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ABSTRACT: The development of advanced electrolytes compatible with lithium metal and lithium-ion batteries is 

crucial for meeting ever growing energy storage demands. One such class of materials, single-ion conducting 

polymer electrolytes (SIPEs), prevents the formation of ion concentration gradients and buildup of anions at the 

electrode surface, improving performance. One of the ongoing challenges for SIPEs is the development of 

materials that are conductive enough to compete with liquid electrolytes. Presented herein is a class of gel SIPEs 

based on crosslinked poly(tetrahydrofuran) diacrylate that present enhanced room temperature conductivities 

of 3.5 × 10-5 S/cm when gelled with lithium metal relevant 1,3-dioxolane/dimethoxyethane, 2.5 × 10-4 S/cm with 

carbonate solutions, and approaching 10-3 S/cm with dimethyl sulfoxide. Remarkably, these materials also 

demonstrate high conductivity at low temperatures, 1.8 × 10-5 S/cm at -20 °C in certain solvents. Most 

importantly however, when contrasted with identical SIPEs formulated with poly(ethylene glycol) diacrylate, the 

mechanisms responsible for the enhanced conductivity are elucidated: decreasing Li+-polymer interactions and 

gel solvent-polymer interactions leads to an increase in Li+ mobility, improving the ionic conductivity. These 

findings are generalizable to various SIPE chemistries, and can therefore be seen as an additional set of design 

parameters for developing future high conductivity SIPEs.  
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Introduction 

In order to avoid the most catastrophic effects of fossil fuel driven climate change, a widespread shift 

towards renewable energy sources must be adopted. Of particular interest from the perspective of 

electrified transportation are so-called “beyond lithium-ion” batteries. Such systems have potential to 

enable improved battery energy density, life-span, and safety. A major focus of developing beyond 

lithium-ion batteries is the formulation of an electrolyte that can support these desired characteristics. A 

common challenge facing liquid and polymer electrolytes that contain dissolved salts is low cation 

transference numbers, t+. In systems where the cation and anion are both freely dissolved in the 

electrolyte, typically far less than half of the observed conductivity for the electrolyte comes from the 

motion of the active cationic species.1,2  As t+ approaches unity (i.e. all observed ion conduction is 

attributed to the active cation), ion concentration gradients in the bulk and anion accumulation at the 

electrode interface is greatly reduced. Tangible systems benefits of these effects include reduced side 

reactions, faster rate cycling, and extended cell life span.2,3 In an effort to enhance t+, a specific class of 

polymer electrolytes known as single-ion conducting polymer electrolytes (SIPEs) has received great 

attention. SIPEs contain covalently anchored anions throughout the polymer. With anchored anions, 

theoretically all the long-range ion transport observed within such electrolytes can be attributed to the 

active cationic species, meaning t+
 approaches unity. One of the ongoing challenges however has been 

designing SIPEs that exhibit active ion conductivities on par with conventional liquid electrolytes at room 

temperature.  

State of the art dry SIPEs exhibit conductivities on the order of  10-6 S/cm with near unity t+.
4–6 

Introduction of solvent into the polymer markedly increases conductivity. Solvent molecules can 



plasticize the polymer, enhancing polymer chain segmental motion, increase ion pair dissociation, and 

offer another transport mechanism for cationic species by facilitating vehicular transport of the solvated 

cation. Although incorporating solvent into SIPEs increases flammability, relative to conventional liquid 

electrolytes the overall safety may still be improved.7 A number of highly conductive gel SIPEs have 

recently been demonstrated. Nguyen and colleagues describe a multi-block copolymer with a highly 

delocalizing tethered anion and partially fluorinated arylene backbone that when swelled in ethylene 

carbonate (EC) displays a conductivity on the order of 10-3 S/cm above 30 °C.7 Similarly, Oh and 

colleagues demonstrated a poly(arylene ether) backbone SIPE with the same order of magnitude 

conductivity when swelled with carbonate solutions.8 Quite recently, Borzutzki and colleagues developed 

an SIPE with the ionic monomer incorporated within the fluorinated arylene backbone.9 This material 

exhibited a conductivity of 5 × 10-4 S/cm when swelled in a mixture of propylene carbonate (PC) and EC. 

Using popular poly(ethylene glycol) (PEG)-based mono and di-functional acrylate monomers along with a 

delocalizing methacrylate ionic monomer, Porcarelli and coworkers demonstrated a crosslinked network 

with an impressive 10-4 S/cm conductivity when swelled with PC.10 A similar acrylated PEG network with 

the ionic monomer 4-styrenesulfonyl (trifluoromethylsulfonyl)imide (STFSI) was demonstrated by Luo 

and colleagues, displaying a conductivity of 1.8 × 10-4 S/cm at 30 °C when swelled with EC.11  

While the progress in SIPE development has been substantial, due to the widely varied polymer 

chemistries, solvent systems, and testing conditions across the SIPE literature direct comparison of SIPEs 

in an effort to gain fundamental material insights is limited. With the goal of gaining explicit fundamental 

understanding that can be used to guide future materials development, we herein present a simple 

crosslinked SIPE system that allows us to facilely investigate the effect of polymer chain chemistry on ion 

transport in gel SIPEs. We identify a polymer chemistry that improves lithium ion conduction, and more 

importantly describe the underlying mechanism responsible for the improvement.  



