insert for 7Li measurements, or a 5-mm 1H R.F. insert for 1H and 19F 

measurements. 35Cl spectra were not obtained for the samples that contained Li perchlorate due to 

the extremely fast quadrupole relaxation of the 35Cl nuclei. The measurements were run between 

-40 and 80 °C in increments of 5 °C. The full width at half maximum (FWHM) of these signals 

had uncertainties of 5%, as determined through a sensitivity analysis that is discussed in greater 

detail in a companion publication.50 The 1H NMR spectra of the BP samples exhibited a broad and 

narrow component, and these components were deconvoluted as shown in Figure S3. A sensitivity 

analysis of the fractions of the broad and narrow components was performed by changing the 
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widths of the integrated regions (see Figure S3); broad/narrow component fractions varied the 

most at -40 °C (~14%), and this variation decreased as the temperature increased. 

The diffusion coefficients of the Li+ and F-containing anions were obtained at various 

temperatures using a PGSTE program. The Stejskal-Tanner equation (Eq 8) was fit to the measured 

signal amplitude (I) as a function of the gradient strength (g).51  

 

 
𝐼 = 𝐼0 𝑒𝑥𝑝 (−𝐷𝛾

2𝑔2𝛿2 (𝛥 −
𝛿

3
)) (8) 

 

In Eq 8, I0 is the signal amplitude at g = 0, γ is the gyromagnetic ratio, δ is the effective gradient 

pulse duration, Δ is the diffusion time between gradient pulses, and D is the self-diffusion 

coefficient. The measurements used a 90° pulse time of 5.5 µs for 19F and 6.25 µs for 7Li, repetition 

time of 4 s, gradient pulse length of δ = 3 ms, diffusion time of Δ = 100 ms, and acquisition times 

of 4 ms. Maximum gradient strengths ranging between 1000 and 2300 G/cm, depending on the 

temperature of the experiment, were used to achieve ≥ 85% signal attenuation in 16 steps. The 

error in diffusivity values was determined via triplicate experiments, showing uncertainties of 

10%. It is noted that diffusion measurements were not run on the [EO]:[Li+] = 5:1 samples because 

the slow dynamics (short T2) in these samples limited the temperature range over which reliable 

diffusion measurements could be obtained.  

 

Alternating current (AC) impedance spectroscopy. Sample preparation and ionic 

conductivity measurements were performed as described in previous work.14 The temperature of 

the samples during annealing and ionic conductivity measurements was regulated using a Linkam 

HFS91 CAP stage, and electrochemical impedance was measured using a Princeton Applied 
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Research PARSTAT 2273 frequency response analyzer, all under vacuum. Impedance 

measurements were performed between 30 °C and 150 °C at 10 °C increments. After holding at 

each temperature for 5 and 8 min, a voltage amplitude of 10 mV and AC frequency range of 0.1 Hz 

– 1 MHz was applied to each sample. The touchdown point of the Nyquist plot was defined as the 

bulk resistance, Rbulk. The ionic conductivity, σionic, was calculated as 

 

 
𝜎𝑖𝑜𝑛𝑖𝑐 =

𝐿

𝑅𝑏𝑢𝑙𝑘𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡
 (9) 

 

In Eq 9, L is the sample thickness (0.5 mm), and Acontact (0.32 cm2) is the contact area between the 

electrolyte and an electrode. The two calculated σionic values at each temperature were averaged, 

and standard deviations from these averages were less than 2%. 

 

RESULTS AND DISCUSSION 

The determination of local dynamics in PS-b-POEM electrolytes requires an understanding 

of how the bulk dynamics of the PS and conducting phases are impacted by nanostructure. Bulk 

dynamics often are inferred from equivalent HP systems, as these HP samples are assumed to be 

homogeneous and not subject to interfacial phenomena between different mesophases.34, 52, 53 The 

HP specimens in this work were studied using DSC and NMR spectroscopy. From these 

measurements, thermal and mobility transition temperatures of the bulk conducting and non-

conducting phases were identified, and the relationship between these temperatures and the 

polymer architecture was analyzed. Next, two different types of interfacial widths between the PS 

and conducting mesophases were measured using SAXS and DSC, and the physical contributors 

to local mobility across an interface were estimated. Then, a quantitative framework was 
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developed to systematically investigate how the bulk and interfacial behaviors contributed to local 

polymer dynamics and ion transport. The local polymer mobility and ion diffusivity predictions 

from this framework were validated using NMR spectroscopy measurements. Ionic conductivity 

predictions were compared with AC impedance spectroscopy measurements. To distinguish 

between the results obtained in this work and the interpretation of these results, the contents of this 

section have been split into “Results” and “Discussion” subsections, respectively. 

