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Abstract 

Block polymers show promise as solid-state battery electrolytes due to the optimization of 

conductive and mechanical properties enabled via tuning of block chemistry and length. We 

investigate a polystyrene-block-poly(oligo-oxyethylene methacrylate) (PS-b-POEM) electrolyte 

doped with various lithium salts to investigate the role of molecular structure on ion transport 

properties and on local ion dynamics and associations. Anion charge becomes more delocalized 

with increasing size, reducing the coupling between salt ions while increasing coupling between 

ion and polymer chain motions and creating a more mobile overall environment. We observe 

support for this ion-polymer coupling via 1H, 7Li and 19F NMR spectroscopy, from which we 

obtain ion-specific mobility transition temperatures that differ from the polymer glass transition 

temperature. We also note faster transport and weaker local energetic interactions with anion size 

using temperature-dependent NMR diffusometry. 1H NMR spectroscopy further elucidates 

polymer chain dynamics and enables quantification of the temperature-dependent fraction of the 

conducting block that is immobile near the PS-POEM domain interface. NMR thus represents a 

species-specific and timescale-specific platform to quantify phase and interface behavior, and to 

correlate ion-specific transport with polymer chain dynamics.  
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Introduction 

 Lithium-ion batteries, with their high energy density and long cyclability, have seen 

immense success in the energy storage field. However, solvents used for liquid electrolytes are 

flammable and offer no resistance to lithium dendrite formation, and as such present a serious risk 

of thermal runaway processes.1, 2 This factor has prompted research into solid-state (e.g., polymer-

based) electrolytes, driven by the desire to remove flammable battery cell components as well as 

provide a single material acting as the mechanical/electrical separator and lithium ions (Li+) 

conductor. Poly(ethylene oxide) (PEO) doped with lithium salts has been a long-studied solid 

polymer electrolyte due to the polymer’s low glass transition temperature (Tg) and the availability 

of coordinating (and ion-solvating) oxygens along the polymer chain.3-8 Above Tg, Li+ can diffuse 

through PEO by changing coordination among the associating oxygens along the polymer chain, 

allowing the ions to move efficiently, but at the expense of the polymer’s mechanical properties, 

leading to rapid battery failure. 1, 4, 9, 10 This failure mechanism has led researchers to develop block 

polymer electrolytes with a rigid glassy phase for structural robustness combined with a mobile 

conducting phase, such as polystyrene-block-poly(oxyethylene oxide) (PS-b-PEO) electrolytes.11-

14 In this work, we focus on polystyrene-block-poly(oligo-oxyethylene methacrylate) or PS-b-

POEM (Figure 1a). Here, rather than PEO units forming the main chain, the POEM blocks have 

the ethylene oxide units grafted onto the polymer backbone as side chains, which improves 

conductivity near room temperature by limiting crystallization.15, 16 In this study, we investigate 

the role of the anion molecular structure on the Li+, anion, and polymer dynamics within this 

system using NMR spectroscopy and diffusometry, and we present an approach to quantify the 

dynamically distinct regions at the interface between the hydrophilic and hydrophobic domains. 
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Additionally, we investigate the effect of different salt chemistries and concentrations on mobility 

temperature and its relationship to Tg values. 

 

Figure 1. (a) Molecular structures of PS-b-POEM and lithium salts doped into this block polymer 

electrolyte: LiClO4, LiTfO, and LiTFSI. (b) Dependence of morphology on salt type and 

concentration. The 5:1 [EO]:[Li] LiTfO-doped and both LiTFSI-doped PS-b-POEM samples form 

a hexagonally packed cylindrical morphology with the PS phase occupying the cylindrical 

domains and the POEM forming the matrix. The 13:1 [EO]:[Li] LiTfO, both LiClO4-doped, and 

the neat PS-b-POEM form a lamellar morphology. SAXS results in support of these morphologies 

can be found in Figure S10 and are discussed in detail in our companion paper.17 Between the 

POEM and PS domains lies an interfacial region where the PS chains mix with the POEM chains, 

reducing the mobility of the normally fluid POEM chains and slowing ion motion.  

To explore a range of anion chemistry and composition space, we doped the PS-b-POEM 

block polymer with LiTfO, LiTFSI, and LiClO4 salts at ratios (ethylene oxide unit per lithium ion 
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or [EO]:[Li]) of 5:1 and 13:1. The morphology varies with salt type and concentration as shown 

in Figure 1b. We found a hexagonally packed cylindrical morphology (with PS as the cylinders 

and POEM as the matrix) for all LiTFSI-doped PS-b-POEM and 5:1 LiTfO-doped PS-b-POEM 

samples, and a lamellar morphology for the 13:1 LiTfO-doped PS-b-POEM sample and both 5:1 

and 13:1 LiClO4-doped PS-b-POEM samples. The addition of salt enhances the segregation 

between polymer blocks, increasing the domain spacing with increasing salt concentration, and 

the specific ion-chain interactions cause the phase diagram to shift, altering the location of the 

morphological transition from lamellae to hexagonally packed cylinders with increasing anion 

size.18-21 Both of these morphologies comprise a mobile (ion conducting) POEM phase and an 

immobile PS domain. However, at the interface between the two domains, the two polymer blocks 

mix, forming a gradient of each component across the interfacial region. In this region, the rigid 

PS chains reduce the mobility of the POEM chains, slowing ion motions. This change in polymer 

chain mobility between the domains (and including interfacial effects) results in a two-component 

1H NMR signal, with one component corresponding to mobile chains (POEM) and the other to 

immobile chains (PS plus immobilized POEM). 