Recently, poly(tetrahydrofuran) (PTHF)-based polymer electrolytes have received renewed attention for 

their loose cation coordination leading to enhanced conductivity.12–14 To our knowledge, we herein 

present the first SIPE based on PTHF chemistry, and by comparing with a PEG SIPE analog demonstrate 

the importance of loose Li+ coordination in systems that do not contain free salt. We demonstrate that 

by tuning the polymer chemistry, cation-polymer coordination is reduced and solvent-polymer 

interactions are altered, enhancing Li+ mobility. The former observation is corroborated by recent reports 

in the literature, while the latter is the first description of the importance of solvent-network interactions 

for PTHF systems. With this promising polymer chemistry, by screening molecular weight, charge density, 

and swelling solvent, we demonstrate high conductivity room temperature (25 °C) SIPEs. The best 

performing materials display lithium conductivities of 3.5 × 10-5 S/cm when swelled with lithium metal 

relevant ethereal solvents such as 1,3-dioxolane/dimethoxyethane (DOL/DME), 2.5 × 10-4 S/cm with 

carbonate solutions, and approaching 10-3 S/cm with dimethyl sulfoxide (DMSO). Low temperature 

conductivity is observed to be as high as 1.8 × 10-5 S/cm at -20 °C  with select solvents. Furthermore, the 

self-supported gel SIPEs support limiting currents up to 1.0 mA/cm2 at room temperature demonstrating 

their applicability in beyond lithium-ion batteries. The underlying principles leading to the enhanced Li+ 

conduction in the PTHF-based SIPEs are generalizable to a broad selection of polymer electrolytes, and 

therefore can be seen as important design characteristics for the engineering of next generation 

materials.  

Polymer synthesis and composition 

The SIPE system investigated here is composed of diacrylated crosslinking monomers of varying 

chemistry and molecular weight copolymerized with STFSI (styrene-SO2NSO2CF3
-) ionic monomers, the 

structures of which are shown in Figure S1. The difunctional crosslinkers result in a freestanding SIPE 

containing anchored ionic units. Two distinct polymer chemistries are explored, poly(ethylene glycol) 



diacrylate (PEGDA), and poly(tetrahydrofuran) diacrylate (PTHFDA). PEGDA contains an oxygen and two 

CH2 groups per repeat unit (-(OCH2CH2)n-), whereas PTHFDA has an oxygen and four CH2 groups per 

repeat unit (-(OCH2CH2CH2CH2)n-). By matching the crosslinker molecular weights and charge density, 

two SIPEs identical in every feature (acrylate content, ionic monomer content, degree of crosslinking, 

etc.)  aside from oxygen density can be directly compared, thus elucidating the impact of polymer chain 

repeat unit chemistry on ion conduction. Full synthesis protocols for the PTHFDA and STFSI monomers as 

well as the crosslinked polymers are described in the Supporting Information and in the literature. 15.  



As a starting point, we define our control SIPE as a polymer containing the widely available PEGDA of 

molecular weight 700 g/mol, with LiSTFSI ionic units at an ether oxygen:charge ratio (EO:Ch) of 20. This 

system is denoted PEG700DA20. For comparison, an SIPE containing PTHFDA of nominal molecular weight 

700 g/mol and the same charge density (mole of charge per gram of dry polymer) as PEG700DA20 was 

synthesized and denoted PTHF700DA20. Note, the EO:Ch for PTHFDA and PEGDA at matching charge 

densities is necessarily different due to the different network oxygen contents. All composition 

denotations, charge densities, and associated EO:Ch are shown in Table S1. Considering Eq 1., where 𝜎 is 

conductivity, 𝑛 is the number density of ions, 𝑞 is the charge on an ion, and 𝜇 is the ion mobility, 

matching the charge density and crosslinker molecular weight between SIPEs ensures that to the best of 

our abilities, any differences in conductivity between the networks arises from the chain chemistry. 

𝜎 = 𝑛𝑞𝜇            Eq 1. 
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Figure 1. Conductivity of PTHF700DA20 and PEG700DA20 SIPEs in A. dry state B. DOL/DME swollen 

state and C. EC/DEC swollen state from -20 °C to 80 °C.  Note the approximate melting temperature of 

the EC/DEC mixture is around 20 °C. 



The conductivities of PEG700DA20 and PTHF700DA20 in the as-synthesized dry state and in the gel states 

when swollen with a 1:1 mixture of DOL/DME or ethylene carbonate and diethyl carbonate (EC/DEC) are 

presented in Figure 1.  The dry PEG700DA20 network is notably more conductive than the PTHF700DA20 

analog, 4.6 × 10-9 S/cm compared with 3.1 × 10-11 S/cm at 25 °C, as evident from Figure 1A. It is well 

known from the polymer electrolyte work with poly(ethylene oxide) that the mechanism of ion 

conduction in these dry systems is dependent on ether oxygen-cation interaction.16 The cation is 

coordinated by ether oxygens on the polymer chains, and exchanges between coordination sites occur at 

a rate dependent on the polymer segmental dynamics. The higher density of oxygens in the PEG700DA20 

SIPE compared to the PTHF700DA20 SIPE in the dry state accounts for the former’s higher conductivity; 

the exchange rate of Li+ between the available coordination sites in PEO is more facile than PTHF and the 

dissociation of Li+ from the anion may be increased due to the increase in density and interconnectivity 

of solvation sites.17–19 In Figure 2B and 2C, the conductivity relationship is reversed, where now the gel 

PTHF700DA20 is the more conductive SIPE. In DOL/DME at 25 °C, the PEG700DA20 displays σ = 8.9 × 10-6 

S/cm and PTHF700DA20 displays σ = 2.7 × 10-5, a 200 % increase in conductivity. In EC/DEC at 25 °C, the 

PEG700DA20 exhibits σ = 1.4 × 10-5 S/cm and PTHF700DA20 exhibits σ = 1.2 × 10-4, a 760 % increase in 

conductivity.    

Enhanced ion transport – interactions between cation, polymer, and solvent 

The difference in conductivity between the gel SIPEs is a result of differing interactions between lithium 

cations, solvent molecules, and polymer chains.  Within the gel SIPE, a lithium cation can have its 

coordination sites filled by either solvent molecules, bound anion functionality, or polymer chain 

segments. Different cation coordination states (coordinated purely by solvent, polymer, or a 

combination) give rise to different ion mobilities. Ions that are purely solvent coordinated have a greater 

mobility than those that are coordinated with oxygens on the polymer chain, as the chain dynamics are 

slower than the 



vehicular motion of the small molecule solvated cation.20 A cartoon representation of this proposed 

phenomenon can be seen in the TOC image. Considering Eq. 2, the observed conductivity is therefore 

sum of the number density of ions existing in the different coordination states.  