 

Identification of thermal and mobility transition temperatures: Results. DSC was 

employed to study the thermal behavior in the polymer samples, and 1H, 7Li, and 19F NMR 

spectroscopy were used to examine the polymer, Li+, and anion dynamics, respectively; all data 

are compiled in Section S1, Figures S4-S5, and Tables S3-S4. In the NMR spectra, the linewidths 

decreased (indicative of faster dynamics54) with increasing temperature. All samples demonstrated 

a sharp change in the FWHM at a certain transition temperature (example shown in Figure 1a). 

The profiles were empirically fit to Eq. 1016  

 

 𝐹𝑊𝐻𝑀 = 𝐾 tan−1 (
𝑇 − 𝑇𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦

𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦
) + 𝐶 (10) 

 

in which K is a scaling constant, and C is a shift value determined by taking the average of the 

largest and smallest FWHM values for each profile.16 The Tmobility and Tfinal values represent the 

midpoint of the inflection (at which the derivative of FWHM versus temperature reached a 

minimum) and the endpoint of the transition, respectively. For a given sample, the Tmobilitys 

calculated from 1H, 7Li, and 19F NMR spectroscopy were almost identical and were averaged to 

obtain the mobility transition temperature (Tmobility,avg, see Table S3). As shown in Figure 1b and 



 

15 

Table S3, Tmobility,avg was higher than the corresponding Tg obtained from DSC experiments for all 

samples, but the two quantities followed similar trends with salt chemistry and concentration. It is 

noted that this concept of Tmobility was explored in prior work (as the average of Tmobility and Tfinal 

from Eq 10)16 by examining only the 7Li NMR spectra in PS-b-POEM electrolyte systems, and the 

Tmobility values in that work were defined as ion mobility transition temperatures. Herein, Tmobility,avg 

is defined as a transition temperature for both polymer and ion mobility due to the similarities in 

inflection point values for the 1H, 7Li, and 19F NMR spectra in Table S3; i.e., only the polymer 

contained H atoms, and only the ions contained Li and F atoms, but the FWHM versus temperature 

data for all 1H, 7Li, and 19F NMR spectra showed similar inflection point temperatures for a given 

sample. 
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Figure 1. Example of (a) FWHM from 19F NMR spectroscopy versus temperature data and (b) 

heat flow from DSC for Li triflate-doped ([EO]:[Li+] = 13:1) POEM HP. Tmobility and Tg are marked 

by dashed gray lines. In (a), data points are FWHM calculations from 19F NMR spectra, and the 

solid line represents a fit to Eq 10. In (b), the third heating trace (5 °C min-1, N2) normalized by 

total sample mass is shown, and each tick mark on the vertical axis represents a 0.01 W g-1 

increment. The NMR spectroscopy and DSC data for the remaining samples are compiled in 

Figures S4-S5 and Tables S3-S4 and discussed further in a companion publication (all critical 

details have been included in this manuscript).50 
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Identification of thermal and mobility transition temperatures: Discussion. The 

differences between Tmobility,avg and Tg likely are related to the size and time scales probed by NMR 

spectroscopy versus DSC. The DSC Tg is related to the free volume in a polymer system and is 

indicative of larger-scale α relaxations. Smaller-scale relaxations (e.g., the mobility gradient along 

a POEM side chain) are not captured by the Tg but are relevant to ion transport.55, 56 Literature on 

polymer electrolytes with non-conducting backbones and ionic side-chains also suggests that the 

characteristic transition temperature for ion motion is significantly different from the DSC Tg.57 

The frequency scale of a DSC measurement was ~10-3 Hz,41 whereas the NMR linewidths for the 

samples in this study at 30-70 °C were on the order of 103-104 Hz (Figure S5), which gives the 

approximate frequency of the NMR measurement (inverse of the free induction decay time). In 

this same temperature range, the characteristic frequency of the Nyquist plot touchdown in the AC 

impedance spectroscopy measurements was on the order of 101-103 Hz, which is similar to the 

frequency range of the NMR spectroscopy measurements. Thus, Tmobility,avg might be more 

appropriate than Tg for predicting ion transport. In Figure S3, the difference between Tmobility,avg 

and Tg for the PS HP was 7.5 °C, but the differences between Tmobility,avg and Tg for the neat and 

ion-doped POEM HP samples were larger (~20-30 °C), which might be the result of the polymer 

architectures. The long POEM side chains, relative to the size of the aromatic PS pendant group, 

might have a larger mobility gradient, leading to greater discrepancies between larger- and smaller-

scale dynamics. For instance, the Tg value for the POEM HP samples might be more representative 

of the free ends of the side chains, which likely have the greatest free volume relative to the rest 

of the POEM molecule, whereas Tmobility,avg might be more representative of the average mobility 

along the POEM side chain.  