 In NMR spectroscopy, when a nucleus moves faster along with molecular motions, 

magnetic spin interactions will fluctuate more rapidly. At a given molecular reorientation rate 

(and/or ion translation rate), the observed signal will be averaged over the orientations and 

environments experienced, leading to a given width of the observed line in the spectrum.22 We use 

this principle to investigate both ion and polymer chain dynamics. As temperature and therefore 

the average kinetic energy of the system increases, nuclear spin motions transition from slow to 

fast, relative to the static coupling frequencies of spin-spin interactions (such as the magnetic 

dipole-dipole coupling) in the sample. Herein we designate such a transition temperature the 



6 
 
 

 

“mobility temperature,” and we use NMR linewidths as a probe of the molecular tumbling and 

translational dynamics. Specifically, we use 7Li and 19F NMR spectroscopy to study ion dynamics 

and 1H NMR spectroscopy for polymer chain dynamics.  

To quantify and gain insights into ion-specific transport within the mobile fraction of the 

POEM phase, we employ pulsed-field-gradient (PFG) NMR diffusometry. NMR diffusometry 

represents a family of techniques for measuring the self-diffusion coefficients of multiple species 

in a sample (separated by their chemical shift and/or isotopic identities), and over a controlled 

range of time/length scales. Additionally, while most other types of diffusion measurements 

typically require a nonequilibrium system that must be initialized individually for each 

measurement (such as a prepared concentration gradient), NMR diffusometry can operate at 

equilibrium and at a fixed temperature. Herein, we probe 7Li and 19F nuclei, allowing us to measure 

separate cation and anion ion transport. Furthermore, by measuring diffusion coefficients as a 

function of temperature we can determine the activation energy of diffusion of these ions, which 

provides insight into the local energetics of ion transport.23-27 Overall, in this study we quantify 

interfacial phase behavior and correlate ion-specific transport with polymer chain dynamics in PS-

b-POEM. 

Experimental 

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, each repeat unit contains 9 EO units on the side chain), and PS-b-POEM (Mn 

= 41.9 kg mol-1, Ð = 1.25, volume fraction of POEM [fPOEM] = 0.46) were synthesized and purified 

as described in prior literature.28, 29 Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99%, 
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Acros Organics), lithium trifluoromethanesulfonate (LiTfO, 99.995%, Sigma-Aldrich), and 

lithium perchlorate (LiClO4, 99+%, Acros Organics) were dried under constant 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-

filled keg was passed through two packed alumina columns. 

Electrolyte preparation 

The polymers (PS-b-POEM and POEM) and salts (LiTFSI, LiTfO, and LiClO4) separately 

were dissolved in anhydrous THF at ~20 wt% and stirred for at least 3 h, all in an argon-filled 

glove box. The appropriate masses of polymer and salt stock solutions were then mixed to achieve 

the desired salt concentrations relative to neat polymer, [EO]:[Li+] = 13:1 and [EO]:[Li+] = 5:1, in 

which [EO] and [Li+] are the molar concentrations of EO units and Li+, respectively. These salt 

and polymer solutions were stirred for at least 3 h, then dried under constant vacuum for 16 h at 

25 °C and then for 10 h at 120 °C. The dried electrolytes were stored in an argon-filled glove box 

prior to characterization. 

NMR spectroscopy and diffusometry 

All NMR experiments were performed as static-sample, solid-state (“wideline”) 

experiments. The PS-b-POEM block polymer (BP) samples were quickly packed into the bottom 

of a 5 mm NMR sample tube in ambient atmosphere. The packed samples were dried by immersion 

in a sand bath at 120 °C and under constant vacuum for 48 h to ensure that any moisture introduced 

outside the glove box would be removed. To prevent oxidative degradation of the polymer, the 

dried samples were flame sealed while still under vacuum, wrapped in aluminum foil to reduce 

light exposure, and stored in a refrigerator prior to characterization via NMR. The POEM 

homopolymer (HP) samples were viscous fluids that adhered to the walls of the sample tube. To 
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cleanly pack the HP samples, the specimens were first packed into a 3 × 2 × 10 mm (outer diameter 

× inner diameter × length) glass tube. The homopolymer-loaded tube was inserted into a 5 mm 

NMR sample tube before drying and sealing in an identical manner to the BP samples.  

The NMR spectra and diffusion data were obtained using a Bruker Avance III 400 MHz/9.4 

T widebore spectrometer equipped with a high gradient diffusion probe (Bruker Diff50) paired 

with a 5 mm 7Li/31P radiofrequency (RF) coil insert for 7Li measurements, and a 5 mm 1H RF coil 

insert for 1H and 19F measurements. All NMR experiments were measured across a temperature 

range of -40 to 80 °C with ≥ 5 min of thermal equilibration before acquiring data. 

The 1D NMR spectra were acquired at each temperature using 16 scans with a 90° pulse 

length of 4.5 µs for 1H, 5.5 µs for 19F, and 6.25 µs for 7Li. The acquisition times for these 

experiments ranged from 0.003 - 0.04 s for 1H, 0.004 - 0.35 s for 19F, and 0.005 - 0.04 s for 7Li 

NMR depending on the sample and temperature, adjusted to maximize signal-to-noise ratio (SNR). 