𝜎 = ∑ 𝑛𝑖𝑞𝜇𝑖𝑖             Eq 2. 

The distribution of ion coordination states within an SIPE is driven by the likelihood that a solvent 

molecule will exchange with a polymer chain segment within a lithium coordination site. The likelihood 

of exchange is a function of the interactions between cations, polymer chains, and solvent molecules. 

For the sake of discussion, we loosely define a so-called “interaction parameter” that consists of 

considerations such as dielectric constant, sterics/geometry, and dynamics. For example, the interaction 

parameter between a lithium cation and a solvent molecule will be generally enhanced as the dielectric 

constant of the solvent is increased. The same holds true for the lithium-polymer interaction parameter, 

with the additional caveat that by changing oxygen density and distribution throughout the polymer 

geometric differences are also introduced, i.e. Li+ solvation sites are changed.17–19 In a system with a 

strong cation-solvent interaction and a weak cation-polymer interaction, the likelihood of exchange from 

a solvent coordinated state to polymer coordinated state is low.  

The third interaction, between solvent and polymer, is generally less considered but is in fact of 

importance. In the case of greatly different dielectric constants or molecular geometry between solvent 

and polymer, the solvent-polymer interaction parameter is decreased. Decreasing the solvent-polymer 

interaction parameter decreases the probability that a cation coordination exchange will take place, as 

the two moieties are less likely to come into close enough proximity for the exchange to occur. An 

extreme example of this phenomenon is the formation of water channels in Nafion; the fluorinated 

Nafion backbone and water are so dissimilar that there is little interaction between the two.21 

Decreasing the solvent-polymer interaction therefore results in a greater portion of solvent coordinated 



lithium cations, in that solvent coordinated cations are prevented from interacting with the polymer 

chain. 

The framework of interaction strength fully explains the observed conductivity data. When the solvent-

polymer polarity difference is small, such as in the case of the DOL/DME swelled SIPEs, the difference in 

conductivity is primarily due to the difference in cation-polymer interactions. PTHF has a lower oxygen 

density and therefore fewer and less interconnected Li+ coordination sites than PEG. The less lithium 

interacts with the polymer, the more mobile it is and the greater the conductivity. When the solvent-

polymer dielectric difference is large, such as in the case of EC/DEC, there is the additional effect of the 

decreased solvent-polymer interactions which further ensures the lithium cation remains solvent 

coordinated. This is why the difference in conductivity between the SIPEs is greater in EC/DEC than 

DOL/DME, hence the importance of the solvent-polymer interaction cannot be overlooked. 
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Figure 2. Experimental and fit Raman spectra of PEG700DA20 and 

PTHF700DA20 SIPEs in various swelling conditions. 



We propose that tuning the cation-polymer and solvent-polymer interaction parameters, accomplished 

here by decreasing polymer oxygen density, is a useful method for improving Li+ conductivity. Up to this 

point however, only the impact of polymer chemistry on ion mobility has been considered. It is possible 

that the SIPEs contain a different number of dissociated ionic groups as a result of differing oxygen 

density. With the use of Raman spectroscopy, the degree of ion dissociation in each SIPE is probed, 

helping to determine if it is truly a difference in ion mobility or simply a difference in charge carrier 

density that gives rise to the enhanced PTHF700DA20 conductivity. 

Raman spectroscopy of SIPEs 

The use of Raman spectroscopy is particularly useful for comparing ion dissociation within these SIPEs 

owing to the strong unique stretch associated with the STFSI anion expansion/contraction.22 We have 

demonstrated previously with DFT calculations validated with Raman experiments that the stretch 

associated with the STFSI anion is observed at a different wavenumbers when the anion is associated or 

dissociated.23 The dissociated anion stretch is observed around 730 cm-1 and the associated anion stretch 

is around 748 cm-1. Similar analyses have been performed for liquid and ionic liquid mixtures containing 

conventional TFSI anions.22,24–30 By this method we can compare the STFSI dissociation between 

PEG700DA and PTHF700DA SIPEs, gauging the concentration of charge carriers present in each system. 

Figure 2 A-F displays experimental and fit Raman spectra for each SIPE in the dry, DOL/DME swollen, and 

EC/DEC swollen states. The Raman spectra are fit such that peak area comparison provides a 

quantitative estimate to the percent of dissociated STFSI anions, and therefore percent of Li+ not 

associated with STFSI. In the case of the dry SIPEs, PEG700DA20 has a greater degree of STFSI dissociation 

than PTHF700DA20. This is consistent with the conductivity data, and with the notion that in the absence 

of solvent, network ether oxygens are responsible for dissociating the ionic groups. In the case of the 

DOL/DME swelled SIPEs, the proportion of dissociated ionic groups is similar between SIPEs, indicating 



that in DOL/DME the difference in conductivity does not come from a difference in ion dissociation, and 

therefore must come from a difference in average ion mobility. 

In EC/DEC, the analysis is less straightforward. Firstly, there appear to be three distinct peaks that make 

up the anion stretch. We attribute the two around 728 cm-1 and 735 cm-1 to the dissociated anion 

stretch. Some literature suggests that the lower the wavenumber, the closer the anion is to being fully 

dissociated.31 We tentatively assign the stretch at 728 cm-1 to a fully dissociated anion, and the stretch at 

735 cm-1 to an anion that is in the secondary solvation shell of a Li+ cation, whereby the anion is 

dissociated but still influenced by the Li+ in its local environment.  A further complication is the presence 

of a large peak at 717 cm-1 that is due to the EC/DEC solvent, making accurate fitting of the peaks 

difficult.25 Due to the error in the Raman fitting that comes from the solvent peak interference, the 

quantitative results should not be over analyzed. Qualitatively, the PEG700DA20 and PTHF700DA20 spectra 

are similar; both contain the two different dissociated anion stretches and the areas corresponding to 

the total dissociated ions are similar. Accordingly, we believe the difference in conductivity observed in 

the case of the EC/DEC swollen SIPEs cannot be explained solely by a difference in dissociation degree 

and must therefore be primarily a function of ion mobility. We conclude that by decreasing the oxygen 

density within the SIPE network, more of the Li+ cations are solvent coordinated as opposed to network 

coordinated, which improves the SIPE conductivity via increased ion mobility.  