 

18 

 

Identification of interfacial widths using SAXS and DSC: Results. Figure 2 shows the 

volume fractions of the interfaces, fint, between the PS and conducting domains, obtained from 

analysis of X-ray scattering (fint,scattering) and DSC (fint,DSC) data. In Figure 2a, the fint,scatterings from 

the current study were compared to fints calculated from XRR data from a prior study that used the 

same PS-b-POEM BP (Figure 2a).14 The SAXS- and XRR-based fints were in good agreement. In 

Figures 2b and 2c, fint,DSC,conducting and fint,DSC,PS values, respectively, were calculated according to 

Eq 7. The fint,DSC,conducting values were smaller in magnitude than the fint,DSC,PS values, and the fint,DSC 

values were larger than the fint,scattering values for all samples. 
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Figure 2. Volume fraction of the interfacial region, fint, in lamellar PS-b-POEM electrolytes as 

determined from (a) X-ray scattering data, (b) DSC measurements of ΔCP,conducting, and (c) DSC 

measurements of ΔCP,PS. Error bars for the SAXS data in (a) represent one standard deviation from 

the fint,scattering values obtained from SAXS measurements at 30 °C, 120 °C, and 150 °C. Error bars 
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for the XRR data in (a) are propagated uncertainties from the roughness parameters obtained from 

XRR fits. Error bars in (b) and (c) are propagated uncertainties of ΔCP values calculated from DSC 

and fconducting values calculated from SAXS. The XRR data in (a) were adapted with permission 

from reference 14. Copyright (2021) American Chemical Society. 

 

 Identification of interfacial widths using SAXS and DSC: Discussion. The results in 

Figure 2 can be understood by considering the physical phenomena that were probed by SAXS 

and DSC. In Figure 2a, the hard X-rays used in both the SAXS and XRR measurements were 

sensitive to the scattering length density, which captures segmental mixing effects in BP systems. 

The SAXS measurements were run on bulk electrolyte samples that contained multiple randomly 

oriented nanostructured grains. On the other hand, XRR measurements were conducted on thin 

film samples that contained lamellae that were all oriented parallel to the substrate, as verified by 

atomic force microscopy.14 The agreement between SAXS and XRR results in Figure 2a suggests 

X-ray-based fint,scattering is minimally sensitive to grain size and orientation. In contrast to hard X-

ray scattering, DSC measurements likely are sensitive to a combination of segmental mixing, chain 

stretching, and confinement that together perturb the thermal behavior (i.e., fint,scattering may be 

related to the compositional gradient within a domain, and fint,DSC may be more related to the 

mobility gradient in that domain). Thus, the larger values of fint,DSC,conducting and fint,DSC,PS relative to 

fint,scattering suggest that chain stretching, confinement, etc. extended beyond the length scale of 

segmental mixing near the interface. Specifically, the decrease in Lint,scattering (Figure S6a) with ion 

concentration versus the increase in Lint,DSC (Figures S6b and S6c) implied that the decrease in 

segmental mixing was accompanied by an increase in chain stretching; slight increases in 

Lint,scattering at higher salt loadings (Figure S6a) likely were the result of the buckling of lamellae 
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prior to a morphological transition.17 The larger magnitude of fint,DSC,PS relative to fint,DSC,conducting 

was likely the result of greater interfacial mixing at higher temperatures corresponding to Tg,PS 

(~100 °C, relative to Tg,conducting, which ranged from -60 °C to 14 °C). The temperature dependence 

of fint,DSC is discussed further in the Supporting Information (Section S2 and Figures S7-

9).14, 17, 58-64 

 

Development of a quantitative framework to describe local polymer dynamics: 

Results. To probe the combined impact of polymer architecture, segmental mixing, chain 

stretching, and confinement on polymer dynamics, a quantitative framework was developed to 

predict local polymer mobilities. A schematic of the approach is shown in Figure 3 using data 

from a Li triflate-doped BP sample at [EO]:[Li+] = 13:1. In Figure 3a, the local vPS, vPOEM, and 

vions profiles were obtained from Eq 6 (using fint,scattering in this example). Local transition 

temperatures [Ttransition(z), referring to Tg(z) or Tmobility,avg(z)] of the S and OEM segments were 

estimated using the Fox equation and the data in Figure 3a, bulk transition temperature 

measurements of the PS and Li triflate-doped POEM HPs (Ttransition,bulk,PS and Ttransition,bulk,conducting, 

respectively, which refer to either the bulk Tg [measured via DSC] or Tmobility,avg [measured via 