Relaxation delay (D1) values were 1.5 s for proton, 2 s for lithium and 1 s for fluorine. The 

longitudinal relaxation time (T1) range for 1H is 1 - 5 s, for 7Li is 1 - 2 s, and for 19F was 0.5 - 1 s.  

Self-diffusion coefficients of the Li+ cations and the fluorine-containing anions were 

obtained using the pulse-gradient stimulated echo (PGSTE) experiment on 7Li and 19F nuclei 

across the -40 to 80 °C temperature range.30, 31 The Stejskal-Tanner equation (Equation 1) was 

used to fit the measured signal amplitude (I) as a function of the gradient strength (g).  

 

 𝐼𝐼 = 𝐼𝐼0 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐷𝐷𝛾𝛾2𝑔𝑔2𝛿𝛿2 �𝛥𝛥 −
𝛿𝛿
3��

 (1) 

 
In Equation 1, I0 is the signal amplitude at g = 0, γ is the gyromagnetic ratio of the measured 

nucleus, δ is the effective (rectangular) gradient pulse duration, Δ is the diffusion time between 

gradient pulses, and D is the self-diffusion coefficient. These measurements used a 90° pulse time 
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of 5.5 µs for 19F and 6.25 µs for 7Li. The diffusion experiments used a repetition time of 2 - 4 s, δ 

= 2 - 6 ms, Δ = 50 - 500 ms, with a max gradient strength ranging from 720 - 2900 G/cm and the 

same acquisition times used for the 1D spectroscopy experiments (adjusting the length of the free 

induction decay at a given measurement temperature). The value of the diffusion encoding 

parameters (g, d, and D) within these ranges depends upon the specific sample and temperature of 

the experiment and were selected to achieve ≥ 85% signal attenuation in 16 gradient steps. 

Results and Discussion 

Mobility temperature measurement via static solid-state 7Li, 19F, and 1H NMR Spectroscopy 

To investigate the temperature dependence of the ion mobility within the system, we 

obtained 7Li and 19F spectra over the -40 to 80°C temperature range. The relative mobility of the 

nuclei, or the rate at which the nuclei are moving between different magnetic environments, is 

reflected in the spectral linewidths. As the mobility of a nucleus increases, the linewidth (full width 

at half maximum, FWHM) of the observed peak decreases, as shown in Figure 2 and Figure 3. 

The 19F nucleus has a nuclear spin I = ½, and therefore, the FWHM can be measured directly from 

the spectra. However, the 7Li nucleus is quadrupolar (nuclear spin I = 3/2), which causes it to have 

two components: a narrow component comprised of a central transition, which is present in all 7Li 

nuclei regardless of magnetic environment, and a broad component comprised (in this case) of a 

superposition of “satellite” transitions that arises from a random distribution of locally anisotropic 

magnetic environments (see Section S1). To properly measure the linewidth of this 

multicomponent spectrum, we deconvoluted the spectrum by fitting it using a linear combination 

of a broad (Gaussian) and a narrow (Lorentzian) function (Figure S1). A Lorentzian function was 

used to describe the central transition22 and a Gaussian function was used to describe the 

superposition of satellite peaks, as is typical of such random distributions. Plotting the FWHM of 
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the 7Li and 19F spectra against temperature T results in the trends seen in Figure 2 and Figure 3, 

which we fit using an empirical arctangent function (Equation 2).29  

 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐾𝐾 tan−1 �
𝑇𝑇 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
� + 𝐶𝐶 (2) 

K is an overall width parameter, C is a shift value equal to the average between the largest and 

smallest measured FWHM, Tmobility in this article represents the temperature at the midpoint of the 

transition (where the 2nd derivative of this function is zero), and Tfinal is the temperature at the 

endpoint (plateau width value) of the transition. Because this inflection point reflects the onset 

temperature at which the nuclei become mobile, we will refer to this Tmobility as the “mobility 

temperature.” We then compare Tmobility values to the Tg values measured via DSC, which are 

measured as being the midpoint of the transition in heat capacity. The minor difference in the 

definition of Tmobility here as compared to a previous study is discussed in detail in Section S2.29   

Figure 2 shows the linewidth vs. temperature plots for the PS-b-POEM block polymers 

(BP). In addition to measuring the 7Li and 19F linewidths (to quantify Tmobility for each ion), we also 

measured the polymer chain mobility temperature from the 1H spectral linewidths (Figure 4c and 

Figure 5c). While the observed 7Li and 19F spectra only contain signals from single molecular 

species/environments, the 1H NMR spectra contain signals from both the PS and POEM blocks, 

each of which have the potential to show a broad and narrow component corresponding to 

immobile and mobile chains, respectively. To fit these spectra in a similar manner to those obtained 

via 7Li and 19F NMR spectroscopy, we first investigated the temperature dependence of the NMR 

linewidth for the neat PS homopolymer (HP) (Figure S4) and found that over the temperature 

range of interest (-40 to 80 ℃) the measured width of the PS peak (34 kHz) did not change. This 

value was then used as a constraint for the broad component width in the two-component fitting 
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process, and this process was applied to the PS-b-POEM 1H NMR spectra. At lower temperatures 

the POEM peak becomes obscured by the broad PS signal, preventing a reliable fit to extract this 

linewidth component. 