PTHFDA – Varying molecular weight, charge density, and swelling solvents 

With the enhanced conductivity mechanism demonstrated, the molecular weight of the PTHF 

crosslinker, the charge density of the network, and the swelling solvent were then systematically varied 

to ascertain the limits of conductivity with PTHF based SIPEs. As can be seen in Figure S2 it was found 

that conductivity was not altered when molecular weight of the crosslinker was changed, so long as the 

materials were mechanically similar, further indicating that ion transport in the PTHF based SIPEs is 



greatly decoupled from polymer segmental dynamics.23 To assess the impact of charge density on 

conductivity, a series of PTHF700DA SIPEs with varying charge density (mole of charge per gram of dry 

polymer) were synthesized. The conductivity of each varying charge density PTHF SIPEs at 25 °C in 

DOL/DME and EC/DEC is presented in Figure S4 and Figure S5. For EC/DEC the maximum observed was 

for PTHF700DA8, the highest charge density material studied, with σ = 2.5 × 10-4
 S/cm. For DOL/DME the 

maximum was observed for PTHF700DA12, the second highest charge density material studied, with σ = 

3.5 × 10-5
 S/cm. Refer to Table S1 for exact composition of these samples. PTHF700DA12 was chosen as 

the SIPE for the remaining investigations as it has the highest conductivity in lower dielectric ether based 

solvents and the second highest conductivity in the higher dielectric carbonate solution. 

Besides DOL/DME and EC/DEC, there are many solvents relevant for SIPEs. Higher order glymes such as 

diglyme and tetraglyme offer increased thermal stability and chelating effects, PC is another common 

carbonate solution, mixtures of DME and sulfolane have been investigated for use in lithium-sulfur 

systems, and DMSO is a high dielectric organic solvent.32 Conductivity of PTHF700DA12 swelled in each of 

these solvents is presented in Figure 3. Largely, the results follow expectation. DMSO, known for its 

solvation strength, yields the highest conductivity due to increased ion dissociation.20,33 PC is nearly 

identical to EC/DEC, with the exception that the PC swollen SIPE maintains an impressive conductivity of 

1.8 × 10-5 S/cm even at -20 °C. The ethers likewise follow chemical intuition. As the order of the glyme 

increases, there is an increase in the chelation strength of the solvent molecule, which can enhance ion 

dissociation, increasing conductivity. This effect however is offset by an increase in viscosity with order, 

which decreases ion mobility. Diglyme outperforms DOL/DME, likely due to the chelation effect yet fairly 

low viscosity of diglyme. Tetraglyme, while having the highest chelation strength, presents a lower 

conductivity, likely due to the solvent viscosity. The conductivity of the sulfolane/DME mixture is high, 

even at low temperatures. We have demonstrated previously that as little as 10% by volume of a high 

dielectric solvent dissolved in a low dielectric solvent yields conductivity on par with that of the pure 



high dielectric solvent, which could explain these 

results.20 Overall, the high conductivity in a 

variety of solvents demonstrates the versatility 

of the PTHF based SIPEs. 

Application in Lithium cells   

Finally, limiting current measurements were 

performed on Li symmetric cells containing the 

freestanding PTHF700DA12 gel electrolytes 

swelled in DOL/DME or EC/DEC. This was 

accomplished by application of a galvanostatic 

current that was sequentially increased after a 

period of one hour until cell failure. Despite the chemical 

incompatibility of EC/DEC with lithium metal, the limiting 

current supported by the EC/DEC gel was nevertheless 

examined due to its relevance for Li-ion systems. The results 

are presented in Figure 4. Self-supported PTHF700DA12-based 

SIPE films enable rates of at least 0.5 mA/cm2 in DOL/DME and 

at least 1.0 mA/cm2 in EC/DEC at room temperature. At each 

current density, the potential of the EC/DEC SIPE is lower than 

that of the DOL/DME, which should be expected from the 

conductivity results.  

With the use of impedance spectroscopy shown in Figure S6, it 

was observed that the resistance associated with the bulk polymer electrolyte (165 μm thick) was about 

Figure 3. Conductivity of PTHF700DA12 swelled to 

equilibrium in a variety of organic solvents. All 

mixtures are 1:1 by volume. 

10
-6

10
-5

10
-4

10
-3

10
-2

C
o
n

d
u

c
ti
v
it
y
 (

S
/c

m
)

3.83.63.43.23.0

1000/T (K)

10
-11

 
10

-9
 

10
-7
 

 DMSO
 Sulfolane/DME
 PC
 EC/DEC
 Diglyme
 DOL/DME
 Tetraglyme

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

P
o

te
n

ti
a

l 
(V

)

Time (minutes)

 DOL/DME
 EC/DEC

60

  0.05 

mA/cm
2

   0.1 

mA/cm
2

   0.5 

mA/cm
2

  0.01 

mA/cm
2

120 180 2400 300

   1.0 

mA/cm
2

Figure 4. Results of limiting current tests for Li| 

gel PTHF-based SIPE|Li cells. 



80 Ω and 570 Ω for the EC/DEC and DOL/DME SIPEs, respectively. With the same material but at a 

thickness of a commercial separator (25 μm) this would translate to a bulk resistance of roughly 12 Ω  

and 86 Ω, respectively, a significant reduction that would enable even higher rate capabilities.  