NMR spectroscopy] values), and self-concentration effects.7 It is noted that the Fox equation is 

most appropriate for cases in which the components have minimal specific interactions.65 This 

assumption was applied to model a mixture between the PS and conducting phases, as PS is known 

to not have attractive interactions with POEM or the salts used in this study.18, 66 On the other hand, 

POEM and lithium salts are known to have significant specific interactions with each other,55 and 

thus, bulk transition temperatures were measured for mixtures of POEM HP and lithium salts, 

instead of predicted from the Fox equation. These measured transition temperatures were assumed 
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to be representative of the conducting-phase bulk transition temperatures in the equivalent BP 

systems because prior studies on Li triflate- and Li perchlorate-containing PS-b-POEM have 

demonstrated that the ion distributions were proportional to the POEM distributions.17, 18 For BP 

systems in which these simplifications are not valid, a more rigorous model is recommended; some 

models that account for specific intermolecular interactions are discussed in a review by 

Schneider.65 

Although compositional distributions of the PS, POEM, and ions as a function of z have 

been determined through SAXS in Eq 6, these profiles do not account for self-concentration effects 

that arise as a result of chain connectivity.7, 37 For example, the center of an interface between the 

PS and conducting phases may contain ~50 vol% PS on average, but the PS might not be mixed 

homogeneously with the POEM and ions located at the same z. Thus, these self-concentration 

effects were modeled in the present study using the framework proposed by Lodge and 

McLeisch.37 Self-concentration can be described as a function of the repeat unit molar mass (M0), 

average length of a backbone bond (l), number of backbone bonds per repeat unit (k), Avogadro’s 

number (NAv), mass density (ρ), and the statistical segment length (b).37 In this work, M0,PS = 

104 g mol-1, and M0,POEM = 500 g mol-1, which is the number-average molar mass of POEM 

monomer segments determined from solution-state 1 NMR spectroscopy. The value of l was 

estimated as 0.153 nm because both PS and POEM have sp3-hybridized carbon atoms in the 

backbone,67 and kPS = kPOEM = 2. For the PS phase, ρPS = 1.05 g cm-3 and bPS = 0.68 nm were set 

as constant values for all samples. These values were simplified as constants because ρPS varies 

only by ~5% over the temperature range considered in this study.68 For systems with larger ρ or b 

variations, it is recommended to include the temperature dependences to obtain more rigorous 

calculations of self-concentration. For the conducting phase, ρconductings were calculated for each 
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sample separately in Table S1, and the bconductings were estimated through strong-segregation-

theory calculations (Figure S5d-f).17 Although self-concentration analyses most often have been 

applied to miscible blends, it was assumed that this framework is applicable to BP systems because 

self-concentration primarily is attributed to chain connectivity rather than thermodynamic 

interactions between unlike segments.7, 37 

The self-concentration fractions of the conducting phases were closer to 0, and those in the 

PS phases were closer to 1 in all samples. These values followed the expectations for self-

concentration behavior of rubbery and glassy polymers, respectively.7 In practice, the apparent 

self-concentration also can decrease relative to the theoretical self-concentration if the neighboring 

phase exhibits low fragility,69 but these effects were not considered in this work because both the 

PS and conducting phases were expected to have high fragility. Generally, many polymers exhibit 

high fragility, and the fragility is expected to increase as chain relaxation is impeded, such as in 

high-segregation-strength BPs (due to high interfacial chain stretching) and in ion-doped polymer 

electrolytes (due to ion-polymer interactions).70-72 Moreover, the scaling of self-concentration with 

b could be modeled more rigorously (e.g., with a prefactor, decaying function, or some function 

of z to account for variable chain statistics versus distance from the interface). These complexities 

were not incorporated into the current model because prior literature has demonstrated agreement 

between experiments and predictions using the simplified scaling with b.37 

Altogether, Ttransition(z)s were estimated using Eq 11: 

 

 𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛,𝑖(𝑧) =
1

𝑀0,𝑖(1−𝑣𝑖(𝑧))

𝑘𝑖𝑙𝑖𝜌𝑖𝑁𝐴𝑣𝑏𝑖
2 +𝑣𝑖(𝑧)

𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛,𝑏𝑢𝑙𝑘,𝑖
+

1−
𝑀0,𝑖(1−𝑣𝑖(𝑧))

𝑘𝑖𝑙𝑖𝜌𝑖𝑁𝐴𝑣𝑏𝑖
2 −𝑣𝑖(𝑧)

𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛,𝑏𝑢𝑙𝑘,𝑗

  
(11) 
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Eq. 11 facilitated the calculation of Ttransition,conducting(z) and Ttransition,PS(z) profiles separately; when 

i referred to POEM, j referred to PS, and when i referred to PS, j referred to POEM. An example 

of a Ttransition,conducting(z) profile is shown in Figure 3b.7, 37 From this profile, the fraction of mobile 

and immobile polymer could be calculated. If this sample were probed at 30 °C, for example, 

monomer segments with a Ttransition(z) above 30 °C would be considered immobile (Figure 3c), 

whereas segments with a Ttransition(z) below 30 °C would be considered mobile (Figure 3d). 