 

Figure 2. Temperature dependence of linewidth (FWHM) for PS-b-POEM electrolytes for (a) 7Li 

nuclei (Li+), (b) 19F nuclei (anions), and (c) 1H nuclei (polymer chains). Data points are the 

linewidth values from NMR spectroscopy measurements, and curves are fit to the data using 

Equation 2 to extract the mobility temperatures. Uncertainty in FWHM values is ±5%. For each 

sample composition, Tmobility values for the cations and anions lie within a few degrees of each 

other, demonstrating consistency of this mobility temperature between nuclei and ionic species. 
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We also measured Tmobility for the POEM HP (Figure 3) to investigate any differences in 

dynamics due to confinement within the POEM domain, POEM chain stretching, and/or segmental 

mixing in the PS-b-POEM. Table 1 compares the Tmobility values of the BP and HP, the differences 

between which are within 5 °C. This agreement between the mobility temperatures strongly 

indicates that the local dynamic environment the ions experience within the block polymer is on 

average very similar to that in bulk POEM, and implies that the immobilized POEM in the 

interfacial region has minimal effect on ion dynamics of the BP systems. The similarity of the 

mobility temperatures of the ions (7Li and 19F) and of the POEM polymer chains (1H) further 

supports the assertion that the ions are experiencing a similar local dynamic environment.  

  



13 
 
 

 

 

Figure 3. Temperature dependence of linewidth (FWHM) for POEM HP electrolytes for (a) 7Li 

nuclei (Li+), (b) 19F nuclei (anions), and (c) 1H nuclei (polymer chains). Data points are from NMR 

spectroscopy, and curves are fit to the data using Equation 2. Uncertainty in FWHM values is ±5%. 

The Tmobility from the POEM HP is within a few degrees of the Tmobility observed in the PS-b-POEM 

BP, indicating the local dynamic environment probed by NMR linewidth is relatively insensitive 

to confinement (BP domain-dependent) effects.  
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Table 1. Mobility transition temperatures (Tmobility) for PS-b-POEM (BP) and POEM (HP) 
electrolytes. Errors in Tmobility values are approximately +/- 5 °C. 

 Midpoint of inflection (°C) (Tmobility) Tg (DSC, °C) 
(no salt = -65.4) 7Li (cation) 19F (anion) 1H (polymer) 

PS-b-POEM BP     
13:1 LiTFSI -14.5 -16.2 -17.5 -41.8 
5:1 LiTFSI 6.8 0.3 2.6 -22.1 
13:1 LiTfO -13.1 -10.6 -17.3 -41.8 
5:1 LiTfO 20.6 21.2 30.0 -13.4 

13:1 LiClO4 2.2 N/A 3.0 -31.1 
5:1 LiClO4 38.8 N/A 38.9 -10.2 
POEM HP     
13:1 LiTFSI -13.4 -16.8 -13.8 -41.8 
13:1 LiTfO -14.5 -14.2 -14.4 -41.8 
5:1 LiTfO 23.9 16.9 21.0 -22.1 

13:1 LiClO4 -1.8 N/A -3.9 -31.1 
5:1 LiClO4 36.8 N/A 40.1 -10.2 

 

 Comparison of the cation and anion Tmobility values to the glass transition temperatures of 

the conducting POEM phase from DSC (Table 1) shows that Tmobility > Tg by 26 to 49 °C depending 

on the anion chemistry and salt loading. This offset is most prominently seen in the 5:1 [EO]:[Li] 

samples due to their higher salt concentration. These specimens show Tmobility > Tg by 26°C for the 

LiTFSI-doped samples, 34°C for the LiTfO-doped sample and 49°C for the LiClO4-doped 

samples. In these comparisons, we take the average of the cation and anion Tmobility values to 

compare with the POEM Tg. This trend indicates that the more diffuse the anion charge, the smaller 

the difference between Tmobility and Tg. We propose that this is due to the larger anions associating 

less strongly with the Li+ cations, allowing the salt ions to associate more with the polymer chain 

instead of associating with each other (and thus reducing the influence of the salt ions on the 

conducting phase dynamics). This trend is validated by simulations reported by Shen and Hall, 

who investigated the role of ion size disparities on ion transport and concluded that larger anions 

reduce ion aggregation and improve ion conduction.32 We also see a significant change in the Tg 

of the salt-doped samples when compared to the neat polymer. This change is likely due to the 
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ion-polymer associations slowing the polymer chain dynamics, causing the Tg to increase. The 

difference in Tg between the salt types and concentrations is most likely due to the differences in 

degree of ion dissociation, which impacts the transient cross-linking dynamics.32-34 Additionally, 

these differences in association strengths of the salts can also help explain the differences in 

morphology we see across the different samples (Figure 1), because the stronger cation-anion 

associations will decrease the ion-polymer association strength. Thus, we see a lamellar structure 

in the LiClO4 samples, but as the anion size increases, the ion-polymer association strength 

increases and the volume of the POEM phase increases to accommodate the larger ion pairs, thus 

transitioning the morphology into hexagonally packed cylinders (Figure 4).18-20, 32 
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Figure 4. As the anion size increases, the association strength between the ions weakens, which 

allows the Li+ to interact more with the polymer chain. Tmobility of the ions conveniently probes this 

change in ionic interactions, as Tmobility shifts closer to the Tg of the conducting phase and causes 

the salt-bearing domain to swell and transition the polymer morphology from lamellar to 

hexagonally packed cylinders (POEM phase dominant). 