Conclusions  

The impact of polymer chemistry on ion transport within gel SIPEs was characterized. It was found that 

decreasing the oxygen content within the polymer reduces Li+- polymer coordination and modulates 

how solvent-cation complexes interact with the SIPE, overall improving Li+ mobility. PTHF based ionic 

networks, having lower oxygen content than their PEG based analogs, were explored over a variety of 

crosslinker molecular weights, charge densities, and swelling solvents to better understand PTHF as an 

SIPE material and probe the limits of achievable conductivity. High room temperature lithium 

conductivities with lithium metal and lithium-ion relevant solvents were observed, and the best 

performing PTHF-based gel SIPEs demonstrated relevant limiting currents. These results demonstrate 

the importance of considering the impact of polymer chain chemistry on ion transport in gels and 

highlight that slightly tuning relationships that influence transport can have a large impact on 

performance.  

 

Supporting Information (appended after References)  

Experimental procedures, chemical structures, polymer compositions, solvent uptake, molar 

conductivity data, chain length, charge density and, temperature conductivity data, impedance 

spectroscopy, scanning electron microscopy, NMR spectroscopy. 
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Experimental 

Synthesis of PTHFDA and KSTFSI Monomers 

Poly(tetrahydrofuran) (PTHF, Sigma Aldrich) of varying molecular weights (650 g/mol, 1000 g/mol, 2000 

g/mol) was dried under dynamic vacuum in an argon filled glovebox ( < 10ppm O2, < 0.1 ppm water) at 

80 °C for 12 hours.  After drying, the 650 g/mol and 1000 g/mol PTHF changed from a white semi-liquid 

material to a clear and colorless liquid. The 2000 g/mol PTHF remained a hard wax after cooling.  

In a typical acrylation synthesis where the dihydroxy terminated PTHF monomers are converted to 

diacrylate terminated, the molar ratio of 1:4:5 PTHF:acryloyl chloride (AC, Sigma Aldrich, 5g ampules): 

triethylamine (TEA, Sigma Aldrich) was employed. The syntheses were performed on a 10 g scale of AC. 

All glassware was 120 °C oven dried and throughout this process care was taken to minimize exposure 

to light. The process was the same for all molecular weights, only changing the amount of PTHF required 

to keep the above ratio. 



Within an argon filled glovebox, previously dried PTHF was dissolved into 100 mL anhydrous 

dichloromethane (DCM, Sigma Aldrich) in a 500 mL round bottom flask equipped with a large stir bar. To 

this flask, TEA was added and the solution was stirred. The round bottom flask containing the PTHF/TEA 

mixture was equipped with an addition flask, which was charged with 30 mL DCM and 10 g AC. The 

addition funnel was septum capped, and the entire apparatus was removed from the glovebox and 

attached to a Schlenk line under dry N2 flow. Under the flow of N2, the round bottom flask was chilled in 

an ice-bath for 10 minutes. After cooling, the addition funnel was opened such that the AC solution was 

dispensed dropwise over a period of about four hours.  

After the addition funnel was emptied, the solution was an opaque orange color. It was left covered to 

stir overnight. The dark orange opaque solution was removed from the Schlenk line and gravity filtered 

to yield an orange jelly-like solid and a dark brown clear solution. This solution was concentrated to an 

opaque dark brown residue using rotary evaporation. This residue was added to a large bath of stirred 

hexane (700 mL) precipitating an orange solid. This mixture was gravity filtered to yield a pale yellow 

hexane solution and orange solid. The orange solid was stirred overnight in hexane yielding 

yellow/white precipitate and slight yellow hexane. This process was repeated once more. All hexane 

layers were combined and the hexane removed with rotary evaporation to yield a slightly yellow clear 

residue. This was placed under high-vacuum for 24 hours. The lowest molecular weight monomer 

remained a liquid residue, the 1000 g/mol PTHF was semi-solid, and the 2000 g/mol PTHF solidified into 

a light yellow wax. Successful synthesis was confirmed with the use of 1H NMR, shown in Figure S8A,B,C. 

The synthesis of potassium 4-styrenesulfonyl (trifluoromethylsulfonyl)imide KSTFSI followed the 

reported literature procedure. 1 

Synthesis of crosslinked SIPEs 



The appropriate amount of KSTFSI was dissolved in tetraglyme (TEG, Sigma Aldrich, distilled and stored 

on molecular sieves within glovebox) with gentle heating. To this solution, diacrylate monomer (PEGDA 

or PTHFDA) was added and dissolved. PTHFDA solutions, especially those with higher molecular weight 

PTHFDA, phase separate once dissolved in the TEG/KSTFSI solution. Dichloromethane (DCM) was added 

which breaks the phase separation resulting in a single phase solution. DCM is added to both PTHFDA 

and PEGDA containing solutions so that the polymerization conditions are identical. To this monomer 

solution, 4 wt% with respect to the KSTFSI and crosslinking monomer of photoinitiator 2-hydroxy-4'-(2-

hydroxyethoxy)-2-methyl propiophenone (Sigma-Aldrich)was added then dissolved. The monomer 

solution was sandwiched between two ¼ in. thick borosilicate glass plates (McMaster Carr) separated by 

200 um thick glass microscope slides (VWR), which were then placed in a UVC-515 Ultraviolet 

Multilinker 254 nm UV oven. The plates were flipped every five minutes to ensure both sides of the 

solution receive equal UV radiation. The monomer solutions were photo-crosslinked for a total of 90 

minutes. The resultant polymers were washed with methanol to remove unreacted material. The 

polymers were then placed in a stirred ion exchange solution of 0.5 M lithium chloride to achieve 

lithiated forms of the polymer. The ion exchange solvent was methanol for the PTHFDA polymers and 18 

MΩ deionized water for the PEGDA based polymers. It was found that the PTHFDA-based ionic polymer 

does not fully exchange to Li when placed in an aqueous solution, and likewise PEGDA-based ionic 

polymer does not fully exchange to Li when in a methanol solution. The ion exchange solution was 

replaced every 12 hours for 48 hours, after which free salt was washed from the films by repeating the 

same process but with solution that does not contain salt. The films were air dried, brought into an 

argon filled glovebox, and vacuum dried for 16 hours at 80 °C to remove residual solvent. Ion exchange 

was confirmed stoichiometric via inductively coupled plasma-optical emission spectroscopy (ICP-OES). 