The use of fint,scattering versus fint,DSC and Tg,conducting versus Tmobility,avg,conducting as model input 

parameters was compared to determine which set of parameters provided a more accurate 

description of polymer dynamics. It is noted that fint,scattering was held constant across all 

temperatures in the model, whereas fint,DSC varied with temperature, as defined by strong-

segregation-theory calculations17 and the temperature dependence of the effective interaction 

parameter, χeff (Section S2). 
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Figure 3. Example schematic for the modeling of Ttransition(z) in Li triflate-doped ([EO]:[Li+] = 

13:1) PS-b-POEM. (a) Distributions of S, OEM, and ions for half of a domain, in which the left 

side of the plot represents the center of the PS domain, and the right side represents the center of 

the conducting domain (also depicted in the cartoon above). The data in this example are obtained 

from SAXS measurements. (b) Ttransition(z)s of OEM segments are estimated from the 

compositional data in (a) as well as self-concentration behavior. As an example, the position in the 

domain at which the Ttransition(z) is equal to 30 °C is depicted. (c) The shaded regions of the PS and 

POEM domains are those for which the Ttransition(z) is greater than the hypothetical measurement 
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temperature of 30 °C, and thus, those regions are considered immobile. (d) The shaded region of 

the POEM domain is that for which the Ttransition(z) is less than 30 °C, and thus, this region is 

considered mobile. This model has been applied to all samples investigated in this work.  

 

The predicted mobile/immobile polymer fractions were validated using 1H NMR 

spectroscopy measurements on the same solid (dry) electrolyte samples (Figure 4a). The 1H NMR 

signals contained narrow and broad components, which represented mobile and immobile protons 

(i.e., protons that tumbled faster and slower than the ~ 10 kHz frequency of the 1H-1H dipole-

dipole couplings in the samples), respectively. The fractions of areas under the narrow and broad 

components were deconvoluted in the manner shown in Figure S3 (and Figure S6 of a companion 

publication).50 A combination of fint,DSC and Tmobility,avg (of both the conducting and PS domains) as 

model input parameters resulted in nearly quantitative matches between the predicted fractions of 

mobile/immobile protons and the calculated fractions of mobile/immobile protons from the 1H 

NMR spectroscopy results (Figures 4b-e).  
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Figure 4. (a) Schematic illustration to demonstrate the comparison of predicted mobile and 

immobile polymer fractions to the fractions of broad and narrow components in 1H NMR spectra. 

(b-e) Comparison of 1H NMR spectroscopy results (data points) and modeling (lines) using fint,DSC, 

Tmobility,avg,conducting and Tmobility,PS as input parameters for (b) neat PS-b-POEM, (c) Li triflate-doped 
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PS-b-POEM at [EO]:[Li+] = 13:1, (d) Li perchlorate-doped PS-b-POEM at [EO]:[Li+] = 13:1, and 

(e) Li perchlorate-doped PS-b-POEM at [EO]:[Li+] = 5:1. 

 

Development of a quantitative framework to describe local polymer dynamics: 

Discussion. The agreement between the 1H NMR spectroscopy data and model predictions in 

Figures 4b-e suggested that the polymer architecture, segmental mixing, chain stretching, and 

confinement all significantly contributed to the polymer dynamics. The results in Figure 4 were 

compared to those in which fint,scattering and Tg were used as the model input parameters (Figures 

S10-S13). Negligible differences were noted between the predicted values that used fint,scattering 

versus fint,DSC in the neat BP (Figure S10), but substantial deviations were found in the salt-doped 

samples (Figures S11-S13). Likely, the neat BP had a low enough segregation strength, such that 

the effects of compositional mixing were more significant than of chain stretching (i.e., the 

dynamical gradient was dominated by compositional mixing). In the higher-segregation-strength 

salt-doped samples, however, the decrease in compositional mixing (fint,scattering) likely occurred 

concomitantly with an increase in chain stretching, which could contribute to a larger fint,DSC. The 

significantly lower values of fint,scattering versus fint,DSC resulted in an overestimation of the amount 

of mobile polymer in the salt-doped specimens and suggested that segmental mixing alone does 

not explain polymer dynamics, especially at the high segregation strengths.  