Although Figure 4 shows the role of anion size on the cation-polymer interaction, the 

similarity in Tmobility between the cation and anion suggests that they are experiencing a similar 

average dynamical (and thus spin-magnetic) environment. This observation is in line with the 

overall ion transport mechanism, in which lithium ions hop among ether oxygen atoms during 

segmental motion of the polymer chain while counter-anions strongly associate with and hop with 

the lithium ion aggregates.1, 4, 33, 35 Although the ion-ion association strength decreases with an 

increase in anion size due to the decreased charge density, the cation-anion interactions are still 

strong enough that the ions experience a similar dynamical environment. The transport of both 

ions through the conducting POEM phase improves with increasing mobility of the polymer chain, 

and the temperatures at which the polymer chain mobilizes enough to transport these ions occurs 

at the Tmobility values reported in Table 1.  
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In short, these multinuclear (7Li and 19F) NMR experiments allow us to independently 

study the mobility of both ions, from which we observe the degrees of their associations with the 

polymer chain by comparing Tmobility to Tg. Softer, larger anions enable (1) more close coupling of 

the cation and anion dynamics to the polymer chain dynamics by decoupling the salt ions from 

each other (Tmobility moves closer to Tg), and (2) a more mobile overall environment at a given 

temperature (reduction of both Tmobility and Tg).  

Polymer chain mobility and interfacial composition from 1H NMR 

We can further utilize our static-sample solid-state (“wideline”) 1H NMR experiments to 

probe polymer chain dynamics by partitioning the spectra into different components. These spectra 

have relatively broad linewidths for each peak (versus solution NMR spectroscopy), but we can 

use the two distinct components to unravel polymer phase behavior. In the 1H spectrum, all peaks 

corresponding to the protons in the polymer chain overlap (see Figure 5). This spectrum can be 

deconvoluted into two components—a narrow component and a broad component. These two 

components of the 1H spectrum report on the mobility of the protons in the polymer chain, with 

the broad component representing the total immobile chain portion of the block polymer. The 

relative intensities of these two components thus tell us the fraction of the bulk polymer that is 

immobile (𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝐻𝐻), which gives insight into the interfacial composition. Between the mobile 

POEM phase and immobile PS phase, there is an interfacial region (sometimes called an 

interphase), where the PS restricts the mobility of the POEM chains, resulting in less mobile 

POEM that cannot effectively conduct ions. As such, by measuring the amount of immobile POEM 

via our NMR spectra, we can determine the fraction of the total POEM within this interfacial 

region (𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃). We have done this by deconvoluting the temperature-dependent 1H 

spectra as described in Figure S6, then comparing the areas of the narrow component and broad 
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component to the expected stoichiometric fractions for POEM (𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) and PS 

(𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃). Thus, using Equation 3, we can quantify how much of the POEM block 

contributes to the broad component, from which, we obtain the fraction of immobile POEM. 

 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝐻𝐻 − 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 (3) 

 

Figure 5. Representative static-sample, solid-state 1H NMR spectra for PS-b-POEM doped with 

LiTfO at a ratio of [EO]:[Li] = 5:1 taken at 70 °C (a) and 25 °C (b). The raw spectrum contains 

two components, a narrow component (blue) and a broad component (red). The width of these 

components reports on the rotational mobility of the 1H-containing polymer segments that 

contribute to these signals. The narrow component contains the proton signal from mobile parts of 

the POEM chains, and the broad component contains the proton signal from immobile POEM and 

PS chains. Although two-component fitting can reliably deconvolute the spectra at high 

temperature (a), as temperature decreases the POEM chains decrease in mobility, resulting in broad 

and narrow peak components that are closer in linewidth (b), thus decreasing the reliability of the 

fit. 
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In addition to this dynamics-based interfacial measurement from NMR spectroscopy, we 

can compare this fraction of immobile POEM in this interfacial region to the values obtained from 

small angle X-ray scattering (SAXS) and differential scanning calorimetry (DSC).36, 37 The details 

of these measurements are found in Section S5 and are discussed in our companion paper.17 Figure 

6 shows the agreement between these three different techniques.  

 

Figure 6. Immobile fraction of the conducting domain (POEM) versus temperature in neat (no 

lithium salt) PS-b-POEM using the purely dynamics-based NMR approach (blue), a  

predominantly structure-based SAXS approach (pink) adapted from literature37 and a DSC 

approach (green) adapted from literature.36 More detail on the SAXS and DSC approaches can be 

found in a our companion paper.17 

All approaches to determining the fraction of immobile POEM agree well at higher 

temperatures, yielding the fraction of POEM within the interface of 15-20%. As temperature 

decreases, the NMR and DSC approaches deviate somewhat from the values given by the SAXS 

approach. This deviation is likely due to the SAXS approach measuring the compositional mixing 
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of the two phases while the DSC and NMR approaches measure the dynamics and chain 

relaxations of the system. As such, as temperature decreases, the fraction of total immobile POEM 

(including POEM that is not in the interface) increases, leading to a steeper increase in the fraction 

of immobile POEM reported by the NMR and DSC methods. Further discussion of this NMR 

approach for investigating the interface between the polymer phases can be found in our 

companion paper.17 

The NMR method, based on integration of spectral components with different chain 

dynamics, is complementary to the DSC and SAXS approaches, and it can be more versatile. The 

SAXS method uses the widths of the SAXS profiles (which have different electron-density 

contrast) to measure the composition across the interface, but it is only applicable to lamellar 

morphologies and requires a rather complex model to extract the immobile fraction. Because the 