Solvent Drying 



All solvents and solvent mixtures used for conductivity measurements were obtained from Sigma 

Aldrich, and were stored over 3 Å Molecular sieves for at least four days to ensure low moisture 

content. 

Solvent Uptake Measurements 

Uniform ¼ in. diameter samples of polymer were prepared and weighed in the dry state, in triplicate. 

These polymer samples were allowed to swell to equilibrium in the solvent in question (four hours for 

each sample, which is more than sufficient to reach equilibrium swelling).2 The swelled dimensions of 

the polymer were then measured. Excess solvent was removed from the polymer surface with a 

Kimwipe tissue, then the solvent mass uptake was measured. 

Conductivity Measurements 

Dry or swelled polymers were sandwiched between brass electrodes within the glovebox, then 

conductivity was measured with a Novocontrol Turnkey Broadband Dielectric Spectrometer over the 

temperature range of -20 °C to 80 °C from cold to hot. The σDC was extracted as the region over which a 

plateau in the σAC vs frequency is observed. The standard error of 16.9 % reported on all conductivity 

values was calculated by taking the RSD of six measurements on the same polymer composition, 

representing the error associated with preparing the polymer sample and assembling the conductivity 

cell. The error reported on molar conductivity values is the 16.9 % RSD error propagated with the error 

from the swelling measurements for a given polymer composition.  

Raman Spectroscopy 

Within the glovebox, polymer samples were swelled in the appropriate solvent, then placed against the 

wall of a quartz cuvette, which was then sealed and parafilmed. The Raman spectra were acquired with 

a NRS-5100 Raman microscope using a 532 nm excitation laser, 20x magnification lense, 25 x 1000 um 



slit dimension and 4000 um aperture from 8 to 1900 cm-1 at 0.5 cm-1 resolution. Exposure was 60 

seconds with 7 accumulations. Peak analysis was applied as reported previously.3 

NMR Spectroscopy 

NMR spectra of synthesized PTHFDA monomers was acquired using a Bruker AVANCE III HD 400 

Nanobay and processed with TopSpin Software. Spectra were collected in CDCl3. 

Scanning Electron Microscopy (SEM) 

PTHF700DA12 samples were swelled in methanol, dunked in liquid N2 until frozen, then fractured while 

still under liquid N2 to produce a clean break for imaging the cross section. Images were collected on a 

Magellan 400 Digital Field Emission Scanning Electron Microscope at a potential of 2.00 kV and beam 

current of 6.3 pA. Samples were sputter coated with 2.0 nm of iridium to avoid charging of the non-

conductive polymer. 

Lithium Symmetric Cells 

Within the glovebox, lithium metal (Alfa Aesar, 0.75 mm thick, 99.9 %) was polished to a reflective shine 

by removing the oxide layer. Two 3/8 in. diameter lithium disks were prepared from the polished metal. 

A 5/8 in. diameter sample of the SIPE to be tested was swelled in the appropriate solvent. Within 2032 

type coin cells (MTI Corp), the swelled SIPE was placed between the two lithium electrodes in contact 

with the polished side. With the use of two stainless steel spacers (15.5 mm diameter x 0.2 mm thick) 

and one wave spring the cell was sealed with an electronic crimper. After resting for one hour, the cells 

were employed in electrochemical characterization. For the impedance spectroscopy and evaluation of 

tLi+, measurements were performed with an Ametek Princeton Applied Research Parstat MC. 

For the evaluation of the limiting current, a Neware Battery Systems Battery Tester was used. Increasing 

galvanostatic currents corresponding to 0.01 mA/cm2, 0.05 mA/cm2, 0.1 mA/cm2, 0.5 mA/cm2, etc, with 



respect to the lithium anode, were applied for one hour while the potential across the cell was 

measured. The current was increased until obvious cell failure was observed.  

Figures, tables, and further discussion 

A.  

B.  

C.  

Figure S1. Chemical structures of A. PEGDA, B. PTHFDA, and C. KSTFSI 

  



Table S1. Compositions, formulations, ether oxygen: charge ratio (EO:Ch), and charge density for studied 
SIPEs. 

Sample 
Name 

Crosslinker  Crosslinker 
mass (g) 

KSTFSI 
(g) 

TEG (g) DCM (g) EO:Ch Charge density 
(mol Ch/g dry 
polymer) 

PEG700DA20 PEGDA, 
700 g/mol 

0.300 0.100 0.55 0.288 20 0.00070 

PTHF700DA20 PTHFDA, 
700 g/mol 

0.300 0.100 0.55 0.288 14 0.00070 

PTHF1000DA20 PTHFDA, 
1000 g/mol 

0.300 0.100 0.55 0.288 14 0.00070 

PTHF2000DA20 PTHFDA, 
2000 g/mol 

0.300 0.100 0.55 0.288 15 0.00070 

PTHF700DA45 PTHFDA, 
700 g/mol 

0.350 0.050 0.55 0.288 32 0.00036 

PTHF700DA30 PTHFDA, 
700 g/mol 

0.330 0.072 0.55 0.288 21 0.00051 

PTHF700DA12 PTHFDA, 
700 g/mol 

0.259 0.141 0.55 0.288 8 0.00100 

PTHF700DA8 PTHFDA, 
700 g/mol 

0.220` 0.180 0.55 0.288 6 0.00127 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Solvent uptake data, by mass and volume, after four hours of swelling for studied SIPEs. 
*Calculated by measuring change in thickness and diameter. ** calculated by measuring change in 
thickness and assuming isotropic expansion. 