Similarly, the use of Tg instead of Tmobility,avg resulted in an overestimation of the fraction of 

mobile polymer, especially at low temperatures. This outcome is consistent with results from prior 

literature, in which the average EO relaxation rate in POEM was significantly below that in 

poly(ethylene oxide) (PEO, the relaxation rate of which can be understood as the intrinsic EO 

relaxation rate) at low values of T – Tg, but was closer to the predictions at higher temperatures 
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closer to Tg,PS.55, 56 The Tg,conducting is associated with the α transition at which the relaxation of 

multiple monomer segments is achieved, but Tg,conducting does not provide information about the 

local relaxation of the side chains or individual EO groups, which are associated with the β and γ 

transitions.39, 40 The use of NMR spectroscopy linewidths (and the associated Tmobility,avg,conducting) 

enabled architectural effects to be captured because the high frequency (400 MHz) of the 

measurements facilitated the probing of additional relaxations associated with the POEM side 

chains and individual EO units. Although the experimental validation measurements of mobile and 

immobile polymer in Figure 4 also were obtained from NMR spectroscopy, using an NMR-

spectroscopy-derived input (i.e., Tmobility,avg) in the model alone does not necessarily result in 

quantitative matches between the model and experiments (e.g., see Figure S12c versus S12d). The 

input Tmobility,avg values only impacted the location of the inflection points but not the shape of the 

curve (e.g., see Figure S12a versus S12c). Thus, the results in Figure 4 more strongly validate the 

use of fint,DSC to provide an accurate description of the dynamic gradient across an interface. It is 

possible to draw similar comparisons using different techniques (e.g., dynamic mechanical 

analysis to explore the effects of measurement frequency on Tmobility,41 neutron spin echo 

spectroscopy to assess material relaxation timescales73), but in many cases, the characterization of 

ion dynamics becomes more challenging. 

It is noted that there was a slight discrepancy between the model and NMR spectroscopy 

data in Figure 4b-c at low temperatures, and there are a few factors that may have contributed to 

this discrepancy. In the NMR spectroscopy experiments, the overlap of the broad and narrow 

components at low temperatures resulted in greater uncertainty during the deconvolution of the 

areas of those components, as the calculation used to determine the ratio assumed the narrow 

component to lie on top of the broad component with minimal overlap (Figure S3). In the model, 



 

30 

any segments with Ttransition(z) above the hypothetical measurement temperature were considered 

to be completely immobile even though there may be a slight onset of polymer mobility at 

temperatures slightly below Ttransition(z). At the moment, it is unclear why there was a discrepancy 

between the predictions and measurements at high temperatures in Figure 4e, but it is noted that 

the combination of fint,DSC and Tmobility,avg as model input parameters still provided the closest match 

to the 1H NMR spectroscopy data relative to other combinations of input parameters (Figure S13). 

Regardless, the overall close agreement between NMR spectroscopy data and predicted values 

suggested these sources of error are minimal and that NMR spectroscopy can be used reliably to 

gain insight into local dynamics. For example, prior frameworks, such as that proposed by Sax and 

Ottino,74 suggest that the bulk average transport rate is proportional to the compositional volume 

fraction of the conducting phase, which changes minimally with temperature. The accuracy of 

such frameworks can be improved by correcting for the temperature-dependent portion of the 

conducting phase that is mobile versus immobile; this concept is explored further in a companion 

publication.50 It is emphasized that the quantitative matches between the model and 1H NMR 

spectroscopy data in this work were obtained without the use of any floating parameters in the 

model (i.e., the predicted values were determined a priori). 

Prediction of local ion diffusivities and ionic conductivities: Results. The model 

depicted in Figure 3 was extended to predict ionic conductivities in BP electrolytes using 

knowledge of equivalent HP electrolytes (representative of the bulk conducting material) and the 

dynamical gradient induced by the nanostructure (i.e., obtained from Eq 11, in which Tmobility,avg 

and fint,DSC were the input parameters). First, local diffusivities were calculated via the Vogel-

Fulcher-Tamman (VFT) equation (Eq 12).72  
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𝐷𝑖(𝑧) = 𝑓𝑚𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦𝐷0,𝐻𝑃,𝑖 exp(−

𝐸𝑎.𝐻𝑃,𝑖

𝑅 (𝑇 − 𝑇0,𝑖(𝑧))
) (12) 

 