NMR method probes the polymer chain mobility via the transverse spin relaxation (signal decay) 

time, it is not restricted by morphological symmetry and can be used in non-lamellar systems such 

as the hexagonally packed cylinder system shown in Figure S9. Also, the NMR method requires 

no model other than the assumption of two distinct spectral components with different mobility 

and a simple least-squares fit to the two components. Note that the Gaussian nature of the broad 

fit component in this system should account for any distribution of chain mobilities across the 

interface, and the fits were very good without involving a distribution of line components. The 

DSC method, in contrast, observes the chain dynamics via the change in heat capacities between 

the homopolymer of the conducting phase and the PS-b-POEM block polymer. However, whereas 

DSC measures heat capacity changes detected by scanning temperature over the glass transition, 

NMR can measure the immobile fraction at any single fixed temperature, as an equilibrium 

measurement. Additionally, the interfacial measurement from DSC requires knowledge of the 
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volume fraction of the conducting domain obtained either by SAXS or by an estimation using 

molecular weight (Equation S6).36 This requirement is unnecessary for the NMR approach, which 

only needs the stoichiometric ratio of the two blocks to directly compare with the integration ratio 

of the two components in the 1H spectrum.  

Ion transport phenomena via NMR diffusometry 

Using 7Li and 19F NMR diffusometry, we can also uncover aspects of cation and anion 

translational motions and how these motions couple to BP morphology and dynamics. We 

measured the diffusivity of both ions in the PS-b-POEM (BP) and in the POEM homopolymer 

(HP). Figure 7 shows ionic diffusion coefficients for [EO]:[Li+] = 13:1 samples for both BP and 

HP. Unfortunately, due to equipment constraints combined with the short transverse relaxation 

times (T2) of the 7Li and 19F nuclei, we cannot access the diffusion of ions in [EO]:[Li+] = 5:1 

samples. Additionally, due to fast 35Cl and 37Cl spin relaxation, we cannot measure the anion 

diffusion for LiClO4-doped samples. 
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Figure 7. Temperature dependence of Li+ cation (DLi+) and fluorine-containing anion diffusion 

coefficients (DTFSI- and DTfO-) in salt-doped PS-b-POEM BP and POEM HP. The LiTfO-containing 

sample (a) shows both cation and anions within the BP diffusing at 1/3 the rate of the HP instead 

of the 2/3 expected for the HP for a randomly oriented lamellar system such as this.10, 38 This trend 

also holds for the lamellar LiClO4-doped samples (b). The LiTFSI containing sample (c) shows 

the ion diffusion coefficients within the BP as 1/2 the value of the ions within the HP. This 

difference suggests a tortuosity factor 𝒯𝒯 (see below) of 2, which is above that expected from the 

simple geometric obstruction of the morphology. The uncertainty in ion diffusion coefficients is 

±10%. 
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 Figure 7 shows diffusion coefficients of the anions and Li+ in both the BP and HP samples, 

which give insights into what factors govern ion transport within the BP electrolyte. The anions 

clearly diffuse faster than the cations. Because the anions are larger than Li+, they have a lower 

charge density, which weakens their coordination. The weakened coordination reduces ion 

aggregation and causes the Li+ to associate more with the oxygen atoms along the POEM chain, 

thus accelerating overall ion transport. The order of diffusion coefficients supports this assertion, 

as the ions in LiTFSI-doped samples are diffusing faster than those in the LiTfO-doped samples, 

and the LiClO4-doped samples diffuse the slowest.  

Comparing the ion diffusion coefficients within the HP to those within the BP, we find that 

the BP samples containing LiTfO and LiClO4 exhibit diffusion coefficients 1/3 as fast as their HP 

counterparts. The ion diffusion coefficients in the LiTFSI-doped BP are 1/2 as fast as the diffusion 

coefficients in the HP counterpart. As shown in Figure 1, the morphology of these salt-doped BP 

samples with [EO]:[Li+] = 13:1 are lamellar for the LiTfO- and LiClO4-doped samples and 

hexagonally packed cylinders for the LiTFSI-doped sample. The geometric factor for randomly 

oriented lamellae is fmorphology = 2/3, and the geometric factor for a randomly oriented hexagonally 

packed cylinder structure, with the conducting phase as the matrix is fmorphology = 1.10, 38, 39 These 

geometric factors reduce average diffusion relative to a perfectly aligned phase and originate from 

how many of the three-dimensional axes (x, y, and z-axis) allow for diffusion to occur in a given 

morphology.39 As such, these geometric factors assume an ideal system and neglect the effects of 

grain boundaries,25, 40 molecular- or nanometer-scale defects,41-43 or nanoconfinement of the rigid 

lamellae or rod walls26, 44 or of the immobilizing interfacial region described previously, all of 

which could further restrict ion diffusion. Our lab has measured such effects in the past via 
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complementary NMR diffusometry techniques, and have described such effects using a tortuosity 

𝒯𝒯 parameter:26, 40-45 

 𝒯𝒯 =
𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝐷𝐷∞

 

 
(7) 