Sample Solvent Mass % 
increase 

Volume % 
increase 

PEG700DA20 EC/DEC 161.1 ± 10.1 34.9 ± 5.1* 

PEG700DA20 DOL/DME 79.0 ± 5.8 28.2 ± 2.5* 

PTHF700DA20 EC/DEC 157.4 ± 7.6 38.4 ± 2.5* 

PTHF700DA20 DOL/DME 132.9 ± 10.7 40.6 ± 0.2* 

PTHF1000DA20 EC/DEC 156.1 ± 13.6 38.7 ± 3.6* 

PTHF1000DA20 DOL/DME 159.0 ± 21.6 40.5 ± 2.1* 

PTHF2000DA20 DOL/DME 282.9 ± 27.9 57.6 ± 7.6* 

PTHF700DA12 DMSO - 55** 

PTHF700DA12 Sulfolane/DME - 27** 

PTHF700DA12 PC - 27** 

PTHF700DA12 Diglyme - 32** 

PTHF700DA12 Tetraglyme - 33** 

PTHF700DA45 EC/DEC - 22** 

PTHF700DA45 DOL/DME - 34** 

PTHF700DA30 EC/DEC - 46** 

PTHF700DA30 DOL/DME - 39** 

PTHF700DA12 EC/DEC - 37** 

PTHF700DA12 DOL/DME - 37** 

PTHF700DA8 EC/DEC - 48** 

PTHF700DA8 DOL/DME - 36** 

 

Impact of PTHF crosslinker molecular weight on conductivity 

Previously, we have demonstrated that the molecular weight of the crosslinker can impact ion transport 

within SIPEs. A higher molecular weight crosslinker leads to greater distance between crosslinking 

junctions and ionic units/aggregates, which in turn leads to an increase of polymer chain segmental 

motion.4 Enhancing the segmental motion improves the mobility of network-coordinated cations. This 

holds true until the length of the crosslinker is long enough that chains are able to crystallize between 

crosslinking junctions, a process that decreases segmental motion. 3,5,6 A series of SIPEs with crosslinking 

molecular weights of 1000 g/mol and 2000 g/mol were synthesized at the same charge density as 

PTHF700DA20, and denoted PTHF1000DA20 and PTHF2000DA20, respectively. The conductivity of these 

SIPEs swelled in DOL/DME and EC/DEC is presented in Figure S2. The molar conductivity equivalent is 



Figure S2. Conductivity of varying crosslinker length PTHF-

based SIPEs in DOL/DME (left) and EC/DEC (right) 
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presented in FIGURE S3. PTHF700DA20 and PTHF1000DA20 present near identical conductivity results in 

both solvent systems. PTHF2000DA20, is slightly lower in DOL/DME than the other chain lengths but the 

same order of magnitude. It is possible that in the PTHF2000DA20 SIPE, there is enhanced ionic 

aggregation, as the STFSI/acrylate ratio decreases when the crosslinker length is increased and the 

charge density is kept the same. Interestingly, PTHF2000DA20 was not mechanically stable when swelled 

in EC/DEC, precluding its measurement in that solvent. The most likely cause is the decreased 

mechanical integrity stemming from a decrease in crosslink density. From these results it can be 

concluded that as long as the network ionic aggregation / crosslinking density is similar, molecular 

weight does not impact cation transport. This is further evidence that the dissociated Li+ cations in PTHF 

based SIPEs are decoupled from polymer segmental dynamics. The trends are not changed when scaled 

on the basis of molar conductivity, indicating the trends are independent of the swelling uptake.  
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Figure S4. Conductivity of PTHF700DA SIPEs 

swelled in EC/DEC and DOL/DME at 25 °C.   
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Figure S3. Molar conductivity of varying crosslinker length 

PTHF-based SIPEs in DOL/DME (left) and EC/DEC (right) 
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Impact of PTHF SIPE charge density on 

conductivity 

A series of PTHF-based SIPEs with varying charge 

density (mol of charge per gram of polymer) 

were synthesized and measured in DOL/DME and 

EC/DEC. These are denoted PTHF700DA8, 

PTHF700DA12, PTHF700DA30, and PTHF700DA45, 

where PTHF700DA8 has the highest charge 

density and PTHF700DA45 has the lowest. The 

charge densities were chosen to match the 



charge densities of PEGDA-based SIPEs that have an EO:Ch of 8, 12, 30, and 45. Again, note the actual 

EO:Ch of the PTHF systems are not 8, 12, etc. but the nomenclature is presented this way for clarity. 

Refer to Table S1 for the true PTHF EO:Ch.  

Generally, for these materials there exists a charge density for which a maximum conductivity is 

observed. Where the maximum is located is a function of the lithium cation solvating ability of the 

solvent as well as the network chemistry.3,7 Most often, as the dielectric constant of the solvent 

increases, the maximum conductivity value shifts to higher charge densities, as the solvent is capable of 

dissociating a greater number of ionic units. Figure S5 shows the full temperature dependent 

conductivity of the varying charge density SIPEs, over which the same trends are observed at every 

temperature (above the melting point of the solvent mixture).  
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Figure S5.  Conductivity of PTHF-based SIPEs of varying charge 

density swelled in DOL/DME (left) and EC/DEC (right) 

 



Impedance Spectroscopy 

tLi+ values for the PTHF700DA12 gel electrolyte in DOL/DME and EC/DEC were measured by using the 

Bruce-Vincent method. 8 Briefly, a constant potential was applied to a Li|gel electrolyte|Li cell, and the 

initial current is compared to the steady state current with a correction based on the resistance across 

the cell according to Eq. S1.  

𝑡𝐿𝑖+ =
𝐼𝑠𝑠(𝑉−𝐼𝑜𝑅𝑜)

𝐼𝑜(𝑉−𝐼𝑆𝑆𝑅𝑆𝑆)
  Eq S1. 

Where Io is the initial current, Iss is the steady state current, V is the potential hold, Ro is the initial 

resistance, and RSS is the steady state cell resistance. 

Figure S6A and B show the impedance response before and after the potential hold for the DOL/DME 

and EC/DEC gel electrolytes, respectively. Firstly, it can be seen there is a greater overall resistance 

across the DOL/DME cell than the EC/DEC cell, which may be expected from the difference in 

conductivity of these two electrolytes. In both cases, the total resistance increases after the potential 

Figure S6.  Impedance response pre and post potential hold of Li symmetric cells with A. 