In Eq 12, fmorphology is the morphology factor, D0,i is the pre-exponential factor, Ea,i is the activation 

energy of ion motion, R is the gas constant, and T0,i(z) is the local Vogel temperature (i denoted 

either Li+ or the anion). The fmorphology parameter accounts for the fraction of nanostructural 

orientations that contribute to ionic conductivity at a length scale larger than the grain size in one 

dimension. For samples that form lamellae, fmorphology = 2/3.74 The D0,i and Ea,i parameters in Eq 12 

were set equal to the equivalent parameters in the corresponding POEM HP system measured by 

NMR diffusometry (Section S3 and Figure S14); it was assumed the D0,i and Ea,i parameters for 

the Li+ and anion diffusivity were minimally impacted by the BP nanostructure. In this work, T0,i(z) 

was set equal to Ttransition,conducting(z) - 50 K,75 in which Ttransition,conducting(z) was calculated from Eq 

11. Local molar ionic conductivities were predicted by using the Nernst-Einstein equation (Eq 13). 

 

 
𝜎𝑖𝑜𝑛𝑖𝑐,𝑚𝑜𝑙𝑎𝑟(𝑧) =

𝐹2

𝑅𝑇
(𝐷𝐿𝑖+(𝑧) + 𝐷𝑎𝑛𝑖𝑜𝑛−(𝑧)) (13) 

 

In Eq 13, F is Faraday’s constant, T is the measurement temperature, and DLi+(z) and Danion-(z) can 

be determined from Eq 12. 

An example of the predicted local Li+ and anion diffusivities for Li triflate-doped 

([EO]:[Li+] = 13:1) PS-b-POEM at 30 °C is shown in Figure 5a. These diffusivity profiles were 

overlaid on top of the estimated ion distribution in the same sample, showing that regions with 

higher ion content also had faster ion diffusion. To check the validity of the modeled Di(z) from 
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Eq 12, a weighted average of Di(z) was taken according to Eq 14 and compared with the measured 

ion diffusivities of the corresponding BP electrolyte. 

 

 
𝐷𝑎𝑣𝑔,𝐵𝑃,𝑖 =

∑ 𝐷𝑖(𝑧) ∗ 𝑣𝑖𝑜𝑛𝑠(𝑧)
𝑧=0
𝑧=−0.5

∑ 𝑣𝑖𝑜𝑛𝑠(𝑧)
𝑧=0
𝑧=−0.5

 (14) 

 

It is noted that although fint,DSC was used in Eq 11-13 to accurately quantify polymer and ion 

dynamics, fint,scattering was used to obtain the compositional ion distribution [vions(z)] in Eq 14. 

Davg,BP,Li+ and Davg,BP,anion- were calculated for all temperatures at which ion diffusivities were 

measured, and the predictions agreed well with the measured Li+ and anion diffusivities (from 

NMR diffusometry) in Figure 5b. Similar agreement was achieved between the modeled and 

measured Li+ diffusivity in an equivalent Li perchlorate-doped sample (Figure S15a).  

An example of the predicted σionic,molar(z) for Li triflate-doped BP at 30 °C is shown in 

Figure 5c. Bulk ionic conductivities were estimated by taking a weighted sum of the local molar 

ionic conductivities (from Eq 13), as shown in Eq 15. 

 

 
𝜎𝑖𝑜𝑛𝑖𝑐,𝑡𝑜𝑡𝑎𝑙 = 2 ∫ 𝜎𝑖𝑜𝑛𝑖𝑐,𝑚𝑜𝑙𝑎𝑟(𝑧)𝑣𝑖𝑜𝑛𝑠(𝑧)

𝜌𝑖𝑜𝑛𝑠
𝑀𝑖𝑜𝑛𝑠

𝑑𝑧

0

−0.5

 (15) 

 

In Eq 15, the mass density of the ions, ρions is approximated as the bulk mass density of the lithium 

salt (1.90 g cm-3 for Li triflate and 2.42 g cm-3 for Li perchlorate), and Mions is the molar mass of 

the salt (156.01 g mol-1 for Li triflate and 106.39 g mol-1 for Li perchlorate). The integral in Eq 15 

was calculated across half a domain and then multiplied by 2 to capture the total conductivity in a 

full domain, as the compositional and dynamical profiles were assumed to be symmetric in a 



 

33 

lamellar domain. It is noted that a weighted average was used in Eq 14 because the measured 

diffusivity (intensive quantity) represents an average ionic mobility, which does not scale with 

total ion content. On the other hand, a weighted sum was used in Eq 15 because the measured ionic 

conductivity (extensive quantity) is proportional to the total number of charged species. The 

predicted ionic conductivities for the Li triflate-doped BP were overlaid onto the measured ionic 

conductivities measured by AC impedance spectroscopy for this sample in Figure 5d. The 

predicted conductivities were ~4 times larger than the respective measured ionic conductivities. 