 Dlocal represents “local” diffusion at a nanometer scale and 𝐷𝐷∞ represents bulk diffusion 

measured at a diffusion time long enough to allow moving species to sample all heterogeneities in 

the sample. A 𝒯𝒯 value of 1 represents an ideal system, e.g., perfect domain connectivity and/or 

minimal grain defects or confinement effects.41-43, 45 Our current BP samples have well-defined 

morphologies, and as such we can divide out the geometric factor (fmorphology) from this tortuosity 

expression. Furthermore, we can represent Dlocal (for each ion) as the ion diffusion coefficient for 

our HP POEM (Dion,HP). This representation of Dlocal well approximates the average ion diffusion 

within the POEM domain of the BP since the thickness of our conducting POEM domain in the 

lamellar BPs is 13 to 23 nm, much larger than the scale of local molecular-scale motional 

processes.26, 41-43 𝐷𝐷∞ can be represented using each ion diffusion coefficient for the BP samples 

(Dion,BP) at long diffusion time (D). The resulting decrease from Dlocal to 𝐷𝐷∞ (or Dion,HP to Dion,BP) 

then becomes:  

𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖,𝐵𝐵𝐵𝐵 =
𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝒯𝒯
𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖,𝐻𝐻𝐻𝐻 (8) 

fmorphology is the aforementioned geometric factor (fmorphology), and 𝒯𝒯 is the tortuosity factor, 

which includes only the effects of hydrophilic domain wall effects, BP grain boundaries, and/or 

other morphological defects restricting the intra-domain diffusion of the ions within the BPs. We 

observe a value of 𝒯𝒯≈ 2 across both lamellar BP samples and a value of 𝒯𝒯≈ 1.6 for the LiTFSI-

doped sample with a hexagonally packed cylindrical morphology (Table S3). These 𝒯𝒯 values 

indicate significant but not severe restrictions to transport from defects and confinement. The 
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decrease in tortuosity between the morphologies is likely due to the grain boundaries of the 

lamellar morphology hindering the ion transport more than the hexagonally packed cylinder 

morphology, the latter of which is inherently interconnected with any distribution of grain 

orientations. The idea that 𝒯𝒯 ≠ 1 has precedent for BPs in investigations into diffusion of ions in 

BP morphologies with bicontinous phases (e.g., gyroid).46 We do not need to explicitly consider 

the ion obstruction effects of the polymer chain backbone on the cation or anion diffusion as this 

occurs identically in the HP and BP.  

We also probe the temperature dependence of D, which yields the activation energy (Ea) 

of diffusion and can provide additional insights about local interactions occurring on the molecular 

(~ 1 nm or smaller) length scale, also called the ballistic or inertial length scale. Our group has 

developed a framework for understanding Ea in various systems with liquid-like diffusion.23-27, 41-

45 We find Ea of each ion in our samples using the Arrhenius equation: 

 𝐷𝐷 = 𝐷𝐷0𝑒𝑒
−𝐸𝐸𝑎𝑎𝑅𝑅𝑅𝑅 (9) 

D is the self-diffusion coefficient, D0 is the diffusion at infinite T or the “barrierless diffusion,” 

and R is the gas constant. Ea for a given mobile species in our polymer samples describes the 

average energy of local intermolecular interactions that is involved in that species (ion) moving on 

the ~ 1 nm scale, driven by the random collisions and local fluctuations. D0 can give additional 

insight into the local configurational degrees of freedom available for a given mobile species to 

diffuse.25-27, 41, 43, 44 Table 2 shows the results of this Arrhenius analysis, which are generally 

comparable to reported values for PS-b-PEO systems.11, 12, 47 
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Table 2. Activation energies of cation and anion diffusion and D0 in PS-b-POEM and POEM 
electrolytes. Errors in Ea are approximately +/- 1.5 kJ/mol. 

 Lithium Ea 
(kJ/mol) 

Lithium D0 
(m2/s) 

Fluorine Ea 
(kJ/mol) 

Fluorine D0 
(m2/s) 

PS-b-POEM BP     
LiTfO 53.6 4.28 x 10-5 48.9 1.52 x 10-5 

LiTFSI 55.5 1.07 x 10-4 55.1 4.13 x 10-4 

LiClO4 54.9 1.03 x 10-4 N/A N/A 
POEM HP     

LiTfO 55.3 2.49 x 10-4 48.3 3.29 x 10-5 

LiTFSI 56.5 2.43 x 10-4 57.2 1.44 x 10-3 

LiClO4 55.8 4.20 x 10-5 N/A N/A 
 

We observe Ea values for Li+ of 55 ± 1.5 kJ/mol, and furthermore that Ea values for TfO- 

anion are 6 to 9 kJ/mol smaller than those for the TFSI- anion and for the Li+. The local energetics 

(enthalpics) of the TfO- anion appear to promote faster ~ 1 nm motion for this smaller anion. 

Additionally, comparing Ea of the ions in the BP to the HP samples, we see both ions have slightly 

lower Ea values in the BP samples across all samples. The small difference in Ea may imply an 

organization of the POEM phase in the BP system that improves local ion transport. For example, 

the constraining PS domain in the BP may create enhanced free volume near the interface between 

the PS phase and the POEM phase,44 leading to lower Ea values.  