DOL/DME gel SIPE and B. EC/DEC gel SIPE. Inset shows current response to potential hold. 
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hold, indicating breakdown of some component of the electrolyte on the lithium metal surface. Each 

semicircle is fit with a simple binomial to obtain the Zre values when Zim = 0. The relevant values obtained 

are presented in Table S3, and are used along with ISS, Io, and V = 11.96 mV (nominal 10 mV) to calculate 

tLi+.  

Table S3. Extracted resistance and current values from impedance and polarization measurements, 
respectively, on symmetric lithium cells containing the gel electrolytes. 

Sample R1 (ohms) R3 (ohms) Rss  or Ro  
(R1-R3) (ohms) 

ISS (A) Io (A) 

DOL/DME 
pre-hold 

593 1165 572 - 1.05 x 10-6 

DOL/DME 
post-hold 

640 1421 781 8.25 x 10-5 - 

EC/DEC pre-
hold 

90 355 265 - 3.38 x 10-5 

EC/DEC 
post-hold 

90 470 380 2.39 x 10-5 - 

 

 

For the DOL/DME SIPE, tLi+ = 0.84, and for the EC/DEC SIPE, tLi+ = 0.66. It should be mentioned that the 

exact values of these transference numbers are not to be over-interpreted, and should instead be 

considered as estimates. In both cases, the values are high relative to the values obtained for free salt 

liquid electrolytes under similar conditions indicating the truly single-ion conducting nature of these 

SIPEs.9,10 Decomposition of the solvent in contact with lithium metal is expected to lead to the error in 

the tLi+ measurements for gel SIPEs. 

The presence of two semicircles in each measurement suggests the cell circuit cannot be modeled by a 

single R-Q element in addition to the standard bulk resistance. R1 is assigned as the bulk resistance 

through the SIPE. R2 is assigned as the charge transfer resistance, which increases after the potential 

hold as a result of decomposition on the lithium metal. This leaves the assignment of R3.  To rule out 

that there are multiple polymer morphologies that could have different resistances (and therefore 



demonstrate a double two R-Q system behavior) scanning electron microscopy (SEM) is used to 

investigate the cross section of the PTHF700DA12 SIPE in the dried state.  These images can be seen in 

Figure S7.  

  

 

 

 

 

 

Figure S7. SEM cross section of pristine PTHF700DA12 SIPE at different magnifications. Focused on area 
containing defect for visual context.  

 

As can be seen in Figure S7, it appears as though the cross section and surface present the same 

morphology, a dense material without permanent pore structure or otherwise remarkable features. This 

indicates that the second semi-circle does not stem from a polymer inhomogeneity.  

Without clear evidence that R3 is related to bulk polymer material morphology, R3 is speculatively 

assigned as the resistance across a small layer that likely exists between the lithium metal and the gel 

SIPE, a product of a reaction between the lithium metal and the SIPE.  This region is effectively an SEI. It 

has been demonstrated in the literature that under the right conditions, presence of an SEI with 

appropriate thickness and with transport properties sufficiently different than the bulk electrolyte 

satisfies the conditions necessary to model the cell as a circuit containing an R-Q component and a 

30 um 5 um 

Surface 
Surface 

Cross section 
Cross section 



finite-distance Warburg diffusion impedance element. 11–13 We have observed similar behavior in 

magnesium symmetric cells employing SIPE gels.2 This behavior is in contrast to the semi-infinite 45° 

Warburg element commonly seen in liquid electrolyte impedance data. The difference in applying the 

semi-infinite as opposed to finite Warburg element stems from the relationship between the length 

scale of the layer in question and the time scale of the impedance measurement (i.e. from the 

perspective of the measurement, a microns thick bulk electrolyte would appear semi-infinite while a 

nanometers thick SEI would appear finite). 

This leaves us to maintain the hypothesis that R3 stems from the resistance across an SEI interlayer 

between the lithium metal and the SIPE. The absolute identification and characterization of this SEI is 

beyond the scope of the present investigation, however it is the subject of ongoing future work.   
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Figure S8A.  1H NMR for PTHF700DA with labeled protons. (CDCl3, 400 MHz). δ 1.55 (m, 36H, HD), 

1.68 (m, 4H, HD’), 3.34 (m, 35H, HC), 4.1 (t, 4H, HC’), 5.74 (dd, 2H, HA), 6.01 (dd, 2H, HB), 6.31 (dd, 

2H, HA). Integrations are such that the entire molecule is considered, i.e. the aliphatic protons 

C/D represent all the aliphatic protons on the oligomer, A and B are the vinyl protons on both 

acrylate groups. C’ and D’ are the protons on carbons that are on the first repeat unit after the 

acrylate group, which causes their chemical shift to be increased. By summing the integration 

of C, C’, D, D’, the total number of repeat units can be determined. That total is about 80 

protons, which corresponds to 10 repeat units. Each repeat unit has a mass of 72 g/mol. With 

the acrylate groups, total molecular mass is estimated at 846 g/mol.  
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Figure S8B.  1H NMR for PTHF1000DA with labeled protons. (CDCl3, 400 MHz). δ 1.63 (m, 48H, 

HD), 1.76 (m, 4H, HD’), 3.42 (m, 46H, HC), 4.19 (t, 4H, HC’), 5.82 (dd, 2H, HA), 6.09 (dd, 2H, HB), 

6.39 (dd, 2H, HA). There are about 102 aliphatic protons, which corresponds to 13 repeat units. 

Each repeat unit has a mass of 72 g/mol. With the acrylate groups, total molecular mass is 

estimated at 1062 g/mol.  
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Figure S8C.  1H NMR for PTHF2000DA with labeled protons. (CDCl3, 400 MHz). δ 1.53 (m, 125H, 

HD), 1.66 (m, 4H, HD’), 3.34 (m, 123H, HC), 4.11 (t, 4H, HC’), 5.74 (dd, 2H, HA), 6.04 (dd, 2H, HB), 

6.35 (dd, 2H, HA). There are about 256 aliphatic protons, which corresponds to 32 repeat units. 

Each repeat unit has a mass of 72 g/mol. With the acrylate groups, total molecular mass is 

estimated at 2430 g/mol.  
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