Ionic conductivity model estimations for the Li perchlorate-doped BP are detailed in Section S3 

and Figure S15b. 
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Figure 5. (a) Local Li+ and anion diffusivities (left-hand axis, calculated from Eq 12) and local 

volume fraction of ions (right-hand axis, calculated from Eq 6) across half a lamellar domain for 

Li triflate-doped ([EO]:[Li+] = 13:1) PS-b-POEM at 30 °C. (b) Ion diffusion measurements (data 

points, obtained via NMR diffusometry) and predictions from the weighted averaging of local 

modeled diffusivity (lines, calculated from Eq 14) versus 1000/T. (c) Local molar ionic 

conductivities (left-hand axis, calculated from Eq 13) and local volume fraction of ions (right-hand 
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axis, calculated from Eq 6) across half a lamellar domain for Li triflate-doped ([EO]:[Li+] = 13:1) 

PS-b-POEM at 30 °C. (d) Ionic conductivity measurements (data points, obtained via AC 

impedance spectroscopy) and predictions from the weighted summation of local modeled 

conductivity (lines, calculated from Eq 15) versus 1000/T. Error bars for the data points in (b), 

most of which are smaller than the depicted data point, are standard deviations from triplicate 

measurements. Error bars for the data points in (d), most of which are smaller than the depicted 

data point, are the standard deviation obtained by averaging two ionic conductivity measurements 

at each temperature. 

 

 Prediction of local ion diffusivities and ionic conductivities: Discussion. The Haven 

ratios (ratios of predicted ionic conductivities to measured ionic conductivities) in Figure 5d were 

larger than those found experimentally for Li TFSI-doped PEO76 but closer to some Haven ratios 

for equivalent simulated systems.77 These Haven ratios, in part, account for the incomplete 

dissociation of the salts. In nanostructured systems, the non-random morphological orientations 

near the electrode surface in the ionic conductivity measurements also can impact the Haven ratios, 

especially for lamellar samples.12, 34, 43, 44 Ionic conductivity model estimations for the Li 

perchlorate-doped BP are discussed in Section S3 and Figure S15b.38, 78-80 Although the predicted 

ionic conductivities in Figure 5d did not quantitatively match the measured ionic conductivities, 

both datasets qualitatively followed similar trends with respect to temperature. Moreover, the 

predicted average ion diffusivities quantitatively matched the measured diffusivities, 

demonstrating that ion mobilities are accurately represented by the approach presented in this 

work. In contrast, it is shown in Figure S16 that simple multiplication of the HP diffusivities by 

fmorphology does not lead to agreement with the BP diffusivities, suggesting that the ion diffusivity 
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differences between the BP and HP samples cannot be explained by morphological orientations, 

alone. Instead, the interfaces also might impact local ion transport significantly, and the combined 

effects of morphological orientations and local heterogeneity near the interfaces can be captured 

through Eq 12. The knowledge of local ion dynamics afforded through this framework can enable 

regions with lower ion mobilities to be identified and guide the design of electrolyte systems that 

enhance transport at targeted locations within a domain. 

 

CONCLUSIONS 

Herein, a quantitative model for the intra-domain polymer and ion dynamics in PS-b-

POEM electrolytes was developed using knowledge of bulk dynamics (inferred from 

homopolymer systems) and interfacial behavior between the conducting and non-conducting 

mesophases. Local polymer mobility and ion diffusivity predictions from this model were 

validated through NMR spectroscopy and diffusometry experiments. Comparison of the model 

predictions to the NMR results suggested that the polymer and ion dynamics were a strong function 

of the polymer architecture, segmental mixing, chain stretching, and confinement. Using these 

insights, the model in this study enabled the assessment of local ion transport from the reference 

point of local mobility transition temperatures. This approach can provide an improvement to the 

understanding of ion dynamics over the conventional approach of empirically correlating the total 

ionic conductivity to an average polymer glass transition temperature or relaxation timescale. 

Especially as low-segregation-strength systems with wide interfaces are beginning to show 

promise as efficient electrolytes, the model developed in this study can facilitate the assessment of 

local transport in a conducting domain. Moreover, this framework can be applied to examine the 

local structure and segmental dynamics in a variety of electrolyte and non-electrolyte systems (e.g., 
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nanostructured elastomers, thin-film nanotemplates) that span a wide range of polymer/additive 

chemistries toward the rational design of macromolecular materials. 
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