Although the Li+ measurements have D0 values within error of each other (a factor of 2-5), 

the fluorinated anions show a D0 that is a factor of ~ 100 larger for TFSI- than for TfO-. This 

difference in D0 might suggest that TFSI- has significantly more configurational freedom due to 

the more complex intramolecular anion configurations possible, along with a larger number of 

possible local arrangements of EO segments and Li+ around this anion. While TfO- has somewhat 

lower Ea, its D0 is clearly smaller, suggesting fewer configurational degrees of freedom relative to 

TFSI-. Further studies will be required with a wider array of compositions and temperatures, to 

understand deeper aspects of local transport in these systems. 
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Conductivity from NMR Diffusometry and Haven ratio analysis 

We can also use diffusion coefficients to predict the ionic conductivity using the Nernst-

Einstein equation (Equation 10).23, 40, 48, 49 

 𝜎𝜎𝑁𝑁𝑁𝑁𝑁𝑁 = �
𝑒𝑒2

𝑘𝑘𝑘𝑘
� �
𝑁𝑁
𝑉𝑉�

(𝐷𝐷+ + 𝐷𝐷−) (10) 

where D+ and D- are the diffusion coefficients of the cation and anion, respectively, and �𝑁𝑁
𝑉𝑉
� is the 

number density of ions within the electrolyte. Because we could not collect D for the chlorine 

nuclei, we cannot determine σNMR for the LiClO4 samples. Figure 8 shows the conductivity values 

from the NMR diffusometry data for the 13:1 LiTfO- and LiTFSI-doped PS-b-POEM electrolytes 

(σNMR) along with those obtained from impedance spectroscopy (σIS).  

 
Figure 8. Temperature dependence of ionic conductivity within PS-b-POEM predicted from NMR 

diffusometry using the Nernst-Einstein equation (σNMR) and that measured via impedance 

spectroscopy (σIS). We could not measure D for the chlorine-containing anions, and thus only the 

LiTfO- and LiTFSI-doped samples were used to predict conductivity. Dividing σNMR by σIS gives 

Haven ratios of 2.7 for the LiTFSI-doped sample, and 3.6 for the LiTfO-doped sample. The 

uncertainty in σNMR is 14% and the uncertainty for the Haven ratio is 17%. 
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The conductivity values, regardless of approach, show the LiTFSI-doped samples with a 

higher conductivity than the LiTfO-doped samples. This trend makes sense, because the 

morphology of LiTFSI-doped samples is hexagonally packed cylinders, which allows for better 

charge transport than the lamellar morphology, and the fact that TFSI- coordinates more weakly 

due to its lower charge density. σNMR incorporates the diffusional motions of all mobile species, 

even those with no net charge, whereas σIS only measures the electric-field-driven movement of 

charged species. In other words, if there are instantaneously neutral aggregates of ions in the 

sample, impedance spectroscopy cannot measure them, while NMR spectroscopy can. The Haven 

ratio (HR), with the relation 𝐻𝐻𝑅𝑅 = 𝜎𝜎𝑁𝑁𝑁𝑁𝑁𝑁
σIS

 thus gives a measure of the average charged species 

population relative to the total number of cations and anions. For salt-based polymeric Li+ 

electrolytes, this leads to HR > 1. As shown Table S4, we measure HR = 2.7 for the LiTFSI-doped 

samples HR = 3.6 for the LiTfO-doped samples. These values are consistent with HR values 

reported in the literature for lithium salts in PS-b-PEO electrolytes.47 Additionally, the decrease in 

HR we see as anion size increases (LiTfO to LiTFSI) makes sense because the larger, more 

diffusely charged anion discourages ion aggregation, which decreases the difference between what 

NMR measures and what impedance spectroscopy measures, resulting in a lower HR. This 

assertion agrees with recent modeling and experiments regarding the effects of anion size on ionic 

mobility, which found that the cation D increases and HR decreases as anion size increases.32, 50 

Conclusions 

We investigated PS-b-POEM electrolytes doped with lithium salts via NMR spectroscopy 

and diffusometry. NMR spectroscopy enables the separate and quantitative determination of the 

polymer chain, Li+ cation, and counter-anion dynamics. Upon measuring the cation and anion 
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dynamics separately from the polymer chain dynamics, we observe a large (26-49 °C) difference 

between the mobility temperature of the ions and the glass transition temperature of the POEM 

polymer phase, a difference that increases with the charge density of the anion (inversely with the 

anion size). We see similar trends regardless of whether the ions are moving in the PS-b-POEM 

block polymer or in the POEM homopolymer, so we attribute this difference to the anion size and 

charge density, with minimal contributions from polymer morphology or nanophase separation. 

Additionally, the mobility temperatures of both lithium and anions are in agreement, indicating 

that the two ions are experiencing similar dynamical environments. Use of the mobility 

temperature from NMR spectroscopy as an ion-specific probe of dynamics represents a convenient 

method of quantifying and understanding differences in ion dynamics and polymer chain dynamics 

and relative dynamical couplings.  

Using 1H NMR spectroscopy, we can determine the fraction of interfacial POEM in our 

block polymers, matching values determined via the more-established SAXS and DSC approaches. 

Importantly, NMR allows for a dynamics-based view of the local composition of the PS to POEM 

domain interface, which can be used regardless of morphology. Further investigation of the Li+ 

and anion transport via NMR diffusometry in the block polymer and homopolymer systems reveals 

the morphological symmetry and tortuosity effects on diffusion along with local energetic effects 

via the activation energy. The diffusometry data can be applied to the Nernst-Einstein equation to 

estimate the conductivity within the system, and comparing these values to conductivity data from 

impedance spectroscopy reveals haven ratios comparable to those found in literature for PEO-

based block polymer electrolytes. Using NMR spectroscopy we have characterized lithium-doped 

PS-b-POEM electrolytes in a complimentary manner to traditional approaches, lending additional 
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chemistry-specific insight into the molecular origins of ion and polymer dynamics within these 

electrolytes. 